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 ABSTRACT 

During the COVID-19 pandemic, the measurement of SARS-CoV-2 RNA levels in wastewater 

quickly emerged as an additional tool for monitoring and to provide an early warning system. 

This led to development of several regional, national and international projects aimed at 

applying this approach. The main principle is based on the detection of the viral signature in 

untreated wastewater to provide an indication of infection levels within connected populations. 

However, the concentration of the viral signature in wastewater can be impacted by dilution 

factors or population changes in the sewer shed, leading to misinterpretation of measurement 

results. Therefore, there is the need for normalization of wastewater to ensure accurate 

representation of infection numbers. The aim of this study was to evaluate different viral and 

bacterial markers in wastewater for their efficiency in normalizing SARS-CoV-2 WBE data, 

which will enhance the accuracy when interpreting the SARS-CoV-2 RNA concentrations in 

wastewater.  

Weekly sampling was conducted from two wastewater treatment plants (WWTP A and WWTP 

B) within the eThekwini district over a period of three months (July-October 2022). Three

biomarkers (crAssphage, Bacteroides (HF 183), and Pepper Mild Motile Virus) where chosen 

for this study to ascertain the most suitable for WBE data normalization. Biomarker and SARS-

CoV-2 concentrations in the wastewater samples were determined using the droplet digital 

PCR (ddPCR). Physicochemical characteristics of the wastewater samples were also 

determined to identify the potential impact of these characteristics on the concentration of 

SARS-CoV-2 and the biomarkers. To determine the most suitable biomarker, correlation 

analysis and the Adaptive neuro fuzzy inference system (ANFIS) model was used.  
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Average concentrations of SARS-CoV-2 in the sampled WWTPs ranged from 0.28 copies/µL 

to 9.57 copies/µL. Among the three biomarkers studied, crAssphage recorded the highest 

concentration compared to PMMoV and Bacteroides HF183 in both the WWTPs. CrAssphage 

recorded the highest concentration of 7943 (±7.07) copies/µL for WWTP A and 8006 (±4.24) 

copies/µL for WWTP B. The Bacteroides HF183 highest concentrations were 10116 (±120.91) 

copies/µL for WWTP A and 2474 (±117.37) copies/µL for WWTP B. PMMoV had 

concentrations of 46 (±4.24) copies/µL for WWTP A and 84,1 (±5.48) copies/µL for WWTP 

B. PMMoV concentrations were observed to be the highest at Week 1. CrAssphage showed a 

greater association during the trend analysis with SARS-CoV-2 (0.499) than the other two 

biomarkers for WWTP A, (HF 183 and SARS-CoV-2 (-0.191) and PMMoV and SARS-CoV-

2 (-0.562)).  

Among the physicochemical factors studied, electrical conductivity and temperature had a 

significant correlation with SARS-CoV-2 and the crAssphage biomarker for both WWTPs. 

Using the ANFIS model, it was shown that the levels of the measured biomarker concentrations 

in wastewater had a significant association with chemical oxygen demand (COD), dissolved 

oxygen (DO), and volatile solids (VS). These results indicate a possible impact of these 

parameters on the concentration of these biomarkers in the wastewater. Furthermore, the viral 

RNA quantities of SARS-CoV-2 in wastewater were demonstrated to be influenced by other 

parameters such as electrical conductivity, pH and temperature. This indicates a difference in 

the physicochemical parameters that influence both biomarkers and SARS-CoV-2. However, 

when all physicochemical parameters, biomarkers and SARS-CoV-2 were combined, it was 

determined that the best biomarker was crAssphage, with potential impact from COD and the 

VS. The results of this study highlight the significance of including wastewater characteristic 

in WBE studies for reliable and accurate results. As shown in this study, crAssphage can serve 
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as a biomarker for efficient WBE for COVID-19 surveillance. In addition, it has been 

demonstrated that the detection and quantification of targets of concern, including SARS-CoV-

2, may be enhanced when combined with wastewater characteristics, which may enhance the 

monitoring of COVID-19 infections.  
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CHAPTER ONE 

1. Introduction 

Wastewater-based epidemiology (WBE) refers to evaluation of wastewater to identify the 

presence of chemicals or biological markers for the purpose of monitoring public health 

(O’Keeffe, 2021, Aguiar-Oliveira et al., 2020). Previously, WBE has been used extensively to 

detect the presence of pharmaceutical or industrial waste, drugs, viruses, and the potential 

emergence of antibiotic-resistant bacteria (Robins et al., 2022).  Wastewater monitoring allows 

for the timely detection of infection dynamics in residential facilities, which includes retirement 

homes, nursing homes, schools, hospitals, and other public or private facilities, in addition to 

data collecting at the wastewater treatment plants (Galani et al., 2022, Costa et al., 2021, 

Gettings et al., 2022, Elbadawi et al., 2021). The recent application of WBE have shown that 

wastewater monitoring offers an advantage over diagnostic testing of up to two weeks (Stadler 

et al., 2020).  As a result, wastewater monitoring can act as an early warning system (Bibby et 

al., 2021). The analysis of wastewater for indicators of illicit drug use was one of the first 

proposed applications of WBE (Daughton, 2001). Thereafter this has also been applied to 

estimate public exposure to alcohol (Van Wel et al., 2016, Reid et al., 2011, Baz-Lomba et al., 

2016), counterfeit medicines (Van Nuijs et al., 2009, Causanilles et al., 2018, Venhuis et al., 

2014), and tobacco (Castiglioni et al., 2015). In the recent COVID-19 outbreak, WBE has 

become a very important tool for monitoring infections in communities (Maida et al., 2022, 

Islam et al., 2022, O’Keeffe, 2021, Kumblathan et al., 2021, Medema et al., 2020b). Compared 

to clinical individual testing, the wastewater analysis of severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) is found to be considerably faster, less expensive, and more 

effective in comprehensive anonymous testing of communities (Mousazadeh et al., 2021). 

Worldwide, WBE has already been employed in numerous ways to track SARS-CoV-2 

ribonucleic acid (RNA) in wastewater (Ahmed et al., 2020b, Hillary et al., 2020, Haramoto et 
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al., 2020, Kumar et al., 2020, Randazzo et al., 2020b, Wolfaardt et al., 2021, Amoah et al., 

2021, Medema et al., 2020b). While being largely a respiratory infection, SARS-CoV-2 RNA 

has also been discovered to be shed in feces at high concentrations (approximately 5.73-107.6 

copies/mL) depending on the infection course (Foladori et al., 2020, Peccia et al., 2020, 

Hamouda et al., 2021). Regardless of a person's health status (symptomatic, asymptomatic, 

pre-symptomatic, convalescent), these RNA fragments are present in their feces and can be 

found in wastewater (Wolfaardt et al., 2021).  Studies have shown that viral shedding in feces 

begins before clinical symptoms appear (Miura et al., 2021, Cevik et al., 2021). In spite of its 

simplicity, the approach still poses some challenges in public health monitoring. Matrix 

complexity and dilution rate due to stormwater incursion are some of the challenges associated 

with WBE  (Choi et al., 2018, Daughton, 2012). Additionally, several factors affect the stability 

of viral RNA in wastewater including inhibitory compounds and physicochemical parameters 

(eg: detergents, salts, pH, organic matter etc). There is also the possibility of considerable loss 

of viral RNA during transit times through the wastewater network due to decay and sorption, 

concentration and extraction methods (Ahmed et al., 2020b, Corpuz et al., 2020). Another 

difficulty is that population fluctuations and the resulting uncertainty about population size can 

cause issues with monitoring infectious diseases in wastewater because the presence of 

commuters or tourists in a catchment area may make it challenging to monitor infectious 

diseases in the local community (Ort et al., 2014).  

There are several technologies that can be used to reduce sources of uncertainty related to 

population size. This includes water chemistry parameters of established analytical techniques 

which can assist in estimating the population contributing to the catchment area of the 

wastewater collection points over a given time period (Been et al., 2014, Van Nuijs et al., 

2011). However, the results are influenced by the wastewaters composition which creates 

additional uncertainties about these procedures, such as variability in sample collection and 
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analysis (Ort et al., 2014, Castiglioni et al., 2013, Ort et al., 2010). Therefore, for COVID-19 

analysis to be useful for public health and decision-making, a deeper understanding of the 

variations in SARS-CoV-2 concentrations in wastewater and how it corresponds to the actual 

incidence or prevalence of COVID-19 in the contributing population is required. The use of 

biomarkers in WBE gives data on population behaviour, illness prevalence, and health (Vitale 

et al., 2021). The discipline of WBE has developed from the concept of using biomarkers 

selected from concentrations found in wastewater to provide demographic information. WBE 

is based on the analysis of specific human metabolic excretion products in feces known as 

‘biomarkers’ in wastewater as indicators to address the variability within the wastewater 

population (Mao et al., 2020). Several options exist that may allow estimation of relative 

human fecal load including genetic biomarkers for example human mitochondrial DNA or 

RNA (Tanvir Pasha et al., 2020), cross-assembly phage (crAssphage) (García‐Aljaro et al., 

2017, Reynolds et al., 2022), Pepper Mild Mottle Virus (PMMoV) (Gyawali et al., 2019, 

Dhakar and Geetanjali, 2022), organic or inorganic compounds (wet chemical data), such as 

ammoniacal nitrogen, urea and creatinine and contaminants, like pharmaceuticals (Lin et al., 

2019, Choi et al., 2018). In order to compare or normalize measured levels of RNA to fecal 

load, it is useful to know how many people are contributing to the wastewater. This warrants 

the need for normalization of wastewater data to study the actual infection trend in an infection 

over a period of time within a connected community. For example, in cases where the number 

of people contributing to the sewer-shed is expected to change over the surveillance period due 

to factors such as: dilution, tourism, office hours, temporary workers etc. Thus, it is important 

to normalize SARS-CoV-2 concentrations by the population number served by the sewer 

system, especially if the number of people contributing to the wastewater in a particular 

location is expected to vary (Hsu et al., 2022). This provides a better understanding of 
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fluctuations in viral RNA concentration, allowing for comparisons of wastewater samples over 

time and between locations together with normalization.  
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1.1  Rationale  

The primary purpose of wastewater surveillance is to provide timely and reliable data to protect 

public health. This also requires the urgent understanding of the variability and limitations in 

the WBE data. The unaccountable variability in WBE data introduces a major challenge with 

the accuracy and application of WBE for disease surveillance. In such cases normalizing 

SARS-CoV-2 RNA concentrations by the amount of human feces in wastewater is key for 

calculating the actual SARS-CoV-2 RNA concentrations and comparing the trend over time. 

This variability can be better understood by normalizing the wastewater using specific human 

fecal biomarkers. Various biomarkers have been proposed with varying accuracy; however, an 

efficient and universal normalization method has not yet been developed. These biomarkers 

can be population specific or region specific which warrants the need for research in this area. 

Therefore, there is a need to better understand factors that influence observable levels of the 

SARS-CoV-2 RNA concentrations in wastewater to validate the approach for surveillance 

purposes. Therefore, this study aims at improving WBE data for COVID-19 surveillance.  
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1.2 Aim 

To evaluate different viral and bacterial biomarkers in wastewater for their efficiency in 

normalizing SARS-CoV-2 WBE data  

1.3  Objectives 

•To detect and quantify biomarkers (crAssphage, Pepper Mild Mottle Virus (PMMoV), and 

Bacteroides HF183) in untreated wastewater using conventional PCR and ddPCR 

•To monitor changes of viral and bacterial biomarkers and determine the effect of 

physicochemical parameters of the biomarker concentration in wastewater using ddPCR and 

the Adaptive Neural Fuzzy Inference System (ANFIS) Modeling technique 

•To evaluate the suitability of the biomarkers in normalizing SARS-CoV-2 WBE data using 

the Spearman’s Rank Correlation analysis  
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1.4  Thesis Structure  

The thesis is presented in Five (5) main chapters. Chapter one presents the background, 

rationale, aim and objectives of the study. The literature review is captured in Chapter two.  

Chapter three addresses objective 1, which focused on the detection and quantification of the 

biomarkers (crAssphage, PMMoV, and Bacteroides (HF183)) in untreated wastewater. It has a 

brief introduction and methodology, results, discussion and a conclusion. Chapter four 

focused on objective 2 and objective 3. Therefore, an introduction, methodology, results, 

discussion and conclusion is presented for the suitability of the biomarkers in normalizing 

SARS-CoV-2 WBE data. Chapter Five, draws conclusions, study limitations and 

recommendations from this study. 
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 CHAPTER TWO  

2.1 Literature Review    

2.1.1 Wastewater-Based Epidemiology (WBE)  

Public health can be assessed and improved by implementing tools that can track the 

appearance, spread, or reappearance of diseases, drug use, and other biological or chemical 

indicators (Tulchinsky and Varavikova, 2014). WBE has emerged as an efficient tool to present 

a snapshot of the overall health of a community based on what is being excreted in pooled 

sewage (O’Keeffe, 2021). There are many different uses for WBE, some of which are more 

developed technologically and in use than others. This includes estimation of drug or 

pharmaceutical consumption, sources of antimicrobial resistance, and estimation of infectious 

diseases. In the recent pandemic, WBE played a significant role in tracking the progress of 

SARS-CoV-2 infection within the community (Medema et al., 2020b). The success of WBE 

relies on various steps including sampling, sample preparation, analysis, data processing and 

interpretation, as well as reporting (Kumblathan et al., 2021). Figure 2.1 provides a 

representation of the various steps involved in WBE (Kumblathan et al., 2021). Since the idea 

of WBE was initially introduced more than 20 years ago (O’Keeffe, 2021), it has been used in 

a variety of situations, from analysing drug usage (Zuccato et al., 2008) to recent research, 

determining the presence of diseases such as COVID-19 in the community (Ahmed et al., 

2020b, Kitajima et al., 2020, Navarro et al., 2021, Chen and Li, 2020, Medema et al., 2020b). 
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Figure 2.1: Representation of the various steps involved in monitoring of WBE.  Adapted from 

(Kumblathan et al., 2021)   

2.2 Applications of WBE 

2.2.1 Estimating drug consumption 

One of the first suggested uses for WBE was the analysis of wastewater for signs of drug usage 

(Daughton, 2001). By quantifying cocaine and its urinary metabolite benzoylecgonine in 

wastewater and surface waters of Italian cities, Zuccato et al., (2005b), delivered one of the 

first proof of concept studies for estimating drug consumption in a community. The research 

showed that the usual methods for measuring cocaine-use from surveys, consumer interviews, 

medical records, and crime statistics, were probably underestimating the use. Some substances, 

such as cocaine, and 3,4-Methylenedioxymethamphetamine, can be reliably found in 

wastewater, but others are more challenging to detect (Keshaviah, 2017). This might be caused 

by specific biomarkers excreted in trace amounts (such as the metabolites of marijuana and 

heroin), analytical difficulties, or a lack of precision brought on by interference from other 

  (Sampling) 
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sources (e.g., heroin metabolizes to morphine) (Choi et al., 2018, Keshaviah, 2017, Werschler 

and Brennan, 2019). Additionally, wastewater contains a variety of chemical interferences, 

some of which may have chemical spectra and characteristics that are similar to those of the 

target chemicals, making extraction and analysis challenging. Despite the analytical 

difficulties, drug surveillance in wastewater has been utilized to identify potential targets for 

public health interventions or to assist law enforcement in locating drug production facilities 

(Boogaerts et al., 2021a, Subedi and Burgard, 2019, Brandeburová et al., 2020).  

Comparison with conventional surveillance data and other complementary data has been used 

to refine estimates of consumption (e.g., comparison with prescribing or over the counter 

(OTC) sales data). The use of complementary data has also been studied to identify correlations 

such as the comparison of fentanyl concentrations with drug death data (Gushgari et al., 2019) 

or by comparing cannabis biomarkers with sales data from legitimate sources to determine the 

percentage of the illegal market that legalization has replaced (Burgard et al., 2019).  Alcohol 

and nicotine are examples of legal addictive substances that have been estimated using WBE 

in order to determine patterns of geographical and temporal use (Boogaerts et al., 2021b, 

Brandeburová et al., 2020, Choi et al., 2018, Driver et al., 2020, Montes et al., 2020). It is 

important to remember that WBE can help uncover relationships between licit and illicit drugs, 

indicating poly-drug consumption. Strong associations between the use of numerous pairings 

of illicit drugs, such as heroin and cocaine and methcathinone and ketamine, were found in a 

recent study conducted in China (Liu et al., 2021). WBE has been used to research several 

aspects of lifestyle, such as alcohol intake (mentioned above) and smoking prevalence. The 

metabolite of ethanol, ethyl sulphate, has mostly been used in WBE for alcohol consumption 

(Baz-Lomba et al., 2016, Mastroianni et al., 2014). Conversely, smoking uses nicotine and its 

metabolites, cotinine and hydroxy cotinine in WBE (Castiglioni et al., 2015). Anatabine and 

anabasine, two other biomarkers linked to tobacco use, have also been discovered in 
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wastewater (Tscharke et al., 2016). Since then, WBE has been used for a variety of different 

indicators, including those related to alcohol, nicotine, infections, treatments, and antimicrobial 

resistance markers (AMR) (Boogaerts et al., 2021a, Senta et al., 2020, Sims and Kasprzyk-

Hordern, 2020).  

2.2.2 Estimating pharmaceutical consumption 

There are many uses for measuring pharmaceutical amounts in wastewater. Indicators of 

consumption vs disposal practices include the ratio of parent chemicals to metabolites (Casas 

et al., 2021b). Use and misuse patterns can be detected to focus prevention measures or 

properly allocate resources when utilized in conjunction with other complementing data 

sources (e.g., prescribing, OTC , or survey data) (Boogaerts et al., 2021a). In addition to 

prescription or OTC sales data, WBE data may be used to detect the use of rogue pharmacies. 

Venhuis et al., (2014b), linked pharmacy dispensing databases to the wastewater loads of the 

erectile dysfunction medication sildenafil in three Dutch cities. They discovered that 

dispensing statistics could not account for at least 60% of the sildenafil identified in sewage, 

indicating widespread usage of online or rogue pharmacies for this medication. The quantity 

of typical medicines in wastewater has been assessed in numerous studies (Ahmed et al., 2020a, 

Ahmed et al., 2021a) as a metric of illness prevalence. For instance, oxypurinol, an allopurinol 

urine metabolite, has been measured in wastewater to evaluate the prevalence and trends of 

gout (a gout treatment). By assessing the presence of metformin, a medication used to treat 

type II diabetes, in wastewater, a similar method has been used to determine the prevalence of 

the illness by Yan et al., (2019).  There are various drawbacks to using medicines as a stand-

in for disease frequency. Some therapies are used to treat multiple diseases, and not all patients 

with the disease are diagnosed or treated in the same way. There are uncertainties in back-

calculating precise population averages due to the variability of individual usage habits and 

excretion levels. A substitute wastewater indication of overall population ‘health’ has been 
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proposed using ubiquitous biomarkers of oxidative stress (such as isoprostanes), which may 

indicate systemic disorders such as  cancer, diabetes, heart disease as well as psychological 

stress (Daughton, 2012).  

2.2.3 Sources of Antimicrobial resistance  

One of the top hazards to public health and medicine in the twenty-first century is antimicrobial 

resistance (AMR) (O'Neill, 2016). According to the World Health Organisation (WHO), AMR 

is when microorganisms such as bacteria, viruses, fungi, and parasites evolve with mutations 

that are resistant to drugs previously used to treat the diseases they cause (WHO, 2022). This 

process is a natural occurrence, but the improper use of medications speeds it up even more. 

Currently, a large amount of surveillance is dependent on prescription and clinical data. WBE 

offers a chance to accomplish a whole population strategy for combating AMR as a 

complementary technique. It has been suggested that monitoring antibiotics, their metabolites, 

infections, and antibiotic resistance genes (ARGs) in wastewater could serve as a proxy for 

regional AMR and show how changes can develop over time (Kwak et al., 2015, Larsson et 

al., 2018). Determining where and how much resistant bacteria are introduced into the 

environment by testing wastewater for the presence and diversity of antimicrobial resistant 

genes for various medications (Aarestrup and Woolhouse, 2020). Increased quantities of 

antibiotics in wastewater have been linked to higher levels of resistance (e.g., hospital sewage 

vs. municipal) (Hutinel et al., 2019). Further research into these associations may help 

determine where to direct mitigation efforts. Finding suitable surrogates, using established 

protocols, using uniform units of measurement, and comprehending how to use the data to 

assist risk assessment or focused actions are some of the remaining issues (Nguyen et al., 

2021).  
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2.2.4 Estimation of infectious disease prevalence 

The idea of using wastewater for disease surveillance is not new, and has received much 

attention in the literature since the corona virus (COVID-19) pandemic (McClary-Gutierrez et 

al., 2021, Graham et al., 2020, Foladori et al., 2020). For instance, environmental polio 

surveillance in wastewater has been established (Hovi et al., 2012, Roberts, 2013). Before 

COVID-19, in the 20th century, Poliomyelitis known as polio, was one of the most feared 

diseases worldwide, paralysing hundreds of thousands of children yearly (Tseha, 2021). Soon 

after the introduction of effective vaccines in the 1950s and 1960s, polio was brought under 

control and practically eliminated as a public health problem. WBE was utilized as a tool to 

assess polio circulation within populations and evaluate immunisation efficacy against 

poliovirus (Brouwer et al., 2018). In Finland (Hovi et al., 2012) and Israel (Roberts, 2013), 

environmental surveillance of poliovirus in wastewater has been carried out since the 1980s to 

measure the quantities of poliovirus circulating in the populations (Organization, 2003, Manor 

et al., 1999, Shulman et al., 2006, Lago et al., 2003).   

WBE has been used in the retrospective prediction of disease outbreaks for hepatitis A and 

norovirus-associated gastroenteritis (Sims and Kasprzyk-Hordern, 2020, Hellmér et al., 2014). 

Researchers have accurately anticipated norovirus and hepatitis A outbreaks in wastewater in 

the past (Hellmér et al., 2014) and wastewater samples have been shown to contain influenza 

(Heijnen and Medema, 2011). WBE has also been applied to monitor bacterial infections (Yan 

et al., 2018). A study in Hawaii, Diemert and Yan, (2019), showed the prevalence of enteric 

Salmonella in a population, causing diarrhoea and illnesses. Additionally, direct measurements 

of microbial DNA/RNA for infectious disorders brought on by viruses and bacteria can show 

the presence of infection in a population, and the strength of the signal can show their 

prevalence. Following a poliovirus outbreak in Israel in 2013, the virus was identified in 

sewage, and a dose-dependent correlation between the viral content in sewage and the number 
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of positive cases was discovered (active shedders) (Berchenko et al., 2017). The discovered 

virus, and molecular features allowed for the location and origin of infections to be determined 

(travel-related introductions) (O’Keeffe, 2021). WBE has been used to measure the population 

prevalence of a number of other human viruses, such as measles (Benschop et al., 2017), 

enteroviruses (Brinkman et al., 2017), hepatitis A (Hellmér et al., 2014, McCall et al., 2021), 

norovirus (Hellmér et al., 2014, Lu et al., 2021) and additionally, more recent substantial 

SARS-CoV-2 analysis (Ahmed et al., 2020b). WBE has been employed in some of these 

research as an early warning sign of outbreaks (Hellmér et al., 2014) or to indicate trends in 

the prevalence of different viruses (Brinkman et al., 2017). WBE may also be used to 

understand the evolution of viruses and patterns of spread. Lu et al., (2021) used WBE in China 

to detect the introduction of novel norovirus strains in sewage and provided early warning of a 

new variation gaining dominance. Metagenomic sequencing was used in a study of the urban 

virome in sewage from several cities to demonstrate the capacity to identify various viruses 

and their seasonal and geographical variations (Nieuwenhuijse et al., 2020). The difficulty of 

sequencing, the abundance of unclassified sequences, the absence of defined procedures, and 

difficulties in interpreting the results are only a few of the difficulties that still exist (Mao et 

al., 2020).  Additionally, WBE can more easily detect some viruses than others (e.g., enteric 

pathogens that may be more persistent compared with other pathogens that are more 

incidentally shed). The first study on the presence of SARS-CoV-2 in sewage in the 

Netherlands was conducted by Medema et al., (2020b). The findings indicated that water 

samples taken from two locations contained the SARS-CoV-2 virus. Notably, Medema et al., 

(2020b), and the team mentioned that the initial water sample contaminated with the virus was 

observed for four days following the initial positive SARS-CoV-2 coronavirus test. This was a 

significant and intriguing discovery which then lend to numerous studies conducted globally 

to track SARS-CoV-2 monitoring in community using WBE. Thereafter, there has been 
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significant interest in utilizing WBE to track the evolution and spread of the SARS-CoV-2 

virus throughout the COVID-19 pandemic thus to gain information on various aspects of public 

health (Róka et al., 2021, Ahmed et al., 2020b). As a result, WBE activity has increased 

globally, and this has brought attention to the possibility for WBE to be employed more widely 

in public health surveillance. 

Additional uncertainties in WBE for viral monitoring include normalizing results to population 

size, individual variation in shedding patterns for particular viral infections, the stability of the 

target indicators, and a lack of linkage with current public health and clinical data to verify 

results (Xagoraraki and O’Brien, 2020). Comparing the results from sampling at different 

locations could also be necessary to validate findings. Numerous research studies have used 

pathogen genetic material, such as DNA or RNA, to track the spread of an infection in a 

community (Chaudhary et al., 2021). However, a more efficient way to measure the spread of 

disease at the community level has been demonstrated by combining the analysis of other 

pertinent biomarkers with the genetic makeup of the pathogen in the issue (Daughton, 2020b). 

The broad range of information gathered from wastewater opens the possibility of expanding 

the WBE to other human biomarkers providing clues about diet, health, diseases and exposure 

to contaminants (Gracia-Lor et al., 2017, Arnold, 2016, Covacic et al., 2016). For example, by 

linking exposure to the environment or food contaminants with health outcomes such as 

diabetes or cancer. 

2.2.5 SARS-CoV-2 and WBE 

Coronaviruses (CoVs) are a member of the Coronaviridae family. Their rounded shape and the 

spikes on their surface give them the name corona. In contrast to ‘naked’ viruses, which have 

no lipid membrane sheath around their surface, coronaviruses are enclosed. Coronaviruses are 

more delicate than other viruses due to their lipid envelope (Walls et al., 2020) and hence is 

relevant to understanding their environmental persistence, transmission and susceptibility to 
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inactivation by disinfection. The lipid structure holds the membrane, envelope, and spike 

proteins together, with the spike protein protruding from the envelope as illustrated in Figure 

2.2 (Won and Lee, 2020).   

 

Figure 2.2: The Structure of human coronavirus: the spike (S), envelope (E), membrane (M), 

and nucleocapsid (N) proteins. (Won and Lee, 2020) 

The coronaviruses are a broad family of viruses that includes the SARS-CoV-2 (Ortiz-Prado 

et al., 2020, Chen et al., 2023). Both people and some animals can contract these viruses. In 

2019, SARS-CoV-2 was first identified as a human pathogen (Singhal, 2020, Wu et al., 2020a). 

The virus is believed to be transmitted from person to person through droplets expelled during 

coughing, sneezing, or talking by an infected person (Wang et al., 2020b). A less prevalent 

method of transmission is through mouth, nose, or eyes through contact surfaces (Pitol and 

Julian, 2021). Since the SARS-CoV-2 virus has been spreading globally, variants have emerged 

and been identified in many countries around the world. Some of which are referred to as 

Variants of Concern (VOC) and others as Variants of Interest (VOI). SARS-CoV-2 contains 

just one mutation (D614G mutation); however, the alpha version has a total of 23 mutations. 

Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529) 

are the listed variants of concern (Sanyaolu et al., 2021). Figure 2.3 represents the different 
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variants of concern and flags of the countries from which they were first detected. The variant 

alpha had been reported in 178 countries, beta in 123 countries, gamma in 75 countries and 

delta in 111 countries (Pillay et al., 2021, Misra et al., 2023, Organization, 2021).  

 

Figure 2.3: Variants of concern and flags of the countries from which they were first detected 

(Choi and Smith, 2021). 

A study by Haramoto et al., (2020) detected the SARS-CoV-2 concentrations in wastewater to 

be 2.4 x 103 copies/L. The shedding rate of SARS-CoV-2 in feces is approximately 102 – 107 

(gc/ml) (Jones et al., 2020). The shedding duration of an infected person after the symptoms 

subside are to be between 14–28 days (Jones et al., 2020).  

Worldwide, numerous methods have been employed using WBE to detect SARS-CoV-2 RNA 

in wastewater  (Ahmed et al., 2020b, Hillary et al., 2020, Haramoto et al., 2020, Kumar et al., 

2020, Randazzo et al., 2020b, Wolfaardt et al., 2021, Amoah et al., 2021, Medema et al., 

2020b). Medema et al., (2020b), conducted the initial study on the occurrence of SARS-CoV-

2 in sewage in the Netherlands. Studies thereafter had found links between the rise in viral 

RNA and the number of COVID-19 cases that have been reported (Medema et al., 2020b, Chen 

et al., 2021, Yu et al., 2022). Some studies have found SARS-CoV-2 RNA in wastewater prior 
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to community reports of cases or have noted an increasing trend prior to the observation of an 

increase in cases in clinical data (D'Aoust et al., 2021a, Medema et al., 2020b, Omori et al., 

2021). Table 2.1 presents studies that reported the detection of SARS-CoV-2 RNA in 

wastewater and sewage sludge prior to clinical reports.  The main use of WBE for SARS-CoV-

2 monitoring up to this point has been to corroborate patterns found in clinical tests and 

epidemiological data. WBE have also been found useful as an early warning indicator on a 

smaller scale (e.g., university campuses and residential structures) (Betancourt et al., 2021, 

Colosi et al., 2021, Wong et al., 2021) as well as to detect unknown (asymptomatic) COVID-

19 cases  (Betancourt et al., 2021). Similar study was also conducted in South Africa targeting 

university residents. Although there were few verified instances of COVID-19 reported, the 

study nonetheless showed the scope of potential infections at specific sites (Mangwana et al., 

2022). Similarly, using WBE to find SARS-CoV-2 in an apartment building in China led to the 

testing of further residents and the discovery of previously unreported positive cases (Wong et 

al., 2021). Monitoring wastewater for new genetic variants have also been suggested for early 

detection and targeted mitigation strategies where genetic variants of concern are on the rise. 

There are numerous studies that have used sequencing methods for detecting VOCs. One such 

study by Ning et al., (2022), has developed a rapid SARS-CoV-2 variant detection method that 

can be adapted for specific detection of future SARS-CoV-2 variants. Another study by 

Alhamlan et al., (2023),  has used SARS-CoV-2 spike gene Sanger sequencing methodology 

to identify the SARS-CoV-2 VOCs. It has been shown that it is possible to discover genetic 

variations and that they correspond with trends and clinical data (Ai et al., 2021, Carcereny et 

al., 2021, Lin et al., 2021).  
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Table 2.1: Examples of Studies reporting the detection of SARS-CoV-2 RNA in wastewater 

and sewage sludge prior to clinical reports.  

Time of detection prior to 

clinical reporting 

Type of sample References 

3 Weeks  Raw wastewater 24-hour 

composite sample 

(Ahmed et al., 2021b) 

48 Hours  Primary sewage sludge  (D'Aoust et al., 2021a) 

10-16 days  Raw wastewater  

grab sampling  

(Randazzo et al., 2020b) 

6 days  Raw wastewater 24-hour 

composite sampling  

(Medema et al., 2020b) 

1-4 days  Primary sewage sludge  (Peccia et al., 2020) 

 

2.2.6 Detection methods of SARS-CoV-2  

Accurate and early identification of SARS-CoV-2 is crucial for lowering the risk of 

transmission by swiftly enabling isolation and contact tracking. The ability to quickly identify 

contaminated cases has the greatest impact on public health. Clinical symptoms and contact 

history with other potentially infected people are the main bases for clinical COVID-19 

detection. Since the clinical indications and symptoms of infection (pneumonia, dyspnea, 

fever, cough, and respiratory symptoms) are not always clear (Filipić et al., 2020) supporting 

diagnostic and serological tests are essential for the diagnosis of COVID-19. The type of test, 

the time it takes to get results, the testing precision, and the amount of testing resources required 

all have an impact on how effective diagnostic approaches are. In other words, the best strategy 

is to quickly identify suspect individuals in order to enable an effective response and prevent 

transmission. Different SARS-CoV-2 diagnostic assays have been developed using serological, 

molecular, and nanotechnology techniques. Several techniques are frequently used to identify 

viral nucleic acids, including high-throughput sequencing, reverse-transcription-polymerase 
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chain reaction (RT-PCR), RT-loop-mediated isothermal amplification (RT-LAMP) (Zhang et 

al., 2020b, Khalilov et al., 2020, Amoah et al., 2021), and quantitative real-time PCR (qPCR). 

Molecular approaches used for detection of SARS-CoV-2 infection are Reverse Transcription-

Polymerase Chain Reaction (RT-PCR), Isothermal Nucleic Acid Amplification, Nucleic Acid 

Hybridization using Microarray, Amplicon-Based Metagenomic Sequencing. RT-PCR is the 

best test for coronavirus disease 2019 (COVID-19) laboratory diagnosis. It is also the most 

affordable, trustworthy, and regarded as the gold standard test (Carter et al., 2020). It 

effectively amplifies relatively small amounts of viral genetic material in a mixture of other 

nucleic acid sequences. Recent studies indicate that RT-PCR-based detection approach has also 

been used with serum, eye, and stool samples (Mizumoto et al., 2020, Gallo et al., 2020). 

Reverse transcription quantitative PCR (RT-qPCR) and reverse transcription digital droplet 

PCR (RT-dPCR) are the most popular methods for virus quantitation (Huge et al., 2022). In 

both cases, reverse transcriptase converts the RNA virus into a DNA strand that can be 

amplified by PCR. Amplification at a constant temperature is possible by adopting isothermal 

nucleic acid amplification. Information regarding the primers and probes reported for SARS-

CoV-2 RT-PCR assays is summarized in table 2.2. A new technique called Reverse 

Transcription Loop-Mediated Isothermal Amplification (RT-LAMP), which combines LAMP 

and reverse transcription to increase test sensitivity, has been developed to identify SARS-

CoV-2 quickly and inexpensively. RT-LAMP becomes a quick and accurate viral detection 

instrument when only heating and visual inspection procedures are required (Hong et al., 2004, 

Amoah et al., 2021). Digital PCR is based on the principles of limited dilution, end-point PCR, 

and Poisson statistics, with absolute quantification (Vogelstein and Kinzler, 1999, Marchini et 

al., 2023). The sample is randomly divided into various partitions made up of thousands of 

droplets, some of which have no templates and others of which include one or more templates. 

Once the partitions have been amplified to their end point, a droplet reader counts the positive 



21 

 

partitions, and the concentration can then be roughly estimated using a Poisson distribution 

model. Low amplification efficiency and possible amplification inhibitors in samples hence 

have less of an effect on quantification. Sample partitioning effectively concentrates template 

molecules within the micro reactions, increasing analytical sensitivity for rare species by 

removing rivalry between different targets for amplification reagents in the reaction mixture 

(Morón-López et al., 2023, Lucansky et al., 2023, Marchini et al., 2023). RT-qPCR measures 

the number of cycles in a polymerase chain reaction to generate a signal that exceeds a 

threshold, the Ct value. The Ct value is inversely exponentially related to the concentration of 

virus in the sample, dilute samples generate relatively large Ct values, and calibration is 

required to quantitate the virus concentration (Huge et al., 2022, Yaniv et al., 2021). 

The other isothermal amplification method is transcription-mediated amplification (TMA) 

which can amplify specific DNA and RNA portions (Carter et al., 2020). SARS-CoV-2 has 

been identified using CRISPR (Clustered regularly interspaced short palindromic repeats) 

technology. Techniques for CRISPR-based detection are made possible by the use of Cas 

nucleases (Cas12 and Cas13) (Gootenberg et al., 2017, Li et al., 2018). SARS-CoV nucleic 

acids have also been accurately and sensitively detected using microarray tests. The microarray 

assays start with the cDNA synthesis from viral RNA, which is then labelled with certain 

probes. Labelled cDNAs are placed onto microarray trays with solid-phased oligonucleotides 

attached. If the hybridization process takes place, it will be possible to see whether there is 

viral-specific nucleic acid (Chen et al., 2010).  

SARS-CoV-2 has been identified using amplicon-based metagenomic sequencing, which 

combines amplicon and metagenomic sequencing. Metagenomic sequencing was used to make 

the initial discovery of the related microbiota in infected individuals. Amplicon-based 
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sequencing assesses the potential for molecular epidemiology investigations, viral evolution 

research, and contact tracing (Eftekhari et al., 2021). 
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Table 2.2: Information regarding the primers and probes reported for SARS-CoV-2 real-time reverse-transcription PCR assays. 

Target genes Name Sequence (5' → 3') Reference sequence Nucleotide 

position 

Reference 

RdRp Forward primer: 

Reverse primer: 

CAAGTGGGGTAAGGCTAGACTTT 

ACTTAGGATAATCCCAACCCAT 

-- 14961-14983 

15283-15304 

(Chan et al., 

2020) 

RdRp /nCoV 

IP2 

Forward primer: 

Reverse primer: 

Probe 

ATGAGCTTAGTCCTGTTG 

CTCCCTTTGTTGTGTTGT 

Hex-AGATGTCTTGTGCTGCCGGTA-BHQ-1 

SARS-CoV, NC_004718 12621-12727 (Etievant et al., 

2020) 

RdRp/nCoV 

IP4 

Forward primer: 

Reverse primer: 

Probe 

GGTAACTGGTATGATTTCG 

CTGGTCAAGGTTAATATAGG 

FAM-TCATACAAACCACGCCAGG-BHQ-1 

SARS-CoV, NC_004718 14010-14116 (Etievant et al., 

2020) 

RdRp gene Forward primer; 

Probe 2; 

Probe 1; 

Reverse primer 

GTGARATGGTCATGTGTGGCGG 

FAM-CAGGTGGAACCTCATCAGGAGATGC-BBQ 

FAM-CCAGGTGGWACRTCATCMGGTGATGC-BBQ 

CARATGTTAAASACACTATTAGCATA 

(W=A/T; R=A/G; M=A/C; S=G/C) 

MN908947 15431-15452 

15470-15494 

15469-15494 

15505-15530 

(Corman et al., 

2020) 

ORF1a Forward primer: 

Reverse primer: 

Probe 

AGAAGATTGGTTAGATGATGATAGT 

TTCCATCTCTAATTGAGGTTGAACC 

FAM-TCCTCACTGCCGTCTTGTTGACCA-BHQ1 

Alignment of sequenced 

virus genomes 

-- (Lu et al., 2020) 

ORF 1ab Forward primer: 

Reverse primer: 

Probe 

TGATGATACTCTCTGACGATGCTGT 

CTCAGTCCAACATTTTGCTTCAGA 

ROX-ATGCATCTCAAGGTCTAGTG-MGB 

MN908947 15704-15728 

15823-15846 

15749-15768 

(Wu et al., 2020b) 
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Target genes Name Sequence (5' → 3') Reference sequence Nucleotide 

position 

Reference 

ORF 1ab Forward primer: 

Reverse primer: 

Probe 

CCCTGTGGGTTTTACACTTAA 

ACGATTGTGCATCAGCTGA 

FAM-CCGTCTGCGGTATGTGGAAAGGTTATGG-

BHQ 

MN908947 13342-13362 

13442-13460 

13377-13404 

(Primers, 2020) 

ORF1b-nsp14 Forward primer: 

Reverse primer: 

Probe 

TGGGGYTTTACRGGTAACCT 

AACRCGCTTAACAAAGCACTC 

FAM/ZEN-TAGTTGTGATGCWATCATGACTAG-

IBFQ 

(W=A/T; Y=C/T; R=A/G) 

MN908947 18778-18797 

18889-18909 

18849-18872 

(Chu et al., 2020) 

N gene Forward primer: 

Reverse primer: 

Probe 

GGGGAACTTCTCCTGCTAGAAT 

CAGACATTTTGCTCTCAAGCTG 

FAM-TTGCTGCTGCTTGACAGATT-TAMRA 

MN908947 28881-28902 

28958-28979 

28934-28953 

(Primers, 2020) 

N gene Forward primer, 

Reverse primer, 

Probe 

TAATCAGACAAGGAACTGATTA 

CGAAGGTGTGACTTCCATG 

FAM/ZEN-GCAAATTGTGCAATTTGCGG-IBFQ 

MN908947 29145-29166 

29236-29254 

29179-29198 

(Chu et al., 2020) 

N1 gene Forward primer: 

Reverse primer: 

Probe 

GAC CCC AAA ATCAGCGAA AT 

TCTGGTTACTGCCAGTTGAATCTG 

FAM-ACCCCGCATTACGTTTGGTGGACC-BHQ1 

MN908947 28287-28306 

28335-28358 

28309-28332 

(Coronavirus, 

2019) 

N2 gene Forward primer: 

Reverse primer: 

Probe 

TTACAA ACATTGGCCGCA AA 

GCGCGACATTCCGAAGAA 

FAM-ACA ATTTGCCCCCAGCGTTAG-BHQ1 

MN908947 29164-29183 

29213-29230 

29188-29210 

(Coronavirus, 

2019) 

N3 gene Forward primer: 

Reverse primer: 

Probe 

GGGAGCCTTGAA TAC ACC AAA A 

TGTAGCACG ATTGCAGCATTG 

FAM-AYCACATTGGCACCCGCA ATCCTG-BHQ1 

MN908947 28681-28702 

28732-28752 

28704-28727 

(Coronavirus, 

2019) 

NIID_2019-

nCOV_N_F2 

Forward primer: 

Reverse primer: 

Probe 

AAATTTTGGGGACCAGGAAC 

TGGCAGCTGTGTAGGTCAAC 

FAM-ATGTCGCGCATTGGCATGGA-BHQ1 

MN908947 29125-29144 

29263-29282 

29222-29241 

(Shirato et al., 

2020) 
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Target genes Name Sequence (5' → 3') Reference sequence Nucleotide 

position 

Reference 

N gene Forward primer: 

Reverse primer: 

Probe 

CGTTTGGTGGACCCTCAGAT 

CCCCACTGCGTTCTCCATT 

FAM-CAACTGGCAGTAACCA-BQH1 

MN908947 28320-28339 

28358-28376 

28341-28356 

(Corman et al., 

2020) 

E gene Forward primer: 

Reverse primer: 

Probe 

ACAGGTACGTTAATAGTTAATAGCGT 

ATATTGCAGCAGTACGCACACA 

FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQ 

MN908947 26269-26294 

26360-26381 

26332-26357 

(Corman et al., 

2020) 

Spike Forward primer: 

Reverse primer: 

CCTACTAAATTAAATGATCTCTGCTTTACT 

CAAGCTATAACGCAGCCTGTA 

MN938384 

MN975262 

22712-22741 

22849-22869 

(Chan et al., 

2020) 

RNase P gene 

(RP) 

Forward primer: 

Reverse primer: 

Probe 

AGATTTGGACCTGCGAGCG 

GAGCGGCTGTCTCCACAAGT 

FAM -TTCTGACCTGAAGGCTCTGCGCG-BHQ-1 

CDC internal 

control 

-- (Coronavirus, 

2019) 

GAPDH Forward primer: 

Reverse primer: 

Probe 

TCAAGAAGGTGGTGAAGCAGG 

CAGCGTCAAAGGTGGAGGAGT 

VIC-CCTCAAGGGCATCCTGGGCTACACT-BHQ1 

internal 

control 

-- (Lu et al., 2020) 
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2.3 Challenges associated with WBE  

2.3.1 Complexity of wastewater matrix 

The complexity of the wastewater matrix is one of the foremost challenges for its successful 

application for disease monitoring. The wastewater matrix contains high concentrations of 

nutrients, heavy metals, and micropollutants, as well as dissolved and particulate matter (with 

a chemical oxygen demand of 250–1000 mg/L), microorganisms (up to 109 number/mL), and 

solids (total solids 350–1200 mg/L) (Warwick et al., 2013). Uncertainty in comparing research 

is increased by varying methods for testing and normalizing data (Mao et al., 2020). These 

constraints restrict how effectively WBE data may be used to inform policy. Wastewater 

complexity involved high concentrations of inhibitors, which could affect the survival of RNA 

(Corpuz et al., 2020). The catchment area's size and consequent vulnerability to diurnal 

fluctuations in flow and/or virus detection rates need to be carefully taken into account 

(Cornman et al., 2018, Dong, 2015). In addition, the variety of disinfectants and detergents 

concurrently entering the sewage network may make it difficult to sample SARS-CoV-2 

wastewater (Aguiar-Oliveira et al., 2020). This also makes extraction of RNA difficult and 

higher rates of degradation (Aguiar-Oliveira et al., 2020). Which leads to high levels of 

uncertainty for many target indicators due to variability in excretion rates, patterns of use, 

fluctuation in the contributing population, unknown sources of disposal, environmental factors, 

or degradation of the signal in the sewer network (Corpuz et al., 2020). There are also many 

analytical challenges related to analysis of sewage, which is a complex matrix with many 

analytical interferences (Aguiar-Oliveira et al., 2020). Viruses are susceptible to inactivation 

once released into the environment and several factors including temperature, pH,  Ultraviolet  

(UV) light, inorganic matter and antagonistic microbial interaction can affect these viral 

particles (Auffret et al., 2019). Many research utilizing various types of water have also 

assessed the effect of temperature on the survival of viruses in water (Casanova et al., 2009, 
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Gundy et al., 2009, Nazir et al., 2010). Coronaviruses are less viable at high temperatures (over 

30 °C), although they can survive for more than 28 days at low temperatures (4 °C) (Kampf et 

al., 2020). According to Darnell et al., (2004), pasteurization may be quite successful at 

inactivating the virus. Darnell et al., (2004), found that SARS-CoV-1 rapidly inactivated at 

progressively higher temperatures. Similarly, pH has also shown an impact on the viability of 

viruses in wastewater. A pH range between 5 and 7.4 is a stable range for coronaviruses 

(Casanova et al., 2009). Over a testing period of 1 hour, a recent study has demonstrated that 

SARS-CoV-2 persists throughout a wide pH range (3–10) without any discernible loss, 

however it is still unclear how its stability changes over a longer period of time (Chin et al., 

2020). The presence of suspended solids in wastewater in addition affects the coronavirus 

survival by increasing the likelihood that the virus particles will attach to other particles present 

in the wastewater (Gundy et al., 2009). It has been reported that the presence and concentration 

of disinfection chemicals such as residual chlorine is another aspect that affect the viral stability 

in wastewater (García-Ávila et al., 2020). SARS-CoV-2 was found to be more effectively 

inactivated by free chlorine than by chlorine dioxide (Wang et al., 2005).  

2.3.1.1 Concentrations of the virus particles from wastewater 

The difficulties associated with WBE for disease surveillance, include virus recovery due to 

dilution and matrix effect. There are numerous techniques that have been developed for their 

efficient recovery. Several studies determined the recovery efficiency using a variety of 

enveloped ((Phi 6 phage, porcine epidemic diarrhea virus (PEDV), bovine coronavirus 

(BCoV), bovine respiratory syncytial virus (BRSV), and transmissible gastroenteritis virus 

(TGEV) and non-enveloped viruses (F-specific RNA phage, mengovirus (MgV)) as indicated 

in table 2.3. These techniques combine filtration, ultracentrifugation, and Polyethylene glycol 

(PEG) precipitation with a variety of pH values, chemicals, filter types, centrifuge speeds and 

purifying processes (Polo et al., 2020). 
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Table 2.3: Recovery Efficiency from wastewater using different methods. 

Types of 

wastewater 

Volume of 

wastewater 

concentrated (mL) 

Virus concentration 

methods used 

% recovery RT-PCR 

assay/target gene 

used 

Sequencing Reference 

Untreated 

wastewater 

500 (mostly 24-h 

time or flow 

composite) 

Direct flocculation 35.5 ± 13.0% using TGEV 

(whole process control) 

EliGene® 

COVID19 

BASIC A RT kit 

NU (Mlejnkova et al., 

2020) 

Untreated 

wastewater 

250 (24-h 

composite) 

Two-phase (PEG-dextran 

method) separation 

2.04 ± 0.70% using 

Alphacoronavirus HcoV-229E) 

ORF1ab 

E gene 

RdRP 

Direct 

sequence 

(La Rosa et al., 

2021) 

Influent 

Secondary 

treated 

200 (grab) 

5000 (grab) 

Electronegative membrane-

vortex (EMV) method 

Adsorption-extraction 

71.6 ± 25.2% using MS2 for 

EMV 

8.5 ± 3.7% using MS2 for the 

adsorption- extraction (RNA 

extraction and RT-qPCR) 

N_Sarbeco 

NIID_2019-

nCOV_N 

CDC N1 

CDC N2 

Direct 

sequence 

(Haramoto et al., 

2020) 

Influent 

Secondary 

Tertiary 

effluent 

200 (grab, 7-12 am) Al(OH)3 adsorption-

precipitation 

10 ± 3.5% using PEDV 

(influent) 

3.3 ± 1.6% using PEDV 

(effluent) 

10 ± 2.1% using MgV (influent) 

6.2 ± 1.0% (MgV effluent) 

CDC N1, N2, N3 

CDC N1, N2, N3 

CDC N1, N2, N3 

NU (Randazzo et al., 

2020b) 
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Types of 

wastewater 

Volume of 

wastewater 

concentrated (mL) 

Virus concentration 

methods used 

% recovery RT-PCR 

assay/target gene 

used 

Sequencing Reference 

Untreated 

wastewater 

200 (grab, 10 am – 

12 pm) 

Al(OH)3 adsorption-

precipitation 

2.56 - 18.8% using MgV CDC N1 

CDC N2 

NU (Randazzo et al., 

2020a) 

Untreated 

wastewater 

250 (24-h flow 

composite) 

Ultrafiltration 73 ± 50% using F-specific RNA 

phages for purification and 

concentration) 

30.4 ± 22.3% using F-specific 

RNA phages for RNA 

extraction and RT-qPCR) 

CDC N1 

CDC N2 

CDC N3 

E_Sarbeco 

NU (Medema et al., 

2020b) 

Untreated 

wastewater 

Secondary 

treated 

effluent 

Final effluent 

100-750 (grabs at 7 - 

11am and 24-h 

composite) 

Centrifugation and 

ultrafiltration 

Adsorption and elution 

with electronegative 

membrane 

54-56% using Phi 6 CDC N1 

CDC N2 

NU (Sherchan et al., 

2020) 

Sewage 125 (24-h flow 

composite) 

InnovaPrep 

Electronegative filtration 

5.5 ± 2.1% using BCoV) 

7.6 ± 3.0 using BRSV) 

4.8 ± 2.8% using BCoV) 

6.6 ± 3.8 using BRSV) 

CDC N1 

CDC N2 

CDC N3 

NU (Gonzalez et al., 

2020) 

NU: Not undertaken
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2.3.2 Sampling method 

The two most popular techniques for sampling wastewater are grab sampling and 24-hour 

composite automatic sampling (Augusto et al., 2022). Grab sampling is practical and simple, 

and it may be carried out along the outflow tracks of most catchments since no additional 

equipment installation is necessary (Wilson et al., 2022). Grab sampling, however, may miss 

viral shedding discharges to sewers and provide less representative surveillance since the 

contents of wastewater fluctuate greatly depending on the time of day and related human 

activities. To overcome this limitation, automatic samplers are installed to collect 24-hour 

composite samples. It is not always possible to use the automatic sampling method for small 

catchments, even though composite samples capture variations in wastewater over time. This 

is due to numerous factors, including the high cost of equipment and maintenance, the need for 

skilled personnel to install and power the sampler, a lack of available space for installation, 

difficulty in accessing the sampling site, difficulties in areas with sub-zero temperatures, and 

low wastewater flow. While autosamplers can be used to collect composite samples over a 

representative time, such as 24 hours, the cost of the refrigeration units required to stop viral 

deterioration makes them impractical (Wilson et al., 2022). Alternative sampling techniques 

may therefore be advantageous for small catchments. The benefits of grab and automated 

sampling are combined in passive sampling techniques, which frequently take the shape of a 

modified ‘Moore swab’ (Sikorski and Levine, 2020). An abiotic device known as a passive 

sampler may include absorbent materials or membranes. It is positioned in a certain sewage 

catchment where it will capture viruses for a predetermined amount of time. Using passive 

samplers has numerous advantages. They can be utilized in any accessible sewage line because 

they are simple to deploy, gather from tiny catchments, and are powerless. Additionally, as 

passive samplers gather viruses throughout their whole stay, shedding events are unlikely to go 

unnoticed. In terms of detecting SARS-CoV-2 in wastewater from manholes in small towns, 
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Rafiee et al., (2021) discovered that Moore swab passive sampling outperformed grab sampling 

and performed comparably to automatic composite sampling. Moore swabs and grab samples 

were examined by  Liu et al., (2020)  from a hospital's sewage line, and they discovered that 

passive sampling was more sensitive than grab sampling for the identification of SARS-CoV-

2. To check for COVID-19 cases at a university residence hall, Corchis-Scott et al., (2021)  

utilized a tampon as a Moore swab. In order to stop the disease from spreading inside 

the apartment COVID-19 testing was initiated and contact tracing was used to prevent the 

spread of disease in the residence. Although Moore swab-style passive samplers for COVID-

19 surveillance have yielded promising results, these passive samples are prone to disruption 

of the contact required between the swab and wastewater caused by particles in the wastewater 

(Schang et al., 2021). Moore swabs may also be damaged or lost if they come into contact with 

solids flowing in the sewer pipe (Hayes et al., 2021). There is limited information about passive 

sampler’s effectiveness in detecting SARS-CoV-2 in wastewater, despite research 

demonstrating their potential for viral detection in wastewater. Therefore, there are no uniform 

method that currently can be considered as the most efficient and need to be optimized 

according to the needs and resource availability. 

2.3.3 The shedding rate of the virus particles by the infected individuals 

The viral particle shed from the infected person via the urine or feces, ends up in the sewage 

system (Graham et al., 2020). Knowing shedding rates per individual is important to track the 

spread of the virus in the population.  Many factors, such as viremia, the duration, severity, and 

stage of the illness, as well as age, may affect the shedding rate at which viruses are shed in the 

feces (Chen and Li, 2020). Viral loads in human feces or urine samples may be used to estimate 

levels in wastewater during an outbreak event in the absence of data on viral loads in 

wastewater (Sherchan et al., 2020). There is a lack of information on whether the shedding rate 

could vary between the individuals and during the period of infection period.  For example, a 
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person with diarrhoeal symptoms could excrete more virus particles than the one with no 

diarrhoeal symptoms. Similarly shedding rate between different aged groups could also vary. 

The shedding rate could vary from variant to variant. However, it is still  unclear how long the 

virus will persist in symptomatic and asymptomatic patients and how often it will shed, though 

it is anticipated that these numbers will be significantly lower in wastewater (Wang et al., 

2020a, Xiao et al., 2020, Tang et al., 2020, Wu et al., 2020c). By examining the presence of 

SARS-CoV-2 viral RNA in patient samples, Zhou et al., (2020) calculated the average length 

of viral shedding. Although determining potential infectivity is a labour-intensive process, the 

mere presence of nucleic acid does not indicate whether a virus will shed or become infected.  

2.4 Normalization of WBE data  

The incorporation of population normalization to the WBE data provides the additional 

opportunity to determine patterns, trends, and possible comparisons across catchments with 

different population sizes. This ultimately helps identify infection hotspots identification 

(Medema et al., 2020b). In WBE approach, normalizing analyte influent concentrations to per 

capita mass loads or consumption using the daily flow rate and catchment population provides 

population scale information on human activity within catchment boundaries (Choi et al., 

2018). This information can facilitate the assessment of the consumption, use, exposure, and 

release of chemicals among different populations. Sources of target signal variability in 

wastewater include inconsistencies in sample collection and laboratory processing (Ahmed et 

al., 2020d, Ahmed et al., 2020c, Feng et al., 2021), nucleic acid degradation based on travel 

time and conditions in the sewer (Hart and Halden, 2020), and signal dilution due to rainfall 

and diurnal flow changes (Zahedi et al., 2021).  

Researchers have addressed some of these sources of variability through normalization using 

biomarkers or by increasing sampling frequency (D'Aoust et al., 2021b, Feng et al., 2021, 

Graham et al., 2020, Nemudryi et al., 2020, LaTurner et al., 2021). Across WBE studies, 
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researchers have normalized wastewater concentrations to flow rate and population to calculate 

a per capita load (Zuccato et al., 2008, Zuccato et al., 2005a, Choi et al., 2018, Chen et al., 

2014) or to a chemical parameter e.g. caffeine (Been et al., 2014, Choi et al., 2018). More 

recently biological markers have emerged as promising candidates to normalize SARS-CoV-2 

RNA signal or fecal content.  

Biomarkers can be classified based on their function as markers of exposure (compounds that 

give information about substances consumed or ingested) and markers of effect (indicators of 

measurable changes or alterations in an organism that can be associated with health problems 

or wellbeing) and based on biological nature (e.g., metabolites, hormones), or of the disease 

they can indicate (e.g., cardiovascular biomarkers, obesity biomarkers) (Pischon, 2009). 

Genetic biomarkers are crucial for determining disease incidence. A suited genetic marker must 

be stable, specific for a particular disease, consistent between distinct genders and ethnic 

groups, human-specific and excreted in urine or feces constantly, and not absorbable to 

particulate matter,  such as, DNA/RNA, or antibiotic resistance genes (Mousazadeh et al., 

2021).  

The fate of biomarkers in the sewer can also be predicted by using mathematical models to 

simulate physicochemical and microbial processes (McCall et al., 2016, Bisceglia and Lippa, 

2014, Ramin et al., 2016). It is important to note that biomarker transformation pathways in 

the sewer might be different from human metabolic pathways (Mousazadeh et al., 2021). For 

the biomarker to be detected, it must be discharged through urine or feces (Daughton, 2012).  

Quantification of biomarkers would provide context to measure viral concentrations and ensure 

that differences in viral loads will not attribute to changes in population (Lorenzo and Picó, 

2019). Various options exist which may allow estimation of relative human fecal load in 

different samples (Choi et al., 2018). Most of these compare SARS-CoV-2 RNA 

concentrations with the concentration of a marker that is assumed to be generated at a set rate 
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per person. If the concentration of the marker decreases, the sample may be more dilute, e.g., 

due to rainwater ingress. Such markers may include biomarkers such as human mitochondrial 

DNA, human RNA, or crAssphage (a bacteriophage present in the human gut). A list of studies 

that utilized chemical and biological biomarkers for SARS-CoV-2 WBE normalization is 

presented in table 2.4. The calculation of the contributing population to wastewater samples, 

also known as population normalization, is a crucial step in the use of WBE (Daughton, 2012).  

Population size uncertainties would further complicate the monitoring of infectious diseases in 

wastewater, as the presence of commuters or tourists in a catchment area might make it difficult 

to track the real spread of an infection (Daughton, 2020a). Even though these dynamics might 

not significantly affect the levels of biomarkers in big populations, they could increase 

uncertainty in smaller groups (Chen et al., 2014, Ort et al., 2014). In addition, due to the 

putative impact of weather events such as floods and storms on wastewater flow variations and 

viral detection rates remains to be determined. These events are common in tropical areas such 

as South America and Africa (Pereira et al., 2013, Wolfaardt et al., 2021, Olds et al., 2018, 

Street et al., 2020). A viral outbreak may be present when the observed virus concentrations 

are noticeably higher than the estimated population (O'Brien and Xagoraraki, 2019, Sims and 

Kasprzyk-Hordern, 2020). 
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Table 2.4: Chemical and Biological markers that have shown potential for SARS-CoV-2 

normalization in WBE. 

Name of Marker Chemical/ 

Biological 

References 

PMMoV  Biological (Hsu et al., 2022, D'Aoust et al., 2021b) 

Caffeine   Chemical (Hsu et al., 2022) 

Paraxanthine (PARA)  Chemical (Hsu et al., 2022) 

crAssphage   Biological (Langeveld et al., 2023, Wilder et al., 

2021, Reynolds et al., 2022) 

HF 183  Biological (D'Aoust et al., 2021b, Reynolds et al., 

2022) 

Human Mitochondrial gene 

(NADH dehydrogenase 

subunit 5) 

Biological (Hutchison et al., 2022) 

5-HIAA: 5 

hydroxyindoleacetic acid  

Chemical (Hsu et al., 2022) 

Creatinine (Cre) Chemical (Hsu et al., 2022) 

Coprostanol  Chemical (Reynolds et al., 2022) 

Biological Oxygen Demand Chemical (Hutchison et al., 2022) 

Chemical Oxygen Demand Chemical (Hrudey et al., 2022) 

Electrical Conductivity  Chemical (Langeveld et al., 2023, Hrudey et al., 

2022) 

Ammonium  Chemical (Hrudey et al., 2022, Hutchison et al., 

2022) 

 

Creatinine, cholesterol, coprostanol, nicotine, cortisol, androstenedione, as well as the 

serotonin metabolite 5-hydroxyindoleacetic acid have all been suggested as population 

biomarkers (5-HIAA) (Polo et al., 2020). Nevertheless, all of these biomarkers need to be 

proficient in analytical chemistry. There is still uncertainty when applying these markers to 

various catchments because of varying consumption or disposal practices, stability, and 

sorption to particle matter (Rico et al., 2017). Due to its low affinity for other species in 
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wastewater, stability, continual excretion by humans, and capability for quantification utilizing 

the same platforms and pipelines as the viral nucleic acid of interest, human nucleic acid has a 

significant potential to serve as a population biomarker. Adenovirus, PMMoV, and crAssphage 

are all very promising viral indicators of human activity (Tandukar et al., 2020). In addition to 

normalizing for human feces, it's vital to collect data to account for other differences in 

wastewater caused by, for instance, changes in flow (due to heavy rain or a drought) and pH 

(which can affect the virus's stability). 

2.5 Potential Viral and Bacterial Biomarkers 

2.5.1 Pepper Mild Mottle Virus 

PMMoV was recently discovered as the most abundant RNA virus in human feces (Kitajima et 

al., 2018). PMMoV is rod shaped and not icosahedral like other human enteric viruses (Zhang 

et al., 2016, Moriones and Navas-Castillo, 2010, Dhakar and Geetanjali, 2022). It is a plant 

virus belonging to the genus Tobamovirus in the family Virgoviridae. When detected in human 

feces (Zhang et al., 2016, Dhakar and Geetanjali, 2022) it is through the consumption of 

peppers and their processed products such as hot sauces and spices (Gyawali et al., 2019). Due 

to this PMMoV has been increasingly attracting research attention as a potential viral indicator 

for human faecal pollution in water treatment systems (D'Aoust et al., 2021b, Burnet et al., 

2023, Li et al., 2022, Kitajima et al., 2018, Hamza et al., 2011). The advantage of the use of  

PMMoV as an indicator organism is that it can be more consistently observed in quantifiable 

and higher concentrations without substantial seasonal fluctuations in environmental 

occurrence (Moriones and Navas-Castillo, 2010, Dhakar and Geetanjali, 2022). The unique 

feature of PMMoV in terms of environmental stability supports its use as a biomarker for WBE 

data normalization (Kitajima et al., 2018). PMMoV has been detected in water samples, using 

the same methodologies for identifying enteric RNA viruses (Kitajima et al., 2018). This is due 

to the fact that PMMoV possesses an RNA genome as with many human enteric viruses, such 
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as the SARS-CoV-2. PMMoV is deemed non-pathogenic for humans, which is an advantage as 

an indicator (Kitajima et al., 2018).The major challenges associated with PMMoV is the 

morphology and inconsistent occurrence and behaviour with human viruses (Shirasaki et al., 

2017, Kitajima et al., 2018). Under specific conditions, this may result in variations in 

environmental behaviour, removal/reduction rates during treatment processes, as well as 

recovery efficiency for virus concentration methods (Kitajima et al., 2018). The exceptional 

environmental stability of PMMoV, according to Hamza et al., (2011) makes it potentially 

unsuitable for identifying fresh fecal pollution in water bodies, which is likely to be associated 

with pathogens (Hamza et al., 2011). 

2.5.2 crAssphage 

Bacteriophages have long been considered as surrogates for modeling viruses in environmental 

systems and studies (Heffron et al., 2019, Aranha-Creado and Brandwein, 1999). 

Bacteriophages are useful due to their similar size and morphology as pathogenic viruses, in 

addition to their high abundance in sewage (Dutilh et al., 2014b, Bibby et al., 2019). The 

genome sequence for crAssphage was assembled from an individual human gut metagenome 

and likely represents a crAssphage metapopulation (Dutilh et al., 2014b). CrAssphage was 

found more abundant than all other known human gut phages combined and was mostly 

associated with human gut metagenomes. CrAssphage has been successfully identified in both 

sewage and environmental waters (Edwards et al., 2019, Elyse and Kyle, 2014, Trefault et al., 

2019). This indicate that CrAssphage has the potential to be utilized as a highly sensitive and 

specific marker of human fecal pollution that could be used as a surrogate of viral-risk in 

environmental waters (Edwards et al., 2019, Bibby et al., 2019). It has a dsDNA (double 

stranded DNA), 97Kb genome (Dutilh et al., 2014b). In addition, the initial evidence of high 

abundance and high human-specificity that crAssphage exhibits have shown that it could 

improve upon shortcomings witnessed with general fecal indicator bacteria (FIB) and other 
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developed Microbial source tracking (MST) assays (Bibby et al., 2019) making crAssphage an 

ideal target for human-specific marker development and the normalization of WBE data. Being 

one of the most abundant phages of the human gut microbiome, there is a need to understand 

the use of crAssphage in wastewater and its contribution as a biomarker when correlating the 

concentration or abundance of crAssphage to other biomarkers that are present in wastewater 

(Stachler and Bibby, 2014, Elyse and Kyle, 2014). A recent study by Langeveld et al., (2023) 

used alternative normalization methods, where electrical conductivity and crAssphage have 

been studied and compared with the standard approach using flow measurements. Viral fecal 

indicators, including crAssphage and PMMoV, have been proposed as population biomarkers 

to normalize SARS-CoV-2 levels in wastewater and used in a study by  Reynolds et al., (2022).  

The study found that the crAssphage signal was found to be more stable than the PMMoV 

signal. Similar to this, levels of the SARS-CoV-2 virus that have used crAssphage-

normalization have been reported, and relationships between these normalized levels and the 

number of clinical cases in New York have been recorded (Green et al., 2020).  

2.5.3 Bacteroides HF183 marker 

The majority of human MST assays have been developed on bacterial targets, specifically the 

16S rRNA (ribosomal RNA) gene of Bacteroides species. Bacteroides is one of the 

predominant genera in the human gut microflora, making it a potential target for the 

development of human-specific markers (Bernhard and Field, 2000). The most common target 

for human MST assay development to date has been the 16S rRNA gene of Bacteroides 

species. Due to their consistently high performance, the HF183 assays are widely considered 

to be the top-performing technology in human MST methods. A DNA fragment from the 16S 

rRNA gene of Bacteroides is primarily associated with human fecal material. It was named 

after the forward primer HF183 (e.g., ‘human’ ‘forward’ ‘183’) of the originally published 

PCR (Polymerase chain reaction) assay. Bacteroides HF183 is the most commonly used 
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sewage-associated marker gene that belongs to the genus Bacteroides (an obligate anaerobe) 

(Seurinck et al., 2006, Unno et al., 2018). The best studied human Bacteroides marker, the 

HF183 marker, is found in Bacteroides dorei and its closely related taxa and is located in the 

V2 hypervariable region of the 16S rRNA gene. This marker was first reported by Bernhard 

and Field (Bernhard and Field, 2000) as a PCR assay. The fecal anaerobic microorganism, 

Bacteroides has been utilized as a target for human fecal source detection since the early 2000s. 

Bacteroides HF183,(Bernhard and Field, (2000)) has been widely used to identify sewage 

contamination in environmental waters around the globe (Ahmed et al., 2009, Seurinck et al., 

2006, Ahmed et al., 2012, Jenkins et al., 2009, Staley et al., 2012, Chase et al., 2012, 

Nshimyimana et al., 2014). The high abundance of the HF183 marker gene in untreated sewage 

makes it easy to detect in source waters contaminated with low levels of sewage (Chase et al., 

2012, Hughes et al., 2017). This marker has been widely used to identify human feces pollution 

in various environments but has shown little use as a population biomarker in SARS-CoV-2 

wastewater surveillance studies (D'Aoust et al., 2021b, Sala-Comorera et al., 2021).  
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CHAPTER THREE 

Detection and quantification of SARS-CoV-2 and biomarkers (crAssphage, 

PMMoV and Bacteroides HF 183) using PCR and droplet digital PCR in 

wastewater 

3.1 Introduction  

Wastewater-based epidemiology involves accurately detecting and quantifying pathogens in 

raw wastewater. However, the usability of WBE for disease surveillance is severely 

compromised by the unexplainable variability in WBE data caused by several factors, including 

the high dilution rate which decreases the virus load per volume (Ikner et al., 2012). The 

application of WBE therefore rely on efficient protocols for concentration, extraction and 

quantification of pathogens from raw wastewater. Nevertheless, these protocols vary 

depending on the type of pathogen being examined (Zhang et al., 2022). Grab sampling, 

composite sampling, and auto samplers are three common methods used for collecting 

wastewater samples (Larsen and Wigginton, 2020). A grab sample is taken at a specific time 

and location (Kmush et al., 2022), while a composite sample is taken over a period of time and 

then combined to form a representative sample (Kmush et al., 2022, Mendoza Grijalva et al., 

2022). This can be done either manually or using autosamplers (Vincent-Hubert et al., 2022, 

Habtewold et al., 2022).  However, the methods may be adjusted depending on the type of 

wastewater, which is chemically and biologically complex and variable (Schang et al., 2021). 

Similarly, there have been several concentration procedures explored to identify and measure 

SARS-CoV-2 RNA in wastewater (Peinado et al., 2022, Kumblathan et al., 2023, Medema et 

al., 2020b). This includes (a) aluminum hydroxide adsorption-precipitation (Randazzo et al., 

2020b, Yu et al., 2022),  (b) pretreatment with glycine buffer and PEG precipitation (La Rosa 

et al., 2021, Torii et al., 2022, Sapula et al., 2021) and (c) ultrafiltration (Kevill et al., 2022, 
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Medema et al., 2020b) which have been extensively studies for their efficiency in detecting 

SARS-CoV-2 virus in wastewater. 

The recovery efficiency of these methods though varied, have been reported to be satisfactory 

(Medema et al., 2020b, Randazzo et al., 2020b, Pillay et al., 2021).  Therefore, the choice of 

concentration methods can be influenced by a variety of factors, including the availability of 

equipment and cost. For the detection of pathogens in diluted environments such as wastewater, 

advanced detection methods such as quantitative real-time PCR (qRT-PCR), digital PCR 

(dPCR), and next-generation sequencing (NGS) have been investigated (Larsen and 

Wigginton, 2020). The most common method for the detection of SARS-CoV-2 in wastewater 

was qRT PCR (Farkas et al., 2021, Yu et al., 2022, Zhang et al., 2020a, Ahmed et al., 2020d, 

Ahmed et al., 2020b, Ciesielski et al., 2021), followed by digital PCR (Lou et al., 2022, 

Ciesielski et al., 2021, Amoah et al., 2021).  The choice of method however depends on factors 

such as the sensitivity and specificity required, the cost of the method, and the availability of 

equipment and expertise (Larsen and Wigginton, 2020). There has been an increase in studies 

and research involving the detection of SARS-CoV-2 RNA in wastewater since the initial study 

conducted by Medema et al. (2020b), however, methods for the concentration and subsequent 

quantification of SARS-CoV-2 viruses are not yet standardized. The variability in results may 

result from differences in methods, but it is unclear whether inter- and intra-laboratory 

variability will compromise the reliability of these methods for reliably assessing the degree of 

disease prevalence in a community and/or tracking temporal trends in SARS-CoV-2 

occurrence. For example, a group of researches explored the patterns of SARS-CoV-2 

quantification in wastewater influent solids (post-grit solids (PGS) and primary clarified sludge 

(PCS) from two municipal water resource recovery facilities (D'Aoust et al., 2021b). 
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Additionally, they conducted a comparison of RT-qPCR and RT-droplet digital PCR (RT-

ddPCR). PCS samples show signal inhibition using RT-ddPCR compared to RT-qPCR, with 

PGS samples showing similar quantifiable concentrations of RNA using both assays.   

However, another study by Ciesielski et al., (2021) have also demonstrated that ddPCR is  more 

accurate and sensitive than qPCR for detecting SARS-CoV-2 in WBE. Their study found 

that ddPCR displayed inhibitor resistance in a wastewater matrix and revealed great 

reproducibility between two processing groups. Additionally, in comparison to qPCR, which 

had a calculated LOD (Limit of detection) of 12.0 copies/L of template, ddPCR revealed 

superior analytical sensitivity with a lower LOD of 0.066 copies/L of template (Ciesielski et 

al., 2021). In this study, the ddPCR technique has been used as a detection and quantification 

method for SARS-CoV-2 and the biomarkers in wastewater. This chapter therefore presented 

the detection and quantification of SARS-CoV-2 and the biomarkers (crAssphage, PMMoV 

and Bacteroides HF183) using PCR and droplet digital PCR in wastewater.  
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3.2 Material and Methods 

3.2.1 Sample collection, concentration, and nucleic acid extraction 

3.2.1.1 Bacterial biomarker  

For biomarker detection, grab samples of approximately 2 litres of untreated wastewater (once 

off) were collected from a domestic WWTP in Durban, South Africa. The samples were 

transported to the laboratory in a cooler box. The wastewater samples of approximately 200 ml 

were homogenized upon arrival at the laboratory and then filtered through a 0.45 µm filter 

membrane (AXIVA membrane filters - cellulose nitrate). The membrane was then cut into 

small pieces and placed in a bead beating tube followed by bead beating at medium speed for 

3 minutes. Bacterial DNA was extracted using the Zymo Research (ZR), ZymoBIOMICS™ 

DNA Miniprep Kit (D4300) following the manufactures instructions. The eluted DNA was 

stored at -20 °C and used for further analysis. The quality and quantity of the extracted DNA 

was determined using the Implen Nanophotometer®. 

3.2.1.2 Virus Particles 

Wastewater sampling was done as described in (Section 3.2.1.1). A sample volume 200 mL 

were equally divided into 50 mL centrifuge tubes and was centrifuged at 3400 rpm for 10 

minutes at 4 °C. The supernatants from each tube were then pooled to a final volume of 60 mL. 

The method of ultrafiltration was used to concentrate the virus particles as previously described 

by Medema et al., (2020b). The concentrate was stored at 4 °C until further analysis.  

Viral DNA and RNA was extracted using the Zymo Research quick DNA/RNA viral kit™ 

(D7020/D7021) according to the manufacturer’s instructions. The eluted DNA was stored at -

20 °C and the eluted RNA was stored at -80 °C until further analysis. The quality and quantity 

of the extracted DNA and RNA was determined using the Implen Nanophotometer®. 
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3.2.1.3 cDNA Synthesis  

cDNA synthesis of the extracted viral RNA was performed using the Thermo Scientific™, 

Maxima H minus first strand cDNA synthesis kit following the manufacturer’s instructions. 

The cDNA samples were stored at -80 °C until further analysis.   

3.2.1.4 Determination of the recovery efficiency for SARS-CoV-2 

The recovery efficiency was conducted and calculated as previously described by (Pillay et al., 

2021).  Briefly, 400 mL of raw wastewater was spiked with 200 µL suspension of inactivated 

SARS-CoV-2 strain USA/WA1/2020 (Microbiologics, USA). Spiking was done in triplicate. 

The percentage of SARS-CoV-2 recovered was determined using Equation 3.1.   

Equation 3.1: 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 % =
𝐶𝑠𝑤 − 𝐶𝑢𝑤

𝐶𝑠𝑐
× 100 

The SARS-CoV-2 concentration in Milli-Q water or wastewater that has been spiked is 

represented by Csw, the concentration of SARS-CoV-2 in Milli-Q water or unspiked 

wastewater is represented by Cuw, and the concentration of SARS-CoV-2 in Milli-Q water or 

spiked wastewater is represented by Csc. Using the approach, the SARS-CoV-2 recovery from 

wastewater was recorded to be 62.90 (± 12.8) % effective. Due to the difficulty in obtaining 

positive controls for each of the biomarkers (crAssphage, PMMoV and Bacteroides HF 183) 

throughout this study, the recovery efficiency for the biomarkers could not be determined. 

3.2.1.5 Polymerase chain reaction (PCR) 

The extracted DNA/cDNA was used for screening of the various biomarkers for their detection 

using specific primers pairs listed in table 3.1. A working concentration of 50 ng 

(nanogram)/µL of the extracted DNA/ cDNA prepared using methods described in section 

3.2.1 was used for the PCR analysis. A non-template control (NTC) that contained sterile 
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distilled water was used as a negative control. The PCR mixture (in the order listed in Table 

S3.1), for all targeted biomarkers contained 12.5 µL of high-throughput PCR: Emerald Amp 

GT PCR Master Mix, 4 µL of primer mix containing 2 µL of each primer set (final 

concentration of 0.2 µM), 2 µL of DNA template/cDNA, and 6.5 µL of molecular grade water 

in a final volume of 25 µL in a reaction tube. PCR amplification was performed in Veriti™ 96-

Well Thermal Cycler. Thermal cycling conditions is captured in table 3.2. The PCR products 

were viewed on a 1% agarose gel (pre-stained with ethidium bromide). The PCR products were 

further verified using sequencing and analysis. 

Table 3.1: Primer Sequences and References for biomarker 

Primer 

Name 

Primer Sequence Expected Product 

Size  

Reference 

HF 183 ATC ATG AGT TCA CAT 

GTC CG 

525bp (Bernhard and Field, 2000) 

BAC 708R CAA TCG GAG TTC TTC 

GTG 

(Bernhard and Field, 2000) 

CPQ 056 F CAG AAG TAC AAA CTC 

CTA AAA AAC GTA GAG  

126bp (Stachler et al., 2017) 

CPQ 056 R GAT GAC CAA TAA ACA 

AGC CAT TAG  

(Stachler et al., 2017) 

PMMoV 

CP-F  

ATG GCT TAC ACA GTT 

TCC AGT  

474bp (Peng et al., 2015) 

PMMoV 

CP-R 

CTA AGG AGT TGT AGC 

CCA GGT G  

(Peng et al., 2015) 
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Table 3.2: Thermal Cycling conditions for each biomarker 

Target Organism PCR Cycling Conditions  

Results 

(Depicted 

Figure) 

 Initial 

Denaturation 

Denaturation Annealing Extension Final 

Extension 

Number of 

Cycles 

 

Bacteroides HF183 spp. 94 °C  

2 minutes 

94 °C  

1 minute 

63 °C 

1 minute 

72 °C  

1 minute 

72 °C  

7 minutes 

35 Figure 3.2 

crAssphage 

(CPQ056f/CPQ056r), 

95 °C  

3 minutes 

95 °C  

1 minute 

60 °C  

1 minute 

72 °C  

1 minute 

72 °C  

7 minutes 

35 Figure 3.3 

PMMoV (PMMoV CP-

f/PMMoV CP-r) 

95 °C  

2 minutes 

95 °C  

30 seconds 

60 °C  

30seconds 

72 °C  

30seconds 

72 °C  

7 minutes 

40 Figure 3.4 
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3.3 Sequencing and Analysis 

The PCR products were excised from the agarose gel and purified using the Zymoclean Gel 

DNA Recovery Kit (#D4001, Zymo Research, South Africa) and sent for sequencing to Inqaba 

Biotech, Pretoria, South Africa. The obtained sequences were edited using Finch TV software 

(version 1.4.0). The partial sequences that were 99-100% were selected. The sequences 

obtained were compared to the National Centre for Biotechnology Information (NCBI) 

GenBank database using the Basic Local Alignment Search Tool (BLAST) to determine the 

phylogenetic affiliations. The aligned sequences were exported into MEGA11 (version 2) 

where matrices of evolutionary distances were computed (Tamura et al., 2013). Phylogenetic 

trees were then constructed and checked by bootstrap analysis (based on 1000 replicates) 

(Tamura et al., 2011).  

3.4 ddPCR Optimization for the detection of biomarkers from wastewater 

A working concentration of 20 ng/µL of wastewater samples that showed positive 

identification of the biomarker’s during PCR was further analysed using ddPCR. Using the 

optimized conventional PCR thermal cycling conditions listed in table 3.2, the concentrations 

of wastewater samples for each biomarker was determined using ddPCR analysis. The ddPCR 

was performed in a 22 µL reaction volume (in the order listed in Table S3.2), containing 10 µL 

of 2X QX200 ddPCR EvaGreen Supermix (Bio-Rad), 1 µL (20 ng/µL) of template DNA or 

cDNA, 1 µL each of the forward primers (FP) and reverse primers (RP), each at a final 

concentration of 0.2 µM and 9 µL of RNase/DNase free water. 

Droplets were generated using an automated droplet generator [QX200TM AutoDG ddPCR 

system (Bio-Rad, USA)]. The plate containing the droplets (40 µL) was carefully removed 

from the automated droplet generator. The plate was then heat-sealed and loaded into a C1000 

TouchTM Thermal Cycler (Bio-Rad, USA) for amplification. The thermal cycling conditions, 
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as listed above table 3.2 were further optimized for each biomarker (crAssphage, PMMoV, and 

Bacteroides HF183). The optimized thermal cycling conditions for ddPCR is captured in 

section 3.4.1. After thermal cycling, the plates were loaded into a QX200TM Droplet Reader 

(Bio-Rad, USA). The ddPCR analysis was conducted in triplicate and NTC were used. The 

QuantaSoft™ Analysis Pro software (version 1.0.596) (Bio-Rad, USA) was used for the 

analysis of the data. Thresholds were set manually for each sample using criteria defined for 

each assay. The quality of all droplets was analysed and rare outliers (e.g., doublets, triplets) 

were gated based on detector peak width. Analysis of the ddPCR data was performed with 

Quanta Soft analysis software (Bio-Rad) that accompanied the QX200 Droplet Reader. Figure 

3.1 describes an overview on the workflow of the wastewater analysis using ddPCR for 

detection and quantification of the biomarkers.  

 

Figure 3.1: An overview on the workflow of wastewater analysis using ddPCR for detection of 

and quantification of viral and bacterial biomarkers. 
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3.4.1 ddPCR Optimization for biomarkers and SARS-CoV-2 

HF183 Bacteroides: Optimized thermocycling condition included an initial denaturation step 

at 94 °C for 2 minutes and followed by 40 cycles of 94 °C for 1 minute. The annealing 

temperature of at 57 °C for 2 minutes, 72 °C for 1 minute (ramp rate 1 °C/s), final incubation 

step was performed at 72 °C for 10 minutes and stabilization of the droplets at 4 °C for 30 

minutes and held at 4°C before reading the plate. 

crAssphage: The PCR procedure for crAssphage began with an initial denaturation step at 95 

°C for 10 minutes, followed by 35 cycles of denaturation at 95 °C for 1 minute. The annealing 

temperature of at 57 °C for 2 minutes, 72 °C for 1 minute (ramp rate 1 °C/s), final incubation 

step was performed at 72 °C for 10 minutes and stabilization of the droplets at 4 °C for 30 

minutes and held at 4°C before reading the plate.  

PMMoV: For PMMoV, the PCR started with an initial denaturation step at 95 °C for 10 

minutes, followed by 35 cycles of denaturation at 94 °C for 3 minutes. The annealing 

temperature was set at 57 °C for 30 seconds, 72 °C for 1 minute (ramp rate 1 °C/s), final 

incubation step was performed at 72 °C for 10 minutes and stabilization of the droplets at 4 °C 

for 30 minutes and held at 4°C before reading the plate.  

SARS-CoV-2: The N2 region of the viral (SARS-CoV-2) genome was targeted using a primer 

and probes from the one-step RT-ddPCR advanced kit from Bio-Rad (USA). The 22 µL 

reaction mixture in which the ddPCR was performed contained: 4.49 µL nuclease-free water, 

5 µL supermix, 1 µL dithiothreitol, 1.98 µL forward and reverse primers (10µM), 0.55 µL 

probe (10µM), 2 µL reverse transcriptase and 5 µL RNA template. According to (Giri et al., 

2021) and (Barra et al., 2020) the forward primer sequence was 5' 

TTACAAACATTGGCCGCAPA3', the reverse primer sequence was 5' 

GCGCGACATTCCGAAGAA-3', and the probe was 5'- ACAATTTGC(ZEN) 
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other PMMoV spp. on the NCBI website. The results from the PCR and sequencing indicates 

the positive identification for each of the biomarkers in wastewater.  
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Figure 3.5 A: Phylogenetic tree of the bacterial Bacteroides HF183 

sequences recovered from the WWTP was used to construct a neighbor-

joining tree from the resulting alignment with MEGA 11 (Tamura et al., 

2011). 

 

Figure 3.5 B: Phylogenetic tree of crAssphage sequences recovered 

from the WWTP was used to construct a neighbor-joining tree from 

the resulting alignment with MEGA 11 (Tamura et al., 2011). 
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Figure 3.5 C: Phylogenetic tree of the viral PMMoV sequences recovered from the WWTP was used to construct a neighbor-joining tree from 

the resulting alignment with MEGA 11 (Tamura et al., 2011). 
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3.5.2 Optimization of ddPCR assays 

The ddPCR method was used for the absolute quantification of the selected biomarkers in 

wastewater samples using ddPCR thermal cycling conditions listed in section 3.4.1. Thresholds 

were set manually for each sample using criteria defined for each assay. Figure 3.7 A-D 

represents the biomarkers detected using ddPCR. The ddPCR assay was applied for monitoring 

of the biomarkers and the SARS-CoV-2 concentrations in untreated wastewater samples during 

the study period. Figure 3.6 represents the copies/µL of each biomarker detected. Figure 3.7 

(A-D) represents the manual threshold set for the biomarkers and the separation of positive and 

negative droplets. The concentration of biomarkers detected from the sample varied from 

biomarker to biomarker. The concentration of crAssphage in sample 1 (Figure 3.6) was 1185 

(±91.92) copies/µL, the concentration of PMMoV is shown to be the lowest 57.6 (±15.34) 

copies/µL and Bacteroides HF 183 was 935.5 (±70.03) copies/µL. The concentration of sample 

2 crAssphage (Figure 3.6) was 1280 (±98.99) copies/µL, the concentration of PMMoV is shown 

to be the lowest 30.4 (±10.49) copies/µL and Bacteroides HF 183 was 866 (±89.09) copies/µL. 
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3.6 Discussion 

Although the WBE approach is straightforward and offers a desirable advantage for public 

health monitoring, there are still some challenges to consider. The most popular technique 

identifying the presence of viral DNA is the PCR based techniques, but wastewater contains a 

variety of PCR inhibitors, such as fat, protein, and other compounds that could interfere with 

subsequent PCR testing (Suo et al., 2020). Concentrating wastewater samples can improve 

detection of the biomarkers and SARS-CoV-2 RNA. Concentration may be more important for 

untreated wastewater samples than primary sludge samples. Concentrating the sample prior to 

viral detection from wastewater samples is important because it increases the concentration of 

the virus in the sample (Hjelmsø et al., 2017). This makes it easier to detect the virus using 

molecular methods such as RT-PCR and ddPCR. A study conducted by (Hjelmsø et al., 2017) 

showed that both the concentration of nucleic acids and the nature of the methods used for the 

extraction significantly influence the results of viral metagenomic analyses, particularly those 

of viral community composition, viral specificity, and viral pathogen detection.  

Using ddPCR, the results showed that crAssphage biomarker had a greater dominance than the 

other two, crAssphage was detected wastewater samples using PCR. The concentration of 

crAssphage for sample 1 and 2 were noted to be 1185 (±91.92) copies/µL, and 1280 (±98.99) 

copies/µL respectively. The prevalence of crAssphage in wastewater was previously reported 

by various other authors (Sabar et al., 2022, Wilder et al., 2021, Tandukar et al., 2020, Nam et 

al., 2022). Given the high concentration of 4.26 to 8.25 log gene copies (GC)/ng in human 

feces, another study found that crAssphage is adequately prevalent in human feces (Nam et al., 

2022). 

Pepper Mild Mottle Virus was detected using PCR in the wastewater sample; however, a lower 

concentration was observed via ddPCR. The PMMoV concentration observed was 57.6 

(±15.34) copies/µL and 30.4 (±10.49) copies/µL for sample 1 and sample 2 respectively.  
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Similarly,  (Bonanno Ferraro et al., 2021), was the first to describe the presence and 

measurement of PMMoV in various Italian water habitats using the primer pairs (PMMoV CP-

F/PMMoV CP-R). PMMoV was detected wastewater samples, however in significantly lower 

concentration compared to the other two markers. The fact that PMMoV is linked to a certain 

food intake (mainly peppers and their processed goods) may have contributed to the diet 

variance (Kitajima et al., 2018).  Another study found that PMMoV concentrations in domestic 

wastewater are consistently detected at 106 to 1010 gene copies per litre (Symonds et al., 2019).  

Bacteroides HF 183 was detected the wastewater samples using PCR. Using ddPCR a higher 

dominance of this biomarker compared to PMMoV was observed. The concentrations of 

Bacteroides HF 183 for sample 1 and sample 2, were recorded as 935.5 (±70.03) copies/µL, 

and 866 (±89.09) copies/µL respectively. Bacteroides HF 183 used in a previous study which 

assessed the specificity and sensitivity evaluation of novel and existing Bacteroidales and 

Bifidobacteria specific PCR assays on feces and sewage samples and their application for fecal 

source tracking in Ireland. The study reported that the assay was 100% specific for Bacteroides 

(Dorai-Raj et al., 2009). There are numerous studies that have utilized each of the 

aforementioned biomarkers individually or as a combination for normalization (Langeveld et 

al., 2023, Hsu et al., 2022, Vadde et al., 2022, Duvallet et al., 2022). However, there has been 

no study that has evaluated these biomarkers to determine which is the most suitable biomarker 

for normalization based on their concentration and frequency of detection. As a result, it is 

imperative to monitor the variability of different biomarkers across different regions, as their 

concentrations may vary from region to region based on human behaviour and dietary habits. 
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3.7 Conclusion 

The focus of this chapter was to detect and quantify the biomarkers using PCR and droplet 

digital PCR in wastewater. The PCR analysis indicates the presence of the biomarkers in the 

wastewater samples. Using partial sequencing and analysis, the PCR products were further 

confirmed. The sequences were chosen based on their similarity to the sequenced PCR products 

for each of the biomarkers, which had a similarity percentage between 99 to 100%. The ddPCR 

was used to quantify these biomarkers, whereby crAssphage was observed to be the most 

dominant biomarker detected from the wastewater samples, followed by Bacteroides HF183 

and lastly PMMoV.  Thus, methods in this chapter were optimized to enhance the accuracy of 

the results which may be impacted by technical issues related to the WBE analysis.  
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CHAPTER FOUR  

Assessment of biomarkers for normalization of SARS-CoV-2 

concentrations in wastewater 

4.1 Introduction  

The incorporation of population normalization to the WBE data provides the additional 

opportunity for determination of patterns, trends, and possible comparison across catchments 

with different population sizes, ultimately helping in infection hotspot identification (Medema 

et al., 2020a, Medema et al., 2020b). It is advised to normalize SARS-CoV-2 concentrations 

in wastewater before calculating trends in order to account for variations in relative human 

waste input over time such as changes in population due to tourism, weekday commuters, and 

temporary workers, and variations in wastewater dilution (Covid and Team, 2021). 

Molecular methods can be used to recover biomarkers from wastewater, and concentration 

measurements can subsequently be used to provide community-level health statistics and 

estimate the size of the shedding population (Xagoraraki and O’Brien, 2020). Biomarkers are 

intriguing since they can be quite specific for infectious diseases and, can be used for WBE 

(Daughton, 2012). Biomarkers include organisms or chemical compounds specific to human 

faeces that can be measured in wastewater to estimate the size of the population (Ballesté et 

al., 2019, D'Aoust et al., 2021b, Kitajima et al., 2014, Medema et al., 2020a). It is better to 

evaluate specific markers for normalization from different regions globally. For example, the 

biomarker could be linked to the diet of the population and can vary from region to region. 

Therefore, it is important to study their efficiency from different geographical regions. These 

biomarkers include but are not limited to viral or bacterial molecular targets PMMoV, a viral 

pathogen in Capsicum sp. commonly found in the human diet and persists in the feces (Jarret 

et al., 2008, Zhang et al., 2006, Hamza et al., 2011), HF183 Bacteroides are widely used to 
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identify sewage pollution in environmental waters and is a reliable marker for detecting human 

fecal pollution (Ahmed et al., 2008). A bacteriophage called crAssphage infects the commensal 

bacteria in the human stomach and is discharged in feces (Dutilh et al., 2014a, Stachler and 

Bibby, 2014, Honap et al., 2020). The goal of this study was to investigate the possible 

normalization biomarker for SARS-CoV-2 wastewater surveillance while considering the 

influence of wastewater's physicochemical properties. This has been overlooked during the 

study of biomarkers for SARS-CoV-2 monitoring thus far. To find the best universal biomarker 

that can be utilized for normalizing SARS-CoV-2. Wastewater surveillance monitoring can be 

challenging, and thus, it is crucial to include the specific wastewater physicochemical 

properties in biomarker assessment. 

4.2 Methodology  

4.2.1 Study Site and Sampling 

Two WWTPs within eThekwini municipality were selected for this study, WWTP A (Figure 

4.1) and WWTP B (Figure 4.2). WWTP A treats an average of 80 ML (million litres) per day 

(ML/d) and WWTP B 14 ML/d of wastewater respectively. WWTP A serves approximately 

61 communities within the Durban Central region with types of wastewaters being domestic 

and industrial. WWTP B serves only on community and is mostly domestic wastewater. Grab 

sample of 2 litres untreated wastewater were collected from the respective plants, between 

08:30 – 11:00 am on a weekly basis. The sampling was conducted for a period of three months 

(July – October 2022). Samples were stored during transit to the laboratory in a cooler box. 

Upon arrival to the laboratory, samples were analysed immediately (within 2 hours of 

sampling) for the physicochemical properties using a portable water-quality multiparameter 

instrument (YSI digital sampling system, YSI 556 MPS). Prior to analysis, samples were 

homogenized, and all analysis performed in triplicate. 
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spectrophotometer (Jenway 7315) at 600 nm (Nanometres) and the results were recorded in 

mg/L.  

4.2.2.2 Total Solids (TS) and Volatile Solids (VS)  

The total solids and volatile solids were measured according to the standard methods (Apha, 

2012).  For the total solid measurement, 25 mL of untreated wastewater was added to a clean, 

pre-weighed ceramic crucible. The crucibles were heated at 105 °C overnight after which there 

were cooled in a desiccator containing silica gel. The crucibles were then weighed using a 

Mettler-Toledo ME204 analytical balance (Mettler-Toledo International Inc., USA) to 

gravimetrically determine the dry biomass. To determine the Volatile solids, the crucibles were 

subsequently incinerated at 550 °C for 1 hour. The crucibles were then cooled in a desiccator 

containing silica gel and thereafter weighed. The TS (Equation 4.1) and VS (Equation 4.2) 

were calculated using the equations below: 

Equation 4.1: 

𝐓𝐨𝐭𝐚𝐥 𝐒𝐨𝐥𝐢𝐝 (𝐦𝐠/𝐋) =
(Crucible +  biomass)  −  mass (Crucible)

Sample Volume (mL)
 × 1000  

Equation 4.2: 

𝐕𝐨𝐥𝐚𝐭𝐢𝐥𝐞 𝐒𝐨𝐥𝐢𝐝 (𝐦𝐠/𝐋) = 

(Crucible +  biomass)  −  mass (Crucible after incineration @ 550 °C)

Sample Volume (mL)
 × 1000 

4.2.3 Droplet Digital PCR (ddPCR)  

Using the droplet digital PCR (ddPCR) (Biorad - C1000 Touch Thermal cycler) platform the 

amplification of the targets was performed using the optimized conditions (From section 3.4.1) 

with primer pairs listed in Table 3.1. Samples were prepared and concentrated and extracted 

using methods described in section 3.2.1, for bacterial DNA and viral DNA/RNA. For the viral 
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RNA samples, cDNA synthesis was conducted as described in section 3.2.1.3 prior to the 

ddPCR analysis. Thereafter, ddPCR was conducted for the detection and quantification of the 

selected biomarkers and SARS-CoV-2 concentrations using the extracted DNA and prepared 

cDNA. Using the ddPCR platform the amplification of the targets the results after thermal 

cycling were read in the QX200 Droplet Reader, using the QuantaSoft 1.7 software (Biorad, 

USA). Droplet counts and amplitudes were exported to and analysed with the QuantaSoft™ 

analysis Pro software (Bio-Rad) and the appropriate assay information was entered into the 

analysis software package provided (QuantaSoft, Bio-Rad). All droplet qualities were 

examined, and based on detector peak width, rare outliers were gated (e.g., doublets, triplets). 

4.3 Statistical Analysis  

4.3.1 ANFIS model illustration of the association between the biomarker and the 

wastewater characteristic 

The Adaptive Neuro-Fuzzy Inference System (ANFIS) model was used to model the 

relationship or association between the wastewater parameters and the biomarker 

concentrations that are present in wastewater. ANFIS uses the Takagi-Sugeno (TS) fuzzy 

technique as its foundation. Fuzzy logic (FL) is implemented by the ANFIS within the confines 

of an artificial neural network (Abunama et al., 2021). The most important inputs that correlate 

to a desired output are identified during the creation of ANFIS models (Shah et al., 2021). The 

ideal criteria for selecting the ANFIS model structure with the fewest modelling mistakes, 

including the best kinds, numbers, and rules for related membership functions (MFs) 

(Abunama et al., 2018). Amoah et al., (2022), employed the ANFIS model to determine how 

certain physicochemical factors affected the level of SARS-CoV-2 that was found in untreated, 

raw wastewater. In the current study, the targeted biomarker concentrations, which were 

established via ddPCR, are related to the wastewater characteristics, which are employed as 

input variables. 
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4.3.2 Evaluation of biomarkers for normalization of WBE data 

To find the most stable biomarker in the wastewater from the two WWTPs and to ascertain any 

statistical relationships, the concentrations of the three biomarkers over the course of three 

months were compared. Furthermore, the relationship between each of these three markers and 

the concentration of SARS-CoV-2 was determined via the Spearman rank correlation analysis. 

The most suited biomarker for normalizing WBE data in connection to COVID-19 monitoring 

was determined using the correlation coefficients and the outputs from the ANFIS modeling as 

described above. The following equation (Equation 4.3) was used to calculate the Spearman 

rank correlation: 

Equation 4.3: (Gauthier, 2001) 

𝑝 = 1 −
6 ∑ 𝑑

2

𝑖

𝑛(𝑛2−1)
   

 

 
= 

 

Spearman's rank correlation coefficient 

𝑑𝑖  = difference between the two ranks of each observation 

 

 
= 

 

number of observations 

 

4.4 Results  

4.4.1 Trend Analysis of the biomarker concentrations and the SARS-CoV-2 

concentrations over a 12-week period from the two WWTPs 

The concentration of biomarkers differed greatly between the two WWTPs (Figures 4.3 and 

4.4). The highest copies/µL of the biomarker crAssphage were observed in WWTP A followed 

by WWTP B at 7943 (±7.07) and 8006 (±4.24) respectively. The highest SARS-CoV-2 

concentration was also observed from WWTP A, with an average of 9.57 (±0.65) copies/µL. 

𝑝 

𝑛 
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SARS-CoV-2 concentrations in WWTP A remained stable from the 2nd week of sampling to 

the 5th week with a concentration ranging from approximately 1,18 (±0.10) copies/µL to 1,51 

(±0.11) copies/µL, recording an increase in concentrations (2,48 ±0.28 copies/µL) during the 

6th week. Interestingly, fluctuating concentrations in the biomarkers were observed during this 

same period, with an increase in both crAssphage and PMMoV concentrations during week 3, 

reducing to 5200,01 (±70.71) and 3,47 (±1.76) copies/µL respectively during week 5 and 

increasing together with the SARS-CoV-2 concentrations during week 6 (Figure 4.3). A 

significant increase in SARS-CoV-2 concentrations occurred from week 10 onwards, which 

also coincided with a rise in crAssphage and Bacteroides HF183 concentrations.   

At the WWTP B, HF183 Bacteroides and crAssphage concentrations exhibited a similar trend. 

For instance, an increase in the concentration of these two biomarkers was observed in week 2 

(see Figure 4.4). A drop in concentration of these biomarkers was recorded in week 3 and an 

increase in week 4. This fluctuation in concentrations was observed mainly for these 

biomarkers. However, it is worth noting that despite a relatively low and stable concentration 

of SARS-CoV-2 over the course of the study, a slight increase in concentration was observed 

during week 4 being 1,49 (±0.01) copies/µL, corresponding to the increase in Bacteroides 

HF183 and crAssphage. Furthermore, during the 11th week of sampling, an increase in SARS-

CoV-2 was observed to be 2,95 (±0.20) copies/µL, which corresponded with an increase in 

crAssphage concentration to 6708 (±16.97) copies/µL. The highest concentration for PMMoV 

(84,1 (±5.48) copies/µL) was at week 1 during the trend analysis (Figure 4.4). Week 5 recorded 

the 2nd highest rise in PMMoV concentration 19,9 (±1.34) copies/µL, and week 8 PMMoV 

concentration 17,4 (±1.27) copies/µL from WWTP B. 
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4.4.2 Comparative analysis of the biomarker (crAssphage, Bacteroides HF183 and the 

PMMoV) concentration and the SARS-CoV-2 concentration varying associations 

 CrAssphage exhibited the highest positive correlation with SARS-CoV-2, with correlation co-

efficient of 0.49 and 0.07 for WWTP A and B respectively, indicating a moderate association, 

as shown in Table 4.1.  PMMoV concentrations exhibited a consistently negative correlation 

with SARS-CoV-2 concentrations. For instance, in WWTP A, a co-efficient of -0.56 was 

recorded and -0.21 in WWTP B (Table 4.1). Comparison of the various biomarkers among 

themselves also showed a variation in association. crAssphage and SARS-CoV-2 compared to 

the other two biomarkers (Bacteroides HF183 and PMMoV) exhibited a positive correlation 

for both WWTPs. Bacteroides HF183 and PMMoV showed a poor or negative correlation when 

compared to SARS-CoV-2 for both treatment plants.  

Table 4.1: Correlation co-efficient of measured biomarker concentrations to the SARS-CoV-2 

concentrations in untreated wastewater samples from two WWTPs. 

Correlation co-efficient between the 

biomarkers and SARS-CoV-2 

Correlation Coefficient 

WWTP A 

Correlation Coefficient 

WWTP B 

crAssphage and SARS-CoV-2  0.499 0.07 

HF 183 and SARS-CoV-2 -0.191 0.01 

PMMoV and SARS-CoV-2 -0.562 -0.215 

crAssphage and PMMoV 0.013 0.005 

crAssphage and HF 183  0.352 0.066 

PMMoV and crAssphage  0.02 0.005 

PMMoV and HF 183  0.135 -0.44 
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4.4.3 Physicochemical quality of wastewater samples 

Physicochemical characteristics of the untreated wastewater at the different WWTPs varied 

considerably over the study period. The pH for WWTP A ranged from pH 6.9 – 7.5 and WWTP 

B from pH 6.5-7.5 (Supplementary Table S4.1 and S4.2). For both WWTP’s the COD 

concentrations recorded were the highest at week 1 ranging from between 500mg/L -530mg/L. 

COD concentrations observed thereafter for WWTP A ranged from (120mg/L – 283mg/L) 

during the study period. For WWTP B, COD ranged from 175mg/L – 285mg/L (Supplementary 

Table S4.1 and S4.2). The electrical conductivity observed during the study period was higher 

for WWTP A. WWTP B, had relatively lower readings during the study period ranging 

between 620 - 740µS/cm. Only week 9 observed a lower electrical conductivity of 492µS/cm. 

For WWTP A, electrical conductivity ranged from 1000µS/cm – 2000µS/cm (Supplementary 

Table S4.1). Thus, WWTP A recorded the highest electrical conductivity values from between 

the two plants. This also indicates that the higher the electrical conductivity value the greater 

the presence of total dissolved solid (TDS) in the sample (Elsaidy et al., 2022). This is further 

supported by WWTP A recording a higher TDS ranging from 0.5mg/L – 1.300mg/L 

(Supplementary Table S4.1), whereas WWTP B, TDS recording ranged from 0.3mg/L- 

0.480mg/L (Supplementary Table S4.2). A fluctuation in the DO concentrations were noted 

for both WWTPs. Weeks 1-3 recorded higher DO concentrations for both WWTPs.  

4.4.4 Association of physicochemical quality of wastewater with biomarker and 

SARS-CoV-2 concentrations 

A pH value above pH 7, were observed to be associated with high SARS-CoV-2 

concentrations, for instance, a pH of 7.12 (±0.03), was associated with the highest SARS-CoV-

2 concentration of 9.57 (±0.49) copies/µL at the WWTP A (Supplementary table S4.1). Similar 

results were obtained at the WWTP B, where a pH of 7.17 (±0.02), was associated with a high 

SARS-CoV-2 concentration of 3,57 (±0.65) copies/µL (Supplementary table S4.2). A high 
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COD value were also associated with a lower SARS-CoV-2 concentration at the WWTP B 

(Supplementary Table S4.2). However, in contrast, at the WWTP A, high COD of 507,14 

(±0.70) mg/L was associated with a high SARS-CoV-2 concentration of 7,32 (±0.26) 

copies/µL (Supplementary Table S4.1).  This shows site specific association of COD with 

SARS-CoV-2 concentrations, WWTP A with types of wastewaters being domestic and 

industrial as compared to WWTP B type of wastewater being solely domestic. WWTP A 

recorded the highest COD reading which may have resulted from a higher industrial 

composition. However, it is worth noting that a the WWTP A, the respective biomarkers and 

the SARS-CoV-2 concentrations showed a positive correlation to the COD content of the 

wastewater (Supplementary table: Table S4.3). Biomarker (crAssphage) also showed a positive 

correlation with pH (Supplementary table: Table S4.3). CrAssphage biomarker showed a 

correlation to majority of the physicochemical parameters analysed for both WWTPs, however 

a negative correlation was shown for crAssphage and DO% for WWTP A. PMMoV showed a 

correlation to only COD and DO% for WWTP A, and for WWTP B, a correlation for pH and 

COD. Thus, a positive correlation for PMMoV to COD was noted for both WWTPs 

(Supplementary table: Table 4.3). HF 183 Bacteroides, resulted in a positive correlation to pH 

and COD for WWTP A (Supplementary table: Table S4.3). 

4.4.5 ANFIS Model prediction of the impact of the selected physicochemical parameters 

and on biomarkers and SARS-CoV-2 concentrations  

The ANFIS model outputs shown the impact of physicochemical characteristics on the 

detection of the various biomarkers and SARS-CoV-2 between the WWTPs. For example, 

crAssphage exhibited a higher concentration for both WWTPs at a COD concentration, 

between 200-300 mg/L. As shown in Figure 4.5A and 4.5B, high crAssphage concentrations 

were also determined to be associated with high VS content (0.3mg/L -0.45mg/L). An increase 

in COD concentration does not coincide with their increase in their concentration.  Similarly, 
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Bacteroides HF183 were observed to be high with COD values between 200-400mg/L, and VS 

values between 0.5-1 mg/L for WWTP A. Similar trend was observed at the WWTP B in 

respect to the COD associated with Bacteroides HF183. However, at the WWTP B an 

association with DO was also determined for HF 183 (Figure 4.6A and Figure 4.6B). A similar 

trend was also observed for PMMoV association with COD and DO, where high PMMoV 

concentrations were associated with high COD concentrations, such as >500 mg/L (Figure 

4.7A and Figure 4.7B). However, DO concentrations varied between the WWTPs, but 

irrespective of the WWTP, high DO was predicted to result in high PMMoV concentrations 

(Figure 4.7A and 4.7B).   

Figure 4.8A and Figure 4.8B, indicates the detection of SARS-CoV-2 concentrations for both 

WWTPs which were associated with electrical conductivity and temperature. A temperature of 

19.8 °C at an electrical conductivity of 1154 (±1.41) µS/cm for central WWTP yielded a SARS-

CoV-2 concentration (copies/µL) of 9.57 (±0.49) at a pH 7.12. For WWTP B, a concentration 

of SARS-CoV-2 3,57 (±0.65) copies/µL was detected at a temperature of 24.2 °C and an 

electrical conductivity of 646 (±2.12) µS/cm at a pH 7,17.  
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A B 

  

Figure 4.5: Modeled impact of COD and VS on the detection of the crAssphage in wastewater 

from WWTP A and WWTP B. 

 

 

A B 

  

Figure 4.6: Modeled impact of DO rate and COD on the detection of the Bacteroides HF183 

in wastewater from WWTP A and WWTP B. 
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A B 

 

  
Figure 4.7:  Modeled impact of DO rate and COD on the detection of the PMMoV in wastewater 

from WWTP A and WWTP B. 

 

 

A B 

 

  
Figure 4.8. Modeled impact of electrical conductivity and Temperature on the detection of 

SARS-CoV-2 in wastewater from WWTP A and WWTP B. 

 

4.5. Discussion  

The concentration of SARS-CoV-2 RNA in wastewater can be affected by mixing household 

wastewater with water from other sources, such as stormwater incursion, and/or industrial 

wastewater (Langeveld et al., 2023). Due to the diverse contributions of industrial effluent and 

rainfall, for example, dilution rates may vary over time and between catchment areas 
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(Langeveld et al., 2023).  To account for this unpredictable dilution, sewage surveillance and 

WBE, routinely normalize observed values, expanding on techniques and protocols created 

over the past decade primarily for drug use monitoring (Castiglioni et al., 2014). In this study, 

three biomarkers were evaluated together with SARS-CoV-2 to find the suitable marker for 

wastewater surveillance in the selected WWTPs.  CrAssphage had the highest abundance or 

detected copies/µL amongst the three selected biomarkers used in this study. CrAssphage is 

exclusively found in human feces, and is reported world-wide (Edwards et al., 2019). Domestic 

wastewater is known to have high levels of crAssphage, and loads are said to not vary 

significantly with the seasons (Ballesté et al., 2019), making them a potentially helpful 

indicator for the wastewater's human feces component. For WWTP A, the biomarker 

concentration of crAssphage was relatively stable during the study period, with a major 

decrease in its concentration at week 3. WWTP B, recorded fluctuations in crAssphage 

concentrations from weeks 1-5 and then again from week 10-12 for the study period. The 

difference in crAssphage between the two WWTPs during this study could be attributed from 

the capacity of WWTPs, the composition of the wastewater was different one purely domestic 

and other (WWTP A) was domestic and industrial, dilution factors and the difference in the 

population sizes. The influent composition, catchment size and consequent vulnerability to 

diurnal fluctuations in flow and/or virus detection rates need to be carefully taken into account 

(Cornman et al., 2018, Dong, 2015). PMMoV was the least detected biomarker during the trend 

analysis. This however could result from the lower intake of pepper and pepper processed foods 

eg: spices and hot sauces. Healthy human populations excrete a substantial amount of this virus 

(Kitajima et al., 2018). Findings from the literature show that PMMoV is present in a variety 

of water sources all over the world with minimum seasonal variation (Bivins et al., 2020). 

However, during this study, there was an inconsistency in the biomarker PMMoV observed for 
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both WWTPs. A higher variation in concentrations were shown for WWTP A. A relatively 

lower concentration range (0.2 – 4.0 copies/µL) was observed for WWTP B. 

The ANFIS model used in this study indicated a positive correlation between the biomarkers, 

SARS-CoV-2 and the measured physicochemical parameters of the wastewater. Electrical 

conductivity was more correlated with SARS-CoV-2 concentrations. Electrical conductivity is 

a recognized way to account for dilution in wastewater (Launay et al., 2016). Electrical 

conductivity is easy to precisely measure and does not change as it travels through the 

wastewater system. Therefore, an increase in electrical conductivity is usually associated with 

increasing loads (de Sousa et al., 2014). The association between electrical conductivity and 

the SARS-CoV-2 concentrations therefore shows the potential of using electrical conductivity 

to determine dilution. A study recently conducted by Langeveld et al., (2023), Normalization 

of SARS-CoV-2 concentrations in wastewater shows the potential use of electrical 

conductivity when considering dilutions (Langeveld et al., 2023). The study concluded that an 

alternative for normalization in absence of flow data, crAssphage and electrical conductivity 

are suitable. The COD values showed relative stability during this study period except for week 

one, which peaked the highest COD recording values for both WWTPs. This could be due to 

higher human or industrial waste runoff from the increase in rainfall experienced over the study 

period. The COD in both WWTPs may have originated from different sources as the influent 

wastewater composition was different, being domestic and industrial. The difference in the 

physicochemical properties of the wastewater has shown to have an impact on the detection 

and quantification of the biomarkers and the SARS-CoV-2 RNA in different WWTPs. With 

the aid of the ANFIS model, weekly monitoring revealed significant relationships between the 

biomarker and SARS-CoV-2 concentrations, thus proving the importance of use of the 

physicochemical parameters for COVID-19 wastewater surveillance.   



76 

 

However, virus recovery and concentration methods that were previously developed for non-

enveloped viruses, such as enteric viruses, can also affect the results of infectivity assays and 

overestimate the infectivity rates of these viruses present in wastewater (Corpuz et al., 2020). 

Temperature, pH, matrix composition, or the presence of other microbes can all affect how 

long viruses can survive (Bosch et al., 2006). Based on the results obtained from the two 

WWTPs, WWTP A yielded a higher biomarker and SARS-CoV-2 concentration as compared 

to WWTP B. This could imply that the population that the WWTP served have a potential 

influence on the concentrations of the biomarkers. The volume of a wastewater treatment plant 

can potentially influence biomarker concentrations. WWTP B is located near a rural suburb. 

Thus, making sampling in these areas can be more complex and challenging due to the lack of 

sewage collection systems. During the study period, an increase in rainfall was recorded which 

caused major damages to infrastructure and even resulted in malfunctioning of the WWTPs to 

date, thus leading to increase in dilutions (by incursions) being a contributor to detection and 

quantification of these target microbial communities within the WWTP. Additionally, the 

pandemic has increased water use due to greater hygiene concerns, which further dilutes virus 

concentrations in wastewater. Whereby it’s worth noting that WWTP B, was greatly affected 

by heavy rainfall and infrastructure damages compared to WWTP A. The results for COD and 

EC for WWTP B, were recorded to be lower than that of WWTP A, thus, potentially resulting 

from the impact of heavy rainfall experienced causing dilution (due to stormwater incursion or 

other related issues). The dilution trend observed for the treatment plants showed a better 

correlation between the SARS-CoV-2 and crAssphage for both treatment plants, however the 

WWTP B correlation indicated a much poorer positive correlation as compared to the larger 

population served (WWTP A). Bacteroides HF183 correlation to the SARS-CoV-2 

concentrations indicated a negative correlation for WWTP A and a poor positive correlation 

for WWTP B. CrAssphage and Bacteroides HF183 correlation between the biomarkers showed 
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a positive higher correlation as compared to the PMMoV biomarker. Thus, the results observed 

indicates that based on trend analysis the biomarker best suited with the highest positive 

correlation, crAssphage and SARS-CoV-2. It is noteworthy that with a pH value of ~7.0 – 7.3 

(the highest) SARS-CoV-2 concentrations were observed from both WWTPs. The detected 

crAssphage concentration in wastewater was relatively comparable between the WWTPs and 

over time.  This shows that, the population shedding is fairly stable in the population sizes. 

Given the wide variation in crAssphage concentration in the study's wastewater samples, it 

stands to reason that crAssphage would be less effective as a normalizer in smaller populations 

when in comparison to literature. Langeveld et al., (2021), reported that crAssphage is better 

reported for a larger population as compared to a small population. The biomarker correlation 

co-efficient yields low or negative correlation in smaller populated areas thus making the 

biomarker less suited as a method of normalization for smaller population sizes. When 

CrAssphage is used in a larger population a more reliable correlation co-efficient is observed. 

It is worth noting that the correlation if crAssphage to electrical conductivity showed a positive 

correlation for both WWTPs. Based on the correlation coefficient data obtained crAssphage 

indicates to be a better biomarker when compared to SARS-CoV-2 concentration for use as a 

normalization biomarker for wastewater surveillance, However, more research to study the 

infection trend using crAssphage as a normalization biomarker is required. The 

physicochemical data in addition showed positive correlation of crAssphage to electrical 

conductivity for both WWTPs during the study period. A recent study concluded that an 

alternative for normalization in absence of flow data, (crAssphage and electrical conductivity) 

are suitable (Langeveld et al., 2023), this further supports the current study highlighting the 

potential use of crAssphage as a normalization marker for SARS-CoV-2 concentrations. The 

physiochemical parameter, COD and crAssphage concentrations need to determine in the 

untreated wastewater as these have been shown to influence the SARS-CoV-2 concentrations. 
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4.6 Conclusion  

For SARS-CoV-2 wastewater surveillance, crAssphage showed to be the most suitable 

biomarker. Additionally, the results point to the possibility of modifying WBE to normalize 

SARS-CoV-2 concentrations in larger populations. The ANFIS modeling technique, concluded 

that evaluation of wastewater characteristic is necessary for WBE COVID-19 surveillance 

purpose. The physicochemical properties, the biomarkers together with SARS-CoV-2 

concentrations showed correlation for epidemiological data produced from wastewater, based 

on simple correlation analysis i.e., Spearman's Rank correlation co-efficient. During the trend 

analysis, crAssphage was shown to be the most abundant and stable biomarker in untreated 

wastewater. Furthermore, the weekly monitoring results showed a strong link between the 

crAssphage and SARS-CoV-2 suggesting the wastewater surveillance of COVID-19 is highly 

beneficial. Given that SARS-CoV-2 concentrations have been shown to be influenced by 

crAssphage and COD concentrations, this study was able to show the importance of 

determining these concentrations in untreated wastewater to have an impact on WBE for 

COVID-19 surveillance. These results further support the use of WBE as a new surveillance 

tool for tracking SARS-CoV-2 concentrations in communities.
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CHAPTER FIVE 

5. Conclusion, Limitations and Recommendations 

5.1 General conclusion 

This study has shown the potential of using both viral and bacterial assays for the normalization 

of SARS-CoV-2 WBE data from wastewater. The first objective was achieved via conventional 

PCR detection and sequencing analysis of the various biomarkers (crAssphage, PMMoV, and 

Bacteroides HF183) present in untreated wastewater. The detection of these biomarkers in the 

untreated wastewater from both WWTPs presents that these organisms are common in the 

catchment. The findings also show the potential for the adaptation of WBE for the 

normalization of SARS-CoV-2 concentrations in the served communities (larger populations). 

A highlight to the study was the potential application of the ANFIS modeling technique which 

determined the impact of the physicochemical parameters on the biomarker and the SARS-

CoV-2 concentrations in WWTPs. The model indicated that since the physicochemical features 

show a correlation to the concentrations of the biomarker and the SARS-CoV-2 in wastewater, 

there is a need for assessing the wastewater characteristic for WBE COVID-19 surveillance 

purposes. Based on simple correlation analysis, Spearman’s Rank correlation co-efficient, the 

findings provide additional evidence that crAssphage can be employed as a normalization 

marker for epidemiological data derived from wastewater. With its detection from WWTP 

being relatively consistent. Furthermore, the strong correlations observed between the 

crAssphage and SARS-CoV-2 from weekly monitoring indicates that the wastewater 

surveillance of COVID-19 is very valuable. Furthermore, these findings support the potential 

of WBE in providing an additional surveillance tool for monitoring SARS-CoV-2 

concentrations in communities. Noting that SARS-CoV-2 concentrations have been shown to 

be influenced by crAssphage and COD concentrations, this study was able to show the 
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importance of determining these concentrations in untreated wastewater to have an impact on 

WBE for COVID-19 surveillance.  

5.2 Study Limitations    

• Limited Parameters: Environmental and operational parameters such as flow rates of the 

WWTP, population knowledge, and loading rates at the WWTP were inaccessible. It is known 

that these parameters could contribute to the respective SARS-CoV-2 and biomarker 

concentrations. Therefore, this limitation has been highlighted and should be addressed in 

future studies. 

• Physicochemical Parameters: Physicochemical Parameters such as Nutrient Content 

(Phosphorous and Ammonia) should also be considered as these parameters contribute to the 

wastewater characteristics which could potentially have an association to the biomarker and 

SARS-CoV-2 concentrations. Therefore, it is important to draw attention to this constraint and 

take it into account for future research. 

• Technical Limitation: Due to the lack of positive controls for the biomarkers, sequencing and 

analysis was conducted. (Unable to source positive controls).  

• Virus Recovery Efficiency: The virus recovery efficiency during this study was overlooked for 

the selected biomarkers. During the study period we were unable to obtain positive controls for 

the biomarkers which the study co-currently ran during the COVID-pandemic. Thus, further 

research in this area will enhance the accuracy for WBE data during surveillance. 

5.3 Recommendations   

• During this study, crAssphage proved to be a promising candidate for normalization of SARS-

CoV-2 concentrations when using wastewater samples. It is therefore recommended to quantify 

the biomarker crAssphage together with considering the physicochemical parameters such as 

COD, DO, pH, and VS. The detection and quantification of targets of concern, such as SARS-
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CoV-2, can be improved by merging these metrics, resulting in more effective monitoring of 

COVID-19 infections by WBE.  

• The advancement of WBE can benefit from the study's findings. Additionally, during the trend 

analysis, crAssphage was found to be the most frequent and stable biomarker in untreated 

wastewater. It is recommended that additional research using crAssphage as a biomarker for 

normalization should be conducted to supplement these findings. 

• To strengthen and support the acceptability of using crAssphage as the best normalization 

biomarker for SARS-CoV-2 wastewater surveillance, there is a need to monitor more WWTPs 

for the chosen biomarkers that are part of this study from various sites in South Africa. 

• The concentrations of the biomarker and SARS-CoV-2 were shown to be influenced by the 

physicochemical characteristics of the wastewater, proving that these characteristics can alter 

the usefulness of WBE during surveillance. For studies to enhance the accuracy for WBE data, 

a seasonal period study should be well captured.  
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Supplementary Table  

Table S3.1: Indicates the PCR Reaction Components 

A TAKARA PCR master mix was used.  

PCR Components Reaction Volume (µl) 

Master mix  12.5 

Distilled Water  6.5 

Forward Primer (2µM) 2 

Reverse Primer (2µM) 2 

DNA or cDNA 2 

 

 

Table S3.2: Indicates the ddPCR Reaction Components 

QX200™ ddPCR™ EvaGreen Supermix was used.  

PCR Components Reaction Volume (µl) 

Master mix  10.0 

Forward Primer (2µM)  1 

Reverse Primer (2µM) 1 

Nuclease free water 9 

DNA or cDNA 1 
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Supplementary Data   

Table S4.1: Mean concentrations (±standard deviation) of the measured physicochemical characteristics, biomarker concentrations and 

SARS-CoV-2 concentrations in wastewater at the Central WWTP over a 12-week period.  

 

Week 
pH (@25 

°C) 

Temp 

°C 
COD 

(mg/L) 
TS (mg/L) 

EC 

(µS/cm) 

DO% 

(mg/L) 

TDS 

(mg/L) 

 

TS 

(mg/L) 

 

 

VS 

(mg/L) 

 

crAssphage 

copies/µl 

PMMoV 

copies/µl 

HF183 

Bacteroides 

copies/µl 

SARS-

CoV-2 

copies/µl 

Week 

1 

6,95(±0.04) 
21,37 

507,14(±0.70) 0,74(±0.02) 1021(±2.12) 17,9(±1.06) 0,663(±0.00) 0,74 0,264 7536,2 (±5.65) 46(±4.24) 8290(±56.56) 7,32(±0.26) 

Week 

2 

6,95(±0.03) 
22,22 

142,86(±1.96) 0,978(±0.02) 1026(±0.07) 17(±0.35) 0,565(±0.00) 0,978 0,438 4577(±21.21) 38,1(±2.68) 2790(±134.35) 1,51(±0.11) 

Week 

3 

6,95(±0.05) 
22,22 

157,14(±3.53) 0,99(±0.04) 1026(±0.07) 17(±0.35) 0,565(±0.00) 0,99 0,438 3899,6(±13.22) 5,6(±0.84) 4156(±60.10) 1,41(±0.26) 

Week 

4 

6,82(±0.02) 
18,5 

217,86(±2.12) 1,056(±0.00) 1120(±1.41) 11,6(±1.83) 0,728(±0.01) 1,056 0,432 5752(±293.44) 9,47(±0.74) 5511(±31.81) 1,32(±0.15) 

Week 

5 

7,4(±0.15) 
21,96 

282,14(±0.70) 1,04(±0.06) 1313(±0.07) 6,4(±0.84) 0,854(±0.00) 1,04 0,414 5200,01(±70.71) 3,47(±1.76) 10116(±120.91) 1,18(±0.10) 

Week 

6 

7,51(±0.03) 
21,85 

253,72(±0.70) 0,956(±0.00) 1313(±0.00) 0,8(±0.07) 0,854(±0.02) 0,956 0,378 7279,6(±98.99) 20,2(±0.98) 8595(±140.71) 2,48(±0.28) 

Week 

7 

7,7(±0.02) 
23,25 

128,57(±1.41) 0,876(±0.00) 1250(±4.94) 1,7(±0.49) 0,812(±0.02) 0,876 0,326 7943(±74.24) 6,44(±0.07) 7770(±14.14) 0,393(±0.00) 

Week 

8 

6,96(±0.04) 
19,05 

267,86(±0.35) 2,06(±0.01) 3410(±11.31) 6,9(±1.06) 2,217(±0.01) 2,06 0,452 7217,14(±17.67) 0,734(±0.06) 4175(±42.42) 5,51(±0.38) 

Week 

9 

7,49(±0.01) 
22,12 

267,86(±0.35) 1,006(±0.00) 1291(±5.65) 1,9(±0.91) 0,839(±0.00) 1,006 0,408 5147,01(±137.88) 9,45(±0.61) 5470(±127.27) 1,51(±0.10) 

Week 

10  

7,32(±0.01) 
25,26 

250(±0.00) 1,074(±0.01) 2006(±7.77) 2,2(±1.55) 1,3005(±0.01) 1,074 0,412 5687,02(±137.17) 1,69(±0.24) 3420(±21.21) 5,38(±0.26) 

Week 

11 

7,12(±0.03) 
19,8 

178,57(±0.40) 0,932(±0.01) 1154(±1.41) 8,6(±8.20) 0,75(±0.00) 0,932 0,436 7571,33(±314.66) 1,22(±9.28) 4181(±100.40) 9,57(±0.49) 

Week 

12 

7,2(±0.02) 
26,76 

164,29(±0.70) 1,686(±0.00) 1350(±0.07) 1,8(±0.07) 0.877(±0.01) 1,686 0,461 6694(±83.43) 1,35(±0.07) 5960(±98.99) 8,54(±0.67) 
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Table S4.2: Mean concentrations (±standard deviation) of the measured physicochemical characteristics, biomarker concentrations and 

SARS-CoV-2 concentrations in wastewater at the Isipingo WWTP over a 12-week period.  

Week 
pH (@25 

°C) 

Temp 

°C 
COD (mg/L) TS (mg/L) 

EC 

(µS/cm) 

DO% 

(mg/L) 

TDS 

(mg/L) 

TS 

(mg/L) 

VS 

(mg/L) 

crAssphage 

copies/µl 

PMMoV 

copies/µl 

HF183 

Bacteroides 

copies/µl 

SARS-CoV-

2 

copies/µl 

Week 

1 
7,38(±0.02) 19,7 528,57(±0.30) 0,67(±0.00) 646(±8.49) 25,8(±0.85) 0,419(±0.00) 0,67 0,4 4068(±78.49) 84,1(±5.48) 543(±28.28) 0,906(±0.02) 

Week 

2 
7,44(±0.06) 22,22 175(±0.32) 0,666(±0.02) 662(±4.95) 26,1(±0.21) 0,479(±0.01) 0,666 0,378 7248(±109.60) 4,91(±0.27) 2474(±117.37) 0,552(±0.06) 

Week 

3 
7,44(±0.00) 19,7 196,43(±2.21) 0,666(±0.02) 662(±3.54) 26,1(±0.21) 0,479(±0.01) 0,666 0,378 2985(±140.00) 2,6(±0.50) 497(±12.02) 0,3(±0.14) 

Week 

4 
7,29(±0.02) 21,5 278,57(±0.95) 0,728(±0.00) 682(±2.12) 7,2(±0.49) 0,443(±0.01) 0,728 0,392 8006(±26.70) 3,27(±0.55) 1609(±12.73) 1,49(±0.01) 

Week 

5 
7,48(±0.24) 20,12 257,14(±1.73) 0,09(±0.00) 668(±3.54) 8,7(±2.89) 0,434(±0.00) 0,09 0,356 3826(±195.87) 19,9(±1.34) 586(±15.56) 0,527(±0.07) 

Week 

6 
7,51(±0.00) 20,13 257,14(±0.04) 0,596(±0.01) 664(±0.70) 6,8(±0.49) 0,432(±0.00) 0,596 0,304 1656(±97.58) 9,68(±0.72) 989(±94.05) 1,01(±0.06) 

Week 

7 
7,25(±0.01) 21,54 178,57(±1.13) 0,59(±0.04) 622(±1.41) 5,7(±0.35) 0,404(±0.00) 0,59 0,34 3021(±26.87) 5,88(±0.38) 1552(±132.94) 0,881(±0.01) 

Week 

8 
6,58(±0.00) 19,89 200(±1.56) 0,438(±0.01) 632(±6.36) 5,4(±0.14) 0,41(±0.00) 0,438 0,18 2147(±34.65) 17,4(±1.27) 1334(±118.80) 0,302(±0.03) 

Week 

9 
7,39(±0.03) 21,18 221,43(±0.92) 0,468(±0.01) 492(±1.41) 12,1(±1.77) 0,32(±0.00) 0,468 0,1 729(±39.60) 7,14(±1.05) 1956(±98.28) 2,45(±0.50) 

Week 

10  
7,12(±0.02) 23,03 185,72(±0.04) 0,794(±0.01) 627(±6.36) 0,6(±0.64) 0,407(±0.00) 0,794 0,452 812(±9.19) 2,64(±0.12) 2121(±18.34) 0,285(±0.50) 

Week 

11 
7,13(±0.01) 19,54 285,72(±0.70) 0,752(±0.02) 735(±0.00) 3,7(±1.34) 0,478(±0.02) 0,752 0,39 6708(±16.97) 2,55(±1.56) 1042(±5.65) 2,95(±0.20) 

Week 

12 
7,17(±0.02) 24,2 200(±0.00) 0,742(±0.02) 646(±2.12) 0,7(±0.21) 0,42(±0.01) 0,742 0,382 2241(±32.53) 0,314(±0.34) 1214(±17.67) 3,57(±0.65) 
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Table S4.3: Correlation co-efficient of measured physicochemical characteristics and the various biomarker and SARS-CoV-2 

concentrations from Central WWTP. 

Biomarker pH (@ 25 °C) EC (µS/cm) TDS 

(mg/L) 

Salinity   COD (mg/L) TS 

(mg/L) 

 DO%  

(mg/L) 

 crAssphage  0.2651 0.2320 0.2859 0.2334 0.2454 0.1184 -0.3591 

PMMoV  -0.2719 -0.3924 -0.4077 -0.3890 0.5015 -0.4624 0.5844 

HF 183 0.4849 -0.2525 -0.2021 -0.2531 0.4294 -0.2676 -0.2489 

SARS-CoV-2   -0.2718 0.2046 0.2282 0.2085 0.2634 0.3081 -0.0167 

 

Table S4.4: Correlation co-efficient of measured physicochemical characteristics and the various biomarker and SARS-CoV-2 

concentrations from Isipingo WWTP. 

Biomarker pH (@ 25 °C)  EC (µS/cm) TDS 

(mg/L) 

Salinity   COD (mg/L) TS 

(mg/L) 

 DO% 

(mg/L) 

 crAssphage  0.1481 0.6382 0.6596 0.5124 0.2120 0.1986 0.2727 

PMMoV  0.0903 -0.0180 -0.1056 0.0480 0.8989 -0.1269 -0.4579 

HF 183 -0.1473 -0.3745 -0.2644 -0.4273 -0.5110 0.2841 -0.1503 

SARS-CoV-2   -0.0131 -0.0439 -0.1840 0.1002 0.0454 0.2786 -0.3824 
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Appendices 

Appendix 1: 

Preparation of chemical oxygen demand (COD) reagents  

Digestion solution: 

1.0216 g K2CrO7 (dried) in 50mL dH2O  

Added 16.7mL concentrated H2SO4 

added 3.33g HgSO4 

Dissolved, cooled, and diluted with 100mL of dH2O  

 

Sulfuric acid - silver sulphate reagent  

5.5 Ag2SO4→ 1 kg H2SO4  

 

Fresh Potassium hydrogen phthalate (KHP) standard  

Crushed, and dried (KHP), and placed in an oven set at 120 °C for 1 hour  

Dissolved 425 mg KHP in dH2O 

diluted with 500 mL dH2O  

Now, the concentration is noted to be 1000 mg O2/L 

Appendix 2 

TBE Buffer (TRIS BORATE EDTA) – Preparation  

Tris Borate EDTA (TBE) is a common buffer used in nucleic acid electrophoresis. 

 

Buffer Preparation 1 (BP1.1) 

TBE Buffer 10x Stock Recipe 

108 g tris base 

55 g boric acid 

900 ml double-distilled H2O 

40 ml 0.5 M EDTA solution (pH 8.0) 

Adjusted volume to 1 L. 

 

1x TBE Preparation 

Diluted 10x concentrated TBE buffer 10-fold with ultrapure water. 

 

Making up a 1% Agarose Gel: 

Measured 1 g of agarose. 

Mixed agarose powder with 100 mL 1xTBE in a microwavable flask. 

Microwaved for 1-3 min until the agarose was completely dissolved (but do not overboil the 

solution, as some of the buffer will evaporate and thus alter the final percentage of agarose in 

the gel. Poured onto the casting tray and allowed to set.  

Agarose Gel Electrophoresis 

For the purpose of visualisation and purification, the common laboratory process for separating 

DNA by size (for example, length in base pairs) is gel electrophoresis. Using an electrical field, 

negatively charged DNA moved through an agarose gel matrix and toward a positive electrode 
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during electrophoresis. DNA fragments that are shorter than those that are longer go through 

the gel more quickly. Hence, by running a DNA fragment alongside a DNA ladder on an 

agarose gel, you may roughly estimate the length of the fragment (a collection of DNA 

fragments of known lengths). 

 

 

 




