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ABSTRACT 

Wastewater-based surveillance (WBS) complements individual testing to assess 

disease burden within geographically defined communities. Here, the Severe 

Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) RNA fragments of N1 

and E genes were monitored intermittently over ~16-month period (19th March 

2020 – 21st July 2021) from large buildings on a university campus (near-source), 

in-sewer, raw wastewater and treated effluents to monitor infection burden within 

a small University in England, United Kingdom. SARS-CoV-2 abundance 

positively correlated with ammonia at near-source (Spearman’s Rank; ρ(14) = 

0.82, p < 0.01) and at the in-sewer (Spearman’s Rank; ρ(26) = 0.54, p < 0.01) 

spatial scales but not within the onsite wastewater treatment works (WWTW) inlet 

or treatment process interstage samples. Campus infections and detection of 

SARS-CoV-2 RNA in wastewater occurred consistently through the survey and 

increasing trends lagged local area infection data and community cases of 

emerging / dominant variants of concern. Sequencing of the SARS-CoV-2 

genomes from wastewater suggested detection of Alpha (B.1.1.7) Variant of 

Concern from wastewater samples. The University secondary WWTW (roughing 

and nitrifying trickling filters) did not removal substantial quantities of SARS-CoV-

2 and the virus was regularly detected in permitted discharges, despite complete 

compliance to conventional wastewater consents during the survey. Although the 

virus was detected, there is very strong confidence in it not being active and thus 

it is not infectious. Remote and rural WWTW may not be effective at breaking 

down the RNA of enveloped viruses such as SARS-CoV-2 prior to discharge. In 

conclusion SARS-CoV-2 WBS can be used to proactively manage the health of 

campus-based communities as a complimentary measure of health status. 

Testing WBS at near-source, in-sewer and interstage WWTW provides the first 

single source to sink surveillance program to support broader roll out of WBS as 

a  surveillance method. 

Keywords: wastewater surveillance; wastewater-based epidemiology (WBE); 

surveillance COVID-19; SARS-CoV-2; coronavirus; Pepper mild mottle virus 

(PMMoV).  
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1 Introduction 

The Severe Acute Respiratory Syndrome Corona Virus 2 (SARS-CoV-2) is a 

highly infectious zoonotic virus, thought to originate from Wuhan, China in late 

2019. At the time of writing (February 2022) there have been at least 426 million 

confirmed cases and over 5.8 million deaths attributed to the COVID-19 disease 

worldwide (World Health Organization, 2021). 

SARS-CoV-2 is an enveloped virus, which has a host cell membrane derived lipid 

bilayer which encapsulates its helical nucleocapsid that contains the linear, 

positive-sense single-stranded RNA genome (Kumar et al., 2020; V’kovski et al., 

2020). The SARS-CoV-2 genome encodes, amongst other accessory proteins, 

three major structural proteins: the spike surface glycoprotein (S), membrane (M), 

nucleocapsid (N) and the envelope protein (E). SARS-CoV-2 binds to the  

angiotensin converting enzyme 2 receptor on host cell membranes (e.g., human 

epithelial cells in the respiratory tract and gut of humans and some animals) using 

the S protein. After binding, confirmational S protein shape change facilitates the 

fusion of the viral membrane with the host cell leading to nucleocapsid entry into 

the host cell (Kumar et al., 2020; Letko et al., 2020) The nucleocapsid, which 

contains the viral genome, interacts with host cell organelles leading to the 

release of the viral genome into the cytoplasm. The viral genome is then 

replicated and translated creating multiple SARS-CoV-2 viruses, and in 

susceptible individuals COVID-19 develops. Studies using human epithelial cells 

in culture conditions have reported the 105-107 virions per infected cell, typically 

resulting in 10-100 infectious units per cellular infection cycle (Sender et al., 

2021). Once replication is complete the viruses are released from the cell in 

vesicles. This process triggers the innate immune system to release pro-

inflammatory cytokines (Hosseini et al., 2020). If levels of pro-inflammatory 

cytokines are sufficiently high, as is often the case in a severe infection, this can 

result in the mobilization of large numbers of various immune cells (e.g., 

neutrophils, macrophages, and dendritic cells) to the affected area (Hosseini et 

al., 2020). Immune cells can then attack healthy cells and/or tissues, resulting in 

damage to the infected person. Lung damage, capillary damage and/or 
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multiorgan damage/failure have all been reported for hospitalised COVID-19 

patients, with a mortality rate of 5% (Hosseini et al., 2020; Li et al., 2020). 

However, mortality has shown considerable variation amongst different cohorts 

and has been shown to be influenced by, inter alia, age, disease severity and 

existing health conditions such as cardiovascular disease (Wu and McGoogan, 

2020). Alongside COVID-19’s high mortality, over 50 long-term health impacts 

(e.g., pulmonary fibrosis) have been identified (Lopez-Leon et al., 2021). SARS-

CoV-2 remains a significant global public health concern despite a range of 

pharmaceutical interventions e.g., anti-viral therapy and vaccinations. SARS-

CoV-2 infections continue to be driven by, inter alia, new, and emerging Variants 

of Concern (VoC), vaccine hesitancy, slow rollout of vaccination and slow 

availability and rollout of vaccines in numerous countries (David Ainslie et al., 

2021; Sah et al., 2021).  

SARS-CoV-2 has proven particularly challenging to manage for a number of 

reasons. Firstly, it binds strongly to the ACE2 cell-surface receptor, with 10-20 

times more affinity than SARS-CoV-1 (Hwang et al., 2020). This is thought to 

contribute to the increased infectivity of SARS-CoV-2 compared to other 

identified coronaviruses (Kumar et al., 2020; Laurini et al., 2021).  Transmissibility 

of diseases can be measured in terms of their Reproduction Number - R0. Whilst 

there are several flaws regarding the use of R0 in managing disease, this metric 

is the most commonly used in the literature (Smith et al., 2011). R0 is an indication 

of how many secondary infections could, when averaged across a population, be 

infected by a single infector within a defined and susceptible population (Wang et 

al., 2021). R0 is affected by numerous factors and can change throughout the 

course of a disease being present in a community (Delamater et al., 2019). 

Multiple factors affect the R0, such as biology (e.g., virus binding to cell surface 

receptors), sociobehavioral (e.g., people wearing masks and keeping physical 

distance between themselves) and environmental factors (e.g., adequate 

ventilation in buildings) (Delamater et al., 2019). In short, the higher the R0 the 

more transmissible the disease is.  
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Secondly, SARS-CoV-2 appears to present a particularly high degree of 

mutagenicity (specifically the S protein coding sections of the SARS-CoV-2 

genome) which can help its transmissibility and potential evasion of vaccines or 

immunity (Harvey et al., 2021). For example, the VoC B.1.1.7 – the Alpha variant 

first identified in Kent, United Kingdom -  is estimated to have a mean R0 29% 

higher than SARS-CoV-2 lineage A, all other factors being the same. The Alpha 

variant was responsible for an outbreak in England during periods of lockdown in 

winter 2020 (Campbell et al., 2021). The VoC B.1.617.2 (Delta)– has been 

estimated as having an R0 97% greater than the wild-type SARS-CoV-2 lineage 

(variant A) (Campbell et al., 2021), and is regarded as being responsible for the 

majority of SARS-CoV-2 infections post-15th May 2021. In many countries, a 

recently emerged VoC so called Omicron (B.1.1.529) has displaced Delta as the 

dominant strain with an estimated R0 as high as 10 (Burki, 2022) but mooted lower 

mortality rates possible due to changes to the biology of the virus and success of 

vaccination in some countries. 

Furthermore, for COVID-19 disease, a significant proportion of infectious 

individuals are asymptomatic, which means individuals present mild or absent 

symptoms associated with SARS-CoV-2 infection. A study by Al-Qahtani et al. 

(2021) found that 67.6% of people who tested positive for SARS-CoV-2 were 

asymptomatic, and that most people who are asymptomatic remain 

asymptomatic throughout their infection cycle. Pre-symptomatic, asymptomatic, 

and symptomatic individuals are capable of infecting others and shed virus in 

various bodily fluids including stools (Furukawa, Brooks, and Sobel, 2020; Rothe 

et al., 2020; Yu et al., 2020). Asymptomatic individuals contribute to the spread 

of SARS-CoV-2 infections (Karthikeyan et al., 2021b). Therefore, identifying all 

people infected with SARS-CoV-2, not just those who are symptomatic, and 

controlling the spread of infections is of great importance to understanding and 

managing SARS-CoV-2 infections. 

Several methods exist for tracking the spread of infectious diseases within 

communities. Sims & Kasprzyk-Hordern (2020), reviewed techniques and their 

respective advantages and disadvantages which has been updated here and 
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presented within Table 1. It was suggested that current methods which are 

employed for assessing infection burden (e.g., clinical testing) are sometimes 

unsuitable for controlling the spread of highly infectious and novel diseases. For 

example, for clinical testing to be effective large numbers of people must take 

regular tests, and this testing needs to be repeated frequently (i.e., longitudinal) 

during the course of the disease progression through communities. For SARS-

CoV-2, these tests typically utilise nasopharyngeal swabs to collect sputum and 

saliva samples for analysis. Test swabs are inserted through the nostril until the 

upper part of the throat (nasopharynx) is reached, the swab is then rotated 

against the nasopharynx to obtain the sample. This method of collecting a sample 

is highly invasive, uncomfortable, and difficult for vulnerable populations (elderly, 

infirm, infants, and people with disabilities) (Blaschke et al., 2011). In addition, 

certain groups have lower rates of testing due to perceptions, historical injustice, 

and cultural reasons for not participating in clinical testing (Bruns et al., 2020). 

Whilst it can be effective for identifying asymptomatic individuals, clinical testing 

is reliant on adherence to and acceptance of a testing programme, that self-

administered tests are conducted properly, and that people are correctly reporting 

the results (European Centre for Disease Prevention and Control, 2021). This 

can limit the ability for healthcare professionals to identify and isolate infected 

individuals, and those who may have been exposed to them. Furthermore, clinical 

testing is expensive and difficult to scale for testing large populations of people 

rapidly enough to control outbreaks via public health interventions (Hassard et 

al., 2021). Thus, clinical testing alone may not be enough to control the spread of 

infection with highly infectious disease agents including SARS-CoV-2 (Bivins et 

al., 2020; Hart and Halden, 2020). An emerging approach for monitoring public 

health status of communities is wastewater based surveillance (Table 1). 
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Table 1: Methods of infectious disease surveillance, adapted from Sims & Kasprzyk-Hordern (2020).  

Technique Example Advantages Disadvantages References 

Sentinel Surveillance General practitioner’s (GPs) 

reporting cases of influenza 

Utilises existing systems 

Increased communication in 
communities 

Rare and novel pathogens likely to 
be missed 

Limited scope of disease focus 

(Lee et al., 2010) 

Clinical-based Surveillance UK Health Security Agency 

Antimicrobial Resistant Pathogen 

monitoring 

Increased transfer of knowledge 
between epidemiologists and 
clinical laboratories 

Detailed genomic information of 
studied organisms available  

Requires significant facilities, 
resources, trained staff, and good 
communication links. 

Selection bias on which samples 
are sent to the laboratory 

(Choi, 2012; HM 

Government, 2019) 

Hospital admission data The Emerging Infectious Disease 

Surveillance Network 

Can provide data on severity of 
infections and their incidences 

Potential to identify new 
diseases 

Significant skilled human resource 
requirements in often busy 
environments 

Potential confidentiality issues 
when sharing data with public 
health agencies 

(Hirshon, 2000) 

Wastewater-based 

Surveillance 

Assess exposure to chemicals or 

infectious disease agents at the 

community level 

Capable of spatial and temporal 
trends 

Data in near-real time 

Anonymous contribution to 
samples (spatial scale 
dependent) 

Selection of biomarkers can be 
challenging 

Biomarker stability in wastewater 

Uncertainties related to 
contributing population and 
wastewater flows 

(Been et al., 2017; Choi et 

al., 2019; Lopardo et al., 

2018; Rousis et al., 2017a) 



 

6 

1.1 Wastewater-based surveillance of disease-causing agents.  

One complimentary approach to clinical testing for disease surveillance is WBS, 

also called wastewater-based epidemiology (Karthikeyan et al., 2021b). WBS is 

defined as the retrieval of human health information from wastewater through the 

analysis of specific chemicals 

or human metabolites, 

excreta or disease linked 

products (Castiglioni et al., 

2014; Rousis et al., 2017b) 

and Figure 1 demonstrates 

the potential scale and 

sample locations of WBS. 

Wastewater in this context 

refers to the wastewater (e.g., 

combined sewage, greywater, 

blackwater) effluents 

produced by people through 

everyday practices such as 

defecation, urination, 

showering and the laundering 

of clothes. WBS has 

historically been used for a 

variety of purposes, including 

but not limited to identification 

of people infected with 

poliovirus (Lago et al., 2003), 

monitoring for illicit drug 

consumption (Rousis et al., 

2017b), and monitoring for 

biomarkers for incidence of 

lifestyle diseases such as 

Figure 1: Conceptual model of WBS at various 

spatial scales including: 1 – groups of large 

buildings, 2 – Individual houses, 3 – Individual 

large buildings, 4 – groups of houses and 5 – 

WWTW. Wastewater sample can be taken at 

these scales. Note that WBS does not include 

human tissue samples (including faeces, throat 

/ nose, and anal swabs) which require elevated 

ethical approval.  
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alcoholism (Thomas and Reid, 2011). WBS operates on the assumption that the 

sample taken is representative of the population that reside within the 

geographically defined wastewater catchment to which the population contributes 

(Wade et al., 2022). It is argued that WBS is ethically acceptable as the samples 

taken for WBS are anonymous (Kwiatkowska et al., 2021). Another proposed 

benefit of WBS is that it provides a snapshot of the overall community disease 

burden for a fraction of the cost of clinical sampling. One study from a University 

in the USA suggested that the costs of clinical sampling were $17.5 per person 

compared to an equivalent WBS of $0.31 per person tested (Wright et al., 2022). 

An overwhelming body of evidence suggests that WBS can be used to support 

public health monitoring campaigns as complimentary datasets to traditional 

methods e.g., clinical testing (Fielding-Miller et al., 2021; Hart and Halden, 2020; 

Kaplan et al., 2021; Karthikeyan et al., 2021b; Wright et al., 2022). However, 

sampling WWTW in isolation can, in some circumstances, result in poor spatial 

resolution if the sewer catchment is very large (Figure 1). 

Sampling at different locations within the wastewater collection and conveyance 

network permits spatial trends in disease burden to be identified and directly 

linked to the contributing population (Kitajima et al., 2020; Wade et al., 2022). 

Repeated measurements from these locations provides the temporal dimension 

to WBS datasets; greater frequency sampling events are required at sample 

points nearer to the source. This is to establish the difference between real trends 

from natural variability in human populations (e.g., occupancy), missing flush 

events and differences in defaecation events. For example, near-source 

sampling obtains samples close to the source of wastewater effluents, such as 

from sewer inspection chambers associated with large buildings and could be 

used to identify individuals within a building infected with a disease. Samples from 

WWTW would be representative of everyone residing within the WWTW 

catchment providing a more holistic appreciation of disease burden in that area. 

Although concerns about sample storage (Ahmed et al., 2020b), contamination 

with RT-qPCR inhibitors from the wastewater (Ahmed et al., 2022) and dilution 

from stormwater in combined municipal waste and stormwater systems (Sims 

and Kasprzyk-Hordern, 2020) have been suggested to limit the utility of WBS, it 
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has been previously used to track and predict hospitalisations prior to clinical 

tests for diseases (Berchenko et al., 2017; Lago et al., 2003). Thus, it is 

hypothesized that WBS can provide a leading indicator of infection burden within 

a geographically defined populace, allowing clusters of potentially infected 

individuals to be identified. These identified groups can then be encouraged to 

quarantine and be targeted for clinical testing, with the aim of breaking chains of 

infection. Communicating this data with public health officials can allow for 

resources to be distributed to areas needed, allowing for a coordinated and more 

effective public health response (Karthikeyan et al., 2021b).  

1.2 Uncertainty in WBS for SARS-CoV-2 monitoring 

The use of WBS has been subject to debate. Wastewater is an inherently 

complex matrix, presenting a challenging medium in which to operate. Often an 

aggregate of many different effluent streams, wastewater will contain a complex 

mix of compounds (e.g., pharmaceuticals, detergents, and fire retardants) and 

organisms (e.g., bacteria, fungi, and viral communities) (Rose et al., 2015). Whilst 

this potentially provides a reservoir of sources of data and despite technical 

advancements of WBS analytes in recent years, extracting useful information 

from wastewater streams can be challenging, due to low concentrations or 

stability of the target or analyte or inhibition concerns (Hart & Halden, 2020). 

Furthermore, network factors can limit the utility of the WBS approach. For 

example, the flow patterns of combined sewers, drains, and foul-lines are not 

always established, and sampling regimes can further complicate obtaining 

reliable samples which are representative of the population (Wade et al., 2022). 

Another challenge with WBS is the difficulty in estimating the size of the 

contributing population to a wastewater catchment, especially when the target 

individuals are highly dynamic e.g., with large cities that have significant 

daily/weekly in and outfluxes of commuters and/or tourists (Rosselló et al., 2017; 

Wade et al., 2022). 

There are specific uncertainties associated with the use of WBS for SARS-CoV-

2 infection monitoring. Of these, one of the most significant is the uncertainty 

surrounding the shedding of SARS-CoV-2 genetic material in faeces between 
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individuals (Jones et al., 2020). The shedding dynamics at different stages of  

COVID-19 disease pathogenesis is variable and knowledge of them limited due 

to only a few studies having been conducted which have focused primarily on 

hospitalised individuals with more severe disease than the general population 

(Table 2). The presence of detectable SARS-CoV-2 in stools from symptomatic 

individuals is highly variable, ranging from 15.3-100%. The shedding rate is 

between 2.4-7.2 log SARS-CoV-2 GC g-1 wet faeces and normally peaks 5 days 

after the onset of symptoms in symptomatic hospitalised individuals (Hoffmann 

and Alsing, 2021). However significant uncertainty exists in faecal shedding 

estimates, as shedding has been shown to vary from person to person and 

throughout the course of infection (Hoffmann and Alsing, 2021).  The impact of 

population demographics, the variant of infection and/or vaccination status has 

not been resolved at a population level. However, some clinical studies have tried 

to resolve these aspects through clinical data. For example,  Singanayagam et 

al. (2021) showed that peak viral abundance within the respiratory tract was 

similar regardless of variant type (Wild-type, Alpha and Delta VoCs) and 

vaccination status.  However, age was associated with a ‘moderate’ increase in 

the SARS-CoV-2 viral load in nasopharyngeal samples. Other studies e.g., 

Adhikari et al. (2021) and Milliere et al. (2021) did not show a significant 

relationship between SARS-CoV-2 abundance between nasopharyngeal and 

stool samples. Finally, the shedding dynamics of pre- and asymptomatic people 

infected with SARS-CoV-2 are not well established. 

Despite these limitations, WBS has shown promise as a complimentary approach 

for surveillance of SARS-CoV-2 infections alongside clinical testing. Studies such 

as Kaplan et al. (2021), Li et al. (2022) and Fielding-Miller et al. (2021) have 

shown that the presence of SARS-CoV-2 genetic material in wastewater can 

represent a leading indicator of clinical cases and hospital admissions, whilst 

Colosi et al. (2021) and Nemudryi et al. (2020) demonstrated that wastewater 

was a lagging indicator of disease prevalence within a community when 

assessing disease burden from the point of onset of symptoms. A review of the 

literature by Shah et al. (2022) found that in most reported cases, detection of 

SARS-CoV-2 in wastewater was a leading indicator of COVID-19 disease in the 
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community. However, there remains significant uncertainty in i) estimated cases 

numbers from wastewater SARS-CoV-2 gene copies and ii) utilising wastewater 

in a predictive/preventative capacity (i.e., when to initiate a public health 

intervention based on WBS data). This uncertainty can partly be countered 

through normalisation of wastewater data, which will be discussed in Section 1.3. 

Overall, more research is needed to evaluate the appropriateness of WBS in 

SARS-CoV-2 management. 
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Table 2: Studies investigating shedding of SARS-CoV-2 RNA in faeces 

Total 
Patients 

SARS-CoV-2 RNA 
positive in stool 

samples 

Mean N1 Gene 
copies in sample 

gc/ml (range) 

Median FS duration since onset 
of symptoms (IQR) 

FS % positive for SARS-CoV-2 after 
negative nasopharyngeal test, and median 

duration in days after negative 
nasopharyngeal result (IQR) 

Reference 

42 66% (28/42) - 

Overall: 11 (7-11) 
9 days in 2 ‘uncomplicated’ cases 
8 (4.5-14) days in 29 ‘mild’ cases 

14 (9.5-18) days in 11 ‘severe’ cases 

64.29% (18/28) of patients 
6.5 days ‘uncomplicated’ cases 

8 (6-10) days in ‘mild’ cases 
7 (6.5-9.5) days in ‘severe’ cases 

(Chen et al., 
2020) 

95 47.7% (31/65) - - - (Lin et al., 
2020) 

66 100% (66/66) - 
Overall: no data 

> 21 days in 11 cases 
11 (9.0-16.0) in 55 cases 

78.2% (43/55) of patients 
2.0 (1.0-4.0) days 

(Ling et al., 
2020) 

84 33% (28/84) - - 26% (20/76) (Wei et al., 
2020) 

9 89% (8/9) 
N/A 

(Log 3 – 7) 
- - (Wölfel et 

al., 2020) 

74 55% (41/74) - Mean – 27.9 
72.5% (29/40) 

Mean – 11.2 days 
(Y. Wu et 
al., 2020) 

73 53.42% (39/73) - - 43.59% (17/39) of patients (Xiao et al., 
2020b) 

23 83.30% (10/12) 5623 22.0 (15.5-23.5) - (N. Zhang 
et al., 2020) 

96 59.13% (55/93) - 22 (17-31) - (Zheng et 
al., 2020) 
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1.3 Methods for normalising data from WBS 

Due to the uncertainties in flow and other sources of wastewater (e.g., industrial 

inputs), there is interest in normalising the SARS-CoV-2 abundance to indicators 

of municipal wastewater such as ammonia or indicators of human population 

equivalent during a sampling period. Wastewater biomarkers can estimate the 

contributing population to a sewershed, which is especially useful where there is 

a variable sized/mobile population e.g., during monitoring of  near-source and at 

sewer level where population dynamics are averaged over an area significantly 

smaller than at the WWTW level (Sweetapple et al., 2022). Biomarkers can help 

to normalise municipal wastewaters receiving industrial inputs and runoff in 

combined sewer systems. Biomarkers are specific compounds that are secreted 

by humans. This can be general (i.e., non-specific) compounds present from 

faeces and urine, such as ammonium (NH4
+), phosphate (PO4

2-) ions (Rose et 

al., 2015). Other wastewater quality parameters have also been used to estimate 

contributing populations, such as the chemical oxygen demand (COD) and the 

biological oxygen demand (BOD) to varying degrees of success (Sims and 

Kasprzyk-Hordern, 2020).  van Nuijs et al. (2011) reported that each individual 

person excretes 1.7 g d-1 of Phosphate, 12.5 g d-1 of Nitrogen, 59 g d-1 of BOD 

and 128 g d-1 of COD on average in their combined urine and faeces. Ammonium 

is one commonly applied metric of contributing populations (Been et al., 2014). 

Unlike other wastewater quality parameters, ammonium is thought to be less 

affected by non-human sources that can increase values these values. 

Detergents from laundry can increase the phosphate concentration in samples in 

countries where it is permitted to include phosphates in detergents. However, in 

combined sewage and stormwater systems these conventional values will be 

reduced by the impact of rainfall events diluting the signal from the wastewater. 

In short, the concentrations of chemical biomarkers such as ammonium and 

phosphate in wastewater are not always influenced by the presence of faeces 

and urine in wastewater. Using them to normalise the concentration of SARS-

CoV-2 may not be appropriate, as SARS-CoV-2 concentration in wastewater is 

hypothesised to be related to the number of people contributing to the wastewater 
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who are shedding SARS-CoV-2 RNA in their faeces. Thus, a robust biomarker 

that is shed in faeces is required for normalising viruses that are shed in faeces. 

Enteric viruses have been widely applied as indicators of human faecal pollution 

(McMinn et al., 2017). Unlike chemical indicators such as ammonium and 

phosphate, their presence in the wastewater is directly related to the faeces in 

wastewater. In recent studies the plant virus Pepper Mild Mottle Virus (PMMoV) 

and a bacteriophage crAssphage have been widely applied in WBS (Wilder et al., 

2021; F. Wu et al., 2020). Of these, PMMoV shows greater promise as PMMoV 

has a similar composition to SARS-CoV-2; it is a single-stranded positive sense 

RNA virus but unlike SARS-CoV-2 is non-enveloped (Fauquet et al., 2005), is 

stable in the wastewater matrix and is present in high viral titres. In a study by 

Rachmadi et al. (2016) wastewater samples containing PMMoV did not 

experience a reduction in their concentration of PMMoV, even after being 

incubated for 21 days at 37°C. A review by Symonds et al. (2018) reported 

concentrations of 106 to 1010 PMMoV gene copies L-1 in wastewater. These 

factors, combined with being detected in most wastewater samples (Rosario et 

al., 2009) suggest PMMoV could be a highly suitable biomarker for normalisation. 

Whilst highly specific and reliable, a significant drawback is the reliance on RT-

qPCR for PMMoV identification and quantification (Symonds et al., 2018), thus 

making it potentially unsuitable where rapid results are required. However, this 

point is moot when the target requiring normalisation itself requires nucleic acid 

amplification or similarly complex and/or time consuming techniques. Another 

potential issue is that the shedding of PMMoV and CrAssphage differ from SARS-

CoV-2. For example, the shedding rate of PMMoV can be influenced by dietary 

factors and infection profiles within vegetable matter and processed foods, with 

reported concentrations in dry faeces of 106-109 virions g-1 dry faeces (Zhang et 

al., 2005). The CrAssphage bacteriophage faecal shedding profiles have been 

shown to vary between individuals and with time due to infection and changes in 

the gut microbiome which could preclude its wider utility as a biomarker. Typical 

concentrations in faeces are 103.5 and at 108.5 GC ml-1 faeces (Langeveld et al., 

2021). However, it is considered that these viral indicators could be more suitable 

for normalising samples than chemical markers because they are i) biogenic, ii) 
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have similar size and structure to SARS-CoV-2 and iii) could partition in a similar 

way within the wastewater matrix, unlike dissolved constituents such as 

ammonia.  

1.4 Rationale 

As of yet, few studies have attempted to monitor wastewater at the near-source 

spatial scale, and few have tracked the SARS-CoV-2 concentration through a 

sewer system to a contiguous wastewater treatment works (WWTW) for WBS. 

The source-to-sink approach without significant contributions from other sources 

reported below, represents the first study of its kind to my knowledge. The 

Cranfield campus has a large static geographically isolated residential population 

in student halls of residence and houses. The campus has significant daily 

movements of people onto campus (comprising visitors, staff, and students), and 

a range of business activities that  occur within the campus and business park. 

In addition, Cranfield University WWTW does not receive wastewater from off-

campus areas and the residential areas do not receive industrial effluents. The 

WWTW does receive industrial effluents due to research activities that take place 

on the campus. It is therefore argued that Cranfield is useful as a model 

wastewater catchment.  

Good occupancy data for residential buildings is available during the period of 

the pandemic (19th March 2020-21st July 2021). As such, the Cranfield campus 

represents an idealised real scale test site for WBE studies. For example, 

population estimates would have stronger confidence than for other settlements 

where daily, weekly, or monthly population estimates are less precise and subject 

to significant variability. Further research is needed to contribute to the rapidly 

evolving field of WBS for management of SARS-CoV-2, and potentially for future 

disease management. More research is also needed to establish the removal of 

viruses (especially enveloped viruses) in wastewater treatment streams to protect 

the environment and human health. 
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1.5 Aims 

The aim of this project was to evaluate the role of wastewater-based surveillance 

for tracking SARS-CoV-2 infections and assessing contributions from its source 

e.g., infected individuals on campus, investigate removal processes within the 

WWTW and determine loading to its sink (a small river tributary to the Great Ouse 

catchment in England).  

1.6 Objectives 

Table 3: Brief Objectives and links to specific hypotheses 

 

 

 

 

 

Objective Hypothesis 

Quantify SARS-CoV-2 gene copies from 
wastewater at three scales on campus 
samples with assumed increasingly large 
daily wastewater flows. 

WBS can identify magnitude of 
SARS-CoV-2 infections on the 
University Campus 

Establish SARS-CoV-2 gene copy 
abundance correlation to wastewater 
constituents. 

SARS-CoV-2 with wastewater 
constituents positive correlates 
at near-source level not 
WTWW  

Establish SARS-CoV-2 gene copy 
concordance with COVID-19 infections on 
campus 

SARS-CoV-2 wastewater 
samples will be positively 
related with on-campus 
infections 

Isolate SARS-CoV-2 whole genomes from 
wastewater  

Wastewater SARS-CoV-2 WBS 
can identify variants of concern 
on campus 

Verify removal of SARS-CoV-2 RNA 
fragments from a small Trickling Filter 
WWTW treating water exclusively from 
campus population 

Small linked WWTW removes 
SARS-CoV-2 RNA fragments 
from wastewater  
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Five key objectives were identified as follows: 

1. Quantify SARS-CoV-2 gene copies obtained from large buildings, in-line 

sewer and WWTW level samples. 

2. Investigate the relationship between SARS-CoV-2 gene copy abundance 

with wastewater characteristics. 

3. Investigate if SARS-CoV-2 gene copy concentration in wastewater data 

correlates with confirmed and estimated infections. 

4. Sequence SARS-CoV-2 genome data for identification of variants of 

concern responsible for on campus infections. 

5. Establish ability of on campus WWTW to remove the SARS-CoV-2 RNA 

fragments from wastewater prior to discharge to the environment. 

1.7 Hypotheses 

1. WBS can be used to identify magnitude of SARS-CoV-2 infections on the 

University Campus 

2. SARS-CoV-2 N1 gene copies will be positively correlated with a) total 

suspended solids, b) tCOD, c) pH and d) ammonia and e) orthophosphate 

concentrations at the "near-source" level due to the coupling between 

these parameters and faecal shedding near-source 

3. Wastewater SARS-CoV-2 WBS can identify variants of concern on 

campus 

4. The on campus WWTW will remove detectable fragments of SARS-CoV-

2 RNA from wastewater. 

5. SARS-CoV-2 gene copy concentration in wastewater samples will be 

positively correlated with on-campus infections 
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2 Source to Sink Wastewater Surveillance of Severe 

Acute Respiratory Syndrome Coronavirus-2 (SARS-

CoV-2) for COVID-19 monitoring. 

2.1 Introduction 

Previous studies to monitor SARS-CoV-2 in wastewater have taken place on a 

variety of spatial scales and contexts. Schools (Castro Gutierrez et al., 2021; 

Fielding-Miller et al., 2021; Hassard et al., 2021), hospitals (Liu et al., 2022), 

University buildings and campuses (Corchis-Scott et al., 2021; Karthikeyan et al., 

2021b; Scott et al., 2021) wastewater catchments through in sewer or pumping 

station monitoring and WWTW (Ai et al., 2021; Gonzalez et al., 2020; Kaplan et 

al., 2021; Wurtzer et al., 2020) have all been studied previously. The removal of 

SARS-CoV-2 within WWTW has also been investigated (Randazzo et al., 2020; 

Kumar et al., 2021), although no studies thus far could be found where monitoring 

programs have been conducted within a highly controlled catchment. An 

extensive discussion was provided by Safford et al. (2022) who suggested the 

value of WBS as a leading indicator of disease presence, but only in low 

prevalence scenarios in highly controlled environments. They highlighted that 

one major challenge of WBS is to know when to act on pooled wastewater results. 

This is because tracing individual infections to pooled wastewater samples 

requires testing large numbers of people and enforcing isolation. This has the 

potential to create ethical issues (e.g., through stigma), which is counterintuitive 

to the purported purpose of WBS. With this in mind, an indirect approach to WBS 

was deemed to be more appropriate for use in this study. Instead of targeted 

testing, it was proposed that students and staff would be alerted to increased 

levels of SARS-CoV-2 in a wastewater drainage basin and they would be 

encouraged to get a test and if possible, to isolate. Regulations regarding mask 

wearing and social distancing in England were, for much of the study, controlled 

and enforced by the UK Government. As such, we could not encourage people 

to start wearing masks and/or socially distance should the concentration of 

SARS-CoV-2 in the wastewater increase. However, it was possible to encourage 
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people to take a test for SARS-CoV-2 infection should there have been a need 

to. 

2.1.1 State of the art on campus WBS 

Several studies thus far have investigated the use of WBS on University 

Campuses, though the purposes of the studies have varied considerably. Several 

studies have used near-source sampling to identify buildings in which one or 

more infected people were located to target for mandatory testing (Barich and 

Slonczewski, 2021; Betancourt et al., 2021; Bivins and Bibby, 2021; Colosi et al., 

2021; Corchis-Scott et al., 2021; Fahrenfeld et al., 2022; Gibas et al., 2021; Scott 

et al., 2021; Vo et al., 2022; Wang et al., 2022; Wright et al., 2022), others have 

used WBS and voluntary testing to monitor cases on campuses and inform health 

and safety policy (Karthikeyan et al., 2021b; Reeves et al., 2021; Travis et al., 

2021), whilst others have only investigated how campus dynamics (e.g. 

population and SARS-CoV-2 positive individuals on the campus) influence the 

presence or abundance of SARS-CoV-2 in wastewater (Bivins et al., 2021; Liu et 

al., 2022; Sweetapple et al., 2022).  

These studies have found, inter alia, that SARS-CoV-2 GC concentration 

correlates with clinically confirmed cases on university campuses (Bivins and 

Bibby, 2021; Fahrenfeld et al., 2022; Gibas et al., 2021; Scott et al., 2021; Wang 

et al., 2022; Wright et al., 2022), that wastewaters need to be sampled frequently 

(Gibas et al., 2021; Karthikeyan et al., 2021b; Reeves et al., 2021) and that 

variants can be identified from wastewater (Vo et al., 2022). However, thus far no 

studies have monitored SARS-CoV-2 in wastewater through a sewage system to 

a linked WWTW in a highly controlled sewershed on a longitudinal basis and 

monitored its removal at the linked WWTW.  

Accordingly, the purpose of this study was to i) monitor wastewater effluent 

streams at the Near-Source, In-Sewer and WWTW level in a geographically 

isolated sewer catchment across a 16-month period for the presence and 

abundance of SARS-CoV-2 genetic material, ii) evaluate if there is a relationship 

between SARS-CoV-2 gene copies in the wastewater and wastewater 

characteristics, iii) investigate if SARS-CoV-2 gene copy data is correlated with 
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the number of cases on the campus/in the local community and iv) to assess the 

efficacy of the on-campus WWTW at removing detectable SARS-CoV-2 gene 

copies from the wastewater. In general terms it was hoped that I could ascertain 

the impact of national and local lockdown restrictions and VoC emergence on the 

abundance of SARS-CoV-2 gene copies in wastewater. To the best of my 

knowledge, this is the first study to combine Near-Source Tracking (NST) and In-

Sewer WBS with a linked WWTW. 

2.2 Materials and Methods 

2.2.1 Sampling Site  

Cranfield University is a postgraduate only university located in the county of 

Bedfordshire, England, United Kingdom. Cranfield University has 59 large 

buildings, a median resident population of 1200 and a transient population of 

3800 staff and students on weekdays (2018-2019 data). On weekends the 

population on campus is estimated to be ~1300 to account for campus resident, 

and essential staff who work on campus at the weekend. During the COVID-19 

pandemic, numerous national (England) and Cranfield University campus public 

health measures were implemented which together impact the population on 

campus. Cranfield University benefits from having its own contained sewer 

system which receives primarily wastewater for the university technical buildings, 

halls of residence and residential properties designed for campus based 

academics, students, and their families. A proportion of Cranfield University’s 

wastewater is combined with rainfall and surface water drainage. Similar to many 

wastewater conveyance schemes, the proportion of the sewer network which is 

municipal only versus combined is not known. This is typical for USA and UK 

towns and cities and many other countries. The wastewater is stored prior to 

pumping up a gradient (1%) at Mitchell Hall pumping station to the onsite 

wastewater treatment works (Population equivalent [P.E] of 3278±914 in 2018) 

which currently treats 100% of its daily wastewater flow. The daily average 

wastewater flow was 465.50±129.82 m3d-1 in 2018 and was 459.35±137.88 m3d-

1 in 2019 and in 2021 449.04±163.74 m3d-1, which positively correlates to the 

population on campus (Spearmans Rank; ρ(186) = 0.673, p < 0.01).  
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Figure 2: A - Location of Cranfield in the UK, and B - Location of Cranfield University in the Central Bedforshire local authority area in County of 

Central Bedforshire, England. 
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2.2.2 Sampling Site Selection 

Sites that best represented the population of the campus resident population 

were selected. It was determined that three spatial scales (“Near-Source”, “In-

Sewer” and WWTW) would provide the best overall population sampling which 

could be achieved and help determine possible sources of COVID-19 infection 

on campus. These are shown in Figure 3, below. A contractor (Aqua Jet, UK) with 

significant experience of the university wastewater network was consulted to 

identify four suitable wastewater nodes and their associated sewer inspection 

chambers from which samples could be obtained. A limited number of sample 

locations in this case were considered to enable detection within and between 

different groups of on-campus populations. This is because, during most of the 

study duration, teaching (i.e., lectures) were online and so students were mostly 

contained within halls of residence, whereas other sample locations helped 

isolate staff populations working in other large buildings and families living within 

campus based residential properties.  

The sewer-catchment basins identified were:  

• “Hall of Residence A” and “Hall of Residence B” – “Near-Source” sampling 

points in sewer access points that drained two of the student halls of 

residence comprising 57% of the student halls of residence population. 

• “Residential Houses In-Sewer” – A Sewer-Scale sampling point located in 

a sewer access point downstream of the node of several sewer foul lines 

the drained multiple shared student and individual family houses 

• “University Technical Buildings In-Sewer” – A Sewer-Scale sampling point 

in a sewer access point located downstream of the node of several sewer 

foul lines that drain the University Technical buildings 
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Figure 3: Cranfield Campus drainage areas which were sampled. 1- Halls of 

Residence A, 2 – University Technical Buildings In-Sewer, 3 – Residential Houses 

In-Sewer and 4 – Halls of Residence B. Stars indicate location of sampling point. 

Map not to scale. 

The Cranfield Campus wastewater treatment works (WWTW) were also sampled, 

as shown in Figure 4 below. The post-primary lamella (settlement), the post-

roughing trickling filter, post-secondary trickling filter outlets and final effluent was 

sampled at least weekly over a 6-month period (22nd January 2021-27th July 

2021), and the post-balance tank settled influent (the “Influent") to the WWTW 

was sampled at least weekly over a 16-month period (19th March 2020-27th July 

2021). The balance tank was assumed to be a representative sample of the entire 

campus population for the 24-hour period prior to sample collection. The post-
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inlet sample points were sampled to monitor the removal of SARS-CoV-2 through 

the WWTW and prior to discharge into the environment. 

 

Figure 4: Wastewater Treatment Works Sample Points. 1: Settled Raw Wastewater 

at WWTW Inlet, 2: Post-Primary Lamella, 3: Post-Roughing Trickling Filter, 4: Post-

Secondary Trickling Filter and 5: Final Effluent (prior to environmental discharge) 

A brief description of the processes shown in Figure 4 that treat the wastewater 

at the campus WWTW, adapted from (Droste and Gehr, 2019), follows. The 

balance tank settles solids from water by decreasing the velocity of particles, 

allowing gravity-assisted sedimentation to occur within the tank. The lamella 

clarifier pumps water from the base of the unit and up through tubes contained in 

the clarifier. The up flow velocity rate is set so that it is lower than the settling 

velocity of many of the particles in the wastewater, encouraging the settling of 

particles.  These then fall to the bottom of the clarifier and can be pumped out.  

The roughing filters consist of a bed of plastic matrix media, on which a 

biologically active biofilm forms. Wastewater is trickled over the filter media, and 

solids contained therein are passed through the matrix media.  Solids are retained 

by the biofilms, which are then broken down by the microorganisms of the biofilm.  
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2.2.3 Sample collection and analysis 

A total of 488 samples were analysed for SARS-CoV-2, comprising 389 separate 

samples. 377 individual samples were also analysed for wastewater characteristics. 

112 samples (39.7%) tested positive for N1. The abundance of PMMoV was also 

quantified in 108 samples that had tested positive for SARS-CoV-2. A detailed 

breakdown of when and from where the samples were taken, the sampling 

methodology used to collect the sample, whether or not they were frozen prior to 

extraction and RNA extraction Protocol is provided in Table 12 in Appendix 1, 

During the first phase of sampling (19/03/2020-15/01/2021), a  grab sample of at least 

250ml was taken weekly from the WWTW Inlet. This was then frozen at -80°C pending 

analysis when the University labs were re-opened for research. Sampling of the 

campus infrastructure began on the 22nd of January 2021. Aquacell P2-COMPACT 

(Aquamatic, UK) autosamplers were installed in the sewer access chambers. Samples 

were taken from each site at least once a week to obtain the highest resolution data 

that was obtainable considering time, budget, and site access restrictions. At each site 

16.6 ml of the wastewater stream was taken every five min ~200 ml/hr over each 24hr 

period (7 am - 7 am). This formed a 4.8 L composite sample in the integrated 5 L 

HDPE collection vessel. Sample sites were visited between 07:00 am – 08:00 am on 

the days of sample collection. After thorough mixing, a 1 L sample was aliquoted for 

subsequent analysis into a 1 L polypropylene bottle. From the 22/01/2021, 1 L grab 

samples were taken from the inlet flow, post-primary lamella, the post-roughing 

trickling filter and post-secondary trickling filter outlets, and the final effluent of the 

WWTW at least once a week (Figure 4). For the final 3 months of the study, the inlet 

was sampled 4 times a week to better track overall disease burden on campus. 

Samples were transported on melting ice, manually transferred back to the laboratory, 

and immediately stored in a refrigerator at a temperature of 2.5 - 4°C. Three 200 ml 

aliquots were taken i) for immediate RNA extraction, ii) for cryogenic storage (-80°C) 

and iii) analysis of wastewater constituents with i) and ii) occurring same day and iii) 

within 48 hours.  

Each wastewater sample was analysed in the laboratory for total suspended solids 

(TSS), ammonium (NH4-N) orthophosphate (PO4-P), total chemical oxygen demand 

(tCOD), pH, conductivity, and oxidation reduction potential (ORP) according to 
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standard methods for the examination of wastewater (American Public Health 

Association, 1994). Two Protocols were used for SARS-CoV-2 RNA extraction and 

purification: Protocol 1 and Protocol 2. During this project, significant method 

development was undertaken, and Protocol 2 was shown to have better RNA yield, 

therefore this protocol was used for subsequent samples. Sample numbers 86-175 

(internal reference F001-F099) were extracted using Protocol 1. In detail, the falcon 

tubes were centrifuged for 30 minutes at 3,000 xg at 4°C, and the supernatant 

transferred to 250 ml PCCO centrifuge bottles (Thermo Fisher, UK). Supernatants 

were spiked with a surrogate enveloped virus (murine norovirus) for extraction control 

before concentration with polyethylene glycol (PEG) precipitation, with incubation in a 

refrigerator at 4°C for at least 12 hours. The samples were then centrifuged at 10,000 

xg for 30 minutes at 4°C, excess PEG was discarded by pouring, followed by further 

centrifugation at 10,000 xg for 10 minutes at 4°C to form a final concentrated pellet. 

Excess supernatant was once again discarded. This pellet was then re-suspended in 

0.5 mL of molecular biology grade phosphate buffered saline (PBS), pH 7.4. RNA 

extractions from the pellets were then conducted using the NUCLEISENS® RNA 

extraction kit on a MINIMAG® (BioMérieux, France). For samples F100-F303 and the 

defrosted samples, Protocol 2 was used. Protocol 2 was adapted from Amirouche et 

al. (2021). Samples were extracted in duplicate where possible. The falcon tubes were 

centrifuged for 30 minutes at 3000 xg at 4°C, and the supernatant transferred to 250 

ml PCCO centrifuge bottles (Thermo Fisher, UK). Supernatants were spiked with a 

surrogate enveloped virus (Φ6) for extraction control before concentration with 

polyethylene glycol (PEG) precipitation. Samples were shaken at 200 rpm on an orbital 

shaker for 15 minutes at room temperature, prior to incubation in a refrigerator at 4°C 

for at least 2 hours. A pilot study on 3 wastewater samples extracted in triplicate 

revealed that between 2-24 hours of incubation did not impact the RNA yield or RNA 

quality. No significant difference was found between samples incubated for 2 - 24 

hours. The samples were then centrifuged at 10,000 xg for 30 minutes at 4°C, excess 

PEG was discarded by pouring, followed by further centrifugation at 10,000 xg for 10 

minutes at 4°C to form a final concentrated pellet. Excess supernatant was discarded, 

with 1 mL retained. This was used to resuspend the pellet prior to transfer to a 1.5 mL 

microcentrifuge tube. The samples were then centrifuged at 12,500 xg for 5 minutes, 

re-forming the pellet. The supernatant was then removed by pipetting.  
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The pellet was resuspended in 800 μL of TRIzol™ (Fisher Scientific, UK) by pipetting 

and vortexing to lyse the sample. Samples could then be stored at -20°C for later 

analysis should Project workload demand. This did not influence RNA recovery, and 

frequently enabled for optimised workflow increasing sample throughput.  200 µL of 

Chloroform (Fisher Scientific, UK) was then added, and mixed by vortex. The samples 

were incubated at room temperature for 3 minutes. The sample was then centrifuged 

at 12,000 xg for 15 minutes at 4°C. The aqueous layer containing the RNA was then 

transferred to sterile, RNAase free Lo-Bind Eppendorf tubes (Fisher Scientific, UK). 

RNA was then extracted and purified using a Macherey Nagel Nucleospin RNA kit 

(Fisher Scientific, UK). 

Following extraction, RNA concentration was measured using Qubit™ (Fisher 

Scientific, UK). On occasions where the sample RNA concentration exceeded 100 

ng/mL, these samples were subsequently diluted in RNAase free sterile water to at 

least 1:10 dilution. This was done as the acceptable range for the analysis required 

less than 100 ng/mL of RNA in samples, else the process efficiency was inhibited. 

SARS-CoV-2 RNA detection was performed by RT-qPCR using the RNA 

UltraSense™ One-Step Quantitative RT-PCR System (Thermo Fisher, UK) targeting 

the nucleoprotein (N1) gene fragment, and the envelope (E) protein gene fragment 

using a QuantStudio™ 7 Pro Real-Time PCR System (ThermoFisher, UK). These 

target gene sequences were chosen due the high degree of specificity and low 

mutagenicity, thereby reducing the risk of misidentification of SARS-CoV-2 or false 

negatives, as recommended by Centre for Disease Control and Prevention (2021), 

Corman et al. (2020) and Ahmed et al. (2022).  

RNA samples were analysed in duplicate alongside negative (nuclease-free water) 

controls after Castro Gutierrez et al. (2021). The RNA extracts were quantified by 

plotting the quantification cycles (CT) to an external standard curve constructed from 

commercially available synthesised plasmids containing the target sequence. 

Samples where the N1 gene copy data exceeded the empirical limit of detection (LOD) 

for their respective extraction and purification protocol were considered to positive for 

SARS-CoV-2. 

The LOD for Protocols 1 and 2 were calculated using the methodology outlined in 

Farkas et al. (2020). For Protocol 1 the LOD for N1 and E was 1,268 GC L-1 and 2,968 
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GC L-1, respectively, as confirmed in Castro Gutierrez et al. (2021). For Protocol 2 the 

LOD for N1 and E was 956 GC L-1 and 2,401 GC L-1, respectively. The limit of 

quantification for Protocols 1 and 2 were also calculated using the method outlined in 

Castro Gutierrez et al. (2021). The LOQ was determined through spiking SARS-CoV-

2 negative RNA extracts from school wastewater with a range of defined quantities of 

Armored RNA standard (Asuragen Quant SARS-CoV-2 Panel - 52036, VH Bio Ltd., 

UK) with the LOQ being the lowest concentration which achieved a CV value not 

exceeding 25%. The LOQ for Protocol 1 was for N1 and E was 9,196 GC L-1 and 

21,300 GC L-1. The LOQ for Protocol 2 for N1 and E was 7,859 GC L-1 and 18,138 GC 

L-1, respectively. A positive detection for SARS-CoV-2 occurred when the sample had 

concentration of SARS-CoV-2 N1 GC greater than the LOD. All samples that were 

negative were recorded as having an N1 GC L-1 of half of the LOD.  

Protocol 1 was initially used due to its simplicity, low-cost and its utilisation of readily 

available materials (which was critical owing to the disruption to supply chains due to 

the pandemic) whilst still being reliable and robust enough to produce valid data. This 

was validated as part of this project through empirical measurement of limits of 

quantification and detection and quality of RNA which it yielded. However, a maximum 

of 12 samples could be extracted at once often forming a significant bottleneck in 

analysis, hence the transition to Protocol 2. When required, sample turnaround could 

be achieved in under 24hrs when using Protocol 2 and 24 samples could be extracted 

simultaneously. Similar concentrations of SARS-CoV-2 were found in linked samples 

(coefficient of variation <20%) between extraction methods.  Thus, both protocols 

produced data that could be compared to one another. 

108 previously extracted samples were tested for PMMoV. PMMoV was quantified 

using a methodology adapted from Jafferali et al. (2021) to optimise performance with 

existing equipment. Forward and reverse primer sequences recommended by Jafferali 

et al. (2021) were used. Custom TaqMan probes (ThermoFisher, UK) were used to 

quantify the target PMMoV genes. 5 µL of each sample tested was analysed. Thermal 

cycling (55 °C 60 mins, 95 °C 5 mins, followed by 45 cycles of 95 °C 15 s, 60 °C for 1 

min, 65 °C for 1 min) was performed on a QuantStudio™ 7 Pro Real-Time PCR 

System (ThermoFisher, UK). Negative controls were included in each run. The RNA 

extracts were quantified by plotting the quantification cycles (CT) to an external 

standard curve constructed from commercially available synthesised plasmids 
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containing the target sequence. Samples were considered positive if the Ct value was 

below 45 cycles.  

2.2.4 Normalising to wastewater biomarkers 

Normalising wastewater to biomarkers is critical when flow information is not available, 

as it allows for more accurate estimation of population shedding. This is particularly 

useful where there is a highly variable population, such as Near-Source WBS. The 

following equation was used to normalise the gene copy data to a biomarker, as used 

by Sweetapple et al. (2022): 

𝐺𝐶𝑛  =  
𝐺𝐶

𝑋
 

Where: 

GCn = GC normalised 

GC = SARS-CoV-2 GC L-1 

X = Wastewater biomarker L-1 (e.g., ammonium or PMMoV) 

Equation 1: Wastewater parameter normalised gene copies 

2.2.5 Estimating campus infection burden 

Campus residence occupancy data was obtained directly from the Cranfield Campus 

Residence Management Team. This consisted of a spreadsheet that listed the weekly 

occupancy figures for the different residences on the campus (e.g., Halls of Residence 

A and B, and the student and family houses). The sewer-catchment maps were 

combined with this data to estimate the population within the sewer catchment. 

The campus infection rate, the % of people on campus who if tested with a PCR test 

would return a positive result, was assumed to be equal to that of the Lower Tier Local 

Authority (LTLA) PCR positive test rate. The LTLA PCR positive test rate was also 

assumed to be an accurate measure of the disease burden within the Central 

Bedfordshire administrative council region. The Cranfield campus is rural and 

geographically isolated and is thus unlikely to be equal to that of the rest of the LTLA. 

However, the LTLA positive PCR rate data was the highest resolution data that was 
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publicly available that was sufficiently accurately and reliable for used for comparison 

to wastewater / local infection data generated directly by this study. 

The equation below demonstrates how the infected population was estimated using 

the LTLA data: 

𝐸𝑖 = 𝐿𝑖 ∗ 𝑃 

Where:  

Ei  = Estimated infected 

Li = LTLA positive PCR rate 

P  = Population within sewer-catchment 

Equation 2: Estimating infection burden within sewershed using PCR positive rate data 

Campus infection burden was also estimated from the wastewater data using an 

equation from Ahmed et al. (2020) : 

𝑃𝑒𝑜𝑝𝑙𝑒 𝐼𝑛𝑓𝑒𝑐𝑡𝑒𝑑 =  
(𝑁1) ∗  (𝑄)

(
𝑔 𝑓𝑎𝑒𝑐𝑒𝑠

𝑝𝑒𝑟𝑠𝑜𝑛 𝑑−1) ∗ (
𝑁1

𝑔 𝑓𝑎𝑒𝑐𝑒𝑠
)
 

Equation 3 – Estimating infection burden from faecal shedding of SARS-CoV-2 

Where: Q = wastewater flow rate (L d-1),  SARS-CoV-2 N1 GC L-1  were quantified 

by RT-qPCR, litres of wastewater were estimated by multiplying the known sewer-

catchment population by the typical per person wastewater production volume of 140 

L d-1 (Brockett, 2019). Daily stool mass was assumed to be 128 g of wet faeces 

(Rose et al., 2015), and faecal shedding was based on viral shedding of 1x105 N1 

GC g-1 wet faeces which represents the median shedding of the wild-type SARS-

CoV-2 in the faeces 10 days after symptom onset (Miura et al., 2021).  

Cases of SARS-CoV-2 confirmed by clinical nasopharyngeal PCR test, where 

people were on campus 2 days prior to either displaying symptoms or testing 

positive by PCR, were supplied by the Health and Safety Team of Cranfield 

University. This data was a weekly aggregate of individuals who tested positive for 

SARS-CoV-2 within two days of being present on campus.  
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2.2.6 SARS-CoV-2 Variant of Concern Identification 

SARS-CoV-2 VoCs were analysed using the Arctic multiplex PCR method for SARS-

CoV-2 genome sequencing (Tyson et al., 2020) through the commercial partner 

Eurofins (Germany). In brief, this methodology identifies lineage defining mutations 

caused by single nucleotide polymorphisms, such as insertions and deletions, that 

significantly alter factors (e.g., virus transmissibility) that are characteristics of VOCs. 

In total, 4% of SARS-CoV-2 positive wastewater samples were sequenced, of which 

two had correct coverage to be interpreted in detail, with 13 whole genomes not having 

sufficient coverage in key genes to warrant further investigation. Once sequenced, 

complete SARS-CoV-2 genomes were extracted from the NCBI database and aligned 

using MUSCLE (Edgar, 2004). The evolutionary history was inferred using the 

Neighbour-Joining method (Saitou and Nei, 1987). The optimal tree with the sum of 

branch length = 0.007 was constructed. The percentage of replicate trees in which the 

associated taxa clustered together in the bootstrap test (1000 replicates) are shown 

next to the branches (values over 25 shown) (Felsenstein, 1985). The tree is drawn to 

scale, with branch lengths in the same units as those of the evolutionary distances 

used to infer the phylogenetic tree. The evolutionary distances were computed using 

the Jukes Cantor method (Jukes and Canthor, 1969) and are in the units of the number 

of base substitutions per site. The analysis involved 11 whole SARS-CoV-2  

sequences. Evolutionary analyses were conducted in MEGA v11 (Tamura et al., 

2021).  

2.2.7 Statistics 

The statistical analysis of the dataset was performed on SPSS (Version 28, IBM 2021) 

which contains the requisite statistical tests for the analysis in this study. Microsoft 

Excel (Version 2108, Microsoft 2021) was sued to maintain a database for all of the 

sample data. 

The N1, E GC L-1 and wastewater characteristic data was tested for normality with the 

Shapiro-Wilk test. It was found that none of the data was normally distributed as, in all 

cases, p < 0.05. Spearman’s rank-order correlation was used to test the statistical 

significance of the correlations between SARS-CoV-2 N1 and E GC L-1 wastewater 

and the wastewater data. Spearman’s rank-order correlation is a non-parametric test 

for correlation between two variables and is thus appropriate for non-normally 
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distributed data.  P values of less than 0.05 were considered as statistically significant. 

Other similar studies have also used Spearman’s rank-order correlation to test for the 

power, direction, and statistical significance of correlations between wastewater 

characteristic data and SARS-CoV-2 gene copy concentrations such as (Bivins and 

Bibby, 2021). 

SARS-CoV-2 removal was assessed by conducting a Kruskall-Wallis 1-way ANOVA 

on the N1 and E gene copy concentration in the effluent at each sampled stage of the 

WWTW. This was conducted to assess if there was a statistically significant difference 

between the median influent and final effluent SARS-CoV-2 gene copy concentrations, 

and to test the interstage removal of SARS-CoV-2 genetic material. 

Microsoft Excel (Version 2108, Microsoft 2021) was used to identify instances of 

correspondence between positive detections of SARS-CoV-2 in pre- and proceeding 

positive cases of SARS-CoV-2 in the wastewater. Bootstrapping was performed in 

SPSS (Version 28, IBM 2021) to calculate bias corrected confidence intervals set at 

95% confidence level.   
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3 Results and discussion 

3.1 Study results 

3.1.1 Wastewater SARS-CoV-2 correlates to on Campus Infections 

Figure 5 and the metadata summarised in Table 4 demonstrate how changes in 

England’s and campus restrictions impacted the concentration of SARS-CoV-2 N1 

gene copies in the wastewater samples. The numbers 1-3, 5-7 and 9 on Table 4 

represent changes to national and/or local restrictions, whilst numbers 4 and 8 

represent periods of increased concentration of N1 GC in the wastewater on campus. 

At points 4 and 8, the site health and safety teams were notified of increasing trends 

in wastewater and likely increasing number of cases on campus, despite no obvious 

increase in clinical testing case numbers. Table 4 explains the changes to national 

and local restrictions, VOC, campus occupancy and LTLA level of vaccination as it 

was assumed that these were the dominant factors driving changes in the wastewater 

N1 GC concentration. 

This study did not find a statistically significant correlation between SARS-CoV-2 N1 

GC L-1 and the number of campus infections when using non-normalised data  

(Spearman’s Rank; ρ(22) = 0.23, p = 0.21). Normalisation of the SARS-CoV-2 data 

was undertaken, but this did not yield a positive correlation between campus infections 

and N1 GC / ammonia (Spearman’s Rank, ρ(28) = 0.169, p = 0.389). This is in contrast 

to other university campus based WBS studies that also noted a positive relationship, 

such as Fahrenfeld et al. (2022) (Pearson Correlation, r = 0.21, p = 0.018) and (Scott 

et al., 2021) (Pearson Correlation, r = 0.181, p < 0.01), Bivins and Bibby (2021) 

(Spearman’s Rank, ρ = 0.51, p = 0.039), Gibas et al. (2021) (Pearson Correlation, r = 

0.769), Wang et al. (2022) (Pearson Correlation, r = 0.835) and Wright et al. (2022) 

(Pearson Correlation, r(13) = 0.71, p < 0.01). Other researchers (Ai et al., 2021; 

Bhattarai et al., 2021; D’Aoust et al., 2021b, 2021a; Li et al., 2022; Medema et al., 

2020; Nemudryi et al., 2020a; Scott et al., 2021; Weidhaas et al., 2021), who 

normalised their data either using flow or biomarkers (chemical and/or biological) to 

account for variable flows in wastewater streams have reported statistically significant 

correlations between SARS-CoV-2 GC L-1 and SARS-CoV-2 cases in non-University 

Campus studies.  
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Figure 5: Wastewater N1 GC concentration at study sampling points. 
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Table 4: Summary of changes to England’s national and university restrictions, VOC, campus 

population and LTLA vaccination rate.  * (Public Health England, 2020), † (Public Health England, 

2021a), ‡ (Public Health England, 2021b), § (Public Health England, 2021c)

Number Date 
National 

restrictions 

Campus 

restrictions 

Dominant 

Variant of 

Concern 

(VOC) 

Median 

people 

living on 

campus  

LTLA Level 

of 1
st

 

vaccination 

(%) 

LTLA Level 

of 2
nd

 

vaccination 

(%) 

1 25/03/2020 Full national 
lockdown. 

Access to 

campus 

restricted. 

Undetermined* 977 0 0 

2 01/09/2020 Indoor and 
outdoor. 

Face-to-face 

teaching 

permitted. 

Undetermined* 572 0 0 

3 06/01/2021 National 
lockdown: 
essential 

shops open. 

Access to 

campus 

restricted. 

Alpha-variant† 1175 1.73 0.36 

4 
 

No change. No change. Alpha-variant‡ 1160 20.71 0.49 

5 08/03/2021 No change. Partial return 

to face-to-

face 

teaching. 

Alpha-variant§ 1147 37.28 1.41 

6 29/03/2021 Outdoor 
socialisation 
permitted in 
groups of 6. 

No change. Alpha-variant§ 1147 56.21 3.85 

7 17/05/2021 Most 
businesses 

re-open. 

Full return to 

face-to-face 

teaching. 

Delta-variant§ 1081 64.75 32.92 

8 
 

No change. No change. Delta-variant§ 
   

9 21/06/2021 
Removal of 

all 
restrictions. 

Campus 

access 

restrictions 

removed. 

Delta-variant§ 1013 82.61 64.15 
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On the 25th of March 2020 (1 on Table 4), the Coronavirus Act 2020 was given Royal 

Assent, and ‘lockdown’ was implemented across England the next day. The 

Government mandated that, unless they have a “reasonable excuse”, people should 

not leave their homes. Permitted activities included but were not limited to: taking one 

form of exercise per day, shopping for essential items, travelling to and from work 

should they be unable to work from home and travelling for medical needs. Gatherings 

of 2 or more people were not permitted, with some exceptions to which education was 

not exempted. From the 25th of March 2020, Cranfield University transitioned to online 

lecturing and access to all non-essential buildings was restricted. During this period, 

monitoring at the WWTW Influent was undertaken, and a concentration of  5,108 N1 

GC L-1 was detected in the wastewater on 1st April 2020. Campus clinical testing data 

was not recorded at this point. Prior to this on the 19th of March 2020, the concentration 

in the wastewater was below the LOD.   

On the 1st of September 2020 (2 on Table 4), changes to the Cranfield campus 

restrictions were made to permit face-to-face teaching. At the WWTW Influent, the 

concentration of N1 GC was below the LOD on the 2nd of September 2020, increasing 

to 2,080 N1 GC L-1 on the 10th of September 2020, and increasing once more on the 

17th of September 2020 to a concentration of 4,635 N1 GC L-1 before reducing to below 

the LOD on the 23rd of September 2020. Campus clinical testing data was still not 

being reported, and the campus population was a mean of 572 residents during this 

period. 

On the 6th of January 2021 (3 on Table 4), a third National lockdown was announced 

for England due to the identification of the Alpha VoC which had become the dominant 

VoC in England, and then the rest of the UK. Data at the time suggested it was more 

infectious than the wild-type virus, with later studies reporting the R0 for the Alpha VoC 

as 29% greater than the wild-type SARS-CoV-2 virus (Campbell et al., 2021). On the 

same day, 14 news cases of people were reported to be infected with SARS-CoV-2 

on the campus. WWTW Influent N1 GC concentration was below the LOD on this day. 

The WWTW Influent N1 GC concentration data did not increase above the LOD until 

the 4th of February 2021, at which point a concentration of 1,678 N1 GC L-1 was 

reached. This suggests either i) infected individuals were self-isolating off campus or 

ii) that the wastewater logged campus infections not identified by clinical tests in this 

case. This would suggest a lag time of 30 days from clinically confirmed testing to 
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detection in the wastewater. A peak concentration in the WWTW Influent of 13,740 N1 

GC L-1 on the 11th of February 2021, which was preceded by 8 clinically confirmed 

cases on the 13th of January 2021 suggesting another potential lag of 30 days between 

cases and detection in the wastewater. This could be associated with the arrival of the 

Alpha VoC on the campus, which was confirmed by genome sequencing of samples 

taken during this time. Due to the increased infectivity of the Alpha SARS-CoV-2 VoC, 

it can be assumed that its introduction to a new area will result in an increase in 

infections. This has previously been reported by (Corchis-Scott et al., 2021), who 

reported that the introduction of the Alpha variant to their study area led to a significant 

increase in infections. This 1.16 log increase above the LOD could also be attributed 

to the low level of vaccination in the resident campus population at this time. In the 

UK, prior to the 8th of June 2021, people below the age of 30 were unable to receive 

a first vaccine dose unless they were deemed being at “high risk” of harm from a 

SARS-CoV-2 infection (Roberts, 2021). Vaccination has been shown to reduce the 

rate of transmission of SARS-CoV-2 amongst populations (Sah et al., 2021; 

Thompson et al., 2021), and Bivins and Bibby (2021) have demonstrated a significant 

reduction in the concentration of SARS-CoV-2 genetic material on a University 

Campus following a vaccination campaign that led to 90% of students being 

vaccinated. Thus, it was assumed that very few of the resident population - most of 

whom were assumed to be younger than 30 years of age – would have been 

vaccinated against SARS-CoV-2. In this study the vaccination status of the Campus 

population was not known. A more infectious variant combined with a low percentage 

of vaccinated residents on the campus possibly contributed to the observed increased 

detection of SARS-CoV-2 in the wastewater during this period.  

From the 16th of February 2021 until 22nd of March 2021 there was an increase in the 

concentration of N1 GC in the wastewater samples, especially in Residential In-Sewer 

wastewater samples. During this time period, there were 7 clinically confirmed cases 

on the campus. A peak concentration of 31,623 N1 GC L-1 was recorded from a sample 

taken from the Residential In-Sewer Sampling Point on the 3rd of March 2021. On the 

same day, a concentration of 2,754 N1 GC L-1 was recorded at the WWTW inlet. These 

peaks were reached 14 days after 4 clinically confirmed cases of SARS-CoV-2 

infections were recorded on the 16th of February, suggesting a lag of 14 days from 

clinical testing to detection in the wastewater. From the peak, the N1 GC concentration 
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in the wastewater continued to decline. This trend of reducing SARS-CoV-2 GC 

continued until the 20th of March 2021. 

On the 17th of May 2021, changes to National restrictions were lifted to allow business 

to re-open, unless they were deemed to be at ‘high risk’ of allowing SARS-CoV-2 

transmission (e.g., nightclubs), and changes to Cranfield University campus were 

made that permitted a full return to face-to-face teaching (7 in Table 4). The 

concentration in the WWTW Influent peaked at 44,157 N1 GC L-1 on the 2nd of June 

2021 and was preceded by 2 clinically confirmed SARS-CoV-2 infections on the 25th 

of May 2021 suggesting that detection in the wastewater lags 8 days behind positive 

cases.  

On the 21st of June 2021, all National and Cranfield University Campus restrictions 

were lifted. From this date, wastewater concentration of N1 GC increased before 

reaching a peak concentration in the WWTW Influent of 15,849 N1 GC L-1 on the 5th 

of July 2021 from a previous value of 3,802 GC L-1 on the 28th of June 2021. Following 

this increase in the wastewater, there was an increase in the number of clinically 

confirmed SARS-CoV-2 infections from a previous weekly average of 2 cases for the 

period 22/06/2021-18/07/2021 to 20 cases. This would suggest that, in this instance, 

the wastewater data is a leading indicator of infection by 14 days. This increase in 

infections could be the result of the removal of restrictions that help to limit the spread 

of infection (e.g., social distancing and wearing masks), and the arrival of the Delta 

VoC in the UK. The Delta VoC is more 97% more transmissible than the wild-type 

SARS-CoV-2 virus (Campbell et al., 2021). Thus, its arrival is likely to be associated 

with an increase in infections.  

Figure 6A and 6B show that estimating the number of infected people on the Cranfield 

University campus by use of the LTLA PCR positive test rate may not be appropriate. 

Despite the LTLA estimations that there would be 79 infected individuals on the 

campus on the 11th of February 2021 (Figure 6B), the wastewater data estimated that 

there would be 27 whilst the clinical testing data suggested that there were 2 infected 

individuals (Figure 6A). Applying disease burden trend data from large geographical 

regions with varying characteristics may not be appropriate for estimating disease 

burden in smaller, more isolated, and self-contained geographical regions or even at 

the localised level of individual buildings. Studies such as Karthikeyan et al., (2021), 
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(Scott et al., 2021), Goyal et al. (2021) and Nagarkar et al. (2021) have all recognised 

the importance of identifying clusters of outbreaks in controlling the spread of disease, 

and the differing relationships between wastewater data and SARS-CoV-2 infections 

at different spatial scales and study site characteristics. In this instance, using LTLA 

estimated infection data appeared to significantly overestimate the Campus and 

sewershed infections, whilst clinical data appeared to underestimate infections – 

possibly due to improper compliance with testing regimes. Thus, the findings of this 

study would appear to agree with the findings of others, that WBS is appropriate and 

useful when used to support clinical testing for estimating disease burden at the 

building and community level, and managing the spread of disease, especially in well-

controlled environments such as on University Campuses and where disease burden 

is low but infections can still be substantial (Corchis-Scott et al., 2021; Goyal et al., 

2021; Karthikeyan et al., 2021b; Scott et al., 2021; Sweetapple et al., 2022). 

This shows that people infected with SARS-CoV-2 were on the campus and shedding 

virus particles in their faeces, even when there were no weekly reported cases 

throughout the course of the study. It is possible that these people were pre-

symptomatic, asymptomatic, symptomatic and did not know/report that they were 

infected, or they had recovered and were continuing to shed SARS-CoV-2 in their 

faeces. SARS-CoV-2 N1 GC L-1 wastewater data was provided at twice monthly 

intervals as requested by the Site Access Group, however data could have been 

provided as often as 24hrs had it been required. Interventions (e.g., encouraging 

testing of individuals and isolating identified infected people) were not possible in this 

study. These have shown to be effective at limiting the spread of and even preventing 

outbreaks of SARS-CoV-2 in other studies (Betancourt et al., 2021; Corchis-Scott et 

al., 2021; Fielding-Miller et al., 2021; Karthikeyan et al., 2021b; Scott et al., 2021). The 

results of this study therefore appear to support the findings that England’s and 

Cranfield Campus measures such as isolating infected individuals, wearing of 

facemasks, physical distancing, closing all but essential shops, online teaching, 

limiting access to campus buildings (e.g. laboratories and offices) were effective at 

limiting the spread of SARS-CoV-2 on the Cranfield Campus owing to the low-level of 

infected people in comparison to the rest of the LTLA (Goyal et al., 2021; Karthikeyan 

et al., 2021b; Scott et al., 2021; Wilder-Smith and Freedman, 2020).  
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Figure 6: (A) Actual and Estimated (Wastewater), and LTLA Estimated (B) Cranfield campus SARS-CoV-2 Infections.

A 

B 
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3.1.2 Identifying variants of concern within campus populations 

Of the 15 samples sent off for genome sequencing, only 3 were positive for 

SARS-CoV-2 by genome sequencing and only 2 samples (internal reference F58 

and F93) were sequenced (Table 5, below). Figure 7 below, shows the genome 

coverage of the sequenced samples (A – F58, B - F93) and the locations of amino 

acid mutations, and C shows that the samples that were successfully sequenced 

were closely aligned to the Alpha VoC. Other researchers have identified SARS-

CoV-2 variants at the Near-Source level  (Karthikeyan et al., 2021a; Vo et al., 

2022), In-Sewer (Rios et al., 2021) and at the WWTW level (Nemudryi et al., 

2020; Bar-Or et al., 2021; Crits-Christoph et al., 2021; Heijnen et al., 2021; 

Izquierdo-Lara et al., 2021; Jahn et al., 2021; la Rosa et al., 2021; Rios et al., 

2021). This research still shows that WBS could be used to track the spread of 

SARS-CoV-2 VoCs and variants of interest at different spatial scales, but for it to 

be effective RNA extraction protocols must be optimised for preventing RNA 

fragmentation. It has been hypothesized that Protocol 2 may be responsible for 

the lack of sample genome sequencing, as the Trizol used in RNA extraction 

appears to have degraded and/or fragmented the RNA. This can be seen in 

Figure 8. The lanes that contain samples extracted using Protocol 2 show a 

distinct lack of banding, unlike the lanes that contain samples extracted using 

Protocol 1 show much stronger banding. Whilst fragmented RNA allows RT-

qPCR to be effective, it makes sequencing less effective. Despite this variability 

in sequencing, it was hypothesised that WBS can indeed be used to identify 

variants responsible for on campus infections has Protocol 1 been feasible.  
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Table 5: Samples sequenced by Eurofins by Arctic Multiplex PCR for SARS-CoV-

2 genome sequencing  

Internal 
Reference  

Sample 
location 

Date 
collected 

SARS-CoV-2 
detected 

via sequencing 

Sequenced 
Variant 

identified 

H10 Influent 17/04/2020 No No N/A 

H29 Influent 24/06/2020 No No N/A 

H47 Influent 29/07/2020 No No N/A 

H63 Influent 17/09/2021 No No N/A 

F20 
Hall of 

Residence A 
28/01/2021 No No N/A 

F44 Influent 04/02/2021 No No N/A 

F58 Influent 11/02/2021 Yes Yes B.1.1.7 

F93 
Residential 
In-Sewer 

02/03/2021 Yes Yes B.1.1.7 

F106 
Hall of 

Residence A 
08/03/2021 No No N/A 

F129 
Hall of 

Residence A 
18/03/2021 Yes No N/A 

F143 Influent 31/03/2021 No No N/A 

F167 
Technical In-

Sewer 
22/04/2021 No No N/A 

F213A Influent 27/05/2021 No No N/A 

F233A 
Hall of 

Residence B 
10/06/2021 No No N/A 

F271A 
Hall of 

Residence B 
01/07/2021 No No N/A 
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Figure 7: Genome coverage of sequenced samples A – F58 and B - F93. Coverage 

depth relates to the average number of unique reads of a targeted genes of the 

SARS-CoV-2 genes which were sequenced (Sims et al., 2014), and the red lines 

represent the genome positions of the amino acid mutations.  C - Phylogenetic 

tree constructed from whole genome sequencies of SARS-CoV-2 obtained from 

campus wastewater and comparative VoCs and Variant Under investigation (VUI). 

Scale bar denotes number of base substitutions per site. Reference strains were 

downloaded from GenBank and labelled with their accession number, Pango 

lineage (e.g., B.1.1.7) and WHO label (e.g., Alpha) 

A 

B

 

C
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Figure 8: Gel electrophoresis of samples extracted by different methods. Lane M 

is the control SARS-CoV-2 genome. Lanes 1, and 5 to 7 were extracted with 

Protocol 2, lanes 2-4, 8 and 9 were extracted with Protocol 1.  

3.1.3 SARS-CoV-2 N1 is coupled to wastewater constituents near-

source 

Table 6 and Table 7 (below) summarise the correlations between the wastewater 

N1 and E gene copy concentrations and wastewater parameters at the Near-

Source and In-Sewer sampling points, respectively. Ammonium and phosphate 

are present in residential wastewater owing to the presence of urine and faeces 

(Rose et al., 2015), whilst N1 gene copies are present as SARS-CoV-2 virus 

particles are shed in the faeces (Foladori et al., 2020; Miura et al., 2021; T. Zhang 

et al., 2020). TSS consists of the non-dissolved solid matter that exists in the 

wastewater, and tCOD is the amount of oxygen equivalents consumed in the 

chemical oxidation of organic matter by a strong oxidant (Hu & Grasso, 2005 p. 
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325). This study found a strong positive correlation between the SARS-CoV-2 N1 

GC concentration and the concentration of ammonium in the wastewater at the 

Near-Source level (Spearman’s Rank; ρ(14) = 0.823, p < 0.01), supporting the 

findings of Sweetapple et al. (2022). The SARS-CoV-2 N1 GC concentration was 

also positively correlated with TSS  (Spearman’s Rank; ρ(14) = 0.572, p < 0.01) 

and tCOD (Spearman’s Rank; ρ(14) = 0.765, p < 0.01). The SARS-CoV-2 E GC 

concentration was also positively correlated with ammonium (Spearman’s Rank; 

ρ(17) = 0.537, p < 0.01). This was the only relationship for the SARS-CoV-2 E 

gene.  

At the In-Sewer level, the SARS-CoV-2 N1 GC concentration was positively 

correlated with ammonia (Spearman’s Rank; ρ(26) = 0.543, p < 0.01), TSS 

(Spearman’s Rank; ρ(27) = 0.408, p = 0.03) and tCOD (Spearman’s Rank; ρ(25) 

= 0.528, p < 0.01). The SARS-CoV-2 N1 GC concentration was positively 

correlated with phosphate, but this relationship was not significant (Spearman’s 

Rank; ρ(23) = 0.342, p = 0.09). There were no statistically significant correlations 

between the SARS-CoV-2 E GC concentrations at the In-Sewer Level. There 

were no statistically significant relationships between any of the tested 

wastewater parameters and unnormalized N1 or E gene copies at the WWTW.  

In this study there was no statistically significant relationship between phosphate 

concentration and N1 gene copy concentration in the wastewater at the Near-

Source level. Whilst this could be due to the small number of samples that tested 

positive for SARS-CoV-2 at this spatial scale, other factors could also be affecting 

the relationship. Surfactants have been shown to influence the recovery of SARS-

CoV-2 from wastewater. Kevill et al. (2022) found that there was a statistically 

significant negative correlation between increasing surfactant concentration in 

wastewater and decreasing recovery of SARS-CoV-2 genetic material with the 

PEG virus precipitation method used in both Protocols 1 and 2. This may explain 

the N1 SARS-CoV-2 GC in the wastewater and phosphate concentration, but it 

does not correlate as PO4-P can be decoupled from viral shedding. Other factors, 

such as variable flow and sampling regime, may also have impacted the strength 

and significance of this relationship. Ingress of ground and/or soil water into the 
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sewer, in-network characteristics and sampling strategy can all influence results 

(Wade et al., 2022). 

The data was reanalysed with SARS-CoV-2 data that had been normalised to 

ammonia, phosphate or PMMoV concentration in the sample, with the results 

shown in Tables 7-9. After normalisation, at the Near-Source level there was a 

negative correlation between ammonia normalised SARS-CoV-2 N1 GC 

concentration and phosphate (Spearman’s Rank; ρ(16) = -0.622, p = 0.01). No 

other statistically significant correlations were observed at the Near-Source level. 

At the In-Sewer level, there was a negative correlation between the PMMoV 

normalised SARS-CoV-2 N1 GC concentration and tCOD (Spearman’s Rank; 

ρ(16) = -0.649, p < 0.01). No other statistically significant correlations were found 

at the level. At the WWTW level, a positive correlation was found between the 

PMMoV normalised SARS-CoV-2 N1 GC concentration and the ammonia 

(Spearman’s Rank; ρ(29) = 0.400 p = 0.03). This finding is interesting as it 

suggests that i) ammonia might be useful as a normalisation parameter in WWTW 

not impacted by industrial inputs and ii) that two readily applied markets of 

population i.e., viral (PMMoV) and chemical (ammonia) show the same trend.  It 

is recommended that PMMoV is used in diluted municipal feeds, but that 

ammonia is quicker and cheaper for in sewer/normal municipal WWTW.  

Table 6: Spearman rank-order correlations between SARS-CoV-2 N1 and E gene 

copies and wastewater constituents for Halls of Residence A and B.                          

N.B: * significant to the 0.05 level, ** significant to the 0.01 level. 

Wastewater Constituent 
(mg/L) 

Target Gene (GC L-1) 

Nucleocapsid Region 1 
(N1) 

Envelope Protein (E) 

NH4
+ 0.823** 

N = 16 
0.537** 
N = 19 

PO4
2- 0.466 

N = 16 
0.372 
N = 18 

TSS 
0.572** 
N = 16 

0.376 
N = 18 

tCOD 
0.765** 
N = 16 

0.315 
N = 15 
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Table 7: Spearman rank-order correlations between SARS-CoV-2 N1 and E gene 

copies and wastewater constituents for Technical and Residential In-Sewer 

sample points. N.B: * significant to the 0.05 level, ** significant to the 0.01 level. 

Wastewater Constituent 

Target Gene (GC L-1) 

Nucleocapsid Region 1 
(N1) 

Envelope Protein (E) 

NH4
+ 0.543** 

N = 28 
0.293 
N = 19 

PO4
2- 0.342 

N = 25 
-0.130 
N = 18 

TSS 
0.408* 
N = 29 

0.381 
N = 22 

tCOD 
0.528** 
N = 27 

0.407 
N = 21 

 

Table 8: Spearman rank-order correlations between SARS-CoV-2 normalised N1 

gene copy ratios and wastewater constituents for Halls of Residence A and B.                          

N.B: * significant to the 0.05 level, ** significant to the 0.01 level. 

Wastewater 
Constituent (mg/L) 

N1 normalisation technique 

N1/NH4 N1/PO4 N1/PMMoV 

NH4
+ - 

-0.139 
N = 14 

0.651 
N = 8 

PO4
2- -0.622* 

N = 16 
- 

0.356 
N = 8 

TSS 
-0.061 
N = 14 

-0.319 
N = 14 

0.506 
N = 8 

tCOD 
0.337 
N = 12 

-0.415 
N = 14 

-0.800 
N = 8 
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Table 9: Spearman rank-order correlations between SARS-CoV-2 normalised N1 

gene copy ratios and wastewater constituents for Technical and Residential In-

Sewer sample points. N.B: * significant to the 0.05 level, ** significant to the 0.01 

level. 

Wastewater 
Constituent (mg/L) 

N1 normalisation technique 

N1/NH4-N N1/PO4-P N1/PMMoV 

NH4
+ - 

-0.296 
N = 18 

-0.452 
N = 16 

PO4
2- 0.179 

N = 21 
- 

-0.416 
N = 13 

TSS 
0.132 
N = 25 

0.187 
N = 19 

-0.409 
N = 17 

tCOD 
0.148 
N = 23 

-0.106 
N = 18 

-0.649* 
N = 16 

 

Table 10: Spearman rank-order correlations between SARS-CoV-2 normalised N1 

gene copy ratios and wastewater constituents for WWTW Influent. N.B: * 

significant to the 0.05 level, ** significant to the 0.01 level. N1/PO4 data not 

available for the WWTW. 

Wastewater 
Constituent (mg/L) 

N1 normalisation technique 

N1/NH4 N1/PO4 N1/PMMoV 

NH4
+ - - 

0.317 
N = 31 

PO4
2- - - - 

TSS 
-0.129 
N = 45 

- 
-0.207 
N = 35 

BOD 
0.020 
N = 43 

- 
-0.261 
N = 33 
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Samples testing positive for SARS-CoV-2 were also tested for PMMoV 

concentration. All of the 108 samples tested were positive for PMMoV. No 

significant relationships were identified between PMMoV GC L-1 at the Near-

Source Level for ammonia (Spearman’s Rank; ρ(14) = -0.053 p = 0.857), 

phosphate (Spearman’s Rank; ρ(14) = 0.143 p = 0.626), TSS (Spearman’s Rank; 

ρ(14) = -0.451 p = 0.106), tCOD (Spearman’s Rank; ρ(10) = -0.379 p = 0.280) 

nor SARS-CoV-2 N1 GC L-1 (Spearman’s Rank; ρ(9) = -0.117 p = 0.765). Positive 

correlations were found at the In-Sewer level between PMMoV L-1 and the 

wastewater concentrations of ammonia (Spearman’s Rank; ρ(19) = 0.535 p = 

0.18), and tCOD (Spearman’s Rank; ρ(24) = 0.490 p = 0.046). No correlation was 

found between PMMoV GC L-1 and SARS-CoV-2 N1 GC L-1 at this level  

(Spearman’s Rank; ρ(11) = 0.427 p = 0.190). At the WWTW Influent, PMMoV GC 

L-1 was found to negatively correlated with TSS (Spearman’s Rank; ρ(97) = -

0.245 p = 0.016), no other statistically significant relationships were found. The 

lack of relationship at the Near-Source level could be due to the small number of 

samples. Had more samples been tested for PMMoV a different relationship may 

have been established. The positive correlations between PMMoV and the 

wastewater characteristics at the In-Sewer level suggest that it is strongly 

associated with faeces. The lack of a statistically significant relationship at the 

WWTW could be due to the effects of external influences as the wastewater is 

conveyed through the wastewater network to the WWTW (Wade et al., 2022).  

Analysis of the concentration of PMMoV at the WWTW Influent found that 

concentration of PMMoV L-1 was similar to the ranges reported by Symonds et 

al. (2018). The lower quartile concentration of PMMoV was 7.56 x 106 GC L-1, the 

median value was 3.97 x 107 GC L-1, the upper quartile value was 8.97 x 107 GC 

L-1 with an interquartile range of 8.21 x 107 GC L-1. There was a positive 

correlation between PMMoV and sewershed population, but it was not significant 

(Spearman’s Rank; ρ(138) = 0.132 p = 0.14) (Figure 9). After adjusting PMMoV 

concentration with the WWTW Inlet flow data to account for daily loading, was 

still not a statistically significant positive relationship between PMMoV and the 

population (Spearman’s Rank; ρ(99) = 0.027 p < 0.79). There were no statistically 
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significant relationships between PMMoV GC and SARS-CoV-2 N1 GC 

concentrations in the wastewater at any level. This is the first study to my 

knowledge linking PMMoV a tightly defined population with a defined wastewater 

conveyance and treatment works.  This study found that PMMoV was consistently 

detected in wastewater, and that concentrations in wastewaters remain within 

previously established ranges even at different spatial scales, and that increasing 

population leads to increasing daily loading. Thus, this study has found that 

PMMoV is a robust biomarker that can be used to normalise data when flow data 

is not available, supporting the findings of previous researchers (Ahmed et al., 

2022; Schmitz et al., 2021; Symonds et al., 2018).  

 

Figure 9: Correlation between PMMoV and people who live on campus at different 

study sample points. 

As noted by Ort et al. (2010), the sampling strategy of a WBS study is likely to 

have a strong impact on the representativeness of the sample obtained. It was 

assumed that a grab sample from the balance tank effluent would be 

representative of the 24hr period prior to which it was taken, as the purpose of a 

balance tank is to ‘balance’ the packets of water that arrive at a WWTW to allow 
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it to operate at optimum efficiency. However, this assumption may not be correct, 

and thus the grab sample obtained from the balance tank may not be 

representative of the 24hr period of sampling and thus stools containing SARS-

CoV-2 genetic material of people with COVID-19 may not be present in the 

sample. 

3.1.4 Lead / Lag analysis of Wastewater Based Surveillance for 

SARS-CoV-2 monitoring.  

A retrospective analysis of the concordance between positive detection of SARS-

CoV-2 in the wastewater and cases on the campus found that of the 82 days that 

there was at least one positive case on the campus, 56.1% corresponded with a 

positive detection of SARS-CoV-2 in the wastewater at the WWTW Inlet in the 

preceding 7 days (95% CI: 45.2-67.1), 69.5% corresponded with a positive 

detection of SARS-CoV-2 in the wastewater at the WWTW Inlet in the preceding 

14 previous days (CI:  59.3-79.3) and 92.7% corresponded with a positive 

detected at the WWTW Inlet in the preceding 30 days (CI: 86.8-97.6). This 

supports the findings of Fielding-Miller et al. (2021) who reported that 76% of 

positive cases in a school corresponded with positive detection of SARS-CoV-2 

in their wastewater samples (95% CI: 68% - 75%), and Karthikeyan et al. (2021) 

who found that 84.5% of positive cases on the University of California San Diego 

campus corresponded with positive detection of SARS-CoV-2 in their wastewater 

samples one week prior to sample collection. This would appear to support the 

hypothesis that the wastewater SARS-CoV-2 data is a leading indicator of SARS-

CoV-2 infections, as reported by Fielding-Miller et al. (2021), Kaplan et al. (2021), 

Li et al. (2022) and Peccia et al. (2020) amongst others. The concordance 

between cases and detection in the wastewater were much lower in this study 

than in Fielding-Miller et al. (2021) and Karthikeyan et al. (2021). As this study 

did not influence the SARS-CoV-2 testing regime on campus, instead relying on 

self-administered unmonitored routine testing, it is likely that SARS-CoV-2 

infected individuals were contributing to the wastewater, but the Cranfield 

Campus Health and Safety team were not aware of their status. This could 

potentially have led to an underestimation of the number of cases on campus, 

affecting the relationships between campus cases and SARS-CoV-2 gene copies 
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in the wastewater. These factors together contributed to the lower rate of 

concordance between people testing positive for SARS-CoV-2 on the campus 

and positive detections for SARS-CoV-2 in the wastewater in this study in 

comparison to others, as opposed to any uncertainty in wastewater enumeration. 

Other studies, such as Fielding-Miller et al. (2021) and Karthikeyan et al. (2021), 

were able to encourage people in the wastewater catchments from which 

samples were obtained to take tests if there was a positive detection for SARS-

CoV-2 in the wastewater helping to break chains of infection. 

3.1.5 Removal of SARS-CoV-2 at on Campus WWTW 

The wild-type SARS-CoV-2 was shown to be 87.2% genetically similar to SARS-

CoV-1 in the binding region of the S protein. It was hypothesised that it could be 

spread by inhalation or ingestion of faecal matter, which is reported to have 

occurred with SARS-CoV-1 (Yu et al., 2004). A study by (Xiao et al., 2020a) 

reported recovering infectious SARS-CoV-2 virions from the stool of a patient 

infected with SARS-CoV-2. Several studies have reported that SRAS-CoV-2 is 

capable of replicating in the epithelial cells of the intestines (Giobbe et al., 2021; 

Qian et al., 2021; Xiao et al., 2020b). With this in mind, it is not unsurprising that 

there was concern that SARS-CoV-2 could spread by the faecal-oral route, such 

as by faecal aerosols or through discharge into the environment post-wastewater 

treatment (Amirian, 2020; Amoah et al., 2020; Foladori et al., 2020; Guo et al., 

2021; Heller et al., 2020). To date, there have not been many studies that have 

specifically investigated SARS-CoV-2 removal in WWTW (Mohapatra et al., 

2020). Studies that have reported the behaviour of SARS-CoV-2 in wastewater 

have based on investigations of the behaviour of coronavirus surrogates such as 

Pseudomonas virus phi6 (Φ6), and often only in laboratory settings. Ye et al. 

(2016) reported 22% of Φ6 absorbed to the solids of untreated domestic 

wastewater, suggesting that enveloped viruses at least partially bind to the solids 

fraction of wastewater. Thus, it has been assumed that SARS-CoV-2 would be 

readily removed by primary and secondary treatment processes. A review by 

Foladori et al. (2020) identified only one peer-reviewed study reporting the 

removal of SARS-CoV-2 at WWTW. Randazzo et al. (2020) reported a detection 
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rate of 11% (2 of 18 samples) for SARS-CoV-2 after secondary treatment out of 

18 samples taken, despite detection in the influent in 83% of samples (35 out of 

42). Thus, further study of interstage removal of SARS-CoV-2 and other 

enveloped viruses is required, as there is a lack of studies investigating this. 

As SARS-CoV-2 is hypothesized to bind to particulates in wastewater, an 

analysis of the interstage removal of TSS (kg) and SARS-CoV-2 (LOG GC) 

genetic material at the Cranfield Campus WWTW was conducted. Figure 10A 

and 10B show the results of this analysis for the TSS and N1 gene copy data, 

respectively. The results of the Kruskall-Wallis 1-way ANOVA test indicate that 

there is a statistically significant difference between the daily loading of the TSS 

across the WWTW (p < 0.01). The Post-hoc Dunn’s test for pairwise comparisons 

revealed that the only statistically significant difference between the daily loading 

at the interstage level was between the Post-Secondary Trickling Filter and the 

Final Effluent (p < 0.01). The results of the Kruskall-Wallis 1-way ANOVA test 

indicate that there is not a statistically significant difference between the daily 

loadings of N1 gene copies at the interstage level of the on Campus WWTW (p 

> 0.05). This suggests that removal of SARS-CoV-2 does not occur at the 

Cranfield Campus WWTW. This contradicts what is reported in Randazzo et al., 

(2020). However, the Cranfield Campus WWTW does not use an activated 

sludge process as part of the treatment train unlike the WWTW sampled from in 

Randazzo et al. (2020). There is currently a significant lack of data regarding the 

removal of SARS-CoV-2 and other enveloped viruses in processes such as 

trickling filters and remote, rural, and remotely operated WWTW. This may 

explain why removal of SARS-CoV-2 did not occur in this study, as the biological 

processes of the activated sludge process likely enhanced the removal of SARS-

CoV-2 genetic material in Randazzo et al. (2020). Whilst this may be concerning, 

studies have reported that SARS-CoV-2 is rapidly inactivated in wastewater 

matrices (Ahmed et al., 2020b). Thus, as there have yet to be confirmed cases 

of infection spread via the faecal-oral route, it is assumed that the risk of infection 

from SARS-CoV-2 from wastewater is minimal (Mohapatra et al., 2020; Rimoldi 

et al., 2020; WHO, 2020).  
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Figure 10: A - TSS (kg/d) at different stages of the WWTW; B - LOG N1 gene 

copies d-1 at different stages of the WWTW. Outliers removed. Stages are 1: 

Inlet, 2: Post-Primary Lamella, 3: Post-Roughing Trickling Filter, Post-

Secondary Trickling Filter and 5: Final Effluent.   

 

 

 

A 

B 
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3.2 Uncertainties and assumptions during WBS studies 

This study also encountered several areas of uncertainty that other researchers 

have previously highlighted in WBS. Different uncertainties and their magnitudes 

exist depending on the spatial scale at which WBS is conducted. What makes 

WBS so challenging to implement effectively is the inherent uncertainty of 

wastewater. However, the benefits of utilising WBS as a method of estimating 

and managing SARS-CoV-2 infections (and potentially in future pandemics) 

make for a strong case of understanding, minimising and/or overcoming 

uncertainty to develop effective WBS programs.  

According to Wade et al. (2022), uncertainties can be broadly defined as 

“observable” and “partially-observable”. Observable uncertainties are those that 

are readily measurable or can be estimated with moderate to high confidence, 

and consist of factors such as: population, sampling, and virus quantification. 

Partially observable uncertainties are those that cannot be readily measurable 

and/or confidence in estimates is less than moderate, but can be confidently 

assumed or modelled, and consist of factors such as: sewerage characteristics, 

the behaviour of SARS-CoV-2 in wastewaters and faecal shedding of SARS-

CoV-2. 

3.2.1 Observable sources of uncertainty 

As discussed previously, population is a source of uncertainty in WBS. For 

example, this study was unable to confidently calculate the sensitivity and 

specificity of the WBS system owing to uncertainties regarding the actual number 

of people contributing to the wastewater stream. Without tracking populations and 

monitoring toilet flushes (a potentially problematic ethical situation), it is not 

possible to know the exact number of people and their respective contributions 

to the wastewater stream. It is possible to estimate the contributing population by 

using flow data, but this is often only available at the WWTW level as in the case 

of this study. It is often challenging to measure flow in sewers, particularly at the 

Near-Source level. Though the challenges presented typically depend on the 

device used to measure the flow, the following presents a brief summary of the 

most common issues faced reported by Sun et al. (2021): difficulty in installing 
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monitoring equipment, difficulty in retrieving data from monitoring equipment, 

variable properties of domestic waters between different sites, flushed debris 

clogging equipment, clogging of pipes disrupting flow, corrosivity of wastewater 

and the difficulty caused by highly variable flows. To combat these issues, Sun 

et al. (2021) recommends the use of a “portable, multi-functional flowmeter”. This 

study intended to use the portable SQ-R Non-Contact Flowmeter (Sommer 

Messtechnik, Austria). This flowmeter is highly specialist and designed to operate 

in a variety of sampling environments, even in confined sewers, and overcomes 

the challenges listed above. Sadly, due to the short nature of this study the 

expense could not be justified. Thus, flow could not be calculated for the Near-

Source and In-Sewer locations.  

Where flow data cannot be obtained, biomarkers can instead be used to 

normalise the gene copies. Different biomarkers have advantages and 

disadvantages. For example, whilst ammonia and phosphate tests can be 

conducted rapidly, their concentrations in the wastewater can be influenced by 

the introduction of other non-biological sources e.g., detergents from cleaning. 

Viral biomarkers, such as PMMoV and crAssphage also confer significant 

advantages e.g., highly specificity and resistance to outside influences, their 

longer processing times in comparison  to standard wastewater parameter tests 

may make them less useful (Symonds et al., 2018). For RT-qPCR to be 

sufficiently accurate for use in public health interventions, quality control and 

assurances must be built into the methods used to quantify SARS-CoV-2 

abundance in wastewater. Ahmed et al. (2022) provide an extensive review of 

how to minimise errors in SARS-CoV-2 quantification. In short, for WBS for 

SARS-CoV-2 to be effective, robust, and streamlined laboratory practices must 

be implemented. A specific problem is created by the need to quantify several 

viruses, which can occur when using viral surrogates as extraction controls. For 

optimum turn-around time, these viruses would need to be quantified 

simultaneously. This could be achieved by parallel multiplex RT-qPCR reactions 

(either in different machines, or on the same plate should different programmable 

zones exist). Multiplexing typically allows 2-6 gene targets to be quantified 

simultaneously in the same tube (Hirschhorn et al., 2022). Multiplex RT-qPCR 
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reactions would need to be designed to quantify several viruses that are accurate 

and rapid enough to be of use in interventions. This would be challenging due to 

the nature of multiplex RT-qPCR reactions, such as the need to prevent the 

formation of primer-dimers and allow for optimum melting curves (Hirschhorn et 

al., 2022). These factors show that, whilst nucleic acid based biomarkers have 

significant advantages over using standard wastewater parameters for gene copy 

normalisation, the significant capital costs, skilled individuals, and time involved 

may not be appropriate in all scenarios, especially in low-income countries where 

the low-cost of WBS is especially attractive and useful (Liu et al., 2022). In these 

situations, less technically challenging nucleic acid amplifications, such as Loop-

Mediated Isothermal Amplification, may be appropriate (Bivins et al., 2021). Thus, 

it can clearly be seen that estimating contributing population is an area fraught 

with uncertainty, and the different methods to reduce uncertainty in population 

themselves present areas for uncertainty and error.  

Sampling regime is also a source of uncertainty in WBS. According to Ort et al. 

(2010), sampling regime strongly influences the representativeness and 

usefulness of a sample taken. At the near-source level well-timed grab samples 

can coincide with flush events, resulting in highly concentrated but 

unrepresentative samples. In contrast, composite samples are assumed to be 

more representative than grab samples but, depending on how the composites 

are collected, can be significantly more diluted than grab samples. Composite 

sampling regime is dependent on the site conditions (e.g., availability of power) 

and the equipment (e.g., volume of composite container). Ahmed, Bivins, et al. 

(2020) recommend that, where possible, a flow-weighted composite should be 

collected. Flow-weighted composite sampling regimes are more capable of 

dealing with the fluctuations of flow at different spatial scales. However, this is 

only possible in contexts where it is possible to monitor flow which, as previously 

stated, is very challenging as sewerage infrastructure may not enable it. Where 

a flow-weighted composite sampling regime is not possible, a more intensive 

sampling regime is an appropriate strategy. Ahmed, Bivins, et al. (2020) 

recommend collecting a sample every 10-15 minutes, especially when attempting 

to detect the shedding of SARS-CoV-2 in areas where the case rate is low. This 
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highlights the critical role of infrastructure and technology in WBS studies. 

Sampling is limited by being able to access the sewer, and how one can sample. 

It is therefore essential to develop robust and flexible sampling strategies that can 

reliably obtain representative samples in multiple scenarios. 

The above can largely be measured for or confidently estimated and accounted 

in studies, and thus the influence on uncertainty can be estimated with confidence 

when interpreting results.  

3.2.2 Partially observable sources of uncertainty 

There is still debate regarding the influence of faecal shedding dynamics and the 

subsequent impact on detection of SARS-CoV-2 in the wastewater, due in part 

to the inconsistencies of investigation in medical literature. As shown in Table 2, 

there exists significant variation amongst reported shedding dynamics in studies 

that have investigated it, and a lack of studies investigating the gene copies shed 

in the faces. Reported incidences of detection of SARS-CoV-2 genetic material 

in patients range from as little as 15.3% to as high as 100%. The duration of 

faecal shedding has also shown considerable variation, with duration appearing 

to be influenced by severity of infection (Chen et al., 2020). Faecal shedding has 

been reported in patients that have recovered from SARS-CoV-2 infections and 

in those who are no longer considered infectious. However, much of these studies 

were conducted in the early stages of the pandemic, prior to the emergence of 

VoCs such as Delta and Omicron, and almost exclusively on hospital patients in 

small cohorts. Thus, there is little data available regarding faecal shedding of 

SARS-CoV-2 for pre- and asymptomatic infections. Whilst respiratory tract viral 

loads have been shown to be similar between pre-Alpha, Alpha and Delta SARS-

CoV-2 variants, and people of different vaccination status  (Singanayagam et al., 

2021), it is currently unknown how faecal shedding varies between VoC infection 

and vaccination status but is has been hypothesised that viral loads in the faeces 

of vaccinated individuals will be lower (Thompson et al., 2021).  

It is currently not known how SARS-CoV-2 behaves in wastewater matrices. A 

study by Shi et al. (2021) in model sewers reported that surrogates of 

coronaviruses rapidly decayed in wastewater, achieving 99% decay in 30 hours.  
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Kevill et al. (2022) investigated, amongst other factors, the influence of turbidity 

and surfactant concentration on the recovery of SARS-CoV-2 from wastewater 

samples and reported a statistically significant decrease in virus recovery from 

samples with increasing turbidity and/or surfactant concentration. Finally, 

different sewers show considerable differences in their in-network characteristics 

and can have multiple characteristics throughout the network (Wade et al., 2022). 

To date, no studies have investigated the behaviour nor recovery of SARS-CoV-

2 or surrogates in sewers under different conditions. 

All of this considered, it is challenging to relate SARS-CoV-2 gene copies in 

wastewater with on Campus COVID-19 infections when the combined impact of 

faecal shedding dynamics, sewer conditions and characteristics, wastewater 

matrix composition, population size and dynamics, sampling regime and SARS-

CoV-2 extraction and quantification techniques, resident population and 

stakeholder involvement and communication is as of yet uncertain (Wade et al., 

2022). This is, however, beyond the scope of this study. The usefulness of WBS 

can only be as good as the strength of the assumptions that are made in the 

design of the study, and the decisions that are made during interpretation of the 

data generated. Improperly designed WBS projects can potentially lead to 

unhelpful public health interventions. Thus, further research is needed to address 

these areas of uncertainty to improve the efficacy of WBS for SARS-CoV-2 

management and for potential future pandemics.  
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4 Conclusions 

The severity of the SARS-CoV-2 pandemic has catalysed significant interest in 

the use of WBS in the monitoring of disease burden, both in the current potentially 

in future pandemics. Clinical tests have proven to be unsuitable for managing the 

spread of such an infectious disease. They are not appropriate for all to use , are 

only effective when sufficient numbers of people adhere to a testing programme, 

and are expensive, challenging to scale, may not reliably identify asymptomatic 

individuals and not rapid enough to test large populations to control outbreaks of 

disease. The successful isolation and quantification of SARS-CoV-2 from 

wastewater led to the investigation of wastewater-based surveillance for use in 

disease management. Studies have since proven its usefulness to test large 

numbers of people in an ethically acceptable manner. Previous studies have 

investigated WBS’s usefulness in different contexts and different spatial scales: 

schools, hospitals, University buildings and campuses and WWTW catchments 

have all been studied. To the best knowledge of the authors of this paper, this is 

the first study to investigate the use of WBS at different scales within a single 

connected WWTW drainage basin for this length of time. Table 11, below, 

summarises the objectives, related hypotheses, and findings in this study. 
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Table 11: Summary of study objectives, hypotheses, and results 

Objective Hypothesis Results 

Quantify SARS-CoV-2 gene copies 
from wastewater at three scales on 
campus samples. 

WBS can identify magnitude of SARS-
CoV-2 infections on the University 
Campus. 

Study did not find a correlation between 
cases and concentration in the 
wastewater, but it was possible to 
identify which sewersheds had people 
shedding SARS-CoV-2 in their faeces 

Establish SARS-CoV-2 gene copy 
abundance correlation to wastewater 
constituents. 

SARS-CoV-2 with wastewater 
constituents positive correlates at near-
source level not WTWW  

Statistically significant correlations were 
found between N1 GC, and ammonium, 
TSS and tCOD at the Near-Source and 
In-Sewer level 

Establish SARS-CoV-2 gene copy 
concordance with COVID-19 infections 
on campus 

SARS-CoV-2 wastewater samples will 
be positively related with on-campus 
infections 

This study found that the wastewater 
SARS-CoV-2 GC data was a leading 
indicator of infections  

Isolate SARS-CoV-2 whole genomes 
from wastewater  

Wastewater SARS-CoV-2 WBS can 
identify variants of concern on campus 

2 samples were successfully identified 
as containing Alpha-variant SARS-CoV-
2 

Verify removal of SARS-CoV-2 RNA 
fragments from a small Trickling Filter 
WWTW treating water exclusively from 
campus population 

Small linked WWTW removes SARS-
CoV-2 RNA fragments from wastewater  

On campus WWTW did not remove 
SARS-CoV-2 RNA fragments. SARS-
CoV-2 RNA was frequently detected in 
the WWTW effluent.  
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This study found that it was feasible to identify in which sewershed infected 

individuals were on the campus. In contrast to other studies, there was not 

statistically significant positive correlation between normalised N1 gene copies in 

the wastewater at the WWTW and clinically confirmed campus SARS-CoV-2 

infections. Other studies have highlighted the utility of WBS in identifying cases 

within a defined geographic area and potential for estimating the number of 

infected individuals contributing to the sample. This study has shown that it is 

critical to have real-time estimates of the numbers of infected people in a 

sewershed to ensure that data is accurate and reliable, thereby allowing 

relationships between cases and SARS-CoV-2 abundance in wastewaters to be 

firmly established. There were statistically significant positive correlations 

between N1 SARS-CoV-2 gene copies and wastewater TSS, tCOD and ammonia 

at the near-source spatial scale, but there was not a statistically significant 

correlation between N1 SARS-CoV-2 GC and phosphate in the wastewater at the 

same spatial scale. Campus cases appeared to be much lower than estimated 

using LTLA PCR positive rate if based solely on clinical testing, but the 

wastewater data suggests that SARS-CoV-2 was present and circulating the 

campus for much of the study period. Cases also appeared to lag behind the 

LTLA rate, likely due to the impacts of lockdown and the isolated nature of the 

campus. However, when national and local restrictions relaxed, cases rose in line 

with the LTLA rate. Current treatments at the on campus do not appear to be 

removing SARS-CoV-2 RNA from the wastewater, despite removing solids. This 

study has shown that, when combined with clinical testing, WBS can be a highly 

effective means of identifying infected individuals in a low-cost and rapid way. 
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This study has also identified several other factors that are essential for effective 

WBS: 

• Research is urgently needed to assess how faecal shedding of SARS-

CoV-2 in stools varies between pre-symptomatic, asymptomatic, 

vaccination status, variant infection, and demographic factors 

• Stakeholders must be positively engaged throughout the process to allow 

the most accurate data to be collected, and to allow for effective 

coordination to facilitate useful interventions.  

• Optimisation of sample processing is critical to ensure sufficiently rapid 

throughput of samples and minimisation of errors to enable effective public 

health interventions 

• Further research is needed to assess the behaviour of SARS-CoV-2 in 

different wastewater matrices to elucidate how this impacts the 

relationship between gene copies in wastewater and cases within the 

sewershed 

Overall, the use of WBS shows promise as a method to compliment clinical 

testing as a method to rapidly and inexpensively testing large numbers of people 

in an ethically acceptable manner. It warrants further research to address areas 

of uncertainty, and so develop a tool to help direct public health officials in 

designing effective public health interventions to limit the spread of disease 

Finally, the infrastructure and skills created as a result of the many WBS 

conducted during the pandemic can be utilised for future health and disease 

monitoring, and more research should be conducted to establish the limits of the 

usefulness of WBS for public health purposes.  

 

 

 

 



 

63 

5 Further research 

This work has shown that WBS shows promise in supporting clinical testing by 

rapidly testing large numbers of potentially infected individuals. This allows for 

targeted clinical testing and provides public health officials with early warnings for 

potential new outbreaks, assisting them in their decision-making processes for 

public health interventions. 

For WBS for SARS-CoV-2 to be fully effective further research is needed to 

assess, minimise and in some cases remove areas of uncertainty. Of these, the 

most critical is faecal shedding dynamics. There is still a lack of robust data that 

analyses faecal shedding across and between large cohorts of different 

characteristics. It is not yet known how, or if, faecal shedding varies between 

different SARS-CoV-2 variants, how vaccination status influences shedding, how 

shedding dynamics vary based on pre or asymptomatic infections and disease 

severity. Furthermore, another challenge exists in establishing if the 

concentration of SARS-CoV-2 in a wastewater sample is due to a few individuals 

who are shedding a very high amount of SARS-CoV-2 in their stools (e.g., 1 x106 

N1 GC g-1 wet faeces), many individuals that are shedding low amounts of SARS-

CoV-2 (e.g. 1 x102 N1 GC g-1 wet faeces) or mixtures of these combinations. 

There is currently a lack of understanding how SARS-CoV-2, and other 

enveloped viruses, behave in different wastewaters (e.g., what is their rate of 

inactivation?, how do they partition in the liquid and solids fractions? etc.). These 

factors, amongst others, affect the abundance of SARS-CoV-2 in samples.  

Fortunately, robust protocols to calculate the abundance of SARS-CoV-2 gene 

copies in samples are well established in the literature already, with strategies for 

optimising and streamlining laboratory analysis of samples beginning to be 

established. However, it is critical to develop a robust standardised protocol with 

built in process controls throughout the analysis procedure for SARS-CoV-2 

analysis from wastewater and ensure consistency in reporting results in the 

literature. Without robust understanding of shedding dynamics of SARS-CoV-2, 

its behaviour in wastewater, estimations of  the number of infected people 

contributing to a wastewater sample derived from gene copies contained therein 
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will not be sufficiently accurate. This has the potential of over or underestimating 

the number of infected people contributing to a wastewater sample, potentially 

leading to ineffective, unnecessary, or deleterious public health interventions. 

Finally, more research should also be conducted to evaluate the utility of WBS 

for monitoring health and disease prevalence, and also for preparedness for 

future potential pandemics.  
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6 Appendix 1: Summary data of samples collected 
during study 

Table 12: Summary of samples collected during study 

*Location is as follows: 1 – Halls of Residence A; 2 – Halls of Residence B; 3 – 
Technical In-Sewer; 4 – Residential In-Sewer; 5 – Influent; 6 – Post-Primary 
Lamella; 7 – Post-Roughing Trickling Filter; 8 – Post-Secondary Trickling Filter 
and 9 – Final Effluent 

 
Date 
collected 

Internal 
Reference 

Sample 
number 

Frozen 
or Fresh 

Location* Sampling 
method 

Extractio
n 
Protocol 

19.3.20 H1 1 Frozen 5 Grab 2 

1.4.20 H3a 2 Frozen 5 Grab 2 

1.4.20 H3 3 Frozen 5 Grab 2 

9.4.20 H4 4 Frozen 5 Grab 2 

9.4.20 H6 5 Frozen 5 Grab 2 

14.4.20 H8 6 Frozen 5 Grab 2 

17.4.20 H10 7 Frozen 5 Grab 2 

17.4.20 H12A 8 Frozen 5 Grab 2 

17.4.20 H12B 9 Frozen 5 Grab 2 

20.4.20 H13 10 Frozen 5 Grab 2 

20.4.20 H14a 11 Frozen 5 Grab 2 

27.4.20 H15 12 Frozen 5 Grab 2 

27.4.20 H16 13 Frozen 5 Grab 2 

6.5.20 H19 14 Frozen 5 Grab 2 

20.5.20 H20 15 Frozen 5 Grab 2 

26.5.20 H22 16 Frozen 5 Grab 2 

3.6.20 H23 17 Frozen 5 Grab 2 

3.6.20 H25 18 Frozen 5 Grab 2 

10.6.20 H26 19 Frozen 5 Grab 2 

10.6.20 H120 20 Frozen 5 Grab 2 

24.6.20 H27 21 Frozen 5 Grab 2 

24.6.20 H28 22 Frozen 5 Grab 2 

24.6.20 H29 23 Frozen 5 Grab 2 

1.7.20 H31A 24 Frozen 5 Grab 2 

1.7.20 H31B 25 Frozen 5 Grab 2 

8.7.20 H35 26 Frozen 5 Grab 2 

8.7.20 H36 27 Frozen 5 Grab 2 

8.7.20 H37 28 Frozen 5 Grab 2 

17.7.20 H39a 29 Frozen 5 Grab 2 

17.7.20 H40 30 Frozen 5 Grab 2 

17.7.20 H39b 31 Frozen 5 Grab 2 

24.7.20 H43 32 Frozen 5 Grab 2 
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24.7.20 H43 33 Frozen 5 Grab 2 

24.7.20 H44 34 Frozen 5 Grab 2 

24.7.20 H45 35 Frozen 5 Grab 2 

29.7.20 H47 36 Frozen 5 Grab 2 

29.7.20 H48A 37 Frozen 5 Grab 2 

29.7.20 H49 38 Frozen 5 Grab 2 

12.8.20 H50 39 Frozen 5 Grab 2 

12.8.20 H111 40 Frozen 5 Grab 2 

17.8.20 H53 41 Frozen 5 Grab 2 

2.9.20 H54 42 Frozen 5 Grab 2 

2.9.20 H55 43 Frozen 5 Grab 2 

2.9.20 H56 44 Frozen 5 Grab 2 

10.9.20 H59A 45 Frozen 5 Grab 2 

10.9.20 H59B 46 Frozen 5 Grab 2 

10.9.20 H60 47 Frozen 5 Grab 2 

17.9.20 H63 48 Frozen 5 Grab 2 

17.9.20 H64 49 Frozen 5 Grab 2 

17.9.20 H65 50 Frozen 5 Grab 2 

23.9.20 H67 51 Frozen 5 Grab 2 

23.9.20 H69 52 Frozen 5 Grab 2 

30.9.20 H70A 53 Frozen 5 Grab 2 

30.9.20 H72A 54 Frozen 5 Grab 2 

7.10.20 H75 55 Frozen 5 Grab 2 

7.10.20 H76 56 Frozen 5 Grab 2 

7.10.20 H77A 57 Frozen 5 Grab 2 

14.10.20 H78 58 Frozen 5 Grab 2 

14.10.20 H80 59 Frozen 5 Grab 2 

21.10.20 H104 60 Frozen 5 Grab 2 

21.10.20 H112A 61 Frozen 5 Grab 2 

21.10.20 H112B 62 Frozen 5 Grab 2 

28.10.20 H113 63 Frozen 5 Grab 2 

28.10.20 H122 64 Frozen 5 Grab 2 

11.11.20 H114 65 Frozen 5 Grab 2 

11.11.20 H116 66 Frozen 5 Grab 2 

20.11.20 H115 67 Frozen 5 Grab 2 

20.11.20 H118 68 Frozen 5 Grab 2 

25.11.20 H105 69 Frozen 5 Grab 2 

25.11.20 H117 70 Frozen 5 Grab 2 

9.12.20 H83A 71 Frozen 5 Grab 2 

9.12.20 H85A 72 Frozen 5 Grab 2 

16.12.20 H87 73 Frozen 5 Grab 2 

16.12.20 H88A 74 Frozen 5 Grab 2 

16.12.20 H88B 75 Frozen 5 Grab 2 

6.1.21 H90 76 Frozen 5 Grab 2 

6.1.21 H92 77 Frozen 5 Grab 2 

6.1.21 H119 78 Frozen 5 Grab 2 
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6.1.21 H110 79 Frozen 5 Grab 2 

13.1.21 H95 80 Frozen 5 Grab 2 

13.1.21 H96 81 Frozen 5 Grab 2 

13.1.21 H121 82 Frozen 5 Grab 2 

20.1.21 H100 83 Frozen 5 Grab 2 

20.1.21 H98 84 Frozen 5 Grab 2 

20.1.21 H101 85 Frozen 5 Grab 2 

22.1.21 F1 86 Fresh 1 Composite 1 

22.1.21 F2 87 Fresh 2 Composite 1 

22.1.21 F3 88 Fresh 3 Composite 1 

22.1.21 F4 89 Fresh 4 Composite 1 

22.1.21 F5 90 Fresh 5 Grab 1 

22.1.21 F9 94 Fresh 6 Grab 1 

22.1.21 F7 92 Fresh 7 Grab 1 

22.1.21 F8 93 Fresh 8 Grab 1 

22.1.21 F6 91 Fresh 9 Grab 1 

26.1.21 F14 95 Fresh 1 Composite 1 

26.1.21 F15 96 Fresh 3 Composite 1 

26.1.21 F10 97 Fresh 5 Grab 1 

26.1.21 F12 99 Fresh 7 Grab 1 

26.1.21 F13 100 Fresh 8 Grab 1 

26.1.21 F11 98 Fresh 9 Grab 1 

27.1.21 F18 101 Fresh 2 Composite 1 

27.1.21 F19 102 Fresh 4 Composite 1 

28.1.21 F20 103 Fresh 1 Composite 1 

28.1.21 F21 104 Fresh 3 Composite 1 

28.1.21 F22 105 Fresh 5 Grab 1 

28.1.21 F26 109 Fresh 6 Grab 1 

28.1.21 F24 107 Fresh 7 Grab 1 

28.1.21 F25 108 Fresh 8 Grab 1 

28.1.21 F23 106 Fresh 9 Grab 1 

1.2.21 F30 110 Fresh 1 Composite 1 

1.2.21 F31 111 Fresh 3 Composite 1 

2.2.21 F33 112 Fresh 3 Composite 1 

2.2.21 F34 113 Fresh 5 Grab 1 

2.2.21 F38 117 Fresh 6 Grab 1 

2.2.21 F36 115 Fresh 7 Grab 1 

2.2.21 F37 116 Fresh 8 Grab 1 

2.2.21 F35 114 Fresh 9 Grab 1 

3.2.21 F40 118 Fresh 2 Composite 1 

3.2.21 F41 119 Fresh 4 Composite 1 

4.2.21 F42 120 Fresh 2 Composite 1 

4.2.21 F43 121 Fresh 4 Composite 1 

4.2.21 F44 122 Fresh 5 Grab 1 

4.2.21 F48 126 Fresh 6 Grab 1 

4.2.21 F46 124 Fresh 7 Grab 1 
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4.2.21 F47 125 Fresh 8 Grab 1 

4.2.21 F45 123 Fresh 9 Grab 1 

8.2.21 F50 127 Fresh 1 Composite 1 

8.2.21 F51 128 Fresh 3 Composite 1 

9.2.21 F52 129 Fresh 5 Grab 1 

9.2.21 F54 131 Fresh 7 Grab 1 

9.2.21 F55 132 Fresh 8 Grab 1 

9.2.21 F53 130 Fresh 9 Grab 1 

10.2.21 F56 133 Fresh 4 Composite 1 

11.2.21 F57 134 Fresh 4 Composite 1 

11.2.21 F58 135 Fresh 5 Grab 1 

11.2.21 F60 137 Fresh 7 Grab 1 

11.2.21 F61 138 Fresh 8 Grab 1 

11.2.21 F59 136 Fresh 9 Grab 1 

15.2.21 F62 139 Fresh 3 Composite 1 

16.2.21 F63 140 Fresh 4 Composite 1 

16.2.21 F64 141 Fresh 5 Grab 1 

16.2.21 F68 145 Fresh 6 Grab 1 

16.2.21 F66 143 Fresh 7 Grab 1 

16.2.21 F67 144 Fresh 8 Grab 1 

16.2.21 F65 142 Fresh 9 Grab 1 

17.2.21 F69 146 Fresh 1 Composite 1 

18.2.21 F70 147 Fresh 2 Composite 1 

18.2.21 F71 148 Fresh 5 Grab 1 

18.2.21 F76 152 Fresh 6 Grab 1 

18.2.21 F74 150 Fresh 7 Grab 1 

18.2.21 F75 151 Fresh 8 Grab 1 

18.2.21 F73 149 Fresh 9 Grab 1 

22.2.21 F77 153 Fresh 2 Composite 1 

23.2.21 F78 154 Fresh 4 Composite 1 

23.2.21 F79 155 Fresh 5 Grab 1 

23.2.21 F83 159 Fresh 6 Grab 1 

23.2.21 F81 157 Fresh 7 Grab 1 

23.2.21 F82 158 Fresh 8 Grab 1 

23.2.21 F80 156 Fresh 9 Grab 1 

24.2.21 F84 160 Fresh 3 Composite 1 

25.2.21 F85 161 Fresh 1 Composite 1 

25.2.21 F86 162 Fresh 5 Grab 1 

25.2.21 F90 166 Fresh 6 Grab 1 

25.2.21 F88 164 Fresh 7 Grab 1 

25.2.21 F89 165 Fresh 8 Grab 1 

25.2.21 F87 163 Fresh 9 Grab 1 

1.3.21 F91 167 Fresh 3 Composite 1 

2.3.21 F92 168 Fresh 2 Composite 1 

2.3.21 F93 169 Fresh 4 Composite 1 

2.3.21 F94 170 Fresh 5 Grab 1 
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2.3.21 F98 174 Fresh 6 Grab 1 

2.3.21 F96 172 Fresh 7 Grab 1 

2.3.21 F97 173 Fresh 8 Grab 1 

2.3.21 F95 171 Fresh 9 Grab 1 

3.3.21 F99 175 Fresh 4 Composite 1 

4.3.21 F100 176 Fresh 1 Composite 2 

4.3.21 F101 177 Fresh 5 Grab 2 

4.3.21 F105 181 Fresh 6 Grab 2 

4.3.21 F103 179 Fresh 7 Grab 2 

4.3.21 F104 180 Fresh 8 Grab 2 

4.3.21 F102 178 Fresh 9 Grab 2 

8.3.21 F106 182 Fresh 1 Composite 2 

8.3.21 F107 183 Fresh 2 Composite 2 

9.3.21 F108 184 Fresh 4 Composite 2 

9.3.21 F109 185 Fresh 5 Grab 2 

9.3.21 F113 189 Fresh 6 Grab 2 

9.3.21 F111 187 Fresh 7 Grab 2 

9.3.21 F112 188 Fresh 8 Grab 2 

9.3.21 F110 186 Fresh 9 Grab 2 

10.3.21 F115 190 Fresh 3 Composite 2 

10.3.21 F114 191 Fresh 4 Composite 2 

11.3.21 F116 192 Fresh 4 Composite 2 

15.3.21 F117 193 Fresh 3 Composite 2 

15.3.21 F118 194 Fresh 4 Composite 2 

16.3.21 F119 195 Fresh 1 Composite 2 

16.3.21 F120 196 Fresh 4 Composite 2 

16.3.21 F121 197 Fresh 5 Grab 2 

16.3.21 F125 201 Fresh 6 Grab 2 

16.3.21 F123 199 Fresh 7 Grab 2 

16.3.21 F124 200 Fresh 8 Grab 2 

16.3.21 F122 198 Fresh 9 Grab 2 

17.3.21 F126 202 Fresh 2 Composite 2 

17.3.21 F127 203 Fresh 4 Composite 2 

18.3.21 F128 204 Fresh 4 Composite 2 

18.3.21 F129 205 Fresh 4 Composite 2 

22.3.21 F130 206 Fresh 1 Composite 2 

22.3.21 F131 207 Fresh 4 Composite 2 

23.3.21 F132 208 Fresh 2 Composite 2 

23.3.21 F133 209 Fresh 3 Composite 2 

23.3.21 F134 210 Fresh 5 Grab 2 

23.3.21 F138 214 Fresh 6 Grab 2 

23.3.21 F136 212 Fresh 7 Grab 2 

23.3.21 F137 213 Fresh 8 Grab 2 

23.3.21 F135 211 Fresh 9 Grab 2 

24.3.21 F139 215 Fresh 1 Composite 2 

25.3.21 F140 216 Fresh 4 Composite 2 
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30.3.21 F141 217 Fresh 2 Composite 2 

31.3.21 F142 218 Fresh 4 Composite 2 

31.3.21 F143 219 Fresh 5 Grab 2 

31.3.21 F145 221 Fresh 7 Grab 2 

31.3.21 F146 222 Fresh 8 Grab 2 

31.3.21 F144 220 Fresh 9 Grab 2 

1.4.21 F148 223 Fresh 1 Composite 2 

9.4.21 F149 224 Fresh 5 Grab 2 

12.4.21 F150 225 Fresh 3 Composite 2 

13.4.21 F151 226 Fresh 1 Composite 2 

13.4.21 F152 227 Fresh 5 Grab 2 

13.4.21 F156 231 Fresh 6 Grab 2 

13.4.21 F154 229 Fresh 7 Grab 2 

13.4.21 F155 230 Fresh 8 Grab 2 

13.4.21 F153 228 Fresh 9 Grab 2 

14.4.21 F157 232 Fresh 4 Composite 2 

15.4.21 F158 233 Fresh 2 Composite 2 

20.4.21 F160 234 Fresh 4 Composite 2 

20.4.21 F161 235 Fresh 5 Grab 2 

20.4.21 F165 239 Fresh 6 Grab 2 

20.4.21 F163 237 Fresh 7 Grab 2 

20.4.21 F164 238 Fresh 8 Grab 2 

20.4.21 F162 236 Fresh 9 Grab 2 

21.4.21 F166 240 Fresh 1 Composite 2 

22.4.21 F167 241 Fresh 3 Composite 2 

27.4.21 F168 242 Fresh 5 Grab 2 

27.4.21 F172 246 Fresh 6 Grab 2 

27.4.21 F170 244 Fresh 7 Grab 2 

27.4.21 F171 245 Fresh 8 Grab 2 

27.4.21 F169 243 Fresh 9 Grab 2 

4.5.21 F173A 247 Fresh 5 Grab 2 

4.5.21 F173B 248 Fresh 5 Grab 2 

4.5.21 177A 255 Fresh 6 Grab 2 

4.5.21 177B 256 Fresh 6 Grab 2 

4.5.21 175A 251 Fresh 7 Grab 2 

4.5.21 175B 252 Fresh 7 Grab 2 

4.5.21 176A 253 Fresh 8 Grab 2 

4.5.21 176B 254 Fresh 8 Grab 2 

4.5.21 174A 249 Fresh 9 Grab 2 

4.5.21 174B 250 Fresh 9 Grab 2 

10.5.21 179A 257 Fresh 1 Composite 2 

10.5.21 179B 258 Fresh 1 Composite 2 

10.5.21 178A 259 Fresh 2 Composite 2 

10.5.21 178B 260 Fresh 2 Composite 2 

10.5.21 180A 261 Fresh 3 Composite 2 

10.5.21 180B 262 Fresh 3 Composite 2 
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10.5.21 181A 263 Fresh 4 Composite 2 

10.5.21 181B 264 Fresh 4 Composite 2 

10.5.21 182A 265 Fresh 5 Grab 2 

10.5.21 182B 266 Fresh 5 Grab 2 

11.5.21 183A 267 Fresh 5 Grab 2 

11.5.21 183B 268 Fresh 5 Grab 2 

11.5.21 187 272 Fresh 6 Grab 2 

11.5.21 185 270 Fresh 7 Grab 2 

11.5.21 186 271 Fresh 8 Grab 2 

11.5.21 184 269 Fresh 9 Grab 2 

12.5.21 188A 273 Fresh 5 Grab 2 

12.5.21 188B 274 Fresh 5 Grab 2 

13.5.21 189A 275 Fresh 5 Grab 2 

13.5.21 189B 276 Fresh 5 Grab 2 

17.5.21 190A 277 Fresh 1 Composite 2 

17.5.21 190B 278 Fresh 1 Composite 2 

17.5.21 191A 279 Fresh 2 Composite 2 

17.5.21 191B 280 Fresh 2 Composite 2 

17.5.21 192A 281 Fresh 3 Composite 2 

17.5.21 192B 282 Fresh 3 Composite 2 

17.5.21 193A 283 Fresh 4 Composite 2 

17.5.21 193B 284 Fresh 4 Composite 2 

17.5.21 194A 285 Fresh 5 Grab 2 

17.5.21 194B 286 Fresh 5 Grab 2 

18.5.21 195A 287 Fresh 5 Grab 2 

18.5.21 195B 288 Fresh 5 Grab 2 

18.5.21 199 292 Fresh 6 Grab 2 

18.5.21 197 290 Fresh 7 Grab 2 

18.5.21 198 291 Fresh 8 Grab 2 

18.5.21 196 289 Fresh 9 Grab 2 

19.5.21 200A 293 Fresh 5 Grab 2 

19.5.21 200B 294 Fresh 5 Grab 2 

20.5.21 201A 295 Fresh 5 Grab 2 

20.5.21 201B 296 Fresh 5 Grab 2 

24.5.21 202A 297 Fresh 5 Grab 2 

24.5.21 202B 298 Fresh 5 Grab 2 

25.5.21 203A 299 Fresh 5 Grab 2 

25.5.21 203B 300 Fresh 5 Grab 2 

25.5.21 207A 305 Fresh 6 Grab 2 

25.5.21 207B 306 Fresh 6 Grab 2 

25.5.21 205 303 Fresh 7 Grab 2 

25.5.21 206 304 Fresh 8 Grab 2 

25.5.21 204A 301 Fresh 9 Grab 2 

25.5.21 204B 302 Fresh 9 Grab 2 

26.5.21 F208A 307 Fresh 5 Grab 2 

26.5.21 F208B 308 Fresh 5 Grab 2 
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27.5.21 F210A 309 Fresh 1 Composite 2 

27.5.21 F210B 310 Fresh 1 Composite 2 

27.5.21 F209A 311 Fresh 2 Composite 2 

27.5.21 F209B 312 Fresh 2 Composite 2 

27.5.21 F211A 313 Fresh 3 Composite 2 

27.5.21 F211B 314 Fresh 3 Composite 2 

27.5.21 F212A 315 Fresh 4 Composite 2 

27.5.21 F212B 316 Fresh 4 Composite 2 

27.5.21 F213A 317 Fresh 5 Grab 2 

27.5.21 F213B 318 Fresh 5 Grab 2 

1.6.21 F214A 319 Fresh 5 Grab 2 

1.6.21 F214B 320 Fresh 5 Grab 2 

1.6.21 F218A 325 Fresh 6 Grab 2 

1.6.21 F218B 326 Fresh 6 Grab 2 

1.6.21 F216 323 Fresh 7 Grab 2 

1.6.21 F217 324 Fresh 8 Grab 2 

1.6.21 F215A 321 Fresh 9 Grab 2 

1.6.21 F215B 322 Fresh 9 Grab 2 

2.6.21 F219A 327 Fresh 5 Grab 2 

2.6.21 F219B 328 Fresh 5 Grab 2 

3.6.21 F220A 329 Fresh 1 Composite 2 

3.6.21 F220B 330 Fresh 1 Composite 2 

3.6.21 F221A 331 Fresh 2 Composite 2 

3.6.21 F221B 332 Fresh 2 Composite 2 

3.6.21 F222A 333 Fresh 3 Composite 2 

3.6.21 F222B 334 Fresh 3 Composite 2 

3.6.21 F223A 335 Fresh 4 Composite 2 

3.6.21 F223B 336 Fresh 4 Composite 2 

3.6.21 F224A 337 Fresh 5 Grab 2 

3.6.21 F224B 338 Fresh 5 Grab 2 

7.6.21 F225A 339 Fresh 5 Grab 2 

7.6.21 F225B 340 Fresh 5 Grab 2 

8.6.21 F226A 341 Fresh 5 Grab 2 

8.6.21 F226B 342 Fresh 5 Grab 2 

8.6.21 F230A 348 Fresh 6 Grab 2 

8.6.21 F230B 349 Fresh 6 Grab 2 

8.6.21 F228A 345 Fresh 7 Grab 2 

8.6.21 F229A 346 Fresh 8 Grab 2 

8.6.21 F229B 347 Fresh 8 Grab 2 

8.6.21 F227A 343 Fresh 9 Grab 2 

8.6.21 F227B 344 Fresh 9 Grab 2 

9.6.21 F231A 350 Fresh 5 Grab 2 

9.6.21 F231B 351 Fresh 5 Grab 2 

10.6.21 F232A 352 Fresh 1 Composite 2 

10.6.21 F232B 353 Fresh 1 Composite 2 

10.6.21 F233A 354 Fresh 2 Composite 2 
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10.6.21 F233B 355 Fresh 2 Composite 2 

10.6.21 F234A 356 Fresh 3 Composite 2 

10.6.21 F234B 357 Fresh 3 Composite 2 

10.6.21 F235A 358 Fresh 4 Composite 2 

10.6.21 F235B 359 Fresh 4 Composite 2 

10.6.21 F236A 360 Fresh 5 Grab 2 

10.6.21 F236B 361 Fresh 5 Grab 2 

15.6.21 F237A 362 Fresh 5 Grab 2 

15.6.21 F237B 363 Fresh 5 Grab 2 

15.6.21 F241A 370 Fresh 6 Grab 2 

15.6.21 F241B 371 Fresh 6 Grab 2 

15.6.21 F239A 366 Fresh 7 Grab 2 

15.6.21 F239B 367 Fresh 7 Grab 2 

15.6.21 F240A 368 Fresh 8 Grab 2 

15.6.21 F240B 369 Fresh 8 Grab 2 

15.6.21 F238A 364 Fresh 9 Grab 2 

15.6.21 F238B 365 Fresh 9 Grab 2 

17.6.21 F243A 372 Fresh 2 Composite 2 

17.6.21 F243B 373 Fresh 2 Composite 2 

17.6.21 F244A 374 Fresh 3 Composite 2 

17.6.21 F244B 375 Fresh 3 Composite 2 

17.6.21 F245A 376 Fresh 4 Composite 2 

17.6.21 F245B 377 Fresh 4 Composite 2 

17.6.21 F246A 378 Fresh 5 Grab 2 

17.6.21 F246B 379 Fresh 5 Grab 2 

17.6.21 F250A 386 Fresh 6 Grab 2 

17.6.21 F250B 387 Fresh 6 Grab 2 

17.6.21 F248A 382 Fresh 7 Grab 2 

17.6.21 F248B 383 Fresh 7 Grab 2 

17.6.21 F249A 384 Fresh 8 Grab 2 

17.6.21 F249B 385 Fresh 8 Grab 2 

17.6.21 F247A 380 Fresh 9 Grab 2 

17.6.21 F247B 381 Fresh 9 Grab 2 

21.6.21 F251A 388 Fresh 5 Grab 2 

21.6.21 F251B 389 Fresh 5 Grab 2 

22.6.21 F252A 390 Fresh 5 Grab 2 

22.6.21 F252B 391 Fresh 5 Grab 2 

22.6.21 F252 395 Fresh 6 Grab 2 

22.6.21 F254 393 Fresh 7 Grab 2 

22.6.21 F255 394 Fresh 8 Grab 2 

22.6.21 F253A 392 Fresh 9 Grab 2 

23.6.21 F257A 396 Fresh 5 Grab 2 

23.6.21 F257B 397 Fresh 5 Grab 2 

24.6.21 F258A 398 Fresh 1 Composite 2 

24.6.21 F258B 399 Fresh 1 Composite 2 

24.6.21 F259A 400 Fresh 2 Composite 2 
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24.6.21 F259B 401 Fresh 2 Composite 2 

24.6.21 F260A 402 Fresh 3 Composite 2 

24.6.21 F260B 403 Fresh 3 Composite 2 

24.6.21 F261A 404 Fresh 4 Grab 2 

24.6.21 F261B 405 Fresh 4 Grab 2 

24.6.21 F262A 406 Fresh 5 Grab 2 

24.6.21 F262B 407 Fresh 5 Grab 2 

28.6.21 F263A 408 Fresh 5 Grab 2 

28.6.21 F263B 409 Fresh 5 Grab 2 

29.6.21 F264A 410 Fresh 5 Grab 2 

29.6.21 F264B 411 Fresh 5 Grab 2 

29.6.21 F268A 416 Fresh 6 Grab 2 

29.6.21 F268B 417 Fresh 6 Grab 2 

29.6.21 F266A 414 Fresh 7 Grab 2 

29.6.21 F267A 415 Fresh 8 Grab 2 

29.6.21 F265A 412 Fresh 9 Grab 2 

29.6.21 F265B 413 Fresh 9 Grab 2 

30.6.21 F269A 418 Fresh 5 Grab 2 

30.6.21 F269B 419 Fresh 5 Grab 2 

1.7.21 F270A 420 Fresh 1 Composite 2 

1.7.21 F270B 421 Fresh 1 Composite 2 

1.7.21 F271A 422 Fresh 2 Composite 2 

1.7.21 F271B 423 Fresh 2 Composite 2 

1.7.21 F272A 424 Fresh 3 Composite 2 

1.7.21 F272B 425 Fresh 3 Composite 2 

1.7.21 F273A 426 Fresh 4 Composite 2 

1.7.21 F273B 427 Fresh 4 Composite 2 

1.7.21 F274A 428 Fresh 5 Grab 2 

1.7.21 F274B 429 Fresh 5 Grab 2 

5.7.21 F275A 430 Fresh 5 Grab 2 

5.7.21 F275B 431 Fresh 5 Grab 2 

6.7.21 F276A 432 Fresh 5 Grab 2 

6.7.21 F276B 433 Fresh 5 Grab 2 

6.7.21 F280A 438 Fresh 6 Grab 2 

6.7.21 F280B 439 Fresh 6 Grab 2 

6.7.21 F278 436 Fresh 7 Grab 2 

6.7.21 F279 437 Fresh 8 Grab 2 

6.7.21 F277A 434 Fresh 9 Grab 2 

6.7.21 F277B 435 Fresh 9 Grab 2 

7.7.21 F281A 440 Fresh 5 Grab 2 

7.7.21 F281B 441 Fresh 5 Grab 2 

8.7.21 F282A 442 Fresh 1 Composite 2 

8.7.21 F282B 443 Fresh 1 Composite 2 

8.7.21 F283A 444 Fresh 3 Composite 2 

8.7.21 F283B 445 Fresh 3 Composite 2 

8.7.21 F284A 446 Fresh 4 Composite 2 
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8.7.21 F284B 447 Fresh 4 Composite 2 

8.7.21 F285A 448 Fresh 5 Grab 2 

8.7.21 F285B 449 Fresh 5 Grab 2 

12.7.21 F286A 450 Fresh 5 Grab 2 

12.7.21 F286B 451 Fresh 5 Grab 2 

13.7.21 F287A 452 Fresh 5 Grab 2 

13.7.21 F287B 453 Fresh 5 Grab 2 

13.7.21 F291A 460 Fresh 6 Grab 2 

13.7.21 F291B 461 Fresh 6 Grab 2 

13.7.21 F289A 456 Fresh 7 Grab 2 

13.7.21 F289B 457 Fresh 7 Grab 2 

13.7.21 F290A 458 Fresh 8 Grab 2 

13.7.21 F290B 459 Fresh 8 Grab 2 

13.7.21 F288A 454 Fresh 9 Grab 2 

13.7.21 F288B 455 Fresh 9 Grab 2 

14.7.21 F292A 462 Fresh 5 Grab 2 

14.7.21 F292B 463 Fresh 5 Grab 2 

15.7.21 F293A 464 Fresh 1 Composite 2 

15.7.21 F293B 465 Fresh 1 Composite 2 

15.7.21 F294A 466 Fresh 2 Composite 2 

15.7.21 F294B 467 Fresh 2 Composite 2 

15.7.21 F295A 468 Fresh 3 Composite 2 

15.7.21 F295B 469 Fresh 3 Composite 2 

15.7.21 F296A 470 Fresh 4 Composite 2 

15.7.21 F296B 471 Fresh 4 Composite 2 

15.7.21 F297A 472 Fresh 5 Grab 2 

15.7.21 F297B 473 Fresh 5 Grab 2 

19.7.21 F298A 474 Fresh 5 Grab 2 

19.7.21 F298B 475 Fresh 5 Grab 2 

20.7.21 F299A 476 Fresh 5 Grab 2 

20.7.21 F299B 477 Fresh 5 Grab 2 

20.7.21 F303A 482 Fresh 6 Grab 2 

20.7.21 F303B 483 Fresh 6 Grab 2 

20.7.21 F301 480 Fresh 7 Grab 2 

20.7.21 F302 481 Fresh 8 Grab 2 

20.7.21 F300A 478 Fresh 9 Grab 2 

20.7.21 F300B 479 Fresh 9 Grab 2 

21.7.21 F304A 484 Fresh 5 Grab 2 

21.7.21 F304B 485 Fresh 5 Grab 2 

 


