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Abstract: The presence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in wastew-
ater has been reported in several studies and similar research can be used as a proxy for an early
warning of potential Coronavirus disease 2019 (COVID-19) outbreaks. This study focused on profiling
the incidence of SARS-CoV-2 genomes in wastewater samples obtained from facilities located in
the Buffalo City Municipality. Raw samples were collected weekly using the grab technique for a
period of 48 weeks. Ribonucleic acids were extracted from the samples, using the QIAGEN Powersoil
Total RNA Extraction kit, and extracted RNA samples were further profiled for the presence of
SARS-CoV-2 genomes using Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) tech-
nique. Furthermore, various environmental matrices were utilized to estimate the potential health
risk to plant operators associated with exposure to SARS-CoV-2 viral particles using the quantitative
microbiological risk assessment (QMRA) model. Our findings revealed the prevalence of SARS-CoV-2
genomes with concentrations that ranged from 0.22 × 103 to 17.60 × 103 genome copies per milliliter
(GC/mL). Different exposure scenarios were employed for the QMRA model, and the findings
indicate a probability of infection (P(i)) ranging from 0.93% to 37.81% across the study sites. Similarly,
the P(i) was highly significant (p < 0.001) for the 20 mL volumetric intake as compared to other
volumetric intake scenarios, and high P(i) was also observed in spring, autumn, and winter for all
WWTPs. The P(i) was significantly different (p < 0.05) with respect to the different seasons and with
respect to different volume scenarios.

Keywords: coronaviruses; COVID-19; infection risk; plant workers; SARS-CoV-2; wastewater

1. Introduction

Coronaviruses are a member of the Nidovirales order and Coronaviridae family and
they are enveloped positive-sense, single-stranded RNA viruses [1]. These viruses not only
constitute a threat to public health but also pose a risk to political and economic dimensions;
moreover, they are contagious to humans, mammals, and avian species [1]. There are cur-
rently seven known human coronavirus (HCoV) strains include the following: 229E, OC43,
HKU1, NL63, SARS-CoV, MERS-CoV, and SARS-CoV-2 currently, the coronavirus family is
divided into four subgroups, namely, alpha, beta, gamma, and delta coronaviruses [2].

Coronaviruses encompass spike-like surface projections, a large unique genome, a
characteristic self-replication phenomenon, and high rates of mutation and recombina-
tion [2]. These viruses must cross the species barrier and find a new host to survive and
multiply because of these physiognomies. The four structural proteins of the virus are
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the nucleocapsid (N), membrane (M), Envelope protein (E), and spike (S). According to
Baez-Santo et al. [1], the ability of the coronavirus spike protein (S) to accurately attach
to the receptors of cellular entry, which has been discovered for several of these viruses,
such as angiotensin-converting enzyme 2 (ACE2), is the initial step in coronavirus infection.
Viral tissue distribution and entrance receptor expression determine viral tropism and
pathogenicity. The host receptor for the spike (S) glycoproteins on its surface is ACE2
receptors [1]. Human ACE2 (hACE2) is recognized by numerous Coronaviruses and enters
the cells via endocytosis.

Since its inception, SARS-CoV-2 has diverged into numerous clades and lineages based
on distinctive mutational features [3]. Several subvariants have been identified since the
Omicron variant first emerged in late 2021 such as BA.1, BA.2 BA.4, and BA.5. Due to the
virus’ proliferation, the World Health Organization (WHO) has identified these variants
as Variants of Concern (VOCs) [4]. At the end of 2019, a novel coronavirus outbreak
occurred in Wuhan China, and, in the first fifty days of the pandemic, the virus reportedly
caused more than 1800 fatalities and recorded more than 70,000 infections [5]. Since its first
discovery in December 2019 to date, the virus has spread throughout the world, accounting
for over 671 million cases of infection with more than 6.84 million cases of fatalities [6]. In
South Africa alone, more than 102,000 deaths with over 4.06 million episodes have been
reported [7].

According to Cahill and Morris [8], the main form of COVID-19 transmission is
respiratory droplets from an infected person. Current evidence demonstrates the existence
of the virus in the feces and urine of human beings [6]. Additionally, the possibility
of the disease spreading through water, soil, and other environmental compartments
raises concerns due to the presence of the virus in human urine and feces. Moreover,
several studies have discussed the fecal–oral route as one of the important modes of
transmission of SARS-CoV-2 [9]. According to Andier et al. [10], the survival of viruses
in nasal, salivary, respiratory, or fecal secretions give some insights into the mechanisms
by which weather might contribute to seasonality. Virus survival and distribution studies
suggest that environmental variables, such as humidity, temperature, sunlight, and UV
radiation, might contribute to the seasonal transmission of coronaviruses by influencing the
inactivation of the virus in air and on surfaces. Another study by Liu et al. [11] suggested
that all coronaviruses including SARS-CoV-2 tend to survive longer in colder and dryer
conditions and enhance the virus’ ability to spread. According to Harmoto et al. [12],
wastewater-based epidemiology (WBE) is the most advisable model to be used as an early
indication or detection framework for future pandemics. This model includes the detection
of nucleic acids through Polymerase Chain Reaction (PCR)-based techniques.

These PCR techniques offer high accuracy and explicitness; however, they require
intricate sample processing within the laboratory, an exceptional aptitude, and an extensive
stretch of information handling and investigation [13]. There are numerous documented
studies on disease surveillance in wastewater using PCR techniques that have been recorded
in several countries, including Australia, the Netherlands, Italy, Spain, France, Japan, the
United States of America, Ecuador, India, and Germany [14]. The virus in the water cycle
was thoroughly investigated, and the effectiveness of different treatment approaches at
various phases of wastewater treatment plants in eliminating the virus was evaluated.

To reduce the likelihood of a new epidemic, future research perspectives on the thor-
ough performance assessment of wastewater treatment procedures are offered. The Quan-
titative Microbial Risk Assessment (QMRA) model has been used to evaluate bioaerosols,
drinking water, reclaimed water, recreational water, irrigation water, and wastewater for
health hazards [15]. Recent studies have suggested the use of QMRA to evaluate the risk of
the adverse effects of microbial infections linked with exposure to wastewater based on
prior research on relevant respiratory viruses such as SARS-CoV and MERS-CoV [15].
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2. Materials and Methods
2.1. Study Site Description

This study was conducted in Buffalo City Metropolitan Municipality (BCM) in the
Eastern Cape Province, South Africa (Figure 1). According to the Eastern Cape Economic
Consultative Council [16], a total population of 920,000 is accounted for by this Municipality,
which is considered the most densely populated metropolitan municipality in the province,
with an average of 408 people per square kilometer population density. This region
has considerable challenges of poorly maintained infrastructures such as wastewater
treatment plants and sanitation facilities [9]. During this study, the wastewater treatment
plants under study were often overflowing, due to burst pipes and blockages; moreover,
there were, consequently, frequently disseminated untreated effluents to the receiving
watershed and the nearby environment, which exposed the public to an elevated health
risk. Among the unpleasant practices notable in these sites, the plant operators performed
their daily activities without wearing any personal protective equipment/gear (PPE), which
exposed them to a risk of infection from the cocktail of potentially pathogenic agents in the
wastewater, including SARS-CoV-2.
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Figure 1. Geographical locations of selected wastewater treatment plants in Buffalo City Metropolitan
Municipality. The WWTPs used in this study are located in S1, S2, S3, S4, and S5 in the Buffalo City
Metropolitan Municipality in the Eastern Cape Province, South Africa. These plants discharge their
final influents into the catchment areas listed in Table 1.
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Table 1. Catchment areas, population density, and technology use of the study sites [17].

Site
Capacity of the

Plant
(Megaliters/Day)

Technology Use of
Wastewater

Treatment Plants

Area
(Coverage)

Population
Density Population Catchment

Area

S1 0.4 Stabilization pond 2.130 km2 230.0/km2 69,900 Mcantsi river

S2 2 Stabilization pond 8.082 km2 1400/km2 11,192 Yellowwoods
river

S3 7.5 Bio-filters 4.646 km2 3900/km2 18,189 Buffalo river

S4 7 Activated sludge
model

65.52
km2 520/km2 34,019 Buffalo river

S5 8 Activated sludge
model 17.289 km2 1300/km2 21,783 Mdizeni stream

2.2. Sample Collection and Processing

Raw wastewater (influent) samples were collected on a weekly basis for a period of
48 weeks (1 June 2022 to 30 May 2023) using the grab sampling technique. The raw wastew-
ater samples were collected in pre-sterilized 500 mL sampling bottles from the wastewater
treatment facilities. Samplers wore standard personal protective equipment (PPE), such
as disposable coveralls, appropriate boots, nose masks face shields, and latex hand gloves
to ensure safe sample collection and to reduce the risk of exposure to SARS-CoV-2 viral
particles. Alcohol-based hand sanitizers were constantly used prior to and after sample
handling to avoid the transmission of pathogens. Collected influent samples were asep-
tically transported in ice in properly sealed cooler boxes to the SAMRC Microbial Water
Quality Monitoring Laboratory at the University of Fort Hare for analysis not more than
six hours after collection.

2.3. Viral RNA Extraction and Quantification

From the collected wastewater (WW) samples, viral RNA was extracted in a Biosafety
Level 2 safety cabinet using the method described by Walsh et al. [18]. Briefly, aliquots
of at least 100 mL of homogenized raw wastewater samples were centrifuged in conical
tubes at 2500× g for 20 min. The supernatant was discarded, and about 5–7.5 mL of the
collected pellet was utilized to extract the total RNA using the QIAGEN RNeasy PowerSoil
Total RNA kit according to the manufacturer’s guidelines. The purity and concentration
of the extracted RNA were determined using the NanodropTM One Microvolume UV–Vis
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

2.4. Profiling of SARS-CoV-2 Genomes Using Quantitative Real-Time Polymerase Chain Reaction

iTaq Probe-Based qPCR assays (BIORAD Laboratories, Hercules, CA, USA) were
utilized to detect and quantify the concentrations of SARS-CoV-2 genomes in the extracted
RNA samples using the QuantStudio 5 qPCR system (Applied Biosystems, Waltham,
MA, USA). The amplification and quantification of the virus genome was performed by
amplifying the SARS-CoV-2_N1-P and SARS-CoV-2_N2-P (2019-nCoV, CDC, EUA) target
genes of the Nucleocapsid protein of the virus.

The qPCR was performed in a 96-well 0.2 mL block reaction plate (Applied Biosystems®)
by aliquoting 1 µL of the total RNA extracts to 9 µL of the RT-qPCR reaction mixture
consisting of a 5 µL iTaq universal probes reaction mix, 0.25 µL of iScript RT advanced
reverse transcriptase (BIORAD, USA), 0.5 µL of each SARS-CoV-2_N1-P and SARS-CoV-
2_N2-P, and 3.25 µL of sterile Nuclease free water (BIORAD, USA), making up a final
volume of 10 µL per reaction. The reaction plate was carefully sealed with adhesive
covers. All qPCR procedures ran for 40 cycles in the QuantStudio 5 qPCR system (Applied
Biosystems) followed by analysis using the Design and Analysis 2.4 RT PCR Software
(Applied Biosystems®). The description of oligonucleotide sequence and RT-PCR cycling
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conditions can be seen in a recent study by Qongwe et al. [19]. An analysis to obtain the
quantitative data was performed on each well, where positive samples were determined by
the average Cycle Threshold (CT) values ≤ 35 cycles, while the limit of detection threshold
was set at 0.02 per reaction.

2.5. Quantitative Microbial Risk Assessment of SARS-CoV-2 Genomes among Wastewater
Treatment Plant Operators

Various environmental matrices have been utilized to estimate hazards to human
health from exposure to pathogens using the quantitative microbiological risk assessment
(QMRA) technique. It has characteristic features that need to be considered including
the workers’ activities as well as the exposure and transmission pathways. QMRA was
carried out to estimate the potential risks posed by the SARS-CoV-2 genome to wastewater
treatment plant workers using the following harmonized framework as described by
Carducci et al. [15]:

I. Hazard Identification: During previous coronavirus outbreaks, the generation of
wastewater aerosols and droplets was verified as a crucial mechanism of fecal respi-
ration transmission, and this was also suspected in the ongoing COVID-19 outbreak
brought on by SARS-CoV-2 [20]. SARS-CoV-2 incident was identified through an
exact number of SAR-CoV-2 viral copies from the positive samples.

II. Exposure Assessment: This describes the characteristic pathways that allow SARS-CoV-2
to spread to people and cause infection. Based on assumptions, the wastewater
treatment plant operators were exposed to an aerosolized form of the virus through
wind when performing their daily duties such as sampling, manual cleaning, and
course screening [21]. These workers were assumed to be present at the wastewater
treatment plant site for a period of 6 h a day with different volumetric intakes that
were exposed to represent the low-case, moderate-case, and worst-case scenarios. For
exposure assessment, the SARS-CoV-2 loads in raw wastewater were used to evaluate
the level of risk of infection due to the presence of SARS-CoV-2 in the influents.
However, the average viral copies/mL were converted into doses and reference was
made to inhalation rates in a study by Dada and Gyawali [21], using 3 different
scenarios with a volumetric intake of 2, 10, and 20 mL.

d = I × VC (1)

where VC = seasonal average concentration of viral load in raw wastewater influents
(genomic copies/mL), I = volumetric intake, and d = dose

In order to estimate d, the volumetric intake was multiplied by VC. Then, the genome
copies per mL were converted to a plaque-forming unit (PFU). According to literature
1000 genomic copies per mL = 1 PFU [21,22].

III. Dose Response: Previously conducted QMRAs show that dose-response information
for other pathogens is often lacking; hence, that of SARS-CoV-2 does not exist. As such,
SARS-CoV-1 was used as a substitute to determine the probability of SARS-CoV-2
concentration to cause an infection with a k constant (4.1 × 102) [23,24]. Dose-response
determines the probability of the concentration of the virus to cause an infection using
a mathematical model with an exponential model equation that is described as follows:

P(i) = 1 − e(−
d
k ) (2)

d = I × VC

where P(i)—probability of infection after a single dose
d—dose, as number of organisms ingested (PFU)
k—exponential constant (4.1 × 102)
I—volumetric intake (2 mL, 10 mL, 20 mL)
VC—concentration of viral load in raw wastewater influents (genomic copies/mL)
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The probability of infection was determined under three different scenarios with
wastewater treatment plant operators being present at the wastewater treatment site for a
period of 6 h, with a volumetric intake of 2, 10, and 20 mL. The factors that influence the
risk estimates were mostly related to the dose-response pathogen. After d was determined
and converted to PFU, variables were then substituted into the equation to obtain the
probability of infection.

2.6. Statistical Analysis

Statistical analysis was determined by using Bayesian One-way ANOVA and the
general linear model (Univariate) on IBM SPSS Statistics Data Editor to compare the level
of significance.

3. Results
3.1. Viral RNA Extraction and Quantification

Total viral ribonucleic acids were extracted from a total of 100 mL processed wastewa-
ter samples over a period of 48 weeks. The extracted nucleic acid concentrations in Figure 2
revealed high concentrations between week 9 and week 13 more than 2.36 × 103 ng/µL, a
significant decline in comparison with week 15 and week 17. Additionally, an increase in
the total RNA concentration was subsequently observed between week 27 and week 33,
with 2.48 × 103 ng/µL and 2.25 × 103 ng/µL, respectively. This fluctuation is observed
in low-income communities or peri-urban areas such as S3, S2, and S5, in which inade-
quately treated wastewater was occasionally released directly into the environment due
to dysfunctional treatment plants in these sites and could potentially contaminate the
groundwater. The majority of households in these areas utilize groundwater for various
needs such as drinking, cooking, laundry, and other recreational purposes, resulting in
potential SARS-CoV-2 viral transmission through infected and untreated groundwater as
observed in S3 and S2 on the stipulated weeks, with approximately 2.34 × 103 ng/µL and
2.36 × 103 ng/µL, respectively. Although these concentrations represent the total RNA
in a sample, a similar peak in the COVID-19 clinical cases from these sites was observed
during the same period with a recorded total number of 2,511,178 and 2,889,298 infections,
respectively [23].
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According to Arslan et al. [24], SARS-CoV-2 can survive for approximately four days
in diarrheal stool samples with alkaline pH, and more than seven days in respiratory
samples at room temperature. In a recent study, Qongwe et al. [19] reported that the fecal–
oral transmission of SARS-CoV-2 is established in low-income countries that have poor
sanitation, which makes sewage and surface waters important sources of dissemination of
SARS-CoV-2. Likewise, the high concentrations of total RNA observed in Figure 2 from the
various sites in this present study further accentuate the concept highlighted by Haramoto
and colleagues.

3.2. Profiling of SARS-CoV-2 Genomes Using Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)

The amplification and quantification of the virus in the processed raw wastewater
samples was accomplished by amplifying the SARS-CoV-2_N1-P and SARS-CoV-2_N2-P
(2019-nCoV, CDC, EUA) target genes of the nucleocapsid protein in coronaviruses.

On average, the resultant standard curve slope for N1 and N2 generated from the
qPCR reaction was −3.575 and −3.432, respectively, with the amplification efficiency of
90.427% and 95.608%, which fell within the desired recommended amplification efficiency
from 90% to 105%, indicating the high-profile sensitivity of the reaction. Theoretically, the
acceptable standard curve slope should fall within the range of −3.3 to −3.6; therefore,
these qPCR outcomes complied with the standard desirable slope range. Moreover, the
standard error of the experiment was as low as 0.078 and 0.302 for the N1 and N2 targets,
respectively, which is in line with the standard requirement that the standard error of the
slope is as close to zero as possible. The data were then exported to Microsoft Excel to
further quantify the exact number of SAR-CoV-2 viral copies/mL from the positive samples.
The data acquired from qPCR amplification was used to calculate the exact genome copies
per mL (GC/mL) using the following formula:

Average quantity × dilution factor (10) = Viral copy number/µL

Genome copies per mL (GC/mL) = (copy number/µL × 1000)/volume of the ex-
tracted sample. Figure 3 below represents the obtained SARS-CoV-2 N1/N2 average copy
numbers/mL across the five study sites throughout the surveillance period.

According to Wu et al. [25], the prolonged fecal excretion of SARS-CoV-2 RNA was
reported for up to seven weeks after the onset of initial symptoms. Another clinical study
detected SARS-CoV-2 in approximately 82% of fecal samples of infected individuals [6]. In
the present study, the N1 and N2 regions, which are contained within the nucleocapsid gene,
were the targets for SARS-CoV-2 RNA detection in wastewater. The viral nucleocapsid
gene is the most important transcript of SARS-CoV-2 RNA and is, therefore, commonly
utilized for the environmental monitoring of the virus [26].

Overall, the findings of this study indicate the presence of SARS-CoV-2 RNA from the
influent wastewater samples collected from S3, S4, S5, S2, and S1 wastewater treatment
facilities with virus concentrations of 3.49 × 103, 2.32 × 103, 6.25 × 103, 6.96 × 103 and
1.45 × 103 genome copies per milliliter (GC/mL) per week, respectively. As outlined in
Figure 3, the highest viral loads were obtained between week 8 and week 12 (from the
end of July–August 2021) from sites S2, S3, and S4. This drastic rise may be attributed
to the emergence of the delta variant, which was more transmissible during this period
because of gene mutations that are found in the spike proteins and drove the third wave of
infections in South Africa [27]. This variant had at least 21 characteristic mutations [26].
Similarly, using clinical data from confirmed COVID-19 cases in the regions with 1,995,556
and 2,680,225 confirmed cases, WHO [4] revealed a significant correlation with virus con-
centrations, which corroborates the findings of this study.



Viruses 2024, 16, 871 8 of 15
Viruses 2024, 16, x FOR PEER REVIEW 8 of 15 
 

 

 

Figure 3. Graphical representation of the SARS-CoV-2 N1/N2 average genome copies/mL detected across the 5 study sites throughout the surveillance period. 

This figure also represents the seasonal distribution of SARS-CoV-2 from selected Buffalo City Metropolitan Municipality wastewater treatment plants during 

winter, spring, summer, and autumn seasons. 

-5000

0

5000

10000

15000

20000

25000

30000

35000

40000

 W
K

 1

W
K

 2

W
K

 3

W
K

 4

W
K

 5

W
K

 6

W
K

 7

W
K

 8

W
K

 9

W
K

 1
0

W
K

 1
1

W
K

 1
2

W
K

 1
3

W
K

 1
4

W
K

 1
5

W
K

1
6

W
K

1
7

 W
K

 1
8

W
K

 1
9

W
K

 2
0

W
K

 2
1

W
K

 2
2

W
K

 2
3

W
K

 2
4

 W
K

 2
5

W
K

 2
6

W
K

 2
7

W
K

 2
8

W
K

 2
9

W
K

 3
0

W
K

 3
1

W
K

 3
2

W
K

 3
3

W
K

 3
4

W
K

 3
5

W
K

 3
6

W
K

 3
7

W
K

 3
8

W
K

 3
9

W
K

 4
0

W
K

 4
1

W
K

 4
2

W
K

 4
3

W
K

 4
4

W
K

 4
5

W
K

 4
6

W
K

 4
7

W
K

 4
8

A
v
er

ag
e 

g
en

o
m

e 
co

p
ie

s 
p
er

 m
L

 (
G

C
/m

L
)

Sampling period (Weeks)

PERI-URBAN S2 S3 S5 URBAN S1 S4

Winter Season Spring Season Summer Season Autumn Season
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The most notable gene mutations that are suspected to enable the delta variant to be
the most transmissible variant are found in the spike proteins. The spike gene mutations
in the B.1.617.2 variant include T19R, L452R, T478K, D614G, P681R, and d960N, with
deletions at positions 157 and 158 [28]. The D614G and L452R, increase the stability of
the RBD–ACE2 complex and increase infectivity while P681R improves spikes protein
cleavage and increases transmissibility [27]. All these mutations provided a higher infective
capability of the virus than the previously reported variants [4].

The National Centre for Disease Control (NCDC) [29] reported a seven-day average
increase of over 69% in new COVID-19 cases with a 35% increase in hospitalizations [30].
This report corroborates the findings of this study as a similar increase in viral genome
copies was observed around the same time. Additionally, significant factors that influence
the number of viral genome copies of SARS-CoV-2 in wastewater include the number
of SARS-CoV-2-infected individuals in a catchment and the amount of viral RNA that
COVID-19 patients shed; hence, we observed the fluctuation outlined in Figures 2 and 3.

The high viral loads obtained in the peri-urban facilities such as in sites S2 and S3
may be due to the high population size of the communities being served by these facilities.
Another contributing factor could be the poor or complete lack of maintenance of infras-
tructure within these wastewater collection and treatment facilities, which, subsequently,
results in the circulation and dissemination of the virus in the surrounding environment.

Recently, the discharge of sewage into receiving watersheds has been reported to be
the potential route of transmission for SARS-CoV-2 [6]. However, Castiglioni et al. [31]
documented that SARS-CoV-2 detected in raw sewage was not infectious. Another study
conducted in France reported a directly proportional relationship between the increase
in the number of COVID-19 cases and RNA viral load from untreated sewage in the
region [26]. Similar studies conducted in the United States of America, and Australia
reported the prevalence of viral RNA fragments in untreated wastewater samples with a
maximum concentration of over 109 copies/mL [25,26,32]. The above studies corroborate
the findings of the present study as high concentrations of RNA fragments were obtained
in sites S2 and S1, with over 17 × 103 and 13 × 103 viral genome copies/mL, respectively.

The findings of this study support the need for regular wastewater monitoring as
an additional strategy to current tracking methods utilized to mitigate COVID-19 spread.
Nonetheless, there are a few noticeable limitations in the present study. For instance, it
is mostly impossible to estimate the disease burden of the population based on wastew-
ater testing for SARS-CoV-2 because of numerous sources of variability, including the
concentration of SARS-CoV-2 excretion by infected individuals and variations in the rate
of degradation of viral RNA in wastewater [33]. However, the routine sampling strategy
adopted in this study allowed for seasonal comparisons of viral RNA concentrations to be
achieved in each wastewater treatment plant, ensuring reliable data updates on the changes
detectable from the weekly sampling regime. Figure 3 represents the seasonal distribution
of SARS-CoV-2 RNA fragments across the selected wastewater treatment facilities within
the Buffalo City Metropolitan Municipality.

A key component in the transmission of the disease has been the SARS-CoV-2 variants
of concern (VOCs). As observed in Figure 3, during winter (week 7 to week 12), and
from the end of spring to mid-summer (week 24 to week 29), a peak in the viral loads
averaged at 5.86 × 103 genome copies/mL was obtained. This is the same period when
the Omicron variant was dominant and circulated excessively in South Africa, driving the
fourth wave of infections [34]. This variant was highly transmissible and, hence, resulted
in an increased number of infections even though it had lower hospital admissions and
less severity because of the introduction of vaccines among civilians.

According to Han et al. [35], the presence of SARS-CoV-2 in wastewater poses an
additional concern in communities served by combined sewer systems, as urban flooding,
a common hazard during rainy seasons, can lead to sewage overflow, posing a new risk
for the spread of SARS-CoV-2 in the impacted areas. This is evident in Figure 3 between
epidemiological week 27 and week 29. This may also elucidate the drastic decline in the
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viral load obtained since there were no samples to profile the highlighted weeks due to
damaged plant stations by the storm surge.

3.3. Quantitative Microbial Risk Assessment of the SARS-CoV-2 Genomes

Due to the prevalence of SARS-CoV-2 in these areas, wastewater treatment plant oper-
ators are exposed to a significant risk of contracting the viral particles while performing
their regular duties or routine maintenance. Hence, this study sought to estimate and assess
the potential risks posed by SARS-CoV-2 to human health by conducting a quantitative mi-
crobiological risk assessment (QMRA). In this study, an exponential model for SARS-CoV-1
and the dose-response model with a k constant (4.1 × 102) were used, and we generated
a graph of volumetric intake against P(i) across the four seasons in Figures 4–7. This
model took a conservative approach to be protective of worker’s health by estimating the
levels of potential risks posed by SARS-CoV-2 to their health, assuming different exposure
scenarios [21]. Since SARS-CoV-2 incidence was identified through genome copies, it was
assumed that aerosolized SARS-CoV-2 viral particles were introduced to wastewater treat-
ment plant operators when performing their daily activities such as wastewater sampling
and course screening.
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Figure 4. Graphical representation of the probability of infection among the plant operators in the
wastewater treatment facility located in S4.
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Figure 5. Graphical representation of the probability of infection among the plant operators in the
wastewater treatment facility located in S1.
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Figure 6. Graphical representation of the probability of infection among the plant operators in the
wastewater treatment facility located in S2.
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Figure 7. Graphical representation of the probability of infection among the plant operators in the
wastewater treatment facility located in S5.

4. Discussion

Previous QMRA studies have shown that a dose-response model for SARS-CoV-2
does not exist; hence, a dose-response model for SARS-CoV-1 was adopted and used as
a substitute because of their similarities in structure and their ability to cause an infec-
tion, and this exponential model was used to determine the probability of SARS-CoV-2
particles to cause an infection on the wastewater treatment plant operators [15]. This
is illustrated in Figures 5–9, in which the probability of infection depends on the viral
loads in that particular site and is expressed by the higher values of the probability of
infection. Bayesian One-way ANOVA and general linear model (Univariate) were used
on the IBM SPSS Statistics Data Editor to compare the level of significance with respect
to the different seasons and with respect to different volumetric scenarios. The P(i) was
highly significant (p < 0.001) for 20 mL as compared to other volume scenarios (Figure 9)
and high P(i) was also observed in spring, autumn, and winter for all WWTPs. However,
according to the Duncan plot, seasons were 0.01% significant on P(i). Hence, the P(i) was
significantly different (p < 0.05) with respect to the different seasons as well as the differ-
ent volumetric intake scenarios. Supplementary Table S1 summarizes the probability of
infection, significance, and subset across all WWTPs from the different models used for
statistical analysis. However, given varied assumptions and restrictions, the projected risk
levels derived may have significant uncertainty, as determining exposure assessment for
occupational risks in the sites is particularly a challenge due to the wide range of activities
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as well as seasonal changes. The fecal–oral route of transmission in low-income areas with
insufficient sanitation infrastructure poses a major health hazard since untreated waste
with potentially infective SARS-CoV-2 viral particles subsequently sets residents within
the catchment area at a high risk of contracting the virus. SARS-CoV-2 infectivity results
in COVID-19 dissemination in these environments, which remains a major global health
concern to date.
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Figure 8. Graphical representation of the probability of infection among the plant operators in the
wastewater treatment facility located in S3.
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This study evaluated the presence and distribution of SARS-CoV-2 genomes in wastew-
ater samples from some urban and peri-urban wastewater treatment facilities in the Buffalo
City Municipality, Eastern Cape Province, South Africa. SARS-CoV-2 genomes were quanti-
fied using Real-Time PCR. The Quantitative Real-Time Polymerase Chain Reaction analysis
remains the gold standard for the accurate and timeous detection of SARS-CoV-2 genomes
in biological and environmental specimens, because of its sensitivity and efficacy. The
presence of SARS-CoV-2 genomes in wastewater samples signals a fecal–oral route of trans-
mission and subsequent dissemination of SARS-CoV-2 viral particles into the wastewater
treatment facilities. Data obtained in the present study confirm the presence of SARS-CoV-2
genomes in the wastewater samples. Moreover, the WWTPs disseminate SARS-CoV-2
genomes to the receiving watersheds, as most of these facilities were very often overflow-
ing, thereby releasing untreated sewage to the environment, thus constituting a public
health risk.

5. Conclusions

The high SARS-CoV-2 genome load obtained in the peri-urban wastewater treatment
plants (WWTPs) may be due to the highly dense population served by these facilities, and
to a greater extent, the lack of quality sanitary infrastructures in the regions. Furthermore,
the poorly maintained WWTPs in the Eastern Cape Province continue to be a bothersome
public and environmental health burden. WWTP workers and operators are at greater risk
during their daily activities, and, consequently, this study lays emphasis on the potential
health risks that plant operators encounter when performing their daily duties. Nonetheless,
the level of risk generated is highlighted by the level of significance with respect to different
volumetric scenarios, as the probability of infection is directly proportional to the volumetric
intake. Frequent monitoring of the aquatic matrices and wastewater-based epidemiology
(WBE) studies both provide early warning signals for the proliferation of the SARS-CoV-2
and other microbial pathogens, and more surveillance studies can aid in mitigating the
public health threat brought upon by these pathogens.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/v16060871/s1. Table S1: the probability of infection, significance, and
subset across all WWTPs.

Author Contributions: Conceptualization, A.I.O., L.M. and B.N.; methodology, B.N.; software, B.N.
and K.E.E.; validation, B.N., L.M. and K.E.E.; formal analysis, B.N. and L.M.; investigation, B.N.;
resources, A.I.O.; data curation, B.N., L.M. and K.E.E.; writing—original draft preparation, B.N.
and L.M.; writing—review and editing, L.M., K.E.E. and A.I.O.; visualization, A.I.O. and N.N.;
supervision, A.I.O. and L.M.; project administration, A.I.O. and N.N.; funding acquisition, A.I.O. All
authors have read and agreed to the published version of the manuscript.

Funding: Grant holder: AIO Grant Number: P790 Funder: South African Medical Research Council
(SAMRC) www.samrc.ac.za, accessed on 1 May 2024.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data-sharing inquiries should be directed to the authors.

Acknowledgments: We would like to thank the University of Fort Hare and the South African
Medical Research Council for financial support.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Báez-Santos, Y.M.; St. John, S.E.; Mesecar, A.D. The SARS-coronavirus papain-like protease: Structure, function, and inhibition by

designed antiviral compounds. Antivir. Res. 2015, 115, 21–38. [CrossRef] [PubMed]
2. Chen, Y.; Liu, Q.; Guo, D. Emerging coronaviruses: Genome structure, replication, and pathogenesis. J. Med. 2020, 92, 418–423.

https://www.mdpi.com/article/10.3390/v16060871/s1
https://www.mdpi.com/article/10.3390/v16060871/s1
www.samrc.ac.za
https://doi.org/10.1016/j.antiviral.2014.12.015
https://www.ncbi.nlm.nih.gov/pubmed/25554382


Viruses 2024, 16, 871 14 of 15

3. Tegally, H.; Wilkinson, E.; Giovanetti, M.; Iranzadeh, A.; Fonseca, V.; Giandhari, J.; Doolabh, D.; Pillay, S.; San, E.J.; Msomi, N.;
et al. Emergence and rapid spread of a new severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) lineage with
multiple spike mutations in South Africa. Medrxiv 2020, 2020, 12.

4. World Health Organization. Infection Prevention and Control during Health Care When Coronavirus Disease (COVID-19)
Is Suspected or Confirmed: Interim Guidance, 12 July 2021 (No. WHO/2019-nCoV/IPC/2021.1). Available online: https:
//iris.who.int/bitstream/handle/10665/342620/WHO-2019-nCoV-IPC-2021.1-eng.pdf (accessed on 17 April 2024).

5. Lai, C.C.; Shih, T.P.; Ko, W.C.; Tang, H.J.; Hsueh, P.R. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and
coronavirus disease-2019 (COVID-19): The epidemic and the challenges. Int. J. Antimicrob. Agents 2020, 55, 105924. [CrossRef]
[PubMed]

6. World Health Organization. COVID-19 Weekly Epidemiological Update 2022: Special Edition: Proposed Working Definitions of
SARS-CoV-2 Variants of Interest and Variants of Concern. Available online: https://www.who.int/activities/tracking-SARS-
CoV-2-variants (accessed on 17 April 2024).

7. Adedire, O.; John, W.C.; Oladejo, A.O.; Onuwa, G.; Mbah, J.J. An analysis of COVID-19 infections, recoveries and deaths in rivers
state, Nigeria. One Health Risk Manag. 2023, 4, 35–42. [CrossRef]

8. Cahill, N.; Morris, D. Recreational waters–a potential transmission route for SARS-CoV-2 to humans? Sci. Total Environ. 2020, 740,
140122. [CrossRef] [PubMed]

9. Ebomah, K.E.; Msolo, L.; Okoh, A.I. A Review on SARS-CoV-2 Genome in the Aquatic Environment of Africa: Prevalence,
Persistence and the Future Prospects. Water 2022, 14, 2020. [CrossRef]

10. Landier, J.; Paireau, J.; Rebaudet, S.; Legendre, E.; Lehot, L.; Fontanet, A.; Cauchemez, S.; Gaudart, J. Cold and dry winter
conditions are associated with greater SARS-CoV-2 transmission at regional level in western countries during the first epidemic
wave. Sci. Rep. 2021, 11, 12756. [CrossRef]

11. Liu, X.; Huang, J.; Li, C. The role of seasonality in the spread of the COVID-19 pandemic. Environ. Res. 2021, 195, 110874.
[CrossRef]

12. Haramoto, E.; Malla, B.; Thakali, O.; Kitajima, M. First environmental surveillance for the presence of SARS-CoV-2 RNA in
wastewater and river water in Japan. Sci. Total Environ. 2020, 737, 140405. [CrossRef]

13. Medema, G.; Heijnen, L.; Elsinga, G.; Italiaander, R.; Brouwer, A. Presence of SARS-Coronavirus-2 RNA in sewage and correlation
with reported Covid-19 prevalence in the early stage of the epidemic in The Netherlands. Environ. Sci. Technol. Lett. 2020, 7,
511–516. [CrossRef] [PubMed]

14. Venugopal, A.; Ganesan, H.; Raja, S.; Govindasamy, V.; Arunachalam, M.; Narayanasamy, A. Novel wastewater surveillance
strategy for early detection of coronavirus disease 2019 hotspots. J. Environ. Health 2020, 17, 8–13. [CrossRef] [PubMed]

15. Carducci, A.; Donzelli, G.; Cioni, L.; Verani, M. Quantitative Microbial Risk Assessment in Occupational Settings Applied to the
Airborne Human Adenovirus Infection. Int. J. Environ. Res. Public Health 2016, 13, 733–743. [CrossRef]

16. Kavese, K.; Mbali, A.; Anyikwa, I. The Gig Economy, Digital Labour Platforms, and Independent Employment in the Eastern Cape;
Eastern Cape Socio-Economic Consultative Council: East London, South Africa, 2022.

17. Department for Environment and Rural Affairs. National Policy Statement for Wastewater: A Framework Document for Planning
Decisions on Nationally Significant Wastewater Infrastructure; The Stationery Office: London, UK, 2012.

18. Walsh, K.A.; Jordan, K.; Clyne, B.; Rohde, D.; Drummond, L.; Byrne, P.; Ahern, S.; Carty, P.G.; O’Brien, K.K.; O’Murchu, E.; et al.
SARS-CoV-2 detection, viral load, and infectivity over the course of an infection. J. Infect. 2020, 81, 357–371. [CrossRef]

19. Qongwe, V.V.; Ebomah, K.E.; Msolo, L.; Nontongana, N.; Okoh, A.I. Using Quantitative Microbial Risk Assessment (QMRA)
of SARS-CoV-2 to understand possible exposure to health risks in selected wastewater treatment plants located in the Eastern
region of South Africa. Microb. Risk Anal. 2024, 26, 100293. [CrossRef]

20. Sherchan, S.P.; Shahin, S.; Ward, L.M.; Tandukar, S.; Aw, T.G.; Schmitz, B.; Ahmed, W.; Kitajima, M. First detection of SARS-CoV-2
RNA in wastewater in North America: A study in Louisiana, USA. Sci. Total Environ. 2020, 743, 140621. [CrossRef] [PubMed]

21. Dada, A.C.; Gyawali, P. Quantitative microbial risk assessment (QMRA) of occupational exposure to SARS-CoV-2 in wastewater
treatment plants. Sci. Total Environ. 2021, 763, 142989. [CrossRef] [PubMed]

22. Zaneti, R.N.; Girardi, V.; Spilki, F.R.; Mena, K.; Westphalen, A.P.C.; da Costa Colares, E.R.; Pozzebon, A.G.; Etchepare, R.G.
Quantitative microbial risk assessment of SARS-CoV-2 for workers in wastewater treatment plants. Sci. Total Environ. 2021, 754,
142163. [CrossRef] [PubMed]

23. World Health Organization. The Impact of COVID-19 on Health and Care Workers: A Closer Look at Deaths; No. WHO/HWF/
WorkingPaper/2021.1; World Health Organization: Geneva, Switzerland, 2021.

24. Arslan, M.; Xu, B.; GamalEl-Din, M. Transmission of SARS-CoV-2 via faecal-oral and aerosols-borne routes: Environmental
dynamics and implications for wastewater management in underprivileged societies. Sci. Total Environ. 2020, 743, 140709.
[CrossRef]

25. Wu, F.; Zhang, J.; Xiao, A.; Gu, X.; Lee, W.L.; Armas, F.; Kauffman, K.; Hanage, W.; Matus, M.; Ghaeli, N.; et al. SARS-CoV-2 titers
in wastewater are higher than expected from clinically confirmed cases. mSystems 2020, 5, 10-1128. [CrossRef]

26. Wurtzer, S.; Marechal, V.; Mouchel, J.M.; Moulin, L. Time course quantitative detection of SARS-CoV-2 in Parisian wastewaters
correlates with COVID-19 confirmed cases. medRxiv 2020.

27. Galloway, S.E. Emergence of SARS-CoV-2 b. 1.1. 7 lineages—United States, December 29, 2020–January 12, 2021. MMWR. Morb.
Mortal. Wkly. Rep. 2021, 70, 95–99. [CrossRef] [PubMed]

https://iris.who.int/bitstream/handle/10665/342620/WHO-2019-nCoV-IPC-2021.1-eng.pdf
https://iris.who.int/bitstream/handle/10665/342620/WHO-2019-nCoV-IPC-2021.1-eng.pdf
https://doi.org/10.1016/j.ijantimicag.2020.105924
https://www.ncbi.nlm.nih.gov/pubmed/32081636
https://www.who.int/activities/tracking-SARS-CoV-2-variants
https://www.who.int/activities/tracking-SARS-CoV-2-variants
https://doi.org/10.38045/ohrm.2023.4.04
https://doi.org/10.1016/j.scitotenv.2020.140122
https://www.ncbi.nlm.nih.gov/pubmed/32540743
https://doi.org/10.3390/w14132020
https://doi.org/10.1038/s41598-021-91798-9
https://doi.org/10.1016/j.envres.2021.110874
https://doi.org/10.1016/j.scitotenv.2020.140405
https://doi.org/10.1021/acs.estlett.0c00357
https://www.ncbi.nlm.nih.gov/pubmed/37566285
https://doi.org/10.1016/j.coesh.2020.05.003
https://www.ncbi.nlm.nih.gov/pubmed/32501429
https://doi.org/10.3390/ijerph13070733
https://doi.org/10.1016/j.jinf.2020.06.067
https://doi.org/10.1016/j.mran.2024.100293
https://doi.org/10.1016/j.scitotenv.2020.140621
https://www.ncbi.nlm.nih.gov/pubmed/32758821
https://doi.org/10.1016/j.scitotenv.2020.142989
https://www.ncbi.nlm.nih.gov/pubmed/33498115
https://doi.org/10.1016/j.scitotenv.2020.142163
https://www.ncbi.nlm.nih.gov/pubmed/32911141
https://doi.org/10.1016/j.scitotenv.2020.140709
https://doi.org/10.1128/mSystems.00614-20
https://doi.org/10.15585/mmwr.mm7003e2
https://www.ncbi.nlm.nih.gov/pubmed/33476315


Viruses 2024, 16, 871 15 of 15

28. Bernal, J.L.; Andrews, N.; Gower, C.; Gallagher, E.; Simmons, R.; Thelwall, S.; Stowe, J.; Tessier, E.; Groves, N.; Dabrera, G.
Effectiveness of COVID-19 Vaccines against the B.1.617.2 (Delta) Variant. N. Engl. J. Med. 2021, 385, 585–594. [CrossRef] [PubMed]

29. Su, S.; Wong, G.; Shi, W.; Liu, J.; Lai, A.C.; Zhou, J.; Liu, W.; Bi, Y.; Gao, G.F. Epidemiology, genetic recombination, and
pathogenesis of coronaviruses. Trends Microbiol. 2016, 24, 490–502. [CrossRef] [PubMed]

30. COVID, W. , 19. Sentinel Hospital Surveillance Update, Week 53. 2 January 2021; National Institute for Communicable Diseases:
Johannesburg, South Africa, 2021.

31. Castiglioni, S.; Schiarea, S.; Pellegrinelli, L.; Primache, V.; Galli, C.; Bubba, L.; Mancinelli, F.; Marinelli, M.; Cereda, D.; Ammoni,
E.; et al. SARS-CoV-2 RNA in urban wastewater samples to monitor the COVID-19 pandemic in Lombardy, Italy. Sci. Total
Environ. 2022, 806, 150816. [CrossRef] [PubMed]

32. Ahmed, W.; Angel, N.; Edson, J.; Bibby, K.; Bivins, A.; O’Brien, J.W.; Choi, P.M.; Kitajima, M.; Simpson, S.L.; Li, J.; et al. First
confirmed detection of SARS-CoV-2 in untreated wastewater in Australia: A proof of concept for the wastewater surveillance of
COVID-19 in the community. Sci. Total Environ. 2020, 728, 138764. [CrossRef] [PubMed]

33. Miura, F.; Kitajima, M.; Omori, R. Duration of SARS-CoV-2 viral shedding in faeces as a parameter for wastewater-based
epidemiology: Re-analysis of patient data using a shedding dynamics model. Sci. Total Environ. 2021, 769, 144549. [CrossRef]
[PubMed]

34. Davies, M.A.; Morden, E.; Rousseau, P.; Arendse, J.; Bam, J.L.; Boloko, L.; Cloete, K.; Cohen, C.; Chetty, N.; Dane, P.; et al.
Outcomes of laboratory-confirmed SARS-CoV-2 infection during resurgence driven by Omicron lineages BA. 4 and BA. 5
compared with previous waves in the Western Cape Province, South Africa. Int. J. Infect. Dis. 2023, 127, 63–68. [CrossRef]

35. Han, H.; Luo, Q.; Mo, F.; Long, L.; Zheng, W. SARS-CoV-2 RNA more readily detected in induced sputum than in throat swabs of
convalescent COVID-19 patients. Lancet Infect. Dis. 2020, 20, 655–656. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1056/NEJMoa2108891
https://www.ncbi.nlm.nih.gov/pubmed/34289274
https://doi.org/10.1016/j.tim.2016.03.003
https://www.ncbi.nlm.nih.gov/pubmed/27012512
https://doi.org/10.1016/j.scitotenv.2021.150816
https://www.ncbi.nlm.nih.gov/pubmed/34627901
https://doi.org/10.1016/j.scitotenv.2020.138764
https://www.ncbi.nlm.nih.gov/pubmed/32387778
https://doi.org/10.1016/j.scitotenv.2020.144549
https://www.ncbi.nlm.nih.gov/pubmed/33477053
https://doi.org/10.1016/j.ijid.2022.11.024
https://doi.org/10.1016/S1473-3099(20)30174-2

	Introduction 
	Materials and Methods 
	Study Site Description 
	Sample Collection and Processing 
	Viral RNA Extraction and Quantification 
	Profiling of SARS-CoV-2 Genomes Using Quantitative Real-Time Polymerase Chain Reaction 
	Quantitative Microbial Risk Assessment of SARS-CoV-2 Genomes among Wastewater Treatment Plant Operators 
	Statistical Analysis 

	Results 
	Viral RNA Extraction and Quantification 
	Profiling of SARS-CoV-2 Genomes Using Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 
	Quantitative Microbial Risk Assessment of the SARS-CoV-2 Genomes 

	Discussion 
	Conclusions 
	References

