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1. Introduction

The COVID-19 pandemic has renewed research needs for the detection and monitor-
ing of various pathogens in urban wastewater systems including sewerage systems and
wastewater treatment or recycling plants [1]. Not only have the detection methods evolved
from culture-based to molecular-based technology over the years, but also the purposes and
applications have expanded from water quality monitoring to wastewater-based epidemi-
ology (WBE) [2–5]. To ensure the effectiveness of wastewater treatment and the protection
of public health, much research has been completed to enhance wastewater sampling,
pathogen recovery and concentration, detection sensitivity and specificity, data analysis, re-
sults interpretation, and mathematical modelling [6]. These recent developments allow the
more accurate and timely identification of the occurrence of pathogenic bacteria, fungi, and
viruses in wastewater. Meanwhile, it has been a great challenge to detect new pathogens,
such as SARS-CoV-2, at very low levels in wastewater. Significant research is still needed to
improve the detection and identification capability for any emerging pathogens. Genome
sequencing and other molecular-based methods are promising in providing comprehensive
information including the identification of pathogen variants, resistance genes, and the
design of PCR probes.

The challenges of public health and safety impose an ever-increasing importance on
the fate and spread of pathogens in wastewater systems. WBE has been developed and
widely applied as an important supplementary tool for pathogen surveillance through
wastewater analysis. It is widely recognized for its unique advantages, in comparison
to conventional epidemiological surveillance, of low-cost, nearly real-time detection, and
early warning capacity [7]. It thus finds fit-for-purpose use in tracking COVID-19 outbreaks
for low-middle income regions and countries, although it is not limited to such regions or
countries. The inherent limitations and associated uncertainties of the WBE approach are
partly due to the pathogen detection methodologies [8,9]. Thus, it is essential to improve
current pathogen detection in wastewater for the higher accuracy of WBE back-calculation
of infections. Eventually, WBE can be designed as a useful tool in managing wastewater
treatment and the interventions of pandemic through process optimization and public
health intervention and policymaking [10]. Looking into the future, wastewater can be
used to monitor and track a range of pathogens of significance to population health.

This Special Issue “Pathogen Detection and Identification in Wastewater” has captured
the above-mentioned new opportunities and challenges for advancing the detection of
pathogens and its application, focusing on methodological advancements and innovations,
and their applications for WBE. Many manuscripts were submitted for consideration for
this Special Issue, and all of them were subject to the rigorous review process instituted by
the journal, Water. In total, 11 papers were finally accepted for publication and inclusion in
this Special Issue (eight articles and three reviews). These papers were the contributions of
researchers from Australia, Canda, China, Finland, India, Italy, Japan, Mexico, Sweden, and
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USA. This Editorial will briefly summarize the articles published within this Special Issue,
with the main purpose of guiding and encouraging readers in exploring the collection
of studies.

2. An Overview of Published Articles

The first review article (contribution 1) by Zhang et al., as the feature paper of this
Special Issue, provided a comprehensive overview of pathogens in wastewater and the
range of available molecular detection methods, including nucleic acid targeting methods,
immunology-based methods, biosensors, and paper-based detection. It also discussed
the recent developments in wastewater sampling, DNA/RNA extraction, detection and
quantification of pathogens, and the profiling of multiple pathogens. It is thus a starting
point for novice research students or researchers to efficiently obtain an overview of
the information and grasp some key background knowledge of pathogen detection and
identification in wastewater.

Contribution 2 by Tiwari et al. provided a systematic review on the tracing of COVID-
19 viral variants in wastewater. Following the PRISMA guideline, it identified and sum-
marized 80 studies for the variants detected, detection methods, and the geographical
distribution of studies. It is valuable in understanding the use and effectiveness of WBE for
different SARS-CoV-2 variants.

Contribution 3 by Guo et al. is another review on how temperature and water types
(i.e., wastewater, freshwater, and seawater) affect the decay of coronaviruses in terms of
both infectivity and RNA. The article stated that the sensitivity of the WBE back-estimation
of enveloped SARS-CoV-2 was higher than non-enveloped enteric viruses, which were less
degradable in wastewater. Also, wastewater dilution by stormwater inflow or seawater
infiltration has implications for the decay of coronaviruses and thus the transmission risk
and WBE data interpretation.

Four papers of this Special Issue have focused on the development and evaluation of
pathogen detection methods in wastewater.

Sajid et al. (contribution 4) demonstrated the use and effectiveness of membrane-inlet
mass spectrometry (MIMS) as a low-impact method to differentiate between the pathogenic
and non-pathogenic bacterial strains, through analyzing the volatile compounds produced
by bacteria.

Hasing et al. (contribution 5) developed and optimized a method for SARS-CoV-2
detection in wastewater using moderate-speed centrifuged solids. This method showed
advantages by having a similar sensitivity when compared to the ultrafiltration reference
method but with lower PCR inhibition, lower costs, fewer processing steps, and a shorter
turnaround time.

Pellegrinelli et al. (contribution 6) reported on an inter-laboratory proficiency test
to evaluate the performance of different pre-analytical (three viral concentration meth-
ods in combination with three RNA extraction protocols) and analytical methods (two
primer/probe sets in three master mixes) for identifying the presence of SARS-CoV-2 in
untreated municipal wastewaters samples. The results indicated that the PEG-8000 precipi-
tation in combination with real-time RT-PCR targeting the N gene was the best performing
workflow in detecting SARS-CoV-2 in raw wastewater.

Zhang et al. (contribution 7) studied the impact of sewer biofilms on the dynamics
of SARS-CoV-2 RNA concentration in naturally contaminated real wastewater using lab-
scale reactors. A significant reduction in viral concentration in the water phase and its
accumulation in biofilms were revealed. The findings indicated the complex role of sewer
compartments and the implications for the interpretation of WBE data.

Four articles in this Special Issue have reported on the surveillance of SARS-CoV-2,
its variants, and human adenovirus (HAdVs) through wastewater analysis in different
countries. They highlighted the diverse applications (case studies), effectiveness, and
challenges of WBE as a supplementary epidemiological surveillance tool.
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Sosa-Hernández et al. (contribution 8) reported on the first long-term WBE study
of COVID-19 in Mexico and demonstrated its value in providing information regarding
community infections in low–middle-income populations. It indicated the importance of
strategically placing WBE control centers in target communities.

Arora et al. (contribution 9) investigated the SARS-CoV-2 detection at each treatment
stage of 14 wastewater treatment plants (WWTPs) in Northern India. It reported that
aerobic biological wastewater treatment can be effective in removing SARS-CoV-2 viruses
due to the evidence of no-detection in secondary- or tertiary-treated samples.

Nag et al. (contribution 10) reported a case study on monitoring SARS-CoV-2 variants
from 11 distinct wastewater treatment plants across Jaipur (India). Wastewater surveillance
for variant characterization was shown to be a reliable and practical method for tracking the
diversity of SARS-CoV-2 strains in the community that is considerably faster than clinical
genomic surveillance.

Maniah et al. (contribution 11) detected human adenoviruses in three wastewater treat-
ment plants in Saudi Arabia. Sequencing showed that the F species of HAdVs, especially
serotype 41, dominated in wastewater. Seasonal variations were found to be negligible,
with relative humidity being a significant factor, rather than wind speed.

3. Conclusions

This compilation of articles devoted to the pathogen detection and identification in
wastewater encompasses a diverse range of research, with a topical focus on its extensive
use in WBE. It is a topic of enduring importance and research interest, as reflected by the
different existing methodologies, their optimization, and the emergence of novel methods.
The COVID-19 pandemic provided researchers with ample opportunities in conducting
research on viral detection in wastewater. The profound knowledge and experiences
generated over this time will have long-lasting and widespread positive effects for this
research field in the future.

The challenges of current pathogen detection in wastewater lie in the fact that there are
highly varying performances and very low comparability of different wastewater surveil-
lance studies, largely due to the highly diverse sampling and analytical methods being used
to detect pathogen concentrations in wastewater. Large variations in reproducibility, sensi-
tivity, and efficiency of different analytical protocols lead to high analytical uncertainties.
Nevertheless, future research should aim to improve the reproducibility and comparability
by standardizing wastewater sampling, analysis, and data reporting protocols.
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Abstract: With increasing concerns about public health and the development of molecular tech-
niques, new detection tools and the combination of existing approaches have increased the abilities of
pathogenic bacteria monitoring by exploring new biomarkers, increasing the sensitivity and accuracy
of detection, quantification, and analyzing various genes such as functional genes and antimicrobial
resistance genes (ARG). Molecular methods are gradually emerging as the most popular detection
approach for pathogens, in addition to the conventional culture-based plate enumeration methods.
The analysis of pathogens in wastewater and the back-estimation of infections in the community,
also known as wastewater-based epidemiology (WBE), is an emerging methodology and has a great
potential to supplement current surveillance systems for the monitoring of infectious diseases and the
early warning of outbreaks. However, as a complex matrix, wastewater largely challenges the analyti-
cal performance of molecular methods. This review synthesized the literature of typical pathogenic
bacteria in wastewater, types of biomarkers, molecular methods for bacterial analysis, and their recent
advances in wastewater analysis. The advantages and limitation of these molecular methods were
evaluated, and their prospects in WBE were discussed to provide insight for future development.

Keywords: pathogenic bacteria; biomarkers; molecular methods; wastewater-based epidemiology;
antimicrobial resistance

1. Introduction

Diseases induced by human pathogens are a major threat to public health world-
wide. According to an estimation by the World Health Organization (WHO), 600 million
people (almost 1 in 10 people) fall ill from eating contaminated food, and among them
420,000 people die every year, leading to the loss of 33 million healthy lives [1]. Unsafe
food causes an annual loss of USD 110 billion in productivity and medical expenses in low-
and middle-income countries. In addition, the ever-increasing waterborne diseases become
a global burden, causing a financial loss of almost USD 12 billion and over 2.2 million
deaths each year. Water and foodborne diseases overburden health care systems and affect
global economies, thus hindering socio-economic development.

Among various waterborne and foodborne pathogens, pathogenic bacteria are the
largest and most common group. Food and waterborne pathogenic bacteria, including
Escherichia coli (E. coli), Campylobacter spp., (C. jejuni and C. coli), Legionella spp., Salmonella
spp., and Shigella spp. are responsible for most infection cases, sometimes with severe
and fatal outcomes. In recent years, although water and foodborne disease outbreaks
have been declining with the increasing efforts in improving public health, the burden of
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infectious water and foodborne diseases is still a pressing global issue [2,3]. Furthermore,
the growing antimicrobial resistance (AMR) of pathogens threatens the effective prevention
and treatment of an ever-increasing range of infections, reminding us of the urgency and
importance of strengthening our capacity to monitor and prevent the increasing risk of
these human pathogens.

The traditional detection method of pathogenic bacteria mainly relies on microbial cul-
turing. Culture-based methods are low-cost, easy to operate, and highly standardized and
thus are broadly used for the regulatory purposes of pathogenic bacteria monitoring such
as enumerating FIB in bathing water [4]. However, the main limitations of these methods
are the lack of differentiation between the target and other non-target endogenous microor-
ganisms of the same samples, false negative/positive results, time and labor-consuming
procedures, and the inability to detect viable but nonculturable (VBNC) cells [5]. Moreover,
in the application of quantitative research, culture-based methods often underestimate the
number of bacteria. This affects the quantification accuracy of targets and underestimates
the prevalence of pathogens in the human community. In addition, VBNC can become
viable and may cause disease and increase the public health risk [4]. Therefore, as a rapid
analyzing tool with high accuracy and specificity, molecular methods have quickly become
the mainstream detection technique of pathogenic bacteria.

According to the biological markers being used, molecular methods can be divided in
to two major groups, i.e., the nucleic acid targeting method and protein/antigen targeting
method [6]. The nucleic acid targeting method includes fluorescence amplification-based
methods, such as the polymerase chain reaction (PCR), quantitative or real-time PCR
(qPCR), digital PCR (dPCR), deoxyribonucleic acid (DNA) microarray, fluorescence in
situ hybridization (FISH), and molecular beacon, and sequencing-based methods such as
pyrosequencing, Illumina sequencing, and nanopore sequencing. The protein and antigen
targeting method includes a traditional antibody–antigen interaction method similar to
immunological methods (lateral flow tests (LFTs)) and enzyme-linked immunosorbent
assays (ELISA) [7]. Moreover, by combining the basic molecular detection approaches
with a metal and paper platform, biosensor-based and paper-based devices have become a
rapid, cheap, and portable on-site method for pathogenic bacteria detection [8–10].

Wastewater-based epidemiology (WBE) is a method to obtain qualitative and quanti-
tative data on the chemical use/exposure and infectious cases of residents within a given
wastewater catchment area based on the analysis of chemical compounds, pathogens, and
certain biomarkers in raw sewage [11,12]. Sewage collected from a wastewater treatment
plant (WWTP) or sewers can be regarded as the pooled urine and stool sample within a com-
munity and can be used to evaluate the health status of the whole community [11]. Studies
based on wastewater have showed that sewage can reveal not only illicit drug use, diet,
and lifestyles, but also disease outbreaks within a community [11–13]. In addition, different
from clinical testing, wastewater analysis can include pathogens shed by asymptomatic and
presymptomatic individuals. This makes it a powerful tool for the early warning and timely
intervention of infectious disease [14–16]. Wastewater can be monitored for pathogenic and
benign microbes through a variety of technologies. Traditional techniques usually include
filtering, staining, and examining samples under a microscope. More sensitive and specific
methods such as PCR-based methods and DNA sequencing have also been employed in
the analysis of human pathogens in wastewater. However, the concentration of pathogenic
bacteria is usually lower than indicator microorganisms and thus requires a highly sensi-
tive detection method. The complex wastewater matrix often causes false-negative results
because of the presence of various inhibitors. In addition, sample processing methods
vary for different downstream analytical methodologies. Therefore, it is still challenging to
utilize molecular detection methods in the accurate and quantitative detection of pathogenic
bacteria in raw wastewater. This review focuses on the molecular analytical techniques for
pathogenic bacteria in wastewater and summarizes recent advances of these approaches in
wastewater-based epidemiology. The prospects of these approaches in wastewater analysis
are discussed to provide insights for further application.
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2. Pathogenic Bacteria in Wastewater

Human pathogens, causing serious infections and even death, are one of the leading
threats to global public health. Various human pathogens can be grouped as bacteria (e.g.,
enterohemorrhagic E. coli (EHEC), Campylobacter spp., and Salmonella spp., etc.), viruses (e.g.,
influenza viruses, hepatitis virus, rotaviruses, and Norwalk viruses, etc.), protozoa (e.g.,
Giardia lamblia and Cryptosporidium parvum, etc.), and parasites (e.g., ascaris, Ancylostoma,
etc.) [17]. Currently, there are approximately 538 species of pathogenic bacteria infecting
human beings. This number is much higher than the overall number of other pathogens
such as viruses (around 208 types), parasitic protozoa (around 57 species), and some fungi
and helminths [17]. The bacteria listed in Table 1 are bacterial human pathogens detected
in raw wastewaters, which are reported as the most common species that can cause global
health concern (e.g., gastroenteritis or pneumonia). Most pathogens in wastewater are shed
by human patients, although some might originate from other sources such as animals.

Table 1. Pathogenic bacteria detected in wastewater with high significance to public health.

Pathogenic Bacteria Related Disease Infectivity a Persistence b Density in WWTP Influent Reference

Enteric pathogens

E. coli O157:H7 Gastroenteritis High Moderate 101–106 CFU/100 mL [18]

Campylobacter spp. Gastroenteritis Moderate Moderate 102–105 MPN/100 mL [19]

Shigella spp. Shigellosis High Short 10–107 MPN/100 mL [20,21]

Salmonella spp. Salmonellosis; Typhoid fever Low May multiply 1–107 MPN/100 mL [20,22]

Clostridioides difficile Severe diarrhea and colitis High Long - [23,24]

Non-enteric pathogens
Legionella spp. Acute respiratory illness, legionellosis Moderate May multiply 107–1010 cells/100 mL [25,26]

Mycobacterium spp. Pulmonary disease, skin infection Low May multiply 105 gene copies/100 mL [27]

Note: a [6]; b [17]; MPN: most probable number.

2.1. Enteric Pathogenic Bacteria
2.1.1. E. coli O157:H7

The strain of E. coli that causes diarrhea is called diarrheagenic E. coli. Among several
pathotypes of diarrheagenic E. coli, enterohemorrhagic E. coli (EHEC) is different because
of its ability to produce Shiga toxin. Both of E. coli O157:H7 and other non-O157 STEC
(Shiga toxin-producing E. coli) such as O26:H11, O111:H8, and O118:H16 can release Shiga
toxins, but only O157:H7 genotypes can induce disease in humans. Others commonly
reside in cattle without causing diseases [28]. E. coli O157:H7 is the predominant and most
virulent serotype in the pathogenic subgroup of E. coli. It could cause not only diarrhea
and hemorrhagic colitis, but also hemolytic uremic syndrome, which is a serious long-term
complication, mainly affecting children, that leads to kidney failure and death. Virulence
factors of E. coli O157:H7 include the type III secretion system, Shiga-like toxin 1 and 2,
acid tolerance response system, hemolysin, and extracellular serine protease [29,30]. E. coli
is widely used as the fecal contamination indicator, and the O157:H7 genotype is often
employed as a model for pathogenic bacteria study in wastewater [18]. The density of
E. coli O157:H7 in raw wastewater was found as 10–106 CFU/100 mL [18].

2.1.2. Campylobacter spp.

Campylobacter spp. is one of four major causes of diarrhea, and it is also regarded as
the most common cause of human gastroenteritis worldwide. There are 13 pathogenic
Campylobacter species known to be associated with human infections such as C. jejuni, C. coli,
C. lari, C. concisus, C. rectus, C. hyointestinalis, C. insulaenigrae, C. sputorum, C. helveticus,
C. fetus, C. mucosalis, C. upsaliensis, and C. ureolyticus. Among 17 species and six subspecies
of Campylobacter, C. jejuni and C. coli are the most related to infections, accounting for
80–85% and 10–15% of total infections, respectively [31]. C. jejuni and C. coli are also
the main species widely detected and isolated from wastewater [19,32,33]. Pathogenic
Campylobacter is responsible for 400–500 million infections annually [34]. In Europe,
nearly 230 thousand cases have been reported every year since 2015 [35]. Presumably, the
infection dose of campylobacteriosis is very low, with 360 colony-forming units (CFU)
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being adequate to cause the illness. Campylobacter spp. possess different virulence factors
(VFs) related to motility, adhesion, invasion, toxin-activity, immune evasion, and iron-
uptake [36]. VFs, such as the cadF gene and iam locus, are involved in different invasion
steps [37,38]. Other VFs, such as the tripartite toxin encoded in the cdtA, cdtB, and cdtC
genes [39], block the CDC2 kinase, inducing progressive cellular distension, which causes
cell death [36]. Therefore, those genes are widely used in the diagnosis of Campylobacter spp.
since thermotolerant Campylobacter spp. is difficult to culture [19,40,41].

2.1.3. Salmonella spp.

Salmonellosis is one of the most important zoonotic diseases caused by Salmonella spp.
and transmits to humans through raw food products. A few serotypes, such as S. typhimurium
and S. enteritidis, can cause human infection with poultry as the main host. Two foods that
are most commonly associated with Salmonella infection are eggs and poultry meat [42]. Ac-
cording to the Centers for Disease Control and Prevention, from 2006 to 2017, Salmonella was
responsible for about 53.4% of all foodborne disease outbreaks in the USA, and approximately
32.7% of these outbreaks were related to produce consumption [43]. Additionally, S. Typhi
and S. Paratyphi are the main causes of typhoid fever and paratyphoid fever, respectively.
Both are human-specific, Gram-negative, and human-restricted bacterial pathogens. Trans-
mission can occur from person to person by eating contaminated food or water or by
contact with an acute or chronic infected person [44]. Although a few culturing methods
have been developed to isolate and culture those two Salmonella species in various samples,
the cultivation is still a difficult task since they are fastidious microorganisms. The molec-
ular approach is considered better for the detection and quantification of Salmonella spp.
than the culture-based approach. Many protocols have been developed to target different
genes or gene regions specific to Salmonella spp. The most popular gene targets are invA
and flagellin genes (fliC-d for Salmonella Typhi, fliC-a for Salmonella Paratyphi A). Some tests
are multiplexed to improve sensitivity and specificity [45–49]. Protein markers such as
membrane vesicle protein PagC have also been employed in the detection of pathogenic
Salmonella as a novel biomarker [50].

2.1.4. Shigella spp.

Shigella is a Gram-negative bacterium, a facultative anaerobe of the Enterobacteriaceae
family. It is thought to be responsible for shigellosis or bacillary dysentery [51]. Shigella spp.
includes four serotypes: S. dysenteriae, S. flexneri, S. boydii, and S. sonnei. Shigellosis is an
invasive disease of the colon that is mainly caused by S. sonnei and S. flexneri. The main
mode of transmission is fecal–oral infection, with an infection dose as low as 10 bacterial
cells. The continuous transmission in humans must be passed from one person to another,
as the bacterium does not survive long outside the body during the plankton-like phase [52].
About 165 million cases of Shigella disease are recorded worldwide each year, resulting in
1 million deaths, particularly in developing countries. It is reported that the phenotypic
and genotypic characteristics of Shigella species are too close to be distinguished from
diarrheagenic E. coli. This close genetic relationship between Shigella and E. coli leads
to the widespread presence of virulence genes, making it difficult or even impossible to
distinguish the virulence types of Shigella from E. coli. In recent years, in order to achieve
rapid and reliable identification of the four Shigella species, a series of PCR-based methods
has been developed by targeting various genes in plasmid DNA, including invasion plasmid
antigen H (ipaH) [53], ial [54], virA [55], the she pathogenicity island (spi) [56] and tuf [57].

2.1.5. Clostridioides difficile

Clostridioides difficile (homotypic synonym Clostridium difficile, also known as C. difficile,
or C. diff ) is a kind of Gram-positive spore-forming bacterium [58]. Pathogenic C. difficile
strains can induce diarrhea and life-threatening pseudomembranous colitis, often requiring
antibiotic treatment. These strains are mainly identified by their ability to produce the
enterotoxin A (TcdA) and/or the cytotoxin B (TcdB) [59]. C. difficile-associated diarrhea
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(CDAD) is a very common nosocomial infection related with high morbidity and mortality,
which imposes a huge financial burden to healthcare facilities [60]. In the last two decades,
toxigenic C. difficile became one of the most important causes of hospital infections, with
many infections leading to diarrhea and potentially fatal pseudomembranous colitis [61].
It has been recognized that community-acquired C. difficile infections are increasing among
people with no apparent contact with healthcare facilities and without any known risk
factors for C. difficile infection (CDI) [62]. Since C. difficile is a spore-forming bacterium,
it is considered as an environmentally resistant pathogenic bacterium with the ability to
prolong survival under environmental conditions. Therefore, C. difficile in the feces of both
symptomatic and asymptomatic CDI patients can enter hospitals and domestic wastewater,
which can be the possible approaches for CDI transmission within a community [63].
Moreover, AMR of C. difficile raises a major threat to the global health care system, not only
because of the treatment of CDI, but also because it can be a reservoir of AMR genes to
spread them to other pathogens [64]. These facts raise concerns of C. difficile infection and
transmission and entail its surveillance based on WBE. Several studies have investigated
the prevalence of C. difficile in wastewater by cultivation and PCR methods [59,65,66].

2.2. Non-Enteric Pathogenic Bacteria

Many of the pathogenic bacteria detected in wastewater are enteric in origin. However,
a few of the pathogenic bacteria, which cause non-enteric diseases such as Legionella spp.
and Mycobacterium spp., have also been detected in wastewater [67–69].

2.2.1. Legionella spp.

Pneumonia caused by Legionella spp. is a life-threatening pulmonary infection that is
mostly caused by Legionella pneumophila [70]. In addition, another 19 species have also been
confirmed as human pathogens based on results isolated from clinical specimens [71]. In-
fections could be spread not only in communities, but also in hospitals. Moreover, Legion-
naires’ disease (LD) is clinically and radiologically indistinguishable from community-
acquired pneumonia (CAP) caused by other bacterial pathogens [72]. For the treatment,
Legionella spp. are unaffected by β-lactam antibiotics since they are obligatory intracel-
lular bacteria. The treatment of infections thus requires a high dose of quinolones or
macrolides [73]. Early diagnosis of LD is essential for the monitoring of outbreak and
treatment in hospitals [74,75]. Legionella has been found in wastewater with concentrations
up to 108 CFU/L. A recent study found that exposure to aerosols dispersed from WWTPs
caused LD in residents living near WWTPs during 2013–2018 in the Netherlands [26].

2.2.2. Mycobacterium spp.

The Mycobacterium genus includes more than 170 species [76], of which at least two, My-
cobacterium tuberculosis and Mycobacterium leprosy, are regarded as obligate human pathogens.
Most others are opportunistic organisms that cause disease both in humans and animals
when conditions are favorable. Generally, Mycobacteria are classified into two main groups,
the genetically related M. tuberculosis complex (MTC) organisms and nontuberculous my-
cobacteria (NTM). The NTM are also known as environmental mycobacteria due to their
widespread presence in soil and water [77]. Tuberculosis (TB) is a disease caused by infection
with M. tuberculosis, which caused 1.4 million deaths in 2019. TB became one of the top ten
causes of death and is the leading cause from a single infectious agent (ahead of HIV/AIDS).
In addition, multidrug-resistant TB (MDR-TB) is also a public health crisis and a health
security threat. In 2019, 206,030 patients with multidrug-resistant or rifampicin tuberculosis
(MDR/RR-TB) were detected and reported globally, an increase of 10% from 186,883 in
2018 [78]. However, nontuberculous mycobacteria (NTM) have never been quantified in
wastewaters before Radomski’s study because of the inefficient analytical approaches [27].
More wastewater studies should be conducted for its environmental surveillance.
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3. Molecular Methods for Pathogenic Bacteria Detection
3.1. Biomarkers of Pathogenic Bacteria

Biomarkers including nucleic acids, proteins, antigens, adenosine triphosphate (ATP),
and metabolic products [10] are employed in the analysis of microorganisms. To differentiate
microorganisms within one sample, nucleic acids (DNA/RNA), proteins, and antigens are
usually selected as biomarkers because of their special physical and chemical characteristics
within different pathogens. The detection of DNA/RNA is based on the specific hybridiza-
tion and amplification of targets, thus enabling good specificity and accuracy. In case of
pathogenic bacteria in wastewater, the most important biomarker is the pathogenic DNA
or RNA residues from these bacteria. The biomarkers include the genus/species-specific
genes, functional genes, and antimicrobial resistance genes [11]. Moreover, in the analysis
of antimicrobial resistance, gene transfer is another significant point. Various mobile genetic
elements, including plasmids, transposons, bacteriophages, integrons, and combinations
of them, are notable nucleic acid targets for investigating the prevalence and spread of
resistance genes in bacteria [79].

ATP assay, enzymatic activity tests, and metabolic products are mostly used to assess
the activity of living cells. Due to the linearity between the total number of ATP and the
total colony-forming units, the metabolically active cells could be directly quantified using
the amount of ATP [80,81]. Ions and some organic acids are the metabolic products of
microorganisms. These metabolites could be detected by electrochemical methods, thus
were utilized to reflect the metabolic states of microorganisms [82].

Microbial surfaces contain a variety of proteins that are expressed by specific DNA/RNA
in different pathogens. By screening these proteins using antibodies and nucleic acids, new
biomarkers can be discovered, and pathogens can be specifically detected. Antigens are
another kind of molecules on the cell surface of pathogens. They can be specifically bound
to antibodies and induce immune responses of the host. Each type of pathogen carries
one or more unique antigens on their surface, even within strains. It thus enables the spe-
cific identification of pathogens using antibodies [83]. Moreover, by analyzing the specific
antigens of each strain, the subtypes of the strain can be determined.

Aptamers are single-stranded DNA or RNA oligonucleotides with high affinities and
specificities that can bind a variety of targets, from single molecules to whole cells [84].
They can form diverse, complex secondary structures such as multi-branched loops and
G-quadruplexes, which can specifically target the surface proteins of microorganisms or
cells. In environmental monitoring, aptamers are superior to antibodies due to their chemi-
cal stability, easy chemical modification, relative ease of synthesis, and biocompatibility.
With the systematic evolution of ligands by exponential enrichment (SELEX) method, many
aptamers have been successfully employed to detect various pathogens in environmental
samples [8,85,86].

3.2. Molecular Methods

For a long time, the culture and colony counting-based method has been the dominant
method in the detection of pathogens (i.e., the ‘gold standard’). It can assess live microbes or
viable cells in samples. However, these methods may produce false-positive or false-negative
results when evaluating highly aggregated microbial cells. Furthermore, not all microbial
cultures can be grown under laboratory conditions. For example, a study of Campylobacter
indicated that the culture-based method failed to correctly detect Campylobacter in 30%
of positive patient stool samples compared to non-cultural methods, including PCR and
enzyme immunoassay (EIA) [87]. Moreover, the culture methods are time and resource
intensive, which are gradually replaced by more rapid and specific molecular methods.
Therefore, in order to meet the requirements for reliable analysis of pathogenic bacteria,
including high specificity, high sensitivity, good reproducibility, automation, and cost
effectivity, molecular methods have gradually emerged to replace the dominant position of
culture methods. In recent decades, various rapid, sensitive, and specific molecular methods
have been developed. These molecular methods are discussed below and listed in Table 2.

10



W
at

er
20

21
,1

3,
35

51

Ta
bl

e
2.

M
ol

ec
ul

ar
de

te
ct

io
n

m
et

ho
ds

an
d

ex
am

pl
e

of
ap

pl
ic

at
io

ns
in

th
e

an
al

ys
is

of
pa

th
og

en
ic

ba
ct

er
ia

.

M
ol

ec
ul

ar
M

et
ho

d
Ta

rg
et

B
ac

te
ri

a/
G

en
es

Sa
m

pl
e

Ty
pe

Li
m

it
of

D
et

ec
ti

on
R

ef
er

en
ce

s

N
uc

le
ic

ac
id

ta
rg

et
in

g
m

et
ho

ds

Po
ly

m
er

as
e

ch
ai

n
re

ac
ti

on
(P

C
R

)-
ba

se
d

m
et

ho
d

M
ul

ti
pl

ex
-P

C
R

(m
PC

R
)

En
te

ro
pa

th
og

en
s

W
as

te
w

at
er

-
[8

8]

Si
ng

le
qP

C
R

Sa
lm

on
el

la
Sa

lm
on

el
la

Is
ol

at
es

-
[8

9]

M
ul

ti
pl

ex
qP

C
R

Ta
qm

an
m

et
ho

d

in
vA

of
Sa

lm
on

el
la

sp
p.

;t
he

pa
ra

to
se

sy
nt

ha
se

(p
rt

)g
en

e,
an

d
th

e
ty

ve
lo

se
ep

im
er

as
e

(t
yv

)g
en

e
of

gr
ou

p
D

an
d

gr
ou

p
A

Sa
lm

on
el

la
,t

he
Sa

lm
on

el
la

-d
iff

er
en

ti
at

in
g

fr
ag

m
en

t1
(S

df
-1

)s
eq

ue
nc

e
of

S.
En

te
ri

tid
is

En
vi

ro
nm

en
ta

lS
am

pl
es

1
co

pi
es

/r
ea

ct
io

n
b

[9
0]

SY
B

R
gr

ee
n

m
cr

-1
ge

ne
W

as
te

w
at

er
12

co
pi

es
/r

ea
ct

io
n

b
[9

1]

M
ic

ro
flu

id
ic

qu
an

ti
ta

ti
ve

PC
R

A
nt

ib
io

ti
c

re
si

st
an

ce
an

d
he

av
y

m
et

al
re

si
st

an
ce

ge
ne

s
W

as
te

w
at

er
-

[9
2]

D
ro

pl
et

di
gi

ta
lP

C
R

(d
dP

C
R

)
V

BN
C

E.
co

li
O

15
7:

H
7/

rf
bE

Fo
od

5–
6

co
pi

es
/µ

L
b

[9
3]

D
N

A
M

ic
ro

ar
ra

y
Sa

lm
on

el
la

en
te

ri
ca

,S
hi

ge
lla

fle
xn

er
i,

E.
co

li
O

15
7:

H
7,

an
d

Li
st

er
ia

m
on

oc
yt

og
en

es
Fo

od
10

2
C

FU
/m

L
a

[9
4]

LA
M

P
V.

pa
ra

ha
em

ol
yt

ic
us

Fl
at

fis
h

1
C

FU
/m

L
in

bu
ff

er
b
;

10
C

FU
/g

in
fis

h
sa

m
pl

e
a

[9
5]

FI
SH

Sa
lm

on
el

la
M

in
ce

d
la

m
b

m
ea

t
10

C
FU

/g
a

[9
6]

Se
qu

en
ci

ng

Py
ro

se
qu

en
ci

ng
Ba

ct
er

ia
lc

om
m

un
it

ie
s

Sp
ut

um
-

[9
7]

Il
lu

m
in

a
te

ch
no

lo
gy

16
S

rR
N

A
ge

ne
W

el
l-

ch
ar

ac
te

ri
ze

d
ba

ct
er

ia
lr

ef
er

en
ce

sa
m

pl
e

-
[9

8]
O

xf
or

d
N

an
op

or
e

Te
ch

no
lo

gi
es

W
ho

le
-g

en
om

e
se

qu
en

ci
ng

(W
G

S)
38

1
di

ff
er

en
tr

es
is

ta
nc

e
ge

ne
s

W
as

te
w

at
er

-
[9

9]

Im
m

un
ol

og
y-

ba
se

d
m

et
ho

ds
En

zy
m

e-
li

nk
ed

im
m

un
os

or
be

nt
as

sa
y

(E
LI

SA
)

S.
en

te
ri

ca
ty

ph
im

ur
iu

m
.

R
iv

er
w

at
er

9.
2
×

10
3

C
FU

/m
L

a
[1

00
]

B
io

se
ns

or
-b

as
ed

m
et

ho
ds

C
ro

ss
-l

in
ki

ng
re

ac
ti

on
be

tw
ee

n
an

ti
bo

dy
an

d
w

at
er

-s
ol

ub
le

cf
-G

Q
D

s
(c

ar
bo

xy
lf

un
ct

io
na

li
ze

d
gr

ap
he

ne
qu

an
tu

m
do

ts
)

E.
co

li
O

15
7:

H
7

M
ilk

10
2

C
FU

/m
L

a,
b

[1
01

]

Pa
pe

r-
ba

se
d

de
vi

ce
O

ri
ga

m
ip

ap
er

-b
as

ed
de

vi
ce

E.
co

li
Ba

ct
er

ia
cu

lt
ur

e
10

3
C

FU
/m

L
b

w
ith

in
35

m
in

[1
02

]

Pa
pe

r-
ba

se
d

EL
IS

A
E.

co
li

O
15

7:
H

7
Fo

od
1
×

10
4

C
FU

/m
L

a,
b

[9
]

N
ot

e:
a

m
et

ho
d

Lo
D

(b
as

ed
on

sa
m

pl
e

vo
lu

m
e/

m
as

s)
;b

as
sa

y
Lo

D
(b

as
ed

on
re

ac
ti

on
or

L)
;a,

b
bo

th
m

et
ho

d
an

d
as

sa
y

Lo
D

.

11



Water 2021, 13, 3551

3.2.1. Nucleic Acid Targeting Methods

Nucleic acid targeting methods are designed to detect the specific DNA/RNA of
pathogens. It is achieved by the hybridization between target nucleic acid sequences and
synthetic oligonucleotides. Thus, the species-specific gene of pathogens and virulence genes
can be detected through nucleic acid targeting methods. They are usually fast, efficient,
and do not require the culture of the pathogens. These methods include polymerase
chain reaction (PCR)-based methods such as conventional PCR, real-time/quantitative
PCR (qPCR), droplet digital PCR (ddPCR), multiplex PCR (mPCR), and other methods
such as microarrays, loop-mediated isothermal amplification (LAMP), sequencing, and
fluorescence in situ hybridization (FISH).

PCR-Based Method

PCR is the most common molecular-based technique for the detection and quantifica-
tion of pathogens. PCR enables the detection of a single pathogenic bacteria by targeting
specific DNA sequences [57]. Through this method, a small sample of a DNA sequence
could be rapidly amplified into a large amount. This advantage enables the detection
and quantification of a low amount of the target DNA sequence. It is thus widely used in
the diagnosis of human pathogens. It significantly increases the sensitivity of detection
of microorganisms at low concentrations in environmental samples [103,104]. PCR has
already been utilized to the detection of a series of pathogenic bacteria such as E. coli and
spores of C. perfringens [104,105].

Conventional PCR needs gel electrophoresis to detect the formation of PCR products.
Real-time polymerase chain reaction, also called quantitative PCR, is the real-time detection
of the PCR process during the amplification of the target DNA sequence. qPCR determines
the PCR amplification by measuring specific dual-labeled probes or fluorescent signals
emitted by inserting dyes. The fluorescence intensity reflects the amount of the template
DNA. There is a linear relationship between the cycle threshold (Ct or Cq) value and the ini-
tial concentration of the template gene during the exponential period of PCR amplification.
Thus, the concentration of target sequences could be calculated from a well-established
standard curve to achieve an absolute quantification. Real-time quantitative PCR is widely
used in the real-time detective and quantitative analysis of target DNA sequences with
higher specificity and sensitivity than conventional PCR [106].

Two main fluorescence systems have been developed for qPCR, i.e., the SYBR green
method and the TaqMan probes method. SYBR green is a fluorescent pigment that can
bind double-stranded DNA (dsDNA). This non-sequence-specific pigment enhances the
fluorescence signal when it binds to DNA double helix minor grooves, thus enabling the
quantification of the targeting sequence. In contrast, TaqMan probe does not require the
addition of fluorescent pigment. The template-specific TaqMan probe further improves
the specificity of qPCR by increasing primer specificity. For each amplification of a specific
target, one molecule of fluorescent dye is released. The instrument detects the fluorescence
produced by specific amplification, which is not impacted by non-specific amplification.
This ensures the high specificity of the qPCR detection. There are many reporter–quencher
sets with different wavelengths, which can be labeled with the TaqMan probe. This enables
the TaqMan method to be able to detect multiple PCR reactions in the same tube, leading
to reduced cost and improved efficiency and accuracy. It can also avoid the influence of
different fluorescent dyes on the PCR reaction.

The mPCR is a faster detection methodology than simplex PCR, which can detect
multiple gene targets simultaneously. Fan et al. (2008) reported one mPCR assay to achieve
the simultaneous detection of various human pathogens in a single tube, with the detection
sensitivities between 10 to 102 CFU/100 mL in seawater. To differentiate the pathogenic and
commensal E. coli in clinical and water samples, an mPCR assay was developed to detect the
occurrence of 11 virulence genes in E. coli [107]. Recently, the presence of enteropathogens in
sewage was investigated by using the commercially available FilmArray® mPCR system [88].
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Compared with simplex PCR, mPCR provides faster detection by simultaneously amplifying
multiple gene targets. It can also differentiate closely related pathogenic bacteria.

Digital PCR is a biotechnology improvement on conventional PCR and can be used
to directly amplify and quantify DNA, cDNA, or RNA. Droplet digital polymerase chain
reaction (ddPCR) is a kind of dPCR technique that is emerging as a powerful analytical
tool for absolute quantification. Similar to qPCR, ddPCR also utilizes Taq polymerase
to amplify a target DNA sequence in a standard qPCR assay. The differences are that
ddPCR separates the whole qPCR reaction into thousands of individual reactions before
amplification, and ddPCR collects data at the reaction end point. These differences provide
ddPCR many advantages, such as the direct and independent quantification of target
DNA without standard curves and more precise and reproducible data than conventional
qPCR, especially when PCR inhibition is present [108–110]. In comparison to qPCR, ddPCR
shows better performance in detecting low concentrations of target genes in environmental
samples. Moreover, it has the potential to reduce the effect of qPCR inhibitors, although
its application to complex environmental samples needs further optimization [111]. How-
ever, qPCR is more reliable in detecting higher concentrations (2 × 105 or 2 × 104 gene
copies/PCR), since ddPCR displays higher variability and less precision in these concentra-
tion ranges [112]. A recent study shows that, in addition to being faster, the ddPCR method
exhibited higher sensitivity with a limitation of 10−5 ng/µL for genomic DNA templates
and 10−1 CFU/mL for Shigella bacteria culture, when compared to PCR and qPCR [113].

Nowadays, with the increasing availability of sequencing data, it is theoretically pos-
sible to design qPCR assays for every microorganism [106]. The qPCR method has many
benefits over other techniques. Firstly, the quantitative data produced by qPCR method
could reach an accurate dynamic range of 7–8 log orders of magnitude without requir-
ing post-amplification manipulation. Secondly, although the sensitivity of qPCR is varied
towards different samples and might be inhibited by inhibitors, it has been reported to
have higher sensitivity than many other molecular methods [114]. Theoretically, it is high
enough to detect a single copy of a transcript. Studies have shown that qPCR is reliable and
sufficient for the quantitative detection of various pathogens such as E. coli O157:H7 [115]
and Campylobacter spp. [116] The qPCR method has been applied to detect and monitor
the occurrence and concentrations of pathogens in drinking water sources [117], water and
wastewater treatment plants [118,119], and recreational beaches [120]. The use of qPCR
in water analysis enables quick microbial risk assessment, which may lead to immediate
remedial actions.

However, for the detection and quantification of waterborne bacteria with low abun-
dance, high requirements are demanded for qPCR, such as high accuracy, low limit of
detection (LoD) and quantification (LoQ), and the ability to distinguish dead and viable
cells. Studies have reported that it is possible to detect viable cells by detecting messenger
RNA (mRNA), since it only exists in viable organisms [7,121]. However, not all mRNAs
are present in all life phases of an organism, thus the target mRNA should be carefully
chosen for viable organism detection. In addition, rRNA-based RT-qPCR assays were
also confirmed to have a better association with the active bacterial populations in sur-
face water samples than rDNA-based assays [122–124]. Furthermore, multiplex real-time
PCR has been reported to be a valuable technique for the identification of viruses [125],
bacteria [126], and parasites [127]. However, due to the limitation of instruments and
the fluorescence groups, only four targets could be detected at the same time in TaqMan
methods. This limitation prohibits its application in profiling microbiome communities in
complex samples.

DNA Microarrays

DNA microarrays, also known as DNA arrays, are commonly known as gene chips. It
is a special piece of glass or silicon chip with a DNA microarray, which places thousands
or tens of thousands of nucleic acid probes on an area of several square centimeters [128].
DNA, complementary DNA (cDNA), and RNA in the sample are detected by fluorescence
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or electric signal after being combined with the probes. DNA microarrays enable the
hybridization-based detection of multiple targets in a single experiment, which makes it
suitable for the analysis of massive targets. Using a high-throughput DNA microarray assay,
a study investigated the prevalence of 941 pathogenic bacteria in groundwater and differen-
tiated their sources of origin [129]. In general, DNA microarray allows for the simultaneous
detection of multiple pathogenic bacteria. It is thus a fast and reliable diagnostic method in
analyzing large numbers of clinical/environmental samples. However, the complicated
probe design work, the reliability of the microarray data, and the clinical applicability of
the early results have been criticized [130]. The criticism and intensified competition from
other technologies, such as next-generation sequencing (NGS), have hampered the growth
of microarray-based testing in the molecular diagnostics market [131].

Loop-Mediated Isothermal Amplification (LAMP)

LAMP is an isothermal nucleic acid amplification technique. It has been utilized for
the alternative detection of certain diseases because of its low cost. At present, LAMP
has been applied to the identification and quantification of pathogenic bacteria with
significant advantages in sensitivity, specificity, and rapidity [95,132]. Since LAMP requires
four primers specifically designed for six different regions of the target, any incomplete
matching of the primers will theoretically lead to the phenomenon of non-reaction and non-
specific amplification. In addition, the LAMP method was confirmed to be 10–100 times
more sensitive than PCR detection [133], with a detection limit of 10 copies or less in the
template for one reaction. Furthermore, it can directly detect pathogenic microorganisms in
diseased tissue, thus avoiding the tedious cultivation and nucleic acid extraction step [134].
Finally, and most importantly, the result of the reaction can be judged with naked eyes
by demonstrating the absence of the target gene with the production of white precipitate
of magnesium pyrophosphate. It is more difficult to design specific primers for LAMP
than PCR (because LAMP requires 4–6 primers and PCR requires only two). A software
tool named PrimerExplorer is available to help the primer design for LAMP (http://
primerexplorer.jp/e/). Therefore, as a rapid detection method without the need of any
equipment, LAMP shows great potential in the rapid diagnosis of human pathogens in
various samples.

Fluorescent in Situ Hybridization (FISH)

FISH is a cytogenetic technique used to detect and locate nucleic acids in cells or
sample matrices. Fluorescently labeled nucleic acid probes hybridize only with highly
similar nucleic acids and can be used to locate genes on chromosomes or to label ribosomal
RNA in different taxonomic bacteria or archaea in molecular ecology. FISH could be
employed in the enumeration of particular microbial populations [135]. Compared to PCR,
FISH is more suitable for complex matrices because of its lesser sensitivity to inhibitory
substances. However, a major limitation of FISH is the small number of phylogenetically
distinct targets that can be detected at the same time. A recent study developed a multi-
FISH method that uses eight fluorophores, which is highly suitable for investigating the
structure and function of microbial communities in different samples [96]. Furthermore,
FISH has been used to discover emerging human pathogens in water, wastewater, and
sludge, to produce quantitative descriptions of the microbial community in wastewater
and activated sludge [136,137] and to investigate survival and infection mechanisms at the
cellular level. However, this method is still partly based on cell culture.

Sequencing

Sequencing is the process of determining the sequence of nucleotides in a section of
DNA. It includes any method or technique used to determine the order of the four bases:
adenine, guanine, cytosine, and thymine (or uracil for RNA). In 1977, DNA sequencing
technology was firstly developed by Frederick Sanger based on the chain-termination
method (also known as Sanger sequencing). In the early stage, DNA sequencing was
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employed for small genomes such as viruses and organelles. Complete sequencing of
a bacterium genome was not feasible because of the economic and technical limitations.
Later, with the emergence of the shotgun method developed by Sanger et al., whole genome
sequencing of bacteria was achieved. The shotgun method is considered the gold standard,
and whole genome sequencing of many bacteria has been carried out using this method
over years [138].

Next-generation sequencing (NGS), also known as high-throughput sequencing, is
the overall term used to describe several different modern sequencing pathways. These
technologies allow DNA and RNA to be sequenced faster and at lower cost than Sanger
sequencing, which was previously used, thus revolutionizing genomics and molecular
biology research [139]. NGS technologies include Illumina (Solexa) sequencing, Roche 454
sequencing, and proton/PGM sequencing. The NGS technologies achieve high throughput
and reduced cost by using massively parallel analysis, which allows 300 Gb of DNA to be
read in a single run on a single chip. The four main advantages of NGS over classical Sanger
sequencing are: (i) NGS needs significantly less DNA, as it can obtain a sequence from a
single strand; (ii) NGS is significantly quicker than Sanger sequencing by combining the
two separate processes of Sanger sequencing, i.e., chemical reaction and signal detection,
in some versions of NGS; (iii) NGS is more cost-effective due to reduced time, manpower,
and reagents; (iv) repeats in NGS caused by many short overlapping reads lead to a more
accurate and reliable sequence, even though individual reads are less accurate. These ad-
vantages enable a great potential of NGS in the application of environmental research. NGS
is capable of producing large numbers of reads at exceptionally high coverages throughout
the genome with dramatically reduced cost through the massively paralleled approach.
However, NGS requires the amplification of DNA molecules, which introduces random
errors in the DNA synthesis. The amplified DNA strands would become progressively out-
of-sync, which means the signal quality deteriorates as the read length grows. Therefore,
long DNA molecules must be broken up into smaller pieces to maintain the quality of the
reading, leading to a critical limitation of second-generation sequencing [140].

To solve the limitation, third-generation sequencing (TGS) technologies were devel-
oped to produce substantially longer reads than NGS by the direct sequencing of single
DNA molecules. Nanopore sequencing (Oxford Nanopore Technologies, Oxford, UK) is
a representative TGS approach for the sequencing of biopolymers, specifically polynu-
cleotides in the form of DNA/RNA. Through nanopore sequencing, individual molecules
of a DNA/RNA can be sequenced without PCR amplification or chemical labeling of the
sample. Nanopore sequencing has a great potential in providing relatively low-cost geno-
typing, high mobility for testing, and the ability to rapidly process samples and display
results in real time [141]. Applications of this method in the rapid identification of viral
pathogens [142], plant genome sequencing [143], monitoring of antibiotic resistance [144],
and haplotyping [145] has been reported. One major limitation of nanopore sequencing is
its high raw read error rate, which remains between 5% and 15% despite recent improve-
ments in nanopore chemistry and computational tools [138]. However, according to the
latest updates from Nanopore technologies (accessed on 15 October 2021), an accuracy of
98.3% could be achieved through the production software MinKNOW 4.3 (“Super-accuracy”
basecalling model) and Guppy 5 (https://nanoporetech.com/accuracy). In addition, the
quality of the sequencing result is affected by library quality and the presence of sequencing
inhibitors. Although more efforts are needed to improve the quality of Nanopore sequenc-
ing results, studies have confirmed that it has better bacterial identification performance in
complex samples than traditional Illumina platforms [146]. Winand et al. compared the
bacterial identification performance of second (Illumina) and third-generation sequenc-
ing technologies (Nanopore sequencing, Oxford Nanopore Technologies, Oxford, UK) by
targeting the 16S rRNA gene. The results revealed that both techniques provide reliable
identification of bacterial genera but may mislead the identification of bacterial species and
constitute viable alternatives to Sanger sequencing for rapid analysis of mixed samples
without any culture steps [98].
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3.2.2. Immunology-Based Methods

Immunological methods are based on the specific interaction between antibodies
and antigens. These methods include enzyme-linked immunosorbent assays (ELISA), im-
munofluorescence assays (IFA), and serum neutralization tests (SNTs) [6]. For immunology-
based methods, specific fluorochrome labeled antibodies are used to capture targeted
antigens, which serves as the enumeration of fluorescently labeled cells by detecting the
fluorescence signal using microscopy or flow cytometry. However, the biomarkers of these
methods should be carefully chosen to achieve specific detection at different classification
levels including genus, species, and serotypes. The detection of S. typhimurium on an
immunochromatographic strip was reported by Park et al. (2010). This study achieved the
quantitative detection of S. typhimurium in the range of 9.2 × 103 to 9.2 × 106 CFU/mL in
river samples within 20 min [100].

Although these methods can specifically detect targeted bacteria and their toxins and
can be multiplexed for multiple samples, they are still limited by false-negative results and
cross-reactions with similar antigens. False-negative results are a serious problem and often
happen to classical methods. They can be induced by various inhibitory compounds and
matrices of different types of samples, which vary largely and thus might cause different
effects on the analytical performance of different detection methods. In addition, cross-
reaction is another big problem for immunology-based methods. In one study, a monoclonal
antibody was used for specifically detecting E. coli O157:H7 lipopolysaccharide (LPS1) [147].
The cross-reactivity with other bacteria happened due to the presence of a constituent sugar
of LPS. One recent method comparison study for C. difficile surveillance in Switzerland
showed that, compared to the PCR method, enzyme immunoassay led to more false-
negative results of human stool samples [148]. Immunological methods usually require pre-
enrichment to expose surface antigens, which leads to extended detection time. Moreover,
due to their lower sensitivity than other molecular methods, immunology-based methods
were less employed in the direct detection of pathogenic bacteria in wastewater samples [9].

3.2.3. Biosensor-Based Methods

A biosensor is an analytical platform composed of two elements: a bio-receptor and
a transducer. Bio-receptors are responsible for recognizing the targets such as enzymes,
proteins, nucleic acids, and cell receptors. After recognition, the transducer converts the bio-
logical interactions into electrical signals that can be measured (e.g., optical, electrochemical,
or magnetic). Biosensors provide a rapid, real-time, on-site, and multiple detection of bacte-
ria. Optical biosensors are selective, sensitive, and can be used for real-time monitoring of
toxins, drugs, and pathogens in wastewater [149]. For example, by applying a fluorescently
labeled specific aptamer, Yildirim et al. developed a portable optical biosensor for the
indirect sensing of an E. coli O157:H7 strain in wastewater [150]. Surface-enhanced Raman
scattering (SERS) pathogen biosensors, with noble metal nanoparticles (e.g., silver and
gold) as an impressive substrate, have become an attractive research field. The colorimetric
changes induced by the hybridization between single-stranded DNA probes modified by
gold nanoparticles and their complementary DNA can avoid the requirement of expensive
and complex fluorescent labeling [151]. Gold nanoparticles are widely used in biosensor
instruments, especially for dark water samples [152]. Another notable biosensor for E. coli
O157:H7 used carboxyl functionalized graphene quantum dots (cf-GQDs) to label a specific
antibody [101]. This sensor can specifically recognize E. coli O157:H7 from different sources,
such as water and food, with the minimum detection limit of 100 CFU/mL. However, the
sensitivity to changes in pH, mass, and temperature are some of the challenges that must
be addressed in using biosensors for bacterial pathogens in wastewater [153].

3.2.4. Paper-Based Device

A paper-based device is a small analytical tool that is printed by a wax printer and
has different functional areas. It can integrate all the processes required for nucleic acid
detection (enrichment, extraction, amplification, and visual detection) into a cheap paper
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material [154]. The whole detection process can be completed by folding paper-based
devices in different ways and in different sections, which overcomes the limitation of PCR
tests. Paper-based device can achieve multichannel, sensitive detection, comparable to PCR
detection, and provide a high-quality, rapid, and accurate diagnosis of pathogens [155].
Moreover, paper-based devices are easy to stack, store, and transport because they are thin,
lightweight, and of different thicknesses [156]. Similar to biosensors, paper-based devices
can also be used to target a variety of biomarkers, including nucleic acids, proteins, antigens,
and chemicals [9,102,155,157]. By integrating various molecular detection methods, paper-
based devices have emerged as a powerful platform for the fast diagnosis of pathogens
and the determination of infection transmission [9,13,102]. However, the shelf life of paper-
based device limits its further applications. Some paper-based devices contain reagents
with a short shelf life, such as enzymes, and thus need to be stored in a refrigerator or freezer
to maintain the activity of the reagents [158,159]. Studies about the shelf life of enzymes
on paper-based devices have yielded some promising results and proven techniques,
although further research is still needed. Furthermore, the analytical performance of paper-
based devices is also limited by features of paper, including the paper fibers and pattern.
Moreover, the coffee ring effect of paper-based devices can cause non-uniform distributions
of detection reagents and samples, thus affecting the detection accuracy [158]. To overcome
these limitations, future efforts should be put into developing more uniform papers and
modifying the size and shape of the test zone.

4. Recent Advances of Molecular Methods for Pathogenic Bacteria in Wastewater

Current estimates of the burden of infectious diseases are often based on severe
cases requiring hospitalization, which fails to cover asymptomatic patients. The emerging
wastewater-based epidemiology (WBE) is based on the analysis of biomarkers in raw
wastewater, which is then used to back-estimate the status of public health. Wastewater is
a complex mixture of chemicals and microorganisms in water. It contains chemical and
biological information directly discharged from our bodies. From a surveillance point of
view, urban wastewater is an attractive resource, since it provides sampling material within
a large and mostly healthy population.

The WBE approach was first outlined as a potential tool to evaluate the use of illicit
drugs and misused therapeutic drugs within a community [160]. To date, WBE has be-
come an important tool for estimating illicit and licit drug consumption by detecting and
quantifying unchanged drugs and their human-specific metabolites in wastewater [12].
WBE studies also showed that wastewater can reveal not only illicit drug use and diet,
but also infectious disease risk within a community [11,161,162]. Many studies have vali-
dated the feasibility of various molecular methods in wastewater. Sensitive and specific
methods such as PCR, real-time PCR, and DNA sequencing have been employed in the
analysis of wastewater to achieve the fast detection and accurate quantification of hu-
man pathogens [90,163,164] or the evaluation of community structure and antimicrobial
resistance level [165–167].

4.1. Sample Processing and DNA/RNA Extraction Methods

Wastewater components, including fats, proteins, humic acids, and fulvic acids, can
lead to problems in the downstream analysis (molecular detection). Wastewater sample
processing is a key step for the detection of pathogenic bacteria by separating, concentrating,
extracting, and purifying biomarkers for further analysis. The availability of different
commercial DNA/RNA extraction kits showed variable efficiency when extracting samples
such as wastewater and sediment. Table 3 lists several comparison studies of different
sample storage, pre-treatment, and DNA/RNA extraction methods for various downstream
analyses.
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Mumy and Findlay developed an external DNA recovery standard for sediments by com-
paring the performance of three commercial kits (UltraClean™Soil DNA, FastDNA®SPIN®,
and Soil Master™DNA Extraction) [168]. The results indicated that the FastDNA®SPIN® kit
has the highest recovery rate and makes it possible to collect additional DNA by cleaning
beaded sediments. Gyawali et al. investigated six rapid DNA extraction methods for re-
covering Ancylostoma caninum ova DNA from wastewater and reported that the filtration
method recovered higher DNA concentrations in both treated and raw wastewater than
centrifugation, hollow fiber ultrafiltration (HFUF), and flotation [169]. A comparative
study about the relative effectiveness of 10 different bacterial DNA extraction methods
for wastewater samples showed that only a few could achieve satisfactory results when
applied to bacterial pathogens [170]. The method of combined bead beating separation and
ammonium acetate purification was suggested as the most suitable approach for bacterial
DNA extraction from wastewater prior to specific microbial detection using microarray
hybridization technology. Li et al. compared the ARG sequencing analysis results of three
DNA extraction methods [171]. It was found that ARGs captured by the FastDNA SPIN Kit
for Soil had the highest DNA yield, purity, and diversity. Moreover, no discernable effects
were found on ARG profiles with fixation in ethanol, deep-freezing, and overseas trans-
portation of samples compared with fresh samples. Another comparative study indicated
that the DNA Mini kit and PowerSoil kit produce the most consistent sequencing results
in water and wastewater [172]. Collectively speaking, the performance of DNA/RNA
extraction methods of wastewater varies, and it is essential to develop standard DNA/RNA
extraction methods for different downstream analysis methods to achieve high recovery
and quality of the nucleic acids of various pathogens in wastewater.

4.2. Detection and Quantification of Pathogenic Bacteria

The low concentration of targeted pathogenic bacteria in wastewater samples brings
difficulties to their detection, which entails high sensitivity and repeatability. As a complex
matrix, wastewater contains various inhibitors for a number of molecular methods, which
is a significant challenge for their application in wastewater analysis. In addition, from a
disease surveillance perspective, wastewater samples should be analyzed quickly enough
to provide an early warning. Several molecular approaches have showed great potential in
rapid analysis. Table 4 critically compares various detection methods used for wastewater
samples in the last five years.
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So far, the PCR-based method is the most popular molecular approach for specific
pathogenic bacteria detection and quantification (relative and absolute quantification) in
wastewater because of its high sensitivity, specificity, and the low cost compared to the
sequencing method. Plenty of primer-probe sets targeting various human pathogenic
bacteria have been developed. Those primer-probe sets showed high specificity, sensitivity,
and efficiency for pathogenic bacteria detection at genus and species levels. A series of
PCR-based methods with or without bacteria isolation and cultivation procedures has
been reported for the fast detection and quantification of pathogenic bacteria in wastewa-
ter samples [173–175]. Recently developed primer-probe sets for the bacterial pathogen
detection of various PCR-based methods are listed in Table 5. Some of them have been
confirmed to have good performance in wastewater samples and thus could be potentially
used in wastewater analysis, although further feasibility studies should be conducted.
Among the PCR-based methods, ddPCR has been increasingly reported as having better
analysis performance than traditional PCR-based methods in wastewater [186]. However,
some studies have still claimed that the sensitivity of qPCR is superior to ddPCR in some
circumstances (e.g., high targeted gene concentration), and their performance might vary
with different assays [187].

Table 5. PCR primer-probe sets available for the detection and quantification of typical pathogenic bacteria in wastewater
and other samples.

Pathogenic Bacteria Available PCR Primers and Probes (5′—3′ ) Sensitivity Reference

E. coli O157:H7

RFBEO157-F GGATGACAAATATCTGCGCTGC
RFBEO157-R GGTGATTCCTTAATTCCTCTCTTTCC
RFBEO157-P HEX-TACAAGTCCACAAGGAAAG-BHQ1

1 CFU/g of seeded meat products after 4 h enrichment
period at 37 ◦C [188]

Rfb-F GTGTCCATTTATACGGACATCCATG
Rfb-R CCTATAACGTCATGCCAATATTGCC 2 CFU/100 mL of raw sewage [173]

Campylobacter spp.
16S-F CCTGAMGCAGCAACGCC
16S-R CGGAGTTAGCCGGTGCTTATT
16S-P FAM-CTCCGAAAAGTGTCATCCT –MGB

3.2 gene copies/reaction [19,40]

C. jejuni
hipO-F CTTGCGGTCATGCTGGACATAC
hipO-R AGCACCACCCAAACCCTCTTCA
hipO-P VIC-ATTGCTTGCTGCAAAGT- MGB

2.0 × 102 CFU/g of feces

[31]

C. coli
glyA-F AAACCAAAGCTTATCGTGTGC
glyA-R AGTGCAGCAATGTGTGCAATG
glyA-P FAM-CAACTTCATCCGCAAT- MGB

2.5 × 102 CFU/g of feces

C. lari

glyA-F CAGGCTTGGTTGTAGCAGGTG
glyA-R ACCCCTTGGACCTCTTAAAGTTTT
glyA-P TET-CATCCTAGTCCATTCCCTTATGCTC
ATGTT-TAMRA

2.1 gene copies/reaction [19]

Shigella spp.
ipaH-F CGCAATACCTCCGGATTCC
ipaH-R TCCGCAGAGGCACTGAGTT
ipaH-P FAM- AACAGGTCGCTGCATGGCTGGAA-BHQ1

10−5 ng/µL for genomic DNA templates, 10−1 CFU/mL
for Shigella bacteria culture

[113]

Salmonella spp.
invA-F AACGTGTTTCCGTGCGTAAT
invA-R TCCATCAAATTAGCGGAGGC
invA-P TGGAAGCGCTCGCATTGTGG

9–15 CFU/25 g food sample [189]

S. Typhi
stgA-F TATCGGCAACCCTGCTAATG
stgA-R TATCCGCGCGG TTGTAAAT
stgA-P FAM-CCATTACAG CATCTGGCGTAGCGA-BHQ1

0.05–0.005 CFU/mL of wastewater [176]

S. enterica serovar Paratyphi A
SSPAI-F ACCATCCGCAGGACAAATC
SSPAI-R GGGAGATTACTGATGGAGAGATTAC
SSPAI-P Cy5-AGAGTGCAAGTGGAGTGCCTCAAA-BHQ2

C. difficile

tpi-F AAAGAAGCTACTAAGGGTACAAA
tpi-R CATAATATTGGGTCTATTCCTAC

For simultaneous identification and toxigenic type
characterization (fecal and urban water samples) [59,66]tcdB-F GGAAAAGAGAATGGTTTTATTAA

tcdB-R ATCTTTAGTTATAACTTTGACATCTTT

tcdA-F AGATTCCTATATTTACATGACAATAT
tcdA-R GTATCAGGCATAAAGTAATATACTTT

Legionella spp.
PanLeg-F GGCGACCTGGCTTC
PanLeg-R1 GGTCATCGTTTGCATTTATATTTA
PanLeg-P1 FAM-ACGTGGGTTGCAA-MGBNFQ

5 genome units (GU)/reaction with water sample [190]L. pneumophila
Lp-F TTGTCTTATAGCATTGGTGCCG
Lp-R CCAATTGAGCGCCACTCATAG
Lp-P Quasar670-CGGAAGCAATGGCTAAAGGCATGCA-BHQ3

L. pneumophila sg1
Lp1-F TGCCTCTGGCTTTGCAGTTA
Lp1-R CACACAGGCACAGCAGAAACA
Lp1-P VIC-TTTATTACTCCACTCCAGCGAT-MGBNFQ

Mycobacterium spp. 16S rRNA-F: ATGCACCACCTGCACACAGG
16S rRNA-R: GGTGGTTTGTCGCGTTGTTC

10–100 copies of template
plasmid/reaction (raw wastewater) [191]

The LAMP method showed great potential in the application to wastewater samples
because of its advantages such as inhibitor resistance, short reaction time (<1 h), and
no need for advanced thermal cycling instruments [192]. By targeting the lmo0753 gene,
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Nathaniel et al. developed a loop-mediated isothermal amplification assay for the detection
of L. monocytogenes in wastewater. The LoD was 65 fg/µL of DNA and 38 CFU/mL, which
was 10 times more sensitive than conventional PCR with primers targeting the HlyA gene.
However, in the application to wastewater, a pre-culture procedure at 37 ◦C for 48 h was
required [179]. An SA23 probe targeting Salmonella specifically by FISH has been developed
by Santiago et al. (2008). The SA23 probe was shown to be capable of rapid and specific
identification and visualization of Salmonella cells directly in the sample. By combining
with the pre-enrichment, it could achieve the detection of 1 CFU/mL in seeded meat
products [137]. This study also demonstrated the resistance of FISH to inhibitory substances
in wastewater and the ability to differentiate viable but non-culturable (VBNC) cells. The
advantage of the FISH method is that it is not inactivated by inhibitors and does not depend
on the type of sample, even when dealing with large numbers of samples. Sequencing is
also a powerful analysis tool for not only detection and relative quantification but also
absolute quantification of bacteria in environmental samples, similar to the PCR-based
method [193]. By spiking the samples with internal microorganism markers, the absolute
bacterial number of targeting microbiomes could be calculated through the abundance
of the internal markers with a known number. Different types of spiking markers have
been used previously, including indigenous microorganism, synthetic, and heterogeneous
markers [193–195]. The reference markers and spiking strategy should be optimized
because only validated markers can be used to achieve reliable results [196].

In the application of biosensor-based methods, surface-enhanced Raman scatter-
ing/spectroscopy (SERS) has a high sensitivity, although its stability is unsatisfactory, and
that limits its application in wastewater analysis [149]. Furthermore, colorimetric and
fluorescent sensors generally have poorer LoDs than electrochemical, and they are easily
disrupted by colored or turbid samples. Thus, it seems that the electrochemical aptasensor
is more reliable in wastewater matrices [197]. In addition, the biosensor-based method
showed good stability in wastewater samples. For example, Riquelme et al., developed
a stable oligonucleotide-functionalized gold nanosensor for mecA ARG monitoring in
2017 [180]. This mecA-specific nanosensor can keep stable under environmental conditions
and at high ionic strength, and it can demonstrate high selectivity even in the presence of
target interference. This study supports the environmental suitability of a new, low-cost,
field-deployable, and large-scale ARG analysis tool.

Most detection and quantification methods for pathogenic bacteria in wastewater
involve sampling, which is followed by transportation to a central analytical laboratory for
further analysis. In comparison, paper-based devices could achieve multiplexed, sensitive
assays that rival PCR-based methods and provide high-quality, fast precision on-site
diagnostics for pathogens. Although wastewater is a complex substrate, paper-based
devices have shown the potential to detect pathogens in wastewater. Due to the outbreaks
of COVID-19, paper-based devices are being quickly developed and employed in SARS-
CoV-2 detection in sewage. In another previous study, it was successfully employed in the
detection of various genes and microbiomes. A fully disposable and integrated paper-based
sample-in-answer-out device was developed for nucleic acid testing, which can sensitively
detect S. typhimurium with a detection limit of as low as 102 CFU/mL in wastewater [181].
The presence of β-lactamase-mediated resistance was also detected using paper-based
analytical devices (PADs). It was shown that, compared to traditional methods including
culture methods, antibiotic susceptibility testing, and PCR gene analysis, their method
can still reduce the laboratory processing time by 14–20 h, although a laboratory is still
required to concentrate the wastewater samples [157].

4.3. Profiling Potential Pathogens

Sequencing, as a powerful analysis tool, has been widely used for profiling bacterial
diversity and potential pathogens in wastewater. The DNA sequencing-based method can
perform large-scale parallel analysis of PCR products and environmental nucleic acids.
This provides a new dimension for the analysis of pathogenic bacteria in wastewater. The
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application methodology of NGS technologies in wastewater study can be divided into
four subcategories: whole genome sequencing (WGS), metagenomic sequencing, metatran-
scriptomic sequencing, and sequencing of an amplified targeted gene (e.g., 16S rRNA and
18S rRNA genes) [198]. WGS is a powerful approach for microorganism identification in
wastewater, while it relies on bacteria isolation and culture, extraction of long DNA, and
the development of long read sequencing platforms. Future development on these aspects
could advance and simplify its application in wastewater analysis [199].

To date, sequencing assays based on the amplified gene regions take the dominant
place in wastewater analysis. Microbial communities of waterborne pathogens were
often studied by targeting high-variation region sequences of small subunit (SSU) rRNA
genes (e.g., V1, V3, V4, V6) and large subunit (LSU) rRNA genes [182]. By using the full-
length 16S rRNA gene sequence, Numberger et al. characterized and compared bacterial
communities of the influent and effluent of a WWTP in Berlin, Germany [184]. The study
found that during sewage treatment, the relative abundance of most pathogenic bacteria
was effectively reduced, while Legionella and Leptospirosis showed an increase in relative
proportion from inflow to effluent. This indicated that WWTPs may enrich and release
certain potential pathogens into the environment, although they are effective in removing
enteric bacteria. Oluseyi et al. studied the presence of pathogenic bacteria in three WWTPs
in South Africa. Their study also confirmed the presence of bacterial pathogens in treated
effluent, which may pose a potential contamination risk by transmission through soil,
agriculture, water, or sediments [185]. Using Illumina MiSeq sequencing, Xue et al. (2019)
investigated the spatial and temporal variability of bacterial structure and the presence of a
human-associated Bacteroidale (HF183) marker in two WWTPs. Their findings illustrated
how changes in bacterial communities can serve as a reliable means of monitoring the
quality and performance of wastewater treatment plants for public and environmental
health purposes [200].

Metagenomic study is an emerging methodology based on the sequencing data of
genetic material recovered directly from environmental samples. This method has devel-
oped rapidly in the detection of microbial communities and their functional capabilities
in wastewater. Currently, the application of metagenomics in wastewater is commonly
employed for the identification of ARGs and genes associated with pathogens [183,201].
It is also increasingly utilized to support the assembly of whole or partial genomes from
short-read sequencing data acquired from uncultured microbial communities [202]. Meta-
transcriptomic sequencing has similar principles with metagenomic sequencing, but it
targets RNA rather than DNA, which is essential for identifying RNA viruses. Sequencing
the transcribed mRNA could provide the information about which microbes are function-
ally active, as mRNA degradation rate varies among different species, thus challenging
the preservation and analysis of mRNA [203]. In addition, the excess of ribosomal RNA
(rRNA) in transcriptomes also interferes with the identification of mRNA in environmental
samples. All these challenges limit its application in wastewater systems [198]. Comparison
studies have also been conducted to access the performance of various methods to identify
pathogens and associated virulence genes. For example, Yergeau et al. compared pre- and
post-treatment biosolids from two WWTPs by using enumeration methods combined with
molecular techniques including quantitative PCR, 16S rRNA and cpn60 gene amplicon
sequencing, and shotgun metagenomic sequencing [204]. Their study showed that shotgun
metagenomics indicted the widest range of pathogen DNA and was the only method that
can obtain functional gene information in treated biosolids among all approaches.

4.4. Antimicrobial Resistance Analysis

With the growing concern about antimicrobial resistance, the WHO established the
Global Antimicrobial Resistance Surveillance System (GLASS) in 2015 for sharing infor-
mation on a global level to strengthen data on national and international actions and to
aid decision making [205]. WWTPs treating wastewater from different sources provide a
suitable circumstance for the emergence and spread of antibiotic resistance genes (ARGs)
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and antibiotic resistant bacteria (ARB) [79,206]. Analysis of ARGs in influent wastewater
can provide a broader perspective for the study of ARGs in the population. Various ARGs
have been investigated and reported in wastewater based on qPCR technology [207,208]. A
quantitative analysis of ARGs and horizontal gene transfer (HGT) potential was conducted
over four seasons at a WWTP using a high-throughput qPCR array [166]. In this study, 285
primer sets targeting ARGs and nine transposase genes related to HGT were successfully
used with wastewater samples. A microfluidic quantitative polymerase chain reaction
(MF-qPCR) method was developed and optimized for simultaneously quantifying 16S
rRNA genes, ARGs, heavy metal resistance genes, and an integrase gene that encodes
three different types of integrons. This MF-qPCR method has better detection limits than
shotgun metagenomics, which has also been used to detect large amounts of ARGs in other
studies [92,209].

Sequencing-based methods also contributed to the analysis of ARGs and ARB (e.g.,
prevalence, relative abundance, and persistence) in wastewater. Using metagenomic analy-
sis, a pipeline covered the analysis of gene transfer potential and the potential, pathway, and
phylogenetic origin of ARGs was developed for identifying antibiotic resistance determi-
nants in wastewater samples [99,182,183]. Meanwhile, discrepancies in ARG quantification
by using different sequencing approaches have been reported by several previous studies
where some ARGs were only identified by Nanopore sequencing and some others were
only detected via Illumina sequencing [210]. Sequencing platform biases on the ARG
quantification outputs were due to different ARG identification or prediction algorithms.
The Illumina algorithm is based on the similarity search using BLAST, whereas Nanopore
sequencing is based on workflows designed for the alignment of long high-error-rate
sequences [211].

4.5. Prospect of Molecular Methods for Pathogenic Bacteria in Wastewater Analysis

Based on the above recent advances of various molecular methods, their advantages
and limitations in wastewater analysis are summarized in Table 6. All molecular methods
are able to achieve the detection of pathogenic bacteria in wastewater with an LoD range
from 1 to 100 CFU or gene copies per 100 mL. However, the LoD varies according to
different targeted pathogenic bacteria and sample pre-treatment procedures. Overall, the
sensitivity of the current molecular methods is adequate for WBE purposes.

Table 6. Advantages, limitations, and prospects of various molecular methods in analyzing pathogenic bacteria for WBE
applications.

Molecular Method Biomarkers Advantages Limitations Reference

Nucleic acid targeting methods DNA/RNA

- High sensitivity
- High specificity
- Multiple targets detection
and quantification
- Fast community profiling

- Require sample storage and processing
- Require DNA/RNA extraction, which can
cause DNA/RNA loss
- Sensitive to inhibitors
- High cost for large number of samples
- Usually need specialized instruments

[11,212]

Immunology-based methods Proteins
- Low cost
- Can be automated
- Can detect bacterial toxins

- Require pre-enrichment
- Low sensitivity
- Require labeling of antibodies and antigens

[9]

Biosensor-based methods DNA/RNA, proteins, chemicals
- High sensitivity
- Real-time detection
- Label free

- High cost
- Require specialized instruments
- Low specificity
- Not suitable for simultaneous detection of
various organisms
- Low reproducibility and insufficient
stability

[197]

Paper-based device DNA/RNA, proteins, chemicals - Cost effective
- Instrument free

- Detection limit (LoD) is usually high due
to the traditional colorimetry
- Limitations of the structure and material of
paper device

[13,154,156]

Nucleic acid targeting methods have the potential to become the most suitable molec-
ular method for wastewater analysis because one extracted nucleic acid sample could be
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analyzed by various methods through different downstream workflows to achieve compre-
hensive analysis, including target gene detection and quantification (relative/absolute),
microbiome community profiling, and ARG/functional gene analysis. Moreover, nucleic
acid targeting methods could realize the direct identification and quantification of specific
genes rather than gene expression products and thus could reduce the mistakes induced
by some sample pre-treatment procedures, including enrichment and cultivation. The
methods need to be improved to overcome limitations including sensitivity to inhibitors
in wastewater, DNA/RNA loss caused by sample processing, and high cost. In addition,
more specific gene biomarkers including species-specific genes, host-specific genes, and
reliable cell quantification genes (one DNA/RNA fragments per cell) should be carefully
selected. Standardization for sample storage, pre-processing, inner-extraction control, re-
covery methods, and certain analytical methods will highly expand their prospects in
WBE study.

Immunology-based methods are powerful methods for detecting and capturing gene
expression products such as cell surface proteins and bacterial toxins. For wastewater
analysis, they were widely used in specific bacteria detection, isolation, and enrichment.
They are more suitable for specific pathogen and microbial antigen detection and isolation
from wastewater. They can also combine with other molecular methods to achieve deep
analysis of a target pathogen’s genome. By combining with a biosensor platform or paper-
based device, they are expected to achieve fast, on-site, real-time, and low-cost identification
and enumeration of pathogens in wastewater.

Biosensor-based methods have showed great potential in pathogenic bacteria anal-
ysis in wastewater. However, in the real wastewater analysis, they are not cost-effective
compared to other molecular methods and cannot process large numbers of environmental
samples, such as wastewater, from a long-term surveillance point-of-view. Paper-based
devices are a good platform to be combined with many other molecular detection methods
to achieve fast analysis of pathogenic bacteria in wastewater. Their application prospect
towards wastewater has been well confirmed as a fast, on-site, cost-effective, portable, and
disposal device. However, their sensitivity and specificity should be further improved
towards detecting various targets in wastewater.

According to different research objectives, appropriate molecular methods can be
selected and combined to achieve satisfactory analytical performance. The sensitivity and
specificity of different molecular methods should be evaluated on various wastewater
samples to improve their analytical performance. Infectious disease surveillance based
on WBE could be divided into three main phases including pathogen monitoring in raw
sewage, disinfection evaluation and ARG variation in WWTPs, and risk evaluation for
further spreading of effluent in the environment. Among those three phases, nucleic acid
targeting methods are more suitable for the pathogen monitoring of raw sewage since
this phase requires the fast analysis of deep and comprehensive genomic information of
pathogenic microbiomes delivered from communities. Especially for the sequencing-based
method, with the decreasing cost and by combining with different workflows, it is expected
to realize all kinds of analysis, including identification, relative and absolute quantification,
bacterial community profiling, and ARG and functional gene analysis. This sets it apart
from other nucleic acid targeting methods. For disinfection and ARG evaluation in WWTPs,
except for nucleic acid targeting methods, immunology-based methods and biosensor-
based methods are powerful analysis tools for the assessment of the activity and infectivity
of pathogenic bacteria. For the risk evaluation of effluent and the environment, since the
concentration of pathogenic bacteria in effluent and in the surrounding environment is
usually low, and this evaluation does not require accurate detection and quantification
results, the paper-based device was considered as the best choice since it can achieve
fast, cost-effective, and on-site screening of the concentration level of target genes and
pathogens. In addition, immunology-based methods could also be used in this phase to
evaluate the infectivity and activity of pathogenic bacteria for risk assessment. However,
the gold standard approach of sampling, transport and storage, pre-treatment, and the
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enrichment of biomarkers in wastewater for various downstream molecular detections
would dominate in WBE applications. The efficient recovery of high-quality biomarkers
from wastewater samples should thus be the priority of future method development.

5. Conclusions

With the ever-increasing concerns over infectious diseases caused by pathogenic
bacteria and their antimicrobial resistance, it is widely recognized that effective surveillance
is key to the rapid intervention and control of outbreaks of infectious diseases. Wastewater-
based epidemiology has become a popular tool due to its great potential as a population
prevalence surveillance system and an early warning tool for disease outbreaks. With
the development of molecular techniques for the detection of pathogenic bacteria and
associated biomarkers, WBE applications are expanding to cover a wide range of pathogens
using different advanced molecular methods tailored for wastewater analysis.

PCR-based methods have high sensitivity, and they are broadly used for the rapid
analysis of pathogenic bacteria in wastewater, following DNA/RNA extraction procedures.
Methods such as DNA microarray and sequencing-based methods are suitable for the
in-depth study of bacterial communities and the presence of pathogenic bacteria and an-
timicrobial resistance due to their capability of large-scale parallel analysis of the whole
microbiome. Alternative nucleic acid targeting methods such as FISH and LAMP are rela-
tively sensitive, specific, and cost-efficient. However, nucleic acid targeting methods are
not able to provide information about the activity and infectivity of various pathogens in
wastewater. In addition, the need for sample pretreatment and research into multiplex-
ing microorganism detection in a single sample are still challenges. Biosensors are easy
to operate and do not need trained personnel for the detection of pathogenic bacteria in
wastewater. Moreover, paper-based devices have recently emerged and have been widely
used in pathogenic bacteria detection in wastewater because of their rapidness and cost
effectiveness.

Molecular methods have found their diverse applications in WBE. Nucleic acid-based
methods enable the direct and comprehensive analysis of the DNA/RNA of wastewater
samples, including target gene (e.g., species-specific genes, ARGs, and functional genes)
detection and quantification (both direct and relative quantification), profiling of the whole
microbiome in the sample, genome sequencing, and analyzing. Thus, nucleic acid-based
methods have the broadest prospect in wastewater analysis. Biosensor-based methods and
paper-based devices exhibited great potential in fast and on-site detection of chemicals
and microbiomes, which is suitable for the early warning of infectious disease outbreaks.
Although, it seems that the application of immunology-based methods in wastewater is
limited by a lot of disadvantages, it is the only method that targets the gene expression
products of microbiomes. A lot of biosensors and paper-based devices are developed based
on immunology-based methods. It is essential to improve immunology-based methods to
suit WBE applications.

Although molecular methods have shown great potential in the analysis of pathogenic
bacteria in wastewater, there are still several key challenges for their application in WBE.
The low concentration of pathogenic bacteria in wastewater and inhibition of the complex
wastewater matrix are additional concerns for these methods in comparison to the analysis
of other types of samples. The low DNA/RNA recovery efficiency of pathogenic bacteria
from wastewater needs to be improved and reported quantitatively with the results. The
accuracy and reliability of WBE would be significantly enhanced with well-established
molecular detection methods.
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Abstract: The emergence of new variants of SARS-CoV-2 associated with varying infectivity, pathogenic-
ity, diagnosis, and effectiveness against treatments challenged the overall management of the COVID-19
pandemic. Wastewater surveillance (WWS), i.e., monitoring COVID-19 infections in communities
through detecting viruses in wastewater, was applied to track the emergence and spread of SARS-
CoV-2 variants globally. However, there is a lack of comprehensive understanding of the use and
effectiveness of WWS for new SARS-CoV-2 variants. Here we systematically reviewed published
articles reporting monitoring of different SARS-CoV-2 variants in wastewater by following the PRISMA
guidelines and provided the current state of the art of this study area. A total of 80 WWS studies were
found that reported different monitoring variants of SARS-CoV-2 until November 2022. Most of these
studies (66 out of the total 80, 82.5%) were conducted in Europe and North America, i.e., resource-rich
countries. There was a high variation in WWS sampling strategy around the world, with composite
sampling (50/66 total studies, 76%) as the primary method in resource-rich countries. In contrast, grab
sampling was more common (8/14 total studies, 57%) in resource-limited countries. Among detection
methods, the reverse transcriptase polymerase chain reaction (RT-PCR)-based sequencing method and
quantitative RT-PCR method were commonly used for monitoring SARS-CoV-2 variants in wastewater.
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Among different variants, the B1.1.7 (Alpha) variant that appeared earlier in the pandemic was the
most reported (48/80 total studies), followed by B.1.617.2 (Delta), B.1.351 (Beta), P.1 (Gamma), and
others in wastewater. All variants reported in WWS studies followed the same pattern as the clinical
reporting within the same timeline, demonstrating that WWS tracked all variants in a timely way
when the variants emerged. Thus, wastewater monitoring may be utilized to identify the presence
or absence of SARS-CoV-2 and follow the development and transmission of existing and emerging
variants. Routine wastewater monitoring is a powerful infectious disease surveillance tool when
implemented globally.

Keywords: COVID-19; SARS-CoV-2 variants; Alpha (B.1.1.7); Delta (B.1.617.2); Omicron (B.1.1.529);
wastewater-based epidemiology

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent
of coronavirus disease 2019 (COVID-19), continuously underwent mutations leading to
the emergence of new variants [1]. These variants are of great concern [2–4], as they might
be associated with increased infectivity [1,5], severity [1,6,7], could have higher shedding
rates [8], the potential to escape natural or vaccine-induced immunity [9,10], and can
also affect the performance of diagnostic methodologies [11,12]. Such changes in virus
characteristics affected the overall management plan for the COVID-19 pandemic. For
example, it led to travel restrictions both locally and internationally for people from infected
areas [1,7], and many more consequences on the daily lives of individuals. Therefore, the
emergence of SARS-CoV-2 variants increased the need for genomic surveillance and other
innovative tools to protect public health.

Whole-genome sequencing (WGS) of clinical specimens is a primary approach for
identifying new emerging variants [13], by comparing the sample genome with the ref-
erence genome [14]. However, using WGS for monitoring each clinical specimen is time-
consuming, labor-intensive, and expensive, and is usually conducted for individuals with
clinical symptoms. Many of the COVID-19-infected individuals can be asymptomatic, so
only relying on a clinical monitoring approach in the surveillance can miss the mutant
variants carried by asymptomatic individuals.

Wastewater surveillance (WWS), also known as wastewater-based epidemiology
(WBE), of infectious diseases through analyzing municipal sewage proved to be a cost-
effective approach for monitoring the circulation of SARS-CoV-2 at a population level,
covering both symptomatic and asymptomatic individuals [15–20]. In contrast to the
clinical approach, WWS is a comprehensive, rapid technique for regular monitoring and
tracking of the possible emergence of new variants at a population level [19–23]. From a
surveillance point of view, municipal raw sewage can be a good material for SARS-CoV-2
monitoring, as it comprises the entire population of a community, both healthy and infected
individuals (symptomatic, asymptomatic, pre-symptomatic, and post-symptomatic), con-
tributing through feces, nasal mucus, and sputum to sewage from households, hospitals,
and nursing homes [16,17,24]. Globally, many studies reported monitoring different vari-
ants of SARS-CoV-2 in wastewater [11,15–17,20,24–28], thereby highlighting WWS as an
alternative tool for detecting different variants in communities. However, a comprehensive
evaluation of the state-of-art use of WWS for monitoring SARS-CoV-2 variants is lacking.
Such data can help evaluate and optimize WWS for monitoring SARS-CoV-2 variants. Such
information can also be useful in managing future infectious outbreaks, such as how the
wild and mutated variants differ among geological locations. Here, this review provides a
comprehensive evaluation of the use of WWS for monitoring emerging SARS-CoV-2 vari-
ants, considering the opportunities and limitations of different methods used to analyze
variants and the corresponding results (Figure 1).
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2. Theoretical Background: The Emergence of SARS-CoV-2 Variants

SARS-CoV-2 is an enveloped single-strand RNA (ssRNA) virus belonging to the
Coronaviridae family and genus Betacoronavirus [9,29]. As with other ssRNA viruses, SARS-
CoV-2 contains RNA-dependent RNA polymerase (RdRP), which is responsible for sub-
genomic mRNA synthesis for producing viral proteins, including the virus envelope and
spike proteins [30]. RNA viruses are relatively prone to adapt more rapidly to a changed
environment by changing their genome structure.

SARS-CoV-2 continuously evolves into new variants due to genetic mutation and viral
recombination [1,2,13,31]. Mutation refers to at least a single change in a virus’s genetic code.
Genetic modifications can change the virus’s characteristics [1]. A SARS-CoV-2 variant
can have one or more mutations that differentiate its features from other variants. SARS-
CoV-2 has a similar mutation mechanism to other ssRNA viruses that lack proofreading
capability, giving rise to new variants [25]. Uncorrected mutations occur during genome
replication, recombination, and RNA editing by the deaminase of the infected host [13]. A
recombinant variant is created due to a combination of genetic material from two different
variants, and a mutant variant is created due to a mutation in RNA. A lineage is a group
of closely related viruses with a common ancestor [32]. The ancestral SARS-CoV-2 (wild
variant) genome evolved into several lineages (https://cov-lineages.org/lineage_list.html,
accessed on 28 November 2022), such as the Alpha (B.1.1.7), Delta (B. 1.617.2), and Omicron
(B.1.1.529) [2,3,7,11,28,32–37], due to exposure to some selective pressure [38]. Most of these
new variants were developed due to viral spike protein (S-protein) mutation [39].

2.1. Alpha (B.1.1.7 and Q Lineages)

The Alpha variant was first isolated in the United Kingdom in September 2020 and
was followed by an upsurge in infection in December 2020 [40]. Soon after, it became the
dominant variant until August 2021 in many countries, including the US, India, Sweden,
and globally in at least 189 countries (Table 1). The World Health Organization (WHO)
classified the Alpha variant as a variant of concern (VOC) on 29 December 2020 [10], after
rising hospitalization cases and creating a strain on the public health system and facilities
across countries [41]. The Alpha variant was reported to be about 100-fold more lethal than
the original SARS-CoV-2 strain [6]. Further, mRNA vaccines were reported to be about
68% less effective against this variant [6]. On 21 September 2021, the WHO designated the
Alpha variant as the “variant being monitored” [1,7]. After 2022, this variant’s circulation
drastically reduced worldwide, following the emergence of Delta variants, probably due to
the impact on vaccine-induced immunity (Table 1).
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Table 1. SARS-CoV-2 variants and lineages [1,7,33].

WHO
Label/Pango

Lineage

Country First
Detected

Spike Mutations of
Interest Outbreak Countries Major Outbreak

Peaks

Classification
(WHO) during
November 2022

Outbreak
Condition during
November 2022

Alpha/B.1.1.7 United Kingdom,
September 2020

N501Y, D614G,
P681H

At least 189 countries,
predominant in the US,
India, Sweden, France,

Spain, Australia, Nigeria,
and so on (1.2 million

cases globally reported).

November 2020 to
August 2021

VOC: 29 December
2020

VBM: 21 September
2021 PVOC:

9 March 2022

Drastically reduced
circulation globally,

with almost no
reporting at the

time of writing the
manuscript.

Delta/B.1.617.2 India, October
2020

L452R, T478K,
D614G, P681R

At least 208 countries,
predominant in the US,
UK, Japan, Italy, India,

Germany, Canada,
Denmark, France, and so

on (4.4 million cases
globally).

May 2021–January
2022

VOC: 15 June 2021
VBM: 14 April 2022,
PVOC: 7 June 2022

Abundance is very
low at the time of

writing the
manuscript.

Beta/B.1.351 South Africa,
May 2020

K417N, E484K,
N501Y, D614G,

A701V

At least 127 countries,
predominant in South
Africa, the US, India,

Sweden, France, Spain,
Australia, Nigeria, Iran,
and so on (43,000 cases

globally).

November 2020 to
August 2021

VOC: 29 December
2020

VBM: 21 September
2021, PVOC:
9 March 2022

Drastically reduced
circulation globally,

with almost no
reporting at the

time of writing the
manuscript.

Gamma/P.1 Brazil,
November 2020

K417T, E484K,
N501Y, D614G,

H655Y

At least 93 countries,
predominant in the US,

Canada, Brazil,
Argentina, Chile, Italy,
Peru, Mexico, Sweden,

South Korea, Venezuela,
and so on (74,300 cases

globally).

Feb
2021–November

2021

VOC: 29 December
2020

VBM: 21 September
2021 PVOC:

9 March 2022

No longer detected
or detected at
extremely low
levels globally.

Epsilon/B.1.427,
B.1429

California USA,
July 2020

I4205V and D1183Y
in the ORF1ab gene,

and S13I, W152C,
L452R in the spike

protein’s S-gene

At least 45 countries. November
2020–March 2021

VOC, March 2021.
VBM-September
2021. Previously
circulating VOI:

March 2022 (WHO),

After an initial
increase, its

prevalence rapidly
decreased from

February 2021 and
was outcompeted

by the more
transmissible Alpha

variant.

Lambda/C.37 Peru, August
2020

Virus’s spike
protein code: G75V,

T76I, ∆246–252,
L452Q, F490S,

D614G and T859N

At least 45 countries
(predominant in Peru,
Chile, US). Total global

cases of less than 10,000.

November
2020–November

2021
VOI June 2021 No longer reported.

Omicron/BA.2,
BA.4, BA.5,

BA.2.75, BQ.1,
XBB

South Africa and
Botswana

November, 2021

BA.2 (y*), BA.4
(L452R, F486V,
R493Q), BA.5
(L452R, F486V,

R493Q).
BA.2.75 (z**), BQ.1

(K444T, N460K),
XBB (N460K, F490S)

At least 208 countries,
predominant in the US,
UK, Denmark, Canada,
India, Japan, Germany,

France, and so on
(6.2 million cases

globally, 14 December
2022).

November
2021-Currently

circulating
lineages: BA.2,
BA.4, BA.5, and

their recombinants
and sub-lineages

BA.2, BA.4, and
BA.5 are VOC, and
BA.2.75, BQ.1, XBB
are current VOI at

the time of drafting
the manuscript,
December 2022.

Many lineages are
currently going

around the world
(83,046 in the last

four weeks of
14 December 2022).

Notes: Other variants monitored earlier: Eta/B.1.525 (VOI on 02/29/21, but VBM since 09/21/21), IOTA/B.1.526
(VOI on 02/29/21, but VBM since 09/21/21), Kappa/B.1.617.1 (VOI on 05/07/21 but VBM since 09/21/21),
B.1.617.3 (VOI on 05/07/21, but VBM since 09/21/21), Zeta/P.2 (VOI on 02/26/21, but VBM since 09/21/21),
and Mu/B.1.621 and B.1.621.1 (VBM on 09/21/21but VBM since 09/21/21) Key: VOI—Variant of interest; VOC—
Variants of concern; VBM—Variant being monitored; PVOC—Previous variant of concern. y*: G142D, N211I, ∆212,
V213G, G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, S477N, T478K, E484A, Q493R, Q498R,
N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y, Q954H, N969K, z**: W152R, F157L, I210V, G257S,
D339H, G446S, N460K, and Q493 (reversion).

2.2. Delta (B.1.617.2 and AY Lineages)

The Delta variant was first detected in India in October 2020 [10,42], and it swept
rapidly through India and then the United Kingdom by mid-April 2021 before spreading
to the US and the rest of the world [42]. The Delta variant was reported to be 60% more
infectious and lethal than the Alpha variant [1]. It was reported that a single and double
dose of AstraZeneca vaccine was 33% and 60% effective in reducing the Delta lineage
infection, respectively, compared to 60% and 66% on the Alpha lineage [43,44]. Similar
results (i.e., less effective vaccine than with Alpha lineage) were observed in a study when
Pfizer vaccines were administered [42]. The emergence of this variant caused a delay in
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the United Kingdom’s reopening plans after several months of lockdown beyond June
2021 [9]. It became a VOC in the US on 15 June 2021 [1], after it became evident that people
infected with the Delta variant were twice as likely to become hospitalized than those
with the Alpha variant [41]. This implied that the Delta variant exhibited more infectivity
than earlier variants [42]. Until October 2021, Delta was the most dominant variant in
the world, with about 90% sequences in the Global Initiative on Sharing Avian Influenza
Data (GISAID).

2.3. Omicron (B.1.1.529 and BA Lineages)

The Omicron variant was declared a VOC immediately after it was reported in South
Africa in November 2021 [1]. The Omicron variant has the highest number of mutations,
compared to the reference wild SARS-CoV-2 genome, with 37 mutations in the spike (S)
protein, three mutations in the nucleocapsid (N) protein, one mutation in the envelope (E)
protein, three mutations in the membrane (M) protein, and 10 synonymous mutations [45].
This variant is more contagious than the earlier variants, with a reported rise of cases
from hundreds per day to thousands per day in South Africa over two weeks [9]. It soon
began to spread to several other countries and became one of the most dominant variants
after December 2021 [25,46,47]. A subvariant known as BA.2 was also discovered and
monitored as it accounted for 23% of cases in the US as of March 2022 [48]. The Omicron
BA.2 sub-variant has a mutation on the spike protein, which is responsible for infecting
host cells, thereby increasing infectability and having the capacity to evade immunity [49],
most especially those who recovered from previous COVID-19 variants infection but were
yet to be vaccinated [50]. The Omicron variant and its sub-lineages were the most dominant
variants circulating globally in 2022, for more than 98% of sequences shared on GISAID
between February 2022 and November 2022 belonging to Omicron. Omicron is a complex
variant that continues to evolve, leading to descendent lineages with different genetic
constellations of mutations [7]. Despite its high transmissibility, it has lower severity than
previous Delta and Alpha variants. In December 2022, the world was still passing through
the pandemic of the Omicron variant. A total of 83,046 cases were reported in GISAID
within four weeks (https://gisaid.org/hcov19-variants/, accessed on: 7 December 2022)
(Table 1).

2.4. Other Variants

Aside from the variants mentioned above, many other variants were first declared as
VOC but were later re-designated as variants of interest (VOI) [1,33] or declared as variants
being monitored (VBM), previously circulating VOCs or VOIs or formerly monitored
variants (FMVs). The designation of VOC, VOI, VBM, and FMVs are working definitions
periodically updated by WHO and CDC (US and EU) (Table S1).

Among the emergence of different variants, the Beta (B.1.351) variant was detected
in South Africa [51], and the Gamma (P1) variant was identified in Brazil in November
2020 [34,46]. Both lineages of Epsilon (B.1.427 and B.1.429) were identified in California [35]
and were reported to have higher transmissibility, infectibality, and severity than the
preceding variants and lineages [41]. The Lambda variant (lineage C.37) was first reported
in Peru in August 2020 and was designated as VOI by WHO on 14 June 2021 [36]. This
variant was reported to be more resistant to neutralizing antibodies than other variants [36].
The Lambda variant was suspected to be more resistant to vaccines than the Alpha and
Gamma variants [37]. Table 1 shows details of SARS-CoV-2 variants and their WHO
designation at the time of review. This highlights the importance of genetic surveillance of
SARS-CoV-2 variants worldwide.

3. Methodology

A thorough literature search was conducted in November 2022 using ScienceDirect,
Google Scholar, PubMed, Web of Science, Scopus, and NCBI databases. No publication
date or language restrictions were applied during the search, and Booleans “AND” and
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“OR” to combine keywords were used. Searches were directed toward the review objectives
with pertinent keyword combinations (a) wastewater surveillance; (b) SARS-CoV-2 and
emerging variants; (c) variants of concern in wastewater; (d) genomic tools for SARS-
CoV-2 monitoring; (e) wastewater-based epidemiology for SARS-CoV-2 variants; (f) next-
generation sequencing for SARS-CoV-2; (g) SARS-CoV-2 variants in wastewater; and
(h) Alpha, Delta, and Omicron variants in wastewater. The literature search process is
presented in Figure 2, following PRISMA guidelines [52]. The included literature was
mostly peer-reviewed journal articles (except two pre-print). Sole clinical monitoring
of SARS-CoV-2 variants not including WWS, methodology comparison studies without
surveillance aim, review papers without original data, and numerical modeling papers
were excluded. The database search identified 718 studies, as shown in Figure 2.
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After the de-duplication steps, a total of 491 papers remained. Upon further screening
of titles and abstracts, 396 research articles related to clinical testing were removed, leaving
95 articles for full-text screening. After reading 95 articles, an additional 15 articles were
removed from the list as seven were found to be review papers: four were duplicates of
earlier studies, two studies were only methodology comparisons, one was a modeling
study, and one did not report variants. In total, 80 publications reporting SARS-CoV-2
variants in wastewater were included in this systematic review (Figure 2).

4. Results
4.1. Geospatial Distribution

The majority of the WWS studies (66/80, 82.5%) included in this review were con-
ducted in resource-rich countries in Europe and North America (Figure 3). Out of the total
of 80 studies, 38 (47.5%) were in Europe [4,9,18,23,28,53–83], 28 (35.0%) in North America
(20 studies in the US [11,84–101], and 8 studies in Canada [102–109]), 10 studies (12.5%) in
Asia [110–117], 2 studies in South America [118,119], and 1 study each were conducted in
Africa [120] and Australia [121] (Table S1).
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4.2. Sampling Techniques

In general, autosamplers were used for taking composite samples that were either
time proportional (equal aliquot is taken at a fixed time interval) or flow proportional (after
a specific volume based on the flow rate of the source, an aliquot of sample is taken) [15].
Out of 80 studies, 55 (68.8%) used composite sampling, 16 (20%) used grab sampling,
six (7.5%) used both composite and grab sampling, and three studies (3.8%) did not report
the sampling technique used in their research. As shown in Figure 3, composite sampling
was relatively more frequent in high-resource countries compared to other countries.
Furthermore, the review found that resource-limited countries lack composite samplers
due to the associated high costs and are most likely to rely on grab sampling (Figure 3). In
resource-rich countries, grab samplers were primarily used in sub-catchments or facilities
(such as hospital sewage or college campuses) or small regions of communities [18,57,101].

Out of 55 studies using composite sampling, 30 used time proportional, 14 studies
used flow proportional, and the others used composite settled solids or did not report on
sampling. In a previous report, proportional flow sampling was considered less biased
than the time-proportional sampling mode [122]. These autosamplers have higher capital
and operating (installation and maintenance) costs and may not be easily accessible in
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low-resource settings. In a recent study, grab samples and 24 h composite samples showed
comparable results during relatively low COVID-19 incidence [123]. Grab sampling is
relatively easier and faster and does not need any automated equipment. It provides
the status of SARS-CoV-2 only during the sample collection, so it is less representative
of fecal community contributions than composite samples. Composite sampling is the
collection of multiple grab samples, so it is more representative and provides the average
situation of SARS-CoV-2 for a certain time interval. Such discrepancy in the sampling
mode among resource-rich and resource-limited countries explains the lack of resources
against emerging diseases or conditions, such as the COVID-19 global pandemic. Therefore,
resource-limited countries deserve more global attention and funding for fighting emerging
and re-emerging diseases.

4.3. Concentration Methods

Virus concentration is a critical step to detecting the low concentration of SARS-CoV-2
and its variants in wastewater. Our review noted a high variation in virus concentration
methods. The most used methods were polyethylene glycol (PEG) precipitation, ultrafil-
tration, electro-negative membrane filtration, ultracentrifugation, aluminum hydroxide
adsorption–precipitation, AlCl3 precipitation, and skimmed milk (SM) flocculation. Many
studies combined more than one concentration method and optimized it by using posi-
tive control during the extraction process. Among various virus concentration methods,
PEG precipitation, skimmed milk (SM) flocculation, and aluminum polychloride (PAC)
flocculation are reported to be relatively more cost-effective methods than ultrafiltration
and ultracentrifugation [124]. The SM method can handle a large volume of samples at a
time, it does not require special equipment, and the number of processing steps is relatively
smaller than many other methods [124]. An earlier study reported that PEG precipitation
and PAC flocculation were the most effective virus concentration methods from wastewater
(62.2% and 45.0%, respectively) among eleven compared concentration methods [124].

4.4. Analytical Methods to Detect Variants

Among variant detection methods, PCR amplification-based sequencing was the dom-
inant (49/80 of total studies) for SARS-CoV-2 variants analysis in wastewater. Among the
various PCR-based amplification methods, including RT-PCR, five studies used nested
PCR (nPCR), and multiplex tiling PCR was employed to prepare the cDNA and library
for the downstream sequencing analysis of SARS-CoV-2 variants [4,23,102]. The workflow
of sequencing-based detection methods includes three main steps. The first started with
pre-screening of the total SARS-CoV-2 RNA by using the classical reverse transcriptase
quantitative polymerase chain reaction (RT-qPCR assays targeting N1, N2, RdRP, and E
genes) suggested by US CDC to screen SARS-CoV-2-positive samples. Then, positive sam-
ples with a Ct value (<35) were amplified by RT-PCR to generate a cDNA and sequencing
library. The RT-PCR generating cDNA can also be a two-step approach, where cDNA
synthesis is conducted separately and only after that PCR amplification takes place. Finally,
high-throughput sequencing methods were employed to acquire sequence information on
the samples, and the alignment between sample sequences and reference genomes was
used to detect single-nucleotide variants (SNVs) or specific mutations associated with the
variant/lineage.

Wurtz et al. also confirmed that direct sequencing is more accurate than the RT-PCR
method in detecting SARS-CoV-2 variants [83]. However, according to another report, it is
an instrument of high cost and requires some technical skills [125]. The sample size must
also be certain to give an acceptable result. Hence, it was advised by Vo et al. (2022) that
other less costly methods, such as the TaqMan RT-PCR, characterize the strain before using
the WGS to confirm [11].

The RT-qPCR/RT-digital PCR (dPCR)-based method was the next most widely used
detection method (31/80 of total studies) after the sequencing-based method among all
80 studies included in this study. RT-PCR-based quantitative detection methods (RT-qPCR
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and RT-dPCR) could generate relative or absolute quantification results that can directly
reveal the concentration of SARS-CoV-2 RNA in wastewater associated with clinical data to
enhance the monitoring of SARS-CoV-2 prevalence in communities [126]. Thus, it became
one of the most sensitive methods for monitoring SARS-CoV-2 RNA in wastewater [127].
However, compared with sequencing methods, the RT-qPCR method has a certain lag in
discovering the emergence of new variants because it requires a specific primer–probe
design according to the details of the genomic information of new variants reported by
clinical tests [126]. In addition, the gene targets of RT-qPCR/RT-dPCR methods were
limited by fluorophores and the detection instrument. Thus, it is mainly adopted for
detecting and quantifying only the already known variants circulating in communities
or elsewhere.

Multiplexed RT-qPCR /RT-dPCR methods exhibited great potential in monitoring
SARS-CoV-2 variants in wastewater, since they can be regarded as a low-cost replacement
of sequencing methods to increase the output of RT-qPCR methods and achieve the quan-
tification of new variants [126]. Peterson et al. developed an RT-qPCR allelic discrimination
assay that was sufficiently sensitive and specific to achieve the detection and relative quan-
titation of SARS-CoV-2 variants (B.1.1.7, B.1.351, and P.1) in wastewater [109]. Caduff et al.
also developed a drop-off RT-dPCR assay to analyze temporal dynamics of SARS-CoV-2
signature mutations (spike ∆69–70 and ORF1a ∆3675–3677) in wastewater [70]. Further-
more, Boogaerts et al. successfully optimized, validated, and applied a multiplex digital
polymerase chain reaction (dPCR) assay to measure the emerging SARS-CoV-2 variants of
concern (VOC) in influent wastewater [76]. All these methods successfully distinguished
between SARS-CoV-2 RNA originating from the wild-type and B.1.1.7, B.1.351, P.1, and
B.1.617.2 variants, thus having great potential in the application of SARS-CoV-2 monitoring
in wastewater. In addition to enabling the detection and absolute quantification of various
SARS-CoV-2 variants simultaneously, the multiplexed RT-qPCR methods could also reveal
the proportion of new variants out of all prevalent strains in wastewater [97]. Through the
relative quantification results acquired by simultaneously detecting the highly conserved
sequence of SARS-CoV-2 genomes and specific genes of various new variants, multiplexed
RT-PCR methods might be further used to provide insightful information on the proportion
of new variants in communities. Thus, the various methods used by different studies
reviewed have both advantages and disadvantages.

4.5. Detected Variants

Out of the total of 80 studies, the B.1.1.7 (Alpha) variant was the most targeted
and detected variant (48/80 of total studies), followed by B.1.617.2 (Delta, 24/80 total
studies), B.1.351 (Beta, 19/80 total studies), P.1 (Gamma, 19/80 total studies), and others
in wastewater (Figure 4). As all variants reported as WWS followed the same pattern
as the clinical reporting of variants in the same timeline, this demonstrated that WWS
tracked all variants timely when they were developed (Table S1). The reason why the B1.1.7
(Alpha) variant was the most reported is that it appeared earlier than other variants in
the pandemic, and thus during the gathering of papers for the present review (November
2022), there was more time to report the Alpha variant findings than findings of the other
variants. Although Omicron is the largest among the different variants and constituted an
ongoing pandemic at the time of writing this review, its importance was not yet reflected in
the number of publications available by November 2022, being only the fifth most reported
(Figure 4). This may be due to reporting delays.

In 49 sequencing-based analyses, 28 studies detected the B.1.1.7 (Alpha) variant,
20 studies detected the B.1.617.2 (Delta) variant, 15 detected the P.1 (Gamma) variant,
15 detected B.1.351 (Beta) variant, 7 detected various lineages Omicron (e.g., BA.1 and
BA.2), and 7 other studies reported only other uncommon variants (Table S1). Similarly, out
of 31 RT-qPCR/RT-dPCR methods-based studies, 20 detected the B.1.1.7 (Alpha) variant
by targeting the4HV69/70 deletion, the N501Y mutation, or/and the N-D3L mutation.
Nine studies detected the B.1.617.2 (Delta) variant by targeting S∆157 mutation [70,76,109].
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Six studies detected the B.1.351 (Beta) variant by targeting the N501Y mutation, ORF1a
∆3675–3677 deletions, and S∆241 mutation. Five studies detected the P.1 (Gamma) variant
by targeting the N501Y mutation, ORF1a ∆3675–3677 deletions, and the insertion in the
28227–28286 region. In addition, ten studies reported the detection of different lineages
of the Omicron (e.g., BA.1 and BA.2) variant by targeting a region of five adjacent SNPs
common to BA.1 and BA.2 and distinguished these two variants by detecting the specific
143–145 deletion of BA.1 and the specific LPPA24S (a 9 bp deletion) mutation of BA.2 [100].
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5. Discussion

The monitoring of SARS-CoV-2 variants in wastewater was established as a promising
tool for evaluating spatial and temporal trends of emerging variants at a population level.
However, this review showed that the approach was not yet equally popular in resource-
limited countries compared to resource-rich ones (Europe and North America). This can
be due to a lack of WWS knowledge, awareness, and functional governmental public
health institutions in resource-limited countries. Significantly low reporting of the WWS
approach in resource-limited settings may indicate a major weakness of current global
policy and institutions working on emerging pathogens. It may challenge strengthening the
institutions and managing the resources (monetary, technology, and manpower) in resource-
limited regions for fighting current and future pandemics. As SARS-CoV-2 demonstrated,
the emergence of a communicable disease from one nation can easily sweep through all
nations globally.

Indeed, WWS is an economic approach for monitoring emerging pathogens at a
population level, and its promotion in developing countries can help fight future emerging
pandemics. Many resource-limited countries successfully conducted a variant survey in
clinical patients and reported the results in GISAID and WHO reporting systems. However,
such studies and reporting are not conducted for wastewater, although the economic cost
and analysis technology of one WWS sample analysis is roughly the same as that for the
analysis of one single clinical patient sample. Countries with large populations, poor
healthcare facilities, and the incapacity of extensive individual clinical testing could greatly
upgrade their sentinel surveillance systems by using WWS. The WWS approach provides a
near real-time snapshot of the ongoing pandemic [39]. For example, clinical surveillance
needs a series of stages for understanding the status of the spread of new variants at
a population level: virus colonization to individuals, maturation of symptoms, clinical
testing, diagnosis, and reporting. Nonetheless, a variant is excreted to wastewater as soon
as it is colonized in individuals and shed from feces, nasal secretion, and other bodily

45



Water 2023, 15, 1018

fluids [21]. WWS is an important complementary survey approach to the conventional
clinical or hospital-based epidemiological survey of infectious diseases.

Two approaches, PCR-based (RT-qPCR and RT-dPCR) and next-generation sequencing
(NGS) or high-throughput sequencing followed by bioinformatics analysis (Table 2), are
widely used for monitoring SARS-CoV-2 variants in wastewater [39]. The PCR-based
approaches are relatively fast, simple, sensitive, and cost-effective for monitoring specific
variants. These methods target signature mutation regions of the SARS-CoV-2 genome
and detect the variant. Targeting the ORF1a gene that exists in many variants and the
HV69/70 deletion present in the Alpha variant helps to differentiate this variant from others.
For discriminating between variants, European authorities recommend that targeting
should cover at least the S gene, particularly in that it encodes the entire N-terminal region
and the receptor-binding domain (RBD) corresponding to amino acids [128]. RT-qPCR/RT-
dPCR methodologies are often designed as duplex or multiplex, allowing the simultaneous
detection of many variants and estimating their percentages among other simultaneously
occurring variants. The relatively low cost and low time and labor requirements make
these methods (RT-qPCR, RT-dPCR) more suitable for monitoring known variants. The
targeting of mutation assays applied to SARS-CoV-2 RNA extracted from wastewater can
be a rapid, efficient, and reliable way of monitoring variants introduced and circulated in a
community [88]. Compared to RT-qPCR, RT-dPCR was recently popularized and reported
as more sensitive than RT-qPCR, as it measures the absolute count of gene copies and is
less affected by PCR inhibitors than RT-qPCR [126,129].

Table 2. Comparing pros and cons of sequencing and RT-qPCR/RT-dPCR based methods for detect-
ing SARS-CoV-2 variants.

Sequencing RT-qPCR/RT-dPCR

Pros

• Can detect all circulating variants, even silently
circulating in a population, and enable showing the
diversity of circulating variants;

• Suitable for early warning of emerging variants;
• Accurately provide information about the full

mutation patterns specific to all variants;
• Possible simultaneous detection of many variants and

estimating of their percentages.

• Fast, sensitive, low labor required, and cost-effective
for screening particular known variants;

• Powerful screening tool;
• Simple to use and interpret;
• Possible duplexing or multiplexing allows the

simultaneous detection of many variants and
estimating of their percentages.

Cons

• Relatively expensive, as it demands high reagent and
consumable costs, specific equipment, and technical
analysis skills;

• Labor- and time-consuming as extra bioinformatics
knowledge is required;

• Multiple lineages in raw sewage complicate the proper
assembly of reads to determine the complex sequence
circulating in communities.

• Earlier knowledge about the mutated sequence is
needed for designing primers and probes;

• Detect only the targeted signature mutations and
cannot detect non-targeted variants;

• Less suitable for tracking new emerging variants and
for early warning.

The requirement that PCR-based methods (RT-qPCR/RT-dPCR) use specific primers
is a limitation, as these methods cannot detect non-targeted variants. Such primers and
probes need to be designed and validated for each new mutant/variant (Table 2). Therefore,
PCR-based methods are less suitable for detecting novel variants compared to NGS. For
designing a primer, previous information about the region of mutation in the genome
is needed. Nevertheless, such information can be obtained for primer design from the
GISAID database after clinical testing deposits [130]. Further, a variant-specific reverse
transcription-nested PCR approach can be applied to determine the key regions of the viral
spike protein.

The next-generation sequencing (NGS)-based approach enables the detection of signa-
ture mutations of different variants and provides a real picture of the variant circulation
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in real-time [39]. In comparison to the PCR-based method, the NGS-based method can
detect all circulating variants (even silently circulating) in a population and enables us to
show the diversity of circulating variants. As the NGS-based method covers longer genome
coverage and also the design and validation of new assay is not needed for each variant.
Additionally, the NGS-based method enables the possibility of retrospective analysis and
finding variants circulating earlier in a particular sample. These methods are the most
efficient analysis method for monitoring the emergence of the new SARS-CoV-2 variants
even earlier than clinical cases. However, NGS-based methods require high reagent and
consumable costs, specific equipment, and technical analysis skills. In addition, multiple
lineages in raw sewage do not allow the proper assembly of reads to determine the complex
sequence circulating in communities [69,93].

Other methods used for monitoring SARS-CoV-2 variants in wastewater were reverse
transcription-nested PCR (RT-nPCR) assays followed by Sanger sequencing or NGS analysis,
and amplicon sequencing of the only selective gene of SARS-CoV-2 variants instead of
targeting the whole or nearly complete genome of SARS-CoV-2 from environmental samples.

WWS played an important role in enabling decision-making among health officials
and researchers. It has positive impacts on public health departments and governments to
prepare for the possible spread of new variants, though they generally do not pay attention
to other variants below the set detectable limits in wastewater due to dilution. The use
of WWS also highlights how fast variants of concern transmit from one nation (where the
first case is recorded) to others connected via direct or indirect transportation connections,
such as land, sea, and air transport routes [26,121]. The detection of Alpha, Beta, Delta, and
Omicron variants, amongst others, in multiple countries, is an indication of how global
an impact the COVID-19 pandemic had. This makes the use of WWS tools more about
understanding and providing adequate control measures in forestalling the spread of
SARS-CoV-2. Wastewater surveillance tools can be further developed to track the spread of
other infectious diseases [21,22,131–135], especially viruses that can be excreted through
human feces and/or urine and saliva. Incorporating WWS as a reliable surveillance tool in
a global policy about tackling new and emerging pathogens can be prominent. It may be
prominent for strengthening institutions and managing resources (monetary, technology,
and human) in resource-limited countries, as the emergence of a communicable disease
from one nation can easily sweep through all countries globally, as SARS-CoV-2 is showing.

In addition to its many benefits, WWS of the SARS-CoV-2 variant has some limitations;
the most prominent being that it does not reach up to an individual level. Further, wastewa-
ter can have many variants in different proportions and PCR inhibitors [126]. Unlike when
isolated from an individual case, which consists of a single genome, wastewater samples are
likely to contain material from multiple SARS-CoV-2 variants shed from different individu-
als. Further, each variant at low concentrations and in various stages of genomic integrity
because of degradation makes accurate detection challenging [88]. In addition, multiple
lineages in raw sewage do not allow for the proper assembly of reads to determine the com-
plex sequence circulating in communities [69,93]. Thus, in the future, more efforts should
be put into developing a comprehensive monitoring workflow of SARS-CoV-2 variants,
including the sequencing-based screen of unknown variants and the RT-qPCR/RT-dPCR
methods-based long-term detection and quantification of specific variants.

Finally, some limitations of this type of systematic review need to be considered while
interpreting the findings [29,133]. For example, there is high heterogeneity in the reviewed
studies in terms of sample size, target, and detection methods, and in many cases, there
can be a lack of transparency in reporting results. For example, there could be reporting
biases (most likely positive reports could be more frequently published than negative
results [29,133]). Further, there could be target selection bias, particularly while using PCR-
based methods, as primers could be targeted only toward some most common variants.
Locally circulating variants could guide such interest in communities based on clinical
reporting. However, there could already be new variants in communities, which could be
detected with WWS.
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6. Conclusions

This review revealed that several nations, mostly from resource-rich regions (Europe
and North America) actively and regularly engage in WWS to track different variants of
SARS-CoV-2. Among different variants, the B1.1.7 (Alpha) variant, which first appeared
as an emerging variant during the pandemic, was the most reported (48/80 total studies),
followed by B.1.617.2 (Delta), B.1.351 (Beta), P.1 (Gamma), and others in wastewater. All
variants reported as WWS followed the same pattern as the clinical reporting of the variants
in a timeline and demonstrated that WWS tracked all variants in a timely way when they
were developing. Still, developing a highly sensitive, accurate, cost-effective, automated,
and reliable tool, which can be practically feasible in both resource-rich and resource-limited
settings, for monitoring the trends of current and future COVID-19 outbreaks is highly
important for increasing the reliability of WWS.
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Abstract: The analysis of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) gene copy
numbers in wastewater samples can provide quantitative information on Coronavirus Disease-19
(COVID-19) cases within a sewer catchment. However, many wastewater-based epidemiology (WBE)
studies have neglected virus decay during the wastewater transportation process in sewers while
back-calculating COVID-19 prevalence. Among various sewer condition parameters, wastewater
temperature and dilution by fresh/saltwater infiltration may result in a significant change to the virus
decay, in terms of both infectivity and Ribonucleic Acid (RNA). This paper reviewed the literature
to identify and discuss the effects of temperature and water types (i.e., wastewater, freshwater, and
seawater) on coronavirus decay based on the decay rate constants that were collected from published
papers. To evaluate the importance of virus decay, a sensitivity analysis was then conducted with
decay rates of SARS-CoV-2 RNA based on a WBE back-calculation equation. Finally, the decay rates
of coronavirus in wastewater were also compared with those of other viruses to further understand
the difference among virus species. The decay of SARS-CoV-2 RNA was found to be less impacted
by temperature variation than viable coronaviruses. Nevertheless, WBE back-calculation was still
sensitive to the RNA decay rates increased by warm wastewater (i.e., over 26 ◦C), which could
lead to a two-times higher relative variance in estimated COVID-19 prevalence, considering the
wastewater temperature variation between 4 and 37 ◦C in a sewer catchment with a 12-h hydraulic
retention time. Comparatively, the sensitivity of the WBE estimation to the enveloped SARS-CoV-2
was greater than nonenveloped enteric viruses, which were less easily degradable in wastewater. In
addition, wastewater dilution by stormwater inflow and accompanied cold weather might alleviate
the decay of coronavirus infectivity, thus increasing the potential risk of COVID-19 transmission
through wastewater. Overall, this paper aims to better understand the impact of in-sewer processes
on coronavirus decay and its potential implications for WBE. The outcome could quantitatively
inform WBE and improve awareness of the increased risk of COVID-19 infection via wastewater
during heavy rainfall events. Given the identified scarcity of data available for coronavirus decay
in salt water or with chemical additions, future research on the fate of SARS-CoV-2 subjected to
chemical dosing for sewer or wastewater treatment plant operations is recommended.

Keywords: wastewater-based epidemiology; virus decay; SARS-CoV-2; sewer; back-calculation;
sensitivity analysis

1. Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has spread among
human communities all over the world in the past three years and remains a threat to
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public health and global economy [1]. Providing timely reports on coronavirus disease-19
(COVID-19) cases during outbreaks while using traditional epidemiology approaches is
difficult and resource-consuming. Fortunately, wastewater-based epidemiology (WBE) has
been demonstrated as an effective method in COVID-19 surveillance at the community
level [2,3], since domestic wastewater contains biological information discharged from
human bodies, such as loads of bacterial and viral shedding [4]. The detected SARS-
CoV-2 concentration in wastewater is proportional to the COVID-19 disease burden in
the corresponding catchment [5,6]. By retrospectively linking SARS-CoV-2 concentration
in wastewater samples collected at sewer pumping stations or wastewater treatment
plants (WWTPs) to virus excretion, WBE can back estimate the prevalence of COVID-19
in populations.

Importantly, WBE back-calculation of COVID-19 cases from SARS-CoV-2 concentra-
tion in wastewater needs correction considering the in-sewer virus decay [2]. Failing to
include in-sewer decay renders the WBE approach prone to under-predicting the amount
of upstream virus shedding. Furthermore, seasonal wastewater temperature variation,
seawater intrusion, stormwater inflow, underground water infiltration in sewers, and many
other factors [7] can affect the decay kinetics of viruses, thus impacting the infectivity and
detectability of SARS-CoV-2 at downstream sampling locations. Wastewater temperature
might vary in the range of 4–37 ◦C depending on the usage in household and weather
conditions [2]. Higher temperatures facilitate the virus decay in wastewater compared to
lower temperatures [8,9]. During in-sewer transportation, domestic wastewater might be
diluted by saline water (i.e., seawater/saline groundwater intrusion, municipal seawater
utilization for toilet flushing) or freshwater (i.e., stormwater inflow, or fresh groundwater
infiltration), which can have impacts on the decay of viruses in sewers [10]. Correspond-
ingly, the correction factor for WBE back-calculation is the in-sewer decay rate constant,
which could be obtained using first-order kinetics [8].

This paper systematically collated the decay rates of SARS-CoV-2 Ribonucleic Acid
(RNA) under different water conditions from published literature and evaluated the im-
pact of in-sewer decay on back-calculating COVID-19 cases using sensitivity analysis. In
addition, there is still a need to understand the fate of infectious coronaviruses outside the
human host after its excretion into wastewater. The decay rates of viral infectivity under
various temperatures and water types provide insights into the risk of disease transmission
via wastewater exposure, under dynamic weather conditions and sewer environments.
Therefore, the decay rates of viable coronaviruses were also collected from published
literature through systematic review and compared with the loss of RNA signals in waters.

The SARS-CoV-2 strain, as well as surrogate coronaviruses, were used in the reported
decay experiments, being employed as representatives for survivability studies, considering
the safety challenges in conducting lab work relating to the highly contagious SARS-CoV-
2. The murine hepatitis virus (MHV), transmissible gastroenteritis virus (TGEV), feline
infectious peritonitis virus (FIPV), porcine respiratory coronavirus (PRCV), and human
coronavirus 229E were accepted as surrogates within the Coronaviridae family, given their
similarity in size, composition, and morphology [9]. The decay rates of these infectious
coronaviruses were included in the collection together with SARS-CoV-2.

Moreover, the persistence of coronaviruses with lipid-containing envelopes might be
separate from nonenveloped water-borne viruses that were more commonly investigated
in water. To better understand the difference among viral species in environmental fates,
the collated decay rates of the coronavirus were further compared to those of norovirus (a
widely known nonenveloped enteric virus) and other viruses.

Through systematic review, this study summarized literature data about the decay
of coronavirus in municipal wastewater and evaluated the sensitivity of decay rates in
WBE back-estimations for COVID-19 prevalence. The results could inform wastewater
epidemiology and help with the assessment of public health risks.
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2. Methods
2.1. Literature Search and Data Selection

This study compiled the decay rates of coronaviruses from peer-reviewed papers,
which were available online before 21 December 2022. Terms “(coronavirus OR SARS-CoV-
2) AND (water OR wastewater OR sewer * OR seawater OR stormwater) AND (survival
OR decay OR die-off OR inactivat * OR persistence)” were searched in databases available
through Web of Science [9]. Initially, the titles of the search results were screened to
decide whether their abstract warranted reading. If the title did not contain sufficient
information, the abstract would be further evaluated to determine whether the paper
can provide numeric decay rates. The papers that passed the screening through the title
and/or abstract were subjected to full-text review. The following inclusion criteria were
adopted when reviewing the papers: (i) in English, (ii) having decay experiments in dark
conditions, (iii) with justifiable methods for enumeration, e.g., using culture methods or
reverse transcription quantitative polymerase chain reaction (RT-qPCR), (iv) presentation
of extractable decay rates.

For papers providing decay rate constants (k, d−1) directly, the calculation approach of k
was confirmed to conform with the first-order kinetics as shown in Equation (1), where C is the
coronavirus concentration (gene copy/L, or median tissue culture infectious dose, TCID50/L)
at time t and C0 is the initial concentration. If k was determined using the regression slope of
log(C/C0) versus time (in days), it would be transformed into ln(C/C0). For papers providing
t90 (i.e., time to achieve 90% reduction in concentration), the times were converted to first-order
decay rates by applying Chick’s law (Equation (2)) [11]. The fitted decay rate constant was
included only if the goodness of fit was acceptable (R2 > 0.6). Meta data including temperature,
water types, detection methods, and other publication information were also recorded along
with the first-order decay rates (Tables S1 and S2).

C = C0 × e−k×t, (1)

k = 2.303/t90, (2)

2.2. Data Analysis

The decay rate constants (k, day−1) were grouped according to the types of water,
temperature, and detection methods. The k values were imported into R studio (ver-
sion 1.3.1056, https://www.rstudio.com (accessed on 26 December 2022) for plotting by
gglpot2 package and processed using multcomp for multivariate analysis of variance.
When necessary, k values were shown in figures after log10-transformation for better
visualization of the decay rate constants over multiple orders of magnitude.

The relationship between temperatures and decay rate constants was fitted according
to the Arrhenius equation (Equation (3)), where k0 is the decay rate constant at T0

◦C, k is
the decay rate constant at temperature T ◦C, T0 is the reference temperature in ◦C, λ is the
temperature correction coefficient indicating the effect of temperature on virus decay rates.
The parameters λ and k0 were estimated by assuming T0 = 0 ◦C and fitting Equation (3) to
the literature data using SigmaPlot 14 (Systat Software, San Jose, CA, USA).

k = k0 × λ(T−T0), (3)

The WBE back calculation [2] was adapted as Equation (4), where F is the wastewater
flow rate (L/day), CRNA is the concentration of SARS-CoV-2 RNA in wastewater (copies/L),
Pcatchment is the population within the sampled catchment boundary, E is the daily excretion
rate (copies/(person·day)). To account for the in-sewer decay, a correction factor Rsewer
was applied. As the CRNA in Equation (4) should be Ct after decay, Rsewer can be derived
from the decay kinetics as Ct/C0 (refers to e−k×t as in Equation (5)). The number of infected
cases Pinfection thus can be corrected using the decay factor Rsewer, where t denotes in-sewer
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hydraulic retention time during wastewater transportation and k refers to the decay rate
constant, as described above.

Pinfection = (F × CRNA)/(Pcatchment × Rsewer × E), (4)

Rsewer = Ct/C0 = e−k×t, (5)

The sensitivity (S) of WBE-calculated infection case number (Pinfection) to the decay rate
constant (k) of SARS-CoV-2 RNA is defined in Equation (6). The relative change of P (∆P/P),
due to the change of k by ∆k, can be deduced as exp(∆k × t) − 1. The average k values from
the collected literature data were taken as inputs into Equation (6), assuming the relative
change as 25% of the decay rate constants [10]. The hydraulic residence time in sewer
systems was assumed to be 12 h, representing a typical large sewer catchment. Herein, the
calculated sensitivity value reflects the percentage of variation in WBE back-calculation
caused by the variation of parameter k.

S = (∆P/P)/(∆k/k) = k × (et×∆k − 1)/∆k, (6)

3. Results and Discussion

A total of 79 decay tests for coronavirus in water were identified from 12 unique
research articles (Table 1, Tables S1 and S2). One decay test refers to an in-water decay
experiment at a certain temperature in one type of water, either for virus infectivity or RNA.
These studies employed different temperatures for the decay experiments in water, and
the types of water included wastewater, freshwater, and seawater. Wastewater denotes
domestic or municipal wastewater, including sterilized, autoclaved, and untreated raw
wastewater. Freshwater includes tap water, laboratory water, and river water. The decay
rate constant (k) was presented as ln(C/C0) per day. Notably, there is just one decay rate in
seawater measured by RT-qPCR (0.14 with R2 as 0.8, at 20 ◦C) that met the selection criteria,
which was reported by Sala-Comorera et al. [12]. Moreover, the numbers of infectivity
decay in seawater and SARS-CoV-2 RNA decay in freshwater are limited, with only three
for each (Table 1).

Table 1. Summary of identified decay tests of coronavirus in different water types.

Methods Culture RT-qPCR Total

Number of decay tests in wastewater 18 33 51
Number of decay tests in freshwater 21 3 24

Number of decay tests in saline water 3 1 4
Total 42 37 79

References [12–18] [14,19–23]

3.1. Overview of Coronavirus Decay Rates in Waters

Table 2 summarizes the collected decay rates from the reviewed papers under different
conditions and Table 3 shows the result of the multivariate analysis of variance. The collected
dataset contained two category variables (detection methods, type of water) and water temperature
as a continuous variable. Multivariate analysis of variance showed that all these three variables
led to significant differences in decay rate constants (p < 0.001) (Table 3). Most significantly,
the collected decay rates were impacted by the different detection methods (p = 1.68 × 10−8).
The three SARS-CoV-2 RNA decay rates (0.96–4.32 d−1) reported by Weidhaas et al. [19] were
significantly higher than average reports, thus being identified as outliers and excluded from the
following modeling analysis. After the exclusion, the decay rate constants of SARS-CoV-2 RNA in
wastewater ranged from 0.04 to 0.7 for temperatures 4–37 ◦C (Table 2), whereas the infectivity
of coronaviruses decays at much faster rates (0.066–3.4 d−1), from 4 to 25 ◦C in wastewater. In
freshwater, the decay rates of SARS-CoV-2 RNA (0.039–0.25 d−1 at 4–37 ◦C) were also lower than
those of coronavirus infectivity (0.01–1.2 d−1 at 4–24 ◦C), although the difference between two
methods was not as much as that in wastewater.
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The nucleic acids of viruses may persist longer than viral capsid and remain detectable
after losing infectivity; hence, the decay rates of SARS-CoV-2 RNA are supposed to be
much lower than those of coronavirus infectivity [14]. The greater stability of genetic
fragments makes them suitable candidates for WBE investigations. At the same time, it
also indicates that the environmental detection of viral RNA alone does not substantiate
the risk of infection. On the other hand, knowledge about the fate of infectious viruses is
needed to evaluate the potential disease transmission through urban wastewater systems,
especially through sewers, where stormwater infiltration and saltwater intrusion might
occur. Considering the scarcity of available data for seawater, the subsequent analysis and
discussion mainly focused on wastewater dilution via freshwater inflow.

Table 2. Summary of decay rate constants (d−1).

Target Water Types 4 ◦C 10–15 ◦C 20–26 ◦C 37 ◦C

Coronavirus
Infectivity

Wastewater 0.066–0.42 0.5–1.4 0.6–3.4 NA
Freshwater 0.01–0.61 NA 0.2–1.2 NA
Seawater 1.1 NA 2.0–2.1 NA

SARS-CoV-2
RNA

Wastewater 0.04–0.18 0.08–0.4 0.17–0.70 0.29–0.41
Freshwater 0.039 NA 0.15 0.25
Seawater NA NA 0.14 NA

Note: NA means not available.

Table 3. Summary of multivariate analysis of variance.

Df Sum Sq Mean Sq F Value p (>F)

Water type 2 7.248 3.624 9.332 0.000262 ***
Method 1 15.904 15.904 40.954 1.68 × 10−8 ***

Temperature 1 12.485 12.485 32.151 3.17 × 10−7 ***
Water type: method 1 0.495 0.495 1.275 0.262756

Water type: temperature 2 1.162 0.581 1.496 0.231343
Method: temperature 1 4.781 4.781 12.311 0.000804 ***

Water type: method: temperature 1 1.098 1.098 2.826 0.097312
Residuals 68 26.407 0.388

Note: *** means significant as p ≤ 0.001.

3.2. Effect of Wastewater Dilution on Coronavirus Decay

The decay rates of SARS-CoV-2 RNA in seawater (0.14 d−1 at 20 ◦C) and in freshwater
(0.039 d−1 at 4 ◦C, 0.15 d−1 at 25 ◦C, 0.25 d−1 at 37 ◦C) were smaller than those in wastewater
(0.04–0.18 d−1 at 4 ◦C, 0.17–0.70 d−1 at 20–26 ◦C, 0.29–0.41 d−1 at 37 ◦C) (Table 2). Thus,
the freshwater infiltration and seawater intrusion could alleviate the decay of viral RNA
and may alleviate the impact of decay on WBE back-calculations.

On the contrary, the reduction in virus viability was enhanced in seawater, which led to
higher decay rates (1.1 d−1 at 4 ◦C and 2.0–2.1 d−1 at 20 ◦C) than in wastewater (0.066–0.42 d−1

at 4 ◦C and 0.6–1.4 d−1 at 20 ◦C). However, such a difference is less confirmative, based on
the limited data points. Sun et al. [24] suggested that the virus infectivity was not significantly
affected by seawater; however, Lee et al. [25] reported a rapid infectivity loss of SARS-CoV-2
immediately upon being introduced into seawater. It should be noted that Sun et al. [24] examined
the stability of the virus in artificial seawater while Lee et al. [25] used real seawater (pH 8, salinity
32‰; Sokcho, Korea). The contradictory results might be caused by the indigenous microbial
communities in the marine ecosystem, which might inactivate viruses via proteolytic or nuclease
activity [26].

Generally, the salinity and alkalinity of seawater are believed to influence the osmotic
pressure and may reduce the survivability of coronaviruses in the ocean, thus helping to
eliminate the risk of virus transmission [13,27,28]. Although SARS-CoV-2 is a mammalian
virus, the release of viable coronaviruses through municipal sewage into the ocean may
affect the marine ecosystem and even cause virion accumulation in seafood such as oysters
or fishes through food chains in the same way as norovirus [29]. Interestingly, the COVID-
19 outbreak first originated from a seafood market in Wuhan. Later, many infection cases
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caused by frozen cold chain food products have been reported around the world [30,31].
More consolidated experimental evidence should be involved to confidently exclude the
possibility of marine contamination and confirm the safety of the seawater environment
even for recreation purposes. Moreover, more experimental investigations in seawater
mixed with domestic wastewater are necessary to delineate the effects of salinity on SARS-
CoV-2 decay rate constants [32].

Figure 1 illustrates that both coronavirus infectivity and SARS-CoV-2 RNA decay more
rapidly in wastewater than in freshwater under different temperatures. The difference at a
lower temperature (4 ◦C) may not be as significant as that at higher temperatures (>20 ◦C).
The increased k of coronaviruses in wastewater compared to freshwater could be attributed
to the deactivation from higher extracellular enzymatic activity, eukaryotic predation, or
the presence of antiviral chemicals (such as solvents, detergents, etc.), and other organic
matters in wastewater [7]. Unlike neutral freshwater, wastewater usually has an acidic pH
with fatty acids and other constituents that affect virus decay through the denaturation
of capsid proteins and damage of nucleic acids [2]. Wastewater dilution via stormwater
could alleviate the inactivation of infectious coronaviruses, thus potentially leading to the
release of viable viruses into natural water bodies or city catchments via sewer overflow or
untreated discharges [33–35]. Additionally, storm weather is often accompanied by lower
temperatures and shorter in-sewer hydraulic retention times, which favor virus survival
in waters. Therefore, the risk of spreading infective viruses during heavy rainfall events
and urban floods should be carefully evaluated given the ever-increasing virus load in
municipal wastewater.
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Figure 1. Decay of coronavirus infectivity and SARS-CoV-2 RNA in freshwater and wastewater
under different temperatures. The middle lines inside the box represent median k values. The top
and bottom borders of the box represent the 75%ile and 25%ile of k values, respectively. The top
and bottom whiskers represent the upper and lower limit of k values in the groups. In addition, the
smaller dots represent the outliers.

3.3. Effect of Temperature on Coronavirus Decay

Figure 2 shows the fitted curves for the numerical relationship between decay rate constants
and temperatures in wastewater and freshwater based on the Arrhenius equation (Global
goodness of fit: R2 = 0.84). Separate plots for the four curves are presented in Figure S1.
Table 4 shows the estimated parameters of the temperature correction coefficient (λ), decay
rate constant (k20) at a reference temperature of 20 ◦C, and R2 for each scenario. The poor
fitness and wide confidence band (Table 4 and Figure S1) for coronavirus infectivity decay
in freshwater might be due to biological differences within coronavirus surrogates and the
variability in matrix conditions (tap water versus river water). The even lower fit of SARS-
CoV-2 RNA decay in wastewater (R2 = 0.2) could be a result of the varied detection assays
applied for RT-qPCR detection (Table S2) or the wastewater conditions (autoclaved, sterilized,
or untreated wastewater sampled from various locations), which made the comparison among
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fitted parameters λ and k20 less convincing. More studies via well-controlled experiments are
needed to obtain consistent and reliable conclusions. The detailed reporting of environmental
parameters for decay tests should also be encouraged to help understand the influencing factors
across different studies.
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Figure 2. Relationships between decay rate constants of coronavirus and temperatures based on
Arrhenius equation (Equation (3)).

Table 4. Parameters in Arrhenius equation fitted by temperatures and decay rates.

Parameters Water Type Coronavirus
Infectivity SARS-CoV-2 RNA

k20
Wastewater 1.37 ± 0.10 0.30 ± 0.04
Freshwater 0.47 ± 0.07 0.11 ± 0.01

λ Wastewater 1.14 ± 0.05 1.02 ± 0.01

R2
Freshwater 1.10 ± 0.05 1.05 ± 0.01
Wastewater 0.72 0.20
Freshwater 0.42 0.99

According to the estimated k20 values in Table 4, the infectivity decay rates were much
higher than SARS-CoV-2 RNA, which indicates a greater stability of RNA than the hosting
virus body in the water environment [26] and resonates with the previous discussion in
Section 3.1. Moreover, both viable coronaviruses and SARS-CoV-2 RNA presented higher
stability in freshwater over the wastewater matrix, probably due to the lower abundance of
microbial communities and limited biological activity in freshwater, where degradation is
alleviated for viruses [36]. This also supports the comparisons made in Section 3.2.

For each group in different water types, the temperature correction coefficient λ was
calculated to be greater than one, indicating the influential role of water temperature
on decay rates. Higher temperatures would enhance virus decay since the decay rate
constants increase with elevated temperatures (Figure 2). In particular, the infectivity
decay of coronavirus in wastewater was most significantly enhanced by temperature
increase (λ = 1.14 ± 0.05), followed by the infectivity decay in freshwater (λ = 1.10 ± 0.05).
Warmer waters normally increase decay rates of microorganisms via activating enzymes
and, consequently, the degradation of protein walls or nucleic acids [37]. Exposure of
viruses to high temperatures may also inactivate the enzymes and prevent replication. Since
wastewater has more biologically and chemically active components than freshwater, the
decay of viable viruses would be more vulnerable to temperature variation in wastewater.
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For less sensitive SARS-CoV-2 RNA, temperature increments seem to play a similar
role in facilitating decay both in freshwater and wastewater, as suggested by the comparable
values of λ (Table 4) and the two visually parallel curves in Figure 2. Nucleic acid fragments
inside the viral particles are less easily degradable by extracellular enzymes and more
persistent than virus infectivity [14,38]. The genetic sequence may degrade gradually
into smaller pieces and thus allow the RNA fragments to be prolonged after losing the
protection from viral capsid. Hence, their decay rates are less impacted by temperature
elevation than those of viable viruses, regardless if in freshwater or wastewater. Although
the change in SARS-CoV-2 RNA decay rates in wastewater caused by seasonal temperature
variation was much less than those of viable viruses, further assessment regarding its
impact on WBE back-estimation should still be useful for understanding the resulting
accuracy implications.

3.4. Sensitivity of WBE Back-Calculation to the Decay of SARS-CoV-2

To quantitatively assess the contribution of SARS-CoV-2 RNA decay under varied
temperatures to the WBE back-calculation accuracy, the collected k values of SARS-CoV-2
RNA were input to the proposed sensitivity equation (Equation (6)) and the calculated
results were presented in Table 5. The average level of sensitivity to 25% change in
k is 0.13 over the three water types at 4–37 ◦C. Wastewater dilution by freshwater or
saltwater in sewers might result in less sensitivity; however, the lack of data for SARS-
CoV-2 RNA in saltwater made any solid conclusions hard to reach in the current study.
More confidently, higher temperatures could increase SARS-CoV-2 RNA decay in sewerage
and, correspondingly, the uncertainty of WBE back-estimation. Increased wastewater
temperature in summer or tropical regions from 4 to 37 ◦C could increase the sensitivity
considerably from 0.06 to 0.18, leading to a two-fold larger relative variance in the estimation
of COVID-19 cases.

Table 5. Sensitivity ratio of predicted COVID-19 cases (Pinfection) to SARS-CoV-2 RNA decay rate
constants under different conditions assuming residence time in sewers as 12 h.

Temperature Wastewater Freshwater Sea Water Average

4 ◦C 0.06 0.02 NA 0.06
12–15 ◦C 0.15 NA NA 0.15
20–26 ◦C 0.23 0.08 0.07 0.21

37 ◦C 0.18 0.12 NA 0.16
Average 0.14 0.07 0.07 0.13

Note: NA means not available. The sensitivity is represented as the ratio between the percentage change of
estimated COVID-19 cases and 25% change of decay rate constants.

While the case number would possibly be underestimated in hot seasons if not incorpo-
rating RNA decay rates in the back-calculation, WBE back-calculation could assess disease
prevalence more closely based on wastewater samples with lower temperatures, whether
in winter or cold countries, where the importance of considering in-sewer RNA decay is
reduced. Since the sensitivity values in Table 5 were calculated with hydraulic retention
time fixed as 12 h, the overall sensitivity will be decreased, given a shorter in-sewer travel
time, or increased otherwise. Collectively speaking, the in-sewer decay of SARS-CoV-2
RNA could be an influential factor for WBE back-calculation under high environmental
temperatures and should be considered for accurate prediction.

3.5. Comparison of Coronavirus Decay Rates in Wastewater to Norovirus and Other Viruses

To put coronavirus decay rates into a broader context, Table 6 compared them with other
previously investigated viruses (i.e., noroviruses, Zika virus, Dengue virus, yellow fever virus,
Ebolavirus, Human Immunodeficiency Virus, hepatitis A virus, adenovirus). This table was
based on a previous compilation [39] with the addition of recent reports. Although SARS-CoV-2
RNA might decay slightly faster at 4–6 ◦C, its overall decay rate was quite similar to other
enveloped single-stranded RNA viruses (Zika, Dengue, and yellow fever virus), and generally
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ranged from 0 to 0.89 d−1 at higher temperatures. As for infectivity, the coronavirus also
experienced similar decay rates at room temperatures as other enveloped single-stranded RNA
viruses (Ebolavirus and Human Immunodeficiency Virus).

Table 6. Decay rate constants k (d−1) of different viruses in wastewater.

Virus Method 4–6 ◦C 10–25 ◦C 30–37 ◦C References

Norovirus RT-qPCR 0.02–0.06 0.02–0.10 0.05–0.21 [40,41]
Zika RT-qPCR 0.025–0.046 0.11–0.58 0.27–0.89 [42]

Dengue RT-qPCR 0.008–0.052 0.50–0.55 0.55–0.61 [43]
Yellow fever RT-qPCR 0.032–0.047 0.52 0.88

Murine hepatitis virus RT-qPCR 0–0.003 0.37 0.45
Coronavirus RT-qPCR 0.04–0.18 0.08–0.70 0.29–0.41 [12–23]

culture 0.066–0.42 0.5–3.4
Ebolavirus culture 0.35–1.08 [44]

Human Immunodeficiency Virus culture 0.80 [45]
Hepatitis A culture 0.047–0.066 0.10–0.28 0.34 [46]
Adenovirus culture 0.10 0.10 [47]

It was commonly hypothesized that the lipid-containing envelope that surrounds the
coronavirus nucleocapsid made it more susceptible to degradation than nonenveloped enteric
viruses (i.e., hepatitis A, adenovirus, and norovirus). The inactivation process for enveloped
viruses was observed to be faster than for nonenveloped viruses [18,48], since envelope lipids
could be more easily destroyed than other viral parts. As an example, the hepatitis A virus had
better survivability than the enveloped coronavirus at 4–25 ◦C (Table 6). In another instance,
the RNA decay rates of a typical nonenveloped enteric waterborne norovirus [10] were
significantly lower than coronavirus in wastewater (Figure 3). Such a conclusion contrasts
with the opinion of Silverman and Boehm [9], who identified similar persistence between
nonenveloped and enveloped viruses in a dark aqueous environment. This discrepancy might
be due to the fact that the study combined different water matrices (including wastewaters
and natural waters, i.e., fresh, estuarine, and marine waters) together in the comparison. The
different water matrices should be considered in view of the significant effect from water
types on virus decay (Table 3).
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As a result of the higher SARS-CoV-2 RNA decay rates than norovirus within temper-
atures ranging between 3 and 37 ◦C, the sensitivity to COVID-19 back-estimation via WBE
(Table 5) was greater than that of norovirus (Table S3) [10], considering both temporal tem-
perature change and wastewater dilution using freshwater. The implications of in-sewer
decay should be analyzed in association with specific pathogen species. In addition to the
comparison between enveloped and nonenveloped viruses, RNA viruses (i.e., noroviruses,
coronaviruses) and DNA viruses (i.e., adenoviruses) should also be differentiated. Fur-
thermore, the difference between viral pathogens and bacterial ones might be even more
distinguished [10].
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3.6. Implications, Limitations, and Future Perspectives

The decay experiment is time-consuming; hence, the number of decay rates generated
from an individual study is limited by resources. Through a systematic literature review
and meta-analysis, this research synthesized experimental data from multiple studies
and assessed the parameterization of in-sewer coronavirus decay for WBE applications.
According to the sensitivity analysis of SARS-CoV-2 RNA decay, in-sewer decay in high
temperature conditions should be considered for WBE back-estimation. Thus, recording
the wastewater temperature at collection is highly recommended. Moreover, wastewater
dilution in sewers induced by stormwater inflow may enhance the survivability of viable
coronaviruses and result in an increased risk of infection through wastewater. This should
be underlined particularly when the rainfall events are accompanied with cold weather,
which is also conducive to the sustaining of virus infectivity. Preventive measures should
be taken by the public health sectors to lower such risks.

Unavoidably, this research also has a few limitations regarding the scarcity of collected
literature data in seawater, the absence of wastewater dilution experiments by other water
types for coronaviruses, and a failure to include the impact of other sewer conditions.
More available experimental data would make the statistical analysis consolidated. Further
experimental results in wastewater mixed with fresh/saline water at various ratios can
help quantify the actual dilution effect on coronavirus decay rates. The mathematical
relationship of wastewater dilution at various gradients and the resulting changes in virus
decay rates could be utilized for correcting WBE back-estimations. Revealing relevant
mechanisms of coronavirus decay is also important for an in-depth understanding of virus
fate in wastewater and requires further detailed studies using lab experiments. These
outcomes could be extrapolated to other viral species as well.

Furthermore, it is essential to delineate the impact of various other in-sewer processes
on coronavirus decay. Most importantly, the decay measured in bulk wastewater (or by
in-vial tests) could significantly underestimate the actual decay in sewers [49], largely due
to the virus adsorption to sewer biofilms. This has been shown by our sewer reactor studies
not only for the enhanced decay of coronavirus infectivity [49], but also for SARS-CoV-2
RNA [50]. Another study [51] also reported the accumulation of SARS-CoV-2 RNA in
sewer biofilms to 700 genome copies/cm2, which demonstrated SARS-CoV-2 retardation
in sewers. In addition, the sewer biofilms and sediments (particularly in gravity sewers)
may shelter the associated virus particles from degradation and extend their preservation
in sewers [52,53]. Later, the attached viruses might then be released into wastewater with
biofilm sloughing when subjected to strong stormwater inflow. Given the complexity of a
real sewer environment, the sensitivity analysis of WBE back-estimation to SARS-CoV-2
decay in this study is likely limited by the current knowledge gap.

In addition, some of the in-sewer chemical dosing strategies (oxygen, ferric salts,
nitrate/nitrite, or free nitrous acid, etc.) may also disinfect microbes and accelerate the
degradation of virus RNA at the same time [54]. This might be one of the reasons why
there was no infectious SARS-CoV-2 isolated from the influent raw sewage samples and no
reported COVID-19 transmission through wastewater exposure to date [55,56]. In-depth
knowledge on the effect of the chemicals used in sewers and WWTPs on the survival of
coronavirus could help develop effective disinfection strategies which might be applied to
other environmental settings rather than wastewater only. Overall, understanding the fate
of coronavirus after excretion from human bodies, including its in-sewer decay, is critical to
ensure environmental and public health. The actual contribution of in-sewer SARS-CoV-2
RNA decay to overall variance in WBE back-estimation remains unclear due to the research
gap in the unrevealed impact of in-sewer processes. To reduce these uncertainties in WBE
application, more studies on the unknown in-sewer decay of coronavirus under different
conditions are highly encouraged.
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4. Conclusions

This paper analyzed the decay rate constants of coronaviruses in three types of water
systematically collected from published literature. The impacts of wastewater temperature
and dilution in sewers on virus decay and WBE back-estimation were further analyzed and
discussed based on the collation of decay rate constants. Moreover, the decay of coronavirus
was also compared with those of other viruses in wastewater through a literature survey to
understand the differences among species. Accordingly, four major conclusions could be
drawn as follows:

• SARS-CoV-2 RNA, as the biomarker for WBE investigations, has much lower de-
cay rates and was less influenced by wastewater temperature variations than viable
coronaviruses. However, higher wastewater temperature in summer or tropical re-
gions could still increase the sensitivity of WBE back-calculations considerably from
0.06 to 0.18, resulting in a two-times higher relative variance in back-estimation of
COVID-19 cases;

• Wastewater dilution by stormwater inflow might alleviate the decay of coronavirus
infectivity. Cold weather along with heavy rainfall events and urban floods could fur-
ther increase the risk of environmental transmission by improving virus survivability
in wastewater;

• As an enveloped RNA virus, coronavirus experienced more rapid decay in wastewater
than nonenveloped viruses such as norovirus, which led to the increased sensitivity
of WBE back-estimation to in-sewer decay and, consequently, to a greater need to
incorporate the decay rate as a correction factor;

• There is a lack of studies on coronavirus decay in saltwater, unlike some other, more
extensively studied, waterborne enteric pathogens. Salt groundwater intrusion or the
municipal usage of seawater (i.e., toilet flushing) in sewers might enhance the decay of
coronavirus infectivity during wastewater transportation to wastewater treatment plants
(WWTPs). However, this hypothesis needs further supporting experimental data.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15061051/s1, Table S1: Decay rates of infectious coronaviruses;
Table S2: Decay rates of SARS-CoV-2 RNA; Table S3: Sensitivity ratio of predicted cases (Pinfection) to
the norovirus decay rate constants under different conditions assuming residence time in sewers as
12 h; Figure S1: Fitted curves using Arrhenius equation for infectious coronaviruses and SARS-CoV-2
RNA in wastewater and freshwater.
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Abstract: Bacteria produce many kinds of volatile compounds throughout their lifecycle. Identifying
these volatile compounds can help to understand bacterial interactions with the host and/or other
surrounding pathogens of the same or different species. Some commonly used techniques to detect
these volatile compounds are GC and/or LC coupled to mass spectrometric techniques. However,
these methods can sometimes become challenging owing to tedious sample preparation steps. Thus,
identifying an easier method to detect these volatile compounds was investigated in the present
study. Here, Membrane-inlet mass spectrometry (MIMS) provided a facile low-impact alternative to
the existing strategies. MIMS was able to differentiate between the pathogenic and nonpathogenic
bacterial strains, implying that it can be used as a bioprocess monitoring tool to analyze water samples
from either water treatment plants or biotechnological industries.

Keywords: Membrane-inlet mass spectrometry (MIMS); microbial volatome; recombinant protein
production; water-treatment plants

1. Introduction

Bacteria are prokaryotic organisms, and based on the composition of the cell wall,
bacteria can be further classified into two subcategories, i.e., Gram-positive and Gram-
negative. The Gram-positive cell type consists of three layers, which are the peptidoglycan,
periplasmic space, and a cell membrane, while an additional outer membrane is present in
Gram-negative organisms [1].

Throughout their lifecycle, bacteria produce different organic volatile compounds
when exposed to different environmental conditions. These volatile compounds are metabo-
lites that can be divided into two categories, primary and secondary metabolites [2]. Pri-
mary metabolites are essential for the growth, development, and reproduction of bacteria,
while secondary metabolites are produced as part of a defense strategy against other bac-
teria or fungi, and they generally improve tolerance to environmental stresses. These
metabolites can be ketones, aldehydes, alcohols, hydrocarbons, etc. [3–6]. Since different
bacteria produce different metabolites, including volatiles, these metabolites may serve as
biomarkers for species identification [7]. All volatile metabolites and other volatile organic
and inorganic molecules that originate from an organism are included in its volatome [8,9].
Moreover, many these volatile compounds are differentially regulated by certain biochemi-
cal processes. These changes in the volatome have been used to study transcriptomes in
mushrooms [10]. For instance, significantly altered volatile compounds were observed in
mated and unmated strains of mushrooms, which correspond very well to the genomic
and proteomic data [11]. These volatile compounds are difficult to analyze as they are

69



Water 2023, 15, 184

released only for a certain period of time to execute a particular biological function. Fur-
thermore, they are released in relatively low amounts complicating the detection of these
compounds [12]. Traditionally, GC-MS is commonly used to identify volatile compounds
but it possesses several challenges related to sample preparation, which hinder the in-depth
coverage of volatiles [13]. On the other hand, membrane-inlet mass spectrometry (MIMS)
is a low-impact mass spectrometric technique used for identifying gaseous and volatile
organic compounds from solid, liquid, or gaseous samples [14].

MIMS was developed in the 1960s, and the basic principles of MIMS have been
described previously [15,16]. Since its development, it has been associated with a wide
range of uses for different purposes, such as the analysis of volatomes in soil and oceans,
for monitoring in industrial purposes, and for forensic applications [17,18].

Now, the utility of MIMS is gaining even more prominence because it possesses
several advantages compared to GC/MS [19], such as the ability to detect samples at
low detection limits (lower ppb to ppt) with nearly no sample preparation, whereas in
GC-MS, sample preparation is a crucial (and sometimes time-consuming and difficult) step
before analysis [14]. In addition, MIMS is also a tool that allows for the rapid analysis of
samples in real-time; thus, it has been widely used for the analysis of variety of chemical
classes such as semi volatile compounds, organometallic compounds, free radicals, etc. [18].
Additionally, MIMS systems can be purchased at relatively economical prices as compared
to LC/GC-MS instruments. Furthermore, the membranes used in MIMS are economical
(costing less than 10 USD) and can be recycled for several years, which often is not the case
with GC/LC columns (costing 300 USD minimum) [17,20,21]. Finally, the maintenance and
running cost of MIMS is significantly lower compared to that of GC/LC-MS instruments.

Until now, MIMS has been used for the analysis of volatile organic metabolites pro-
duced by microorganisms [22] and the detection of metabolites secreted by genetically engi-
neered bacteria [23]. MIMS is a well-established method for the mass spectrometric analysis
of volatile organic metabolites produced by microorganisms [23], but its use in combination
with advanced data treatment technologies has hitherto only been scarcely investigated.

In the present study, it was hypothesized that MIMS, as an analytical technique, would
provide a faster and economical way to identify and distinguish bacteria in water. The
presence of several pathogenic bacteria has been observed in the drinking water and has
been discussed in the literature [24,25]. The aim was thus to investigate the volatomic
profile of selected pathogenic bacteria, such as Gram-positive Staphylococcus epidermidis
and Gram-negative Escherichia coli and Pseudomonas aeruginosa, as a model system and
to explore the use of principal component analysis (PCA) for differentiating between the
organisms. Furthermore, we also tested the capacity of MIMS to study a lab strain of
E. coli expressing a functional recombinant protein and a lab strain of E. coli expressing a
dysfunctional protein, thus establishing MIMS as an online process monitoring tool for
recombinant protein production.

2. Materials and Methods

The overexpression of recombinant protein was performed as described previously [26].
Briefly, E. coli BL21(DE3)pLysS cells transformed with plasmids pTTQ18-ydgR (functional
protein) and pTTQ18-ydgR mutant (E33Q; dysfunctional protein) were inoculated into
3 mL of lysogeny broth (LB) media containing 100 µg/mL ampicillin and 34 µg/mL chlo-
ramphenicol and allowed to grow overnight. The overnight cultures were transferred and
diluted 1:50 in 25 mL of LB media with the same concentration of antibiotics. The cells
were allowed to grow to an OD600 of 0.6 at 37 ◦C and 160 rpm before induction with 1 mM
isopropyl-β-D-thiogalactoside (IPTG, inducing protein expression). After 3 h of incubation
at 37 ◦C and 160 rpm, samples were centrifuged at 10,000 g for 5 min, and supernatant
media were collected for testing.

The pathogenic bacterial strains of P. aeruginosa, S. epidermidis [27], and E. coli [28] were
grown at 37 ◦C on LB agar plates overnight. A single colony of each bacterial strain from
the plates was transferred to 25 mL of LB broth and was allowed to grow overnight at
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37 ◦C with 160 rpm shaking. The cultures were centrifuged at 4700 g for 15 min and the
supernatants were sterile-filtered with a 0.22 µm syringe filter. The filtered samples were
stored at −80 ◦C until analysis.

The samples were recorded using MIMS, as previously reported [29]. The setup for
MIMS can be seen in Figure 1. MIMS uses a thermoregulated sample cell, which holds a
small aperture exposing the surface of the membrane, which is used as a barrier to separate
the liquid phase and the ion source of the mass spectrometer. Gasses and volatile organic
compounds evaporate from the liquid through the membrane into the vacuum of the mass
spectrometer, where the molecules vaporize and get ionized using electron ionization.
The ionized particles are then separated based on their mass-to-charge ratio (m/z) using
a quadrupole mass spectrometer, and a 2D-chromatogram with m/z on the x-axis and
relative abundance on the y-axis is produced.
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Figure 1. Schematic representation of Membrane-Inlet Mass Spectrometry (MIMS) (Created in
BioRender.com (accessed on 22 December 2022)).

Briefly, 20 mL of the LB media samples was poured into a thermoregulated (40 ◦C) sam-
ple cell equipped with an electric stirrer mounted on a Prisma QME200 single quadrupole
mass spectrometer (Balzers, Liechtenstein). A 3 mm hole supported by a medical-grade
polydimethylsiloxane (PDMS) membrane (125 µm; Sil-Tec Sheeting, USA) is present in
the sample cell, allowing molecules (volatile and semi-volatile organic substances) to pass
into the ion source. The sample cell was washed twice with water to avoid carryover
after each sample. A background spectrum was collected before each sample. The spectra
for each sample were recorded in 3 cycles, and the average of these cycles was used to
generate the spectrum. The samples were recorded between m/z 50 and 300. The time
taken to analyze each sample was approximately 20 min. MIMS data acquisition and data
conversion were performed using the Prisma QME200 instrument package. The recorded
data were exported to .asc format using the software dispsav and opened into a Microsoft
Excel spreadsheet. The heatmaps were prepared using GraphPad Prism 9.0, plotted as
an average of three replicates. The Excel files were processed using Python 3.7 (pycharm
community edition) for generating principal component plots.
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3. Results and Discussion

The MIMS spectra are shown between m/z 50 and 180 as the spectrum depicts
signals corresponding to the local environment (e.g., water from media, argon/nitrogen,
carbon dioxide etc.) below m/z 50 and there were no significant peaks above m/z 180
(Figure 2A–C).
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Figure 2. Representative mass spectra of (A) control (LB media), (B) S. epidermidis, and (C) P. aeruginosa
from undiluted overnight cultures.

All samples showed prominent peaks below m/z 150. The bacterial strains showed
common fragmentation patterns, such as peaks at m/z 77 corresponding to phenyl frag-
ments; this was expected as many common volatomes detected using GC-MS for bacteria
include compounds with a benzene ring [30,31]. Another common fragmentation pattern
seen for all strains was a peak at m/z 58 (acetone) and m/z 106 (benzaldehyde). This
was also expected because these bacterial strains produce many ketones, carboxylic acids,
and aldehydes as their metabolites [32,33]. Using PTR-MS (proton transfer reaction ion-
ization mass spectrometry) [34,35] several volatile markers [indoles (m/z 117), butanol
(m/z 57), acetone (m/z 59), and 2-methyl-1-butanol (m/z 89)] from E. coli growth culture
have previously been detected. MIMS herein utilized electron ionization, and therefore,
a direct comparison to the PTR-MS could not be performed. The data obtained from the
MIMS have been depicted as heat maps as this gives an instant snapshot of the spectral
differences between different samples at a glance. More details of the algorithms, codes,
and advantages of presenting mass spectrometric data as heat maps have been discussed
in detail elsewhere [36].

Relatively larger amounts of these commonly found volatile compounds are observed
in pathogenic species of E. coli (Figure 3A) as compared to those in non-pathogenic species.
Similarly, higher amounts of indole are present in cells expressing functional protein as
compared to those in cells expressing dysfunctional protein (Figure 3B). These differences
in the signals obtained from different compounds could be used as biomarkers either
for virulence or a metabolic shift in cell systems as a function of protein functionality.
Signals corresponding to indoles in bacterial cultures were previously observed using GC-
MS [37,38] and MIMS [39]. This shows that MIMS can be a simpler and more economical
alternative to GC/LC-MS techniques for biomonitoring. The selectivity of the MIMS
can be further improved by utilizing MIMS/MS systems [39,40]. Further investigations
will be directed towards identification of the possible volatile signatures, including their
quantification, to be utilized as a marker for the detection of protein functionality.
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strains (n = 4). (B) Optical density-adjusted cultures harvested 3 h after induction with IPTG (n = 3).

It was then investigated if MIMS could differentiate between the bacterial strains
based on principal component analysis (PCA) (Figure 4) [29]. PCA was performed using
the obtained data. This is an analytical technique used for dimensional reduction and data
visualization. The mean and standard deviation of the given features were calculated. The
data were then scaled using the calculated mean and standard deviation. The data were
then distributed normally such that the mean was zero and had unit standard deviation.
The Python inbuilt functionalities of standard scaler and fit transform were used for data
standardization. The plotted principal components showed similarity and differences
between datasets or samples when grouped together in clusters or when separated apart.
The data patterns were visualized by plotting the principal components on the orthogonal
axes. PCA allows complex and high-dimensional datasets to be simplified into lower-
dimensional data sets. This technique is useful because by lowering the complexity of
the dataset, it is easier to visualize patterns, subsequently making data interpretation
much easier [41,42]. The interpretation of PCA is that similar samples are closely clustered
together, while dissimilar samples are farther from each other [41,42]. The PCA analysis
showed that MIMS was able to differentiate between the bacterial strains (Figure 4). This
is especially true for E. coli where all similar samples were clustered close to each other
and were far from the other bacterial strains (Figure 4). The data from PCA also show that
pathogenic S. epidermidis (Gram-positive) was very well separated from pathogenic E. coli
(Gram-negative). Furthermore, the lab strain of E. coli was very well separated from the
respective pathogenic strain further substantiating the capacity of MIMS to differentiate
between pathogenic and non-pathogenic species.
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To further explore the possibility of utilizing MIMS as a process monitoring tool in
biotechnological production facilities, we tested MIMS on a lab strain of E. coli with one
clone expressing a fully functional protein YdgR encoded by pTTQ18 and a subsequent
clone carrying the same vector with a functionally inactive variant of YdgR (mutant). The
protein of interest here is a membrane transport protein, which has been routinely utilized
in our lab [43,44]. Overexpression of the membrane protein has an impact on cellular
systems, significantly affecting the differential regulation of proteins, thus possibly altering
the volatile components secreted. This has not been investigated well enough to the best of
our knowledge and should be pursued in our future studies.

Based on the PCA plots, it was observed that MIMS was able to distinguish between
cells expressing functional protein from the cells expressing a functionally inactive protein
(Figure 5). YdgR loses its functionality when mutated at the residue glutamate 30 impairing
proton coupling efficiency. This results in the complete loss of YdgR function and has been
very well established previously [45].

Differentiating between control strains and strains expressing functionally active
and/or functionally inactive proteins can have a marked impact within the biopharma-
ceutical industry. Specifically, the limitations in oxygen delivery and waste product accu-
mulation, the need for more advanced process control, and the shear sensitivity of cells
poses difficulties for the large-scale cultivation of recombinant proteins in cell cultures [46].
These difficulties could be mitigated by following up on the volatile markers of cells, and
timely intervention could significantly impact the cell titer obtained from the cell factories.
Sometimes cell factories can also get contaminated, and using MIMS as a process moni-
toring tool can shorten the troubleshooting times within biotechnological industries. The
cellular systems need to be thoroughly investigated both qualitatively and quantitatively
based on the secreted markers observed to develop algorithms enabling rapid analysis and
identification of the problems.
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The focus of the present study was to investigate the possibilities of using MIMS to
detect pathogens for water analysis and as an online process monitoring tool. Previous
studies have used other microbial indicators to detect the presence of pathogens in water,
and based on the findings of this study, it is seen that MIMS can also be used as a microbial
indicator [25]. Moreover, the fact that MIMS can separate pathogens from lab strains
further substantiates the utility of MIMS for bioprocess monitoring. As of now, we have
not focused on the features responsible for the differences in bacteria tested, and a detailed
analysis will be presented in future studies. The present paper can be regarded as one of
the initial steps toward implementing MIMS in bioprocess monitoring.

Herein, we have utilized only a small sample set with two lab strains and two
pathogenic bacteria, but the ability of MIMS to separate the lab strains from the pathogens
enhances its applicability in water treatment plants located outside research laboratories
and pharmaceutical industries.

4. Conclusions

MIMS has previously been used to study volatomes of genetically engineered bacteria.
In this study through the usage of MIMS, we were able to differentiate between the volatile
profiles of pathogenic and non-pathogenic E. coli. Furthermore, we were able to differentiate
between the volatile compounds secreted by two lab strains, where one overexpressed
dysfunctional proteins and the other overexpressed a functional protein. Moreover, we
also differentiated between the volatomes of Gram-positive and Gram-negative bacteria.
Thus, MIMS was identified as a tool that provides a low-impact alternative to existing
water monitoring systems and online process monitoring tools to detect the presence of
pathogenic bacterial strains.
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Abstract: Mounting evidence suggests that solids are a reliable matrix for SARS-CoV-2 detection in
wastewater, yet studies comparing solids-based methods and common concentration methods using
the liquid fraction remain limited. In this study, we developed and optimized a method for SARS-
CoV-2 detection in wastewater using moderate-speed centrifuged solids and evaluated it against
an ultrafiltration reference method. SARS-CoV-2 was quantified in samples from 12 wastewater
treatment plants from Alberta, Canada, using RT-qPCR targeting the N2 and E genes. PCR inhibition
was examined by spiking salmon DNA. The effects of using different amounts of solids, adjusting
the sample pH to 9.6–10, and modifying the elution volume at the final step of RNA extraction were
evaluated. SARS-CoV-2 detection rate in solids from 20 mL of wastewater showed no statistically
significant difference compared to the ultrafiltration method (97/139 versus 90/139, p = 0.26, McNe-
mar’s mid-p test). The optimized wastewater solids-based method had a significantly lower rate of
samples with PCR inhibition versus ultrafiltration (3% versus 9.5%, p = 0.014, Chi-square test). Our
optimized moderate-speed centrifuged solids-based method had similar sensitivity when compared
to the ultrafiltration reference method but had the added advantages of lower costs, fewer processing
steps, and a shorter turnaround time.

Keywords: COVID-19; SARS-CoV-2; real-time PCR; solids; virus; ultrafiltration; wastewater

1. Introduction

The current COVID-19 pandemic has prompted a global surge in monitoring SARS-
CoV-2 in wastewater as an additional and supplementary surveillance tool to inform
public health authorities on disease burden. An important advantage of wastewater-based
surveillance (WBS) over indicators such as clinical cases and hospitalization rates is that it
provides a comprehensive snapshot of SARS-CoV-2 presence that includes symptomatic,
asymptomatic, and pre-symptomatic carriers with the analysis of a single sample. SARS-
CoV-2 WBS also has the potential to allow early detection of changes in disease burden
in advance to clinical testing data and hospitalization rates [1,2]. Moreover, SARS-CoV-2
WBS is not affected by policies and delivery of clinical diagnostics provision, which can
be limited by resource allocation and availability. For these characteristics, SARS-CoV-2
WBS represents a valuable tool particularly in locations where clinical testing has reached
maximum capacity and test reports are lagging or not representative of actual disease
burden. WBS has gained increasing importance since the start of the COVID-19 pandemic
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and as of the time of writing this manuscript, at least 55 countries have set up over 2300 sites
for monitoring SARS-CoV-2 in wastewater [3].

While WBS historically has proven to be a valuable tool for monitoring the re-
emergence of polio [4,5] and multiple other human viruses [6,7], wastewater is a complex
and challenging matrix especially for molecular detection and quantification of pathogens.
Wastewater composition includes a high content of organic matter, a wide range of PCR
inhibitors [8,9], and it can vary significantly within hours [10,11]. In addition, most meth-
ods for virus detection from wastewater were developed and optimized for non-enveloped
viruses which are more stable in aqueous environments than enveloped viruses like coron-
aviruses [12–14].

Most extraction methods use the liquid fraction of wastewater samples and, since
viruses are typically found at low levels in wastewater, they frequently require virus con-
centration steps. There are multiple methods for virus concentration including but not
limited to electropositive filtration, electronegative filtration, polyethylene glycol (PEG)
precipitation, and ultrafiltration [15–18]. Even if these time-consuming, laborious, and
costly virus concentration steps are used, virus recovery rates are frequently low. We
have identified median recovery rates of 3% to 50% for different enteric viruses using
ultrafiltration [14]. An interlaboratory reproducibility study by Pecson et al. [19], involving
32 laboratories and 36 different methods for quantification of SARS-CoV-2 in wastewa-
ter, reported recoveries for betacoronavirus OC43 with interlaboratory median values of
10%, 5.8%, 3.3%, and 3.6%, respectively, for methods using either no concentration steps,
electronegative filtration, PEG precipitation, or ultrafiltration.

For virus detection purposes, it is not uncommon for some methods to remove wastew-
ater solids prior to virus nucleic acids extraction to avoid filter clogging issues [16,20].
However, the partitioning and stability of viruses in solid or liquid fractions of wastewater
samples can vary significantly by virus type. Growing evidence suggests that a consid-
erable proportion of coronaviruses in wastewater are adsorbed on the solids fraction.
Methods that include solids as well as liquid fractions reportedly perform better than those
that exclude solids [16] and up to 26% of enveloped viruses versus 6% of nonenveloped
viruses have been found to adsorb onto wastewater solids [21]. Based on analysis of
primary sludge collected at a period of high COVID-19 activity, Peccia et al. [22] reported
concentrations 1000 times higher than previously reported by others analyzing influent
wastewater. At the time of manuscript preparation, several other groups have described the
use of solids for the detection of SARS-CoV-2 in wastewater [17,18,23–26]. However, only a
few studies provide first-hand data on the performance of solids-based methods compared
to more conventional methods [17,25]. In this study, we present method optimization data
toward improving the sensitivity of SARS-CoV-2 detection in moderate-speed centrifuged
solids from post-grit influent wastewater. We also compared our solids-based method
with a previously validated ultrafiltration reference method to assess detection rate, costs,
simplicity, and turnaround times.

2. Materials and Methods
2.1. Wastewater Samples

Post-grit influent wastewater samples (400 mL, 24-h composite samples) were collected
from 12 different wastewater treatment plants (WWTP) across 10 cities of Alberta, Canada:
Edmonton, Calgary, Canmore, Red Deer, Banff, Fort Saskatchewan, Lethbridge, Grande
Prairie, Medicine Hat and High River. Samples from each WWTP were collected between
16 October 2020, and 20 December 2020, at a frequency of three samples per week. Samples
were stored at −20 ◦C in 500 mL bottles upon collection until weekly shipment and
were immediately processed once received by the laboratory. Storage at −20 ◦C might
have reduced detectable virus loads [27] but given that samples were run in parallel
using both solids-based and ultrafiltration methods, it would have no impact on our
comparative analyses. Prior to testing, samples were thoroughly mixed and quickly poured
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to assure that aliquots represented a homogeneous suspension for both, solids-based and
ultrafiltration methods.

2.2. Ultrafiltration Method

Virus potentially present in wastewater samples was extracted and concentrated as
previously described [14] with modifications as follows. Briefly, 100 mL of wastewater
sample were spiked with 100 µL of a suspension of human coronavirus (HCoV) strain 229E
(105 IU/mL titrated by TCID50) for monitoring virus recovery. The spiked samples were
adjusted to pH 9.6–10 with 5N NaOH and mixed vigorously for 30 s. Samples were then
centrifuged at 4500× g for 10 min to pellet solids; the liquid fraction was transferred into
a new container and adjusted to pH 7–7.5 with 1.2N HCl. The viral particles present in
the liquid fraction were concentrated by ultrafiltration using a Centricon Plus-70™ filter
with a pore size or Nominal Molecular Weight Limit (NMWL) of 30 KDa (Merck Millipore,
Carrigtwohill, Ireland) according to the manufacturer’s instructions, except the pre-rinse
step which was eliminated. Filters were loaded with 70 mL of sample and centrifuged
at 3000× g for 10 min at room temperature. The filtrate was discarded, and the same
procedure was repeated for the rest of the sample for a total volume of 100 mL. The filtrate
collection cup was removed, and the concentration cup was placed on top of the sample
filter cup. The Centricon™ filter was then inverted carefully and centrifuged at 800× g for
2 min. The sample was collected from the concentration cup and adjusted to a final volume
of 1 mL by adding phosphate-buffered saline (PBS). The concentrated samples were stored
at −70 ◦C until RNA extraction.

2.3. Moderate-Speed Centrifuged Solids Method

A total of 100 mL of wastewater was spiked with 100 µL of a suspension of HCoV
229E (105 IU/mL titrated by TCID50) and centrifuged at 4500× g for 10 min at 4 ◦C. The
supernatant was discarded, and the weight of the remaining wet solids fraction was
recorded to calculate the number of viral genome copies present in 100 mL of wastewater.
Different wet weights of solids (50 mg, 100 mg, 200 mg, 300 mg, or 400 mg) were aliquoted
for RNA extraction; when required, an additional 100 mL aliquot of wastewater was spiked
and centrifuged to supply sufficient solids for testing. For tests involving the effect of pH
adjustment, the same solids obtained under Ultrafiltration method were used for analysis.
For tests using solids from 20 mL of wastewater, a 20 mL aliquot of sample was centrifuged
at 4500× g for 10 min at 4 ◦C. The supernatant was discarded, the weight of the resulting
wet solids fraction was recorded, and the entire solids fraction was used for RNA extraction.

2.4. RNA Extraction

Viral RNA was extracted from ultrafiltration wastewater concentrates and solids frac-
tions using the MagMAX™-96 Viral RNA isolation kit (Thermo Fisher Scientific Baltics
UAB, Vilnius, Lithuania) and the King Fisher™ Flex Purification System (Thermo Fisher
Scientific, Vantaa, Finland). The extraction process was performed according to the Mag-
MAX manufacturer’s instructions with the following modifications. Input sample was
either A) 400 µL of wastewater concentrate prepared as described under Ultrafiltration
method mixed with 502 µL of Lysis/Binding Solution or B) wet solids (50 mg, 100 mg,
200 mg, 300 mg, 400 mg, or all solids obtained from 20 mL of wastewater, as described
under Moderate-speed centrifuged solids method) were mixed with 200 µL of PBS and 502 µL of
Lysis/Binding Solution (250 µL of Lysis/Binding Solution Concentrate, 2 µL of carrier RNA
and 250 µL of 100% isopropanol); the resulting solids-PBS-Lysis/Binding Solution mixture
was vortexed for 20 s and centrifuged at 14,000× g for 2 min and the entire supernatant
(approximately 670 µL) was used for RNA extraction. The extraction process was set up in
the King Fisher™ Flex system loading input sample (either A or B described above), 20 µL
of Bead Mix and 5 µL of salmon testes DNA (0.5 µg/mL) in the sample plate, two washes
of 300 µL each of Wash Solution 1 and two washes of 450 µL each of Wash Solution 2. In the
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final step, nucleic acids from solids were eluted either in 50 µL or 100 µL of elution buffer;
all extracts from the ultrafiltration method were eluted with 100 µL of elution buffer.

2.5. RT-qPCR

SARS-CoV-2 detection and quantification was performed by RT-qPCR with primers
and probes targeting genes E and N2 previously described by others [28,29] and summa-
rized in Table S1. One-step RT-qPCR was carried out for both targets with a final reaction
volume of 10 µL, containing 2.5 µL of 4× TaqMan™ Fast Virus 1-Step RT-PCR Master Mix
(Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania), 0.4 µL of 20 µM each forward
and reverse primers, 0.2 µL of 10 µM TaqMan probe (Applied Biosystems, Foster City,
CA, USA), 1.5 µL PCR grade H2O, and 5 µL of RNA extract. Thermocycler conditions
consisted of 5 min at 50 ◦C for reverse transcription reaction, followed by 20 s at 95 ◦C for
retrotranscriptase inactivation, and then 45 PCR amplification cycles of 3 s at 95 ◦C and 30
s at 60 ◦C. Amplification data were collected and analyzed with the 7500 Software version
2.0.5 (Applied Biosystems, Foster City, CA, USA). SARS-CoV-2 RNA levels were quantified
from a standard curve included in each PCR run, prepared with a 10-fold dilution series
ranging from 166 copies to 1.66 × 106 copies per PCR reaction of a SARS-CoV-2 RNA
fragment enclosing the RT-qPCR gene E target, and were expressed as viral genome copies
per 100 mL of wastewater. The same E fragment was used to create a standard curve for
gene N2 using the same primers and probe sequences except that the probe had FAM as
reporter dye and BHQ1 as a quencher. Samples were tested in duplicate for each gene. A
sample was considered positive if at least two out of the total four RT-qPCR reactions tested
positive. If salmon DNA tested positive or had a delayed Ct, SARS-CoV-2 quantification
was attempted again on a 1:10 or 1:5 dilution of RNA extract. The limit of detection (95%
LOD) of this RT-qPCR assay is two copies per reaction for the E gene [28].

2.6. Quality Control Processes

Virus recovery rates were evaluated by RT-qPCR quantification of spiked HCoV 229E
in samples vs. a baseline control consisting of a mixture of 100 µL of 105 IU of 229E/mL
and 900 µL of water. The reaction and thermocycler conditions were set up similarly as
described above for SARS-CoV-2 but with primers and probes (Applied Biosystems, Foster
City, CA, USA) by Vijgen et al. [30] (Table S1), which target the membrane protein M of
HCoV 229E. A standard curve of 10-fold serial dilutions starting from 166 genome copies
per PCR reaction of the E gene was included in each PCR run for virus quantification.

The detection of salmon testes DNA as a control for PCR inhibition was carried out
as previously described [31], using a final reaction volume of 10 µL containing 5 µL of 2×
Taqman™ Fast Universal PCR Master Mix, 0.5 µL of primer/probe mix (18 µM of each
primer and 5 µM probe listed in Table S1), 2 µL of PCR grade water, and 2.5 µL of RNA
extract. Thermocycler conditions were initial denaturation for 20 s at 95 ◦C, followed by 45
PCR amplification cycles of 3 s at 95 ◦C and 30 s at 60 ◦C. The presence of an inhibitory
effect was defined as a delay by at least three cycles as compared to a distilled water control
spiked with the same concentration of salmon DNA.

A negative control in the form of distilled water was included in each RNA extraction
and RT-qPCR runs.

2.7. PMMoV Quantification

Pepper Mild Mottle Virus (PMMoV) levels in wastewater were determined to charac-
terize it as a potential internal fecal biomarker for the normalization of wastewater dilution.
The RT-qPCR reactions were set up with the primers and probes by Zhang et al. [32]
(Table S1) and using 2.5 µL of 4× Taqman™ Fast Virus 1-Step RT-PCR Master Mix (Thermo
Fisher Scientific Baltics UAB, Vilnius, Lithuania), 0.5 µL of 10 µM each forward and reverse
primers, 0.2 µL of 10 µM TaqMan probe (Applied Biosystems, Foster City, CA, USA), 1.3 µL
PCR grade H2O, and 5 µL of RNA extract. Thermocycler conditions were the same as
described above for SARS-CoV-2. For PMMoV quantification, a standard curve from a
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SARS-CoV-2 RNA fragment enclosing the E gene target was generated, as a substitute for a
PMMoV target, using the primers and probe specified on Table S1, except that the probe
had FAM as reporter dye and BHQ1 as a quencher.

2.8. Statistical Analysis

All statistical analyses were performed using R software (version 4.0.3). The associa-
tion between solids weight and SARS-CoV-2 qPCR Ct values was evaluated using linear
regression. The statistical significance in differences in detection rate between wastewater
matrices and pH treatments were calculated as previously described [33], using McNemar’s
mid-p test when discordant cases were <25 and the McNemar’s test without correction
in other instances. The difference in proportions of samples with delayed or negative
salmon DNA Ct values was calculated using the Chi-square test with Yates’ continuity
correction and the alternative hypothesis that PCR inhibition rate is greater in solids versus
ultrafiltration, except for solids from 20 mL, where the alternative hypothesis was that the
proportion of samples with PCR inhibition is less in solids from 20 mL versus ultrafiltration.
Comparisons of SARS-CoV-2 quantification between solids-based and ultrafiltration meth-
ods were evaluated by Spearman’s correlation analysis. Differences in yield of wet solid in
terms of mg per 100 mL of wastewater across WWTP and differences in log genome copies
of PMMoV per 100 mL of wastewater were analyzed using ANOVA and Tukey HSD for
post hoc tests. In all tests, a p-value below 0.05 was considered statistically significant.

3. Results
3.1. Optimization of the Weight of Moderate-Speed Centrifuged Wastewater Solids Used as Input
and Effect of pH Adjustment

To determine the weight of wet solids that can allow SARS-CoV-2 detection with
minimum or no PCR inhibition, we first carried out an exploratory evaluation with 100 mg,
200 mg, 300 mg, and 400 mg of wet solids for three samples (Figure S1). Ct values for
SARS-CoV-2 did not change as solids weight increased (p = 0.57 for gene E and p = 0.94 for
gene N2, linear regression slope), however, Ct values for spiked salmon DNA indicated a
high level of PCR inhibition, therefore, we continued further testing using no more than
100 mg of wet solids.

Our ultrafiltration reference method includes a step of pH adjustment to 9.6–10 prior
virus concentration to release some of the viruses adsorbed on wastewater solids into
the surrounding liquid fraction. While this pH adjustment increases the number of viral
genomic targets when the liquid fraction is used for analysis, we hypothesized that it may
negatively impact SARS-CoV-2 detection when analyzing the remaining solids fraction.
Thus, we compared the performance of using 50 mg and 100 mg of solids as well as the
effect of not adjusting versus adjusting the pH of the wastewater. In terms of detection rate,
none of the four tested weight-pH adjustment combinations were statistically superior
to the ultrafiltration method (Table 1). All wastewater samples included in this study
had original pH values with a median of 7.6 (interquartile range 7.3–7.8). Adjusting the
pH resulted in a lower detection rate compared to not adjusting the pH for 100 mg of
solids (p = 0.04, McNemar’s p-mid test) but not for 50 mg solids (p = 0.13, McNemar’s
test). The proportions of samples with delayed Ct values for salmon DNA, with each of
the four solids treatments ranging from 37% to 56%, were significantly higher compared to
that observed with the ultrafiltration method which had 10% (p < 0.001, Chi-square test)
(Table 2).
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Table 1. Effect of different amounts of wastewater solids and pH adjustment on SARS-CoV-2 detection compared to an
ultrafiltration-based method.

Method a Method b Concordant
Positive

Concordant
Negative

Discordant
a + b −

Discordant
a − b + n p-Value 1

50 mg solids,
pH not adjusted,

50µL elution
Ultrafiltration 14 37 10 12 73 0.68

50 mg solids,
pH 9.6–10,

50 µL elution
Ultrafiltration 9 39 7 17 72 0.04

100 mg solids,
pH not adjusted,

50 µL elution
Ultrafiltration 15 28 14 11 68 0.55

100 mg solids,
pH 9.6–10,

50 µL elution
Ultrafiltration 13 37 7 13 70 0.19

100 mg solids,
pH not adjusted
100 µL elution

Ultrafiltration 57 13 17 9 96 0.12

Solids from 20 mL,
pH not adjusted
100 µL elution

100 mg solid,
pH not adjusted
100 µL elution

45 6 4 10 65 0.12

Solids from 20 mL,
pH not adjusted
100 µL elution

Ultrafiltration 74 26 23 16 139 0.26

1 The statistical significance of differences between methods a and b were calculated using McNemar’s mid-p test if discordant cases were <
25 or the McNemar’s test without correction if discordant cases were ≥ 25.

Table 2. Comparison of PCR inhibition rates.

Method

Fraction of Samples
with Negative or

Delayed (≥34) Salmon
DNA Ct Values

% Chi-Square Statistic p-Value

50 mg solids,
pH not adjusted,

50 µL elution
32/73 43.8 43.77 <0.001

50 mg solids,
pH 9.5–10,

50 µL elution
28/72 38.9 33.303 <0.001

100 mg solids,
pH not adjusted,

50 µL elution
38/68 55.9 69.691 <0.001

100 mg solids,
pH 9.5–10,

50 µL elution
26/70 37.1 29.468 <0.001

100 mg solids,
pH not adjusted,
100 µL elution

10/96 10.4 0.0040 0.47

Solids from 20 mL,
pH not adjusted,
100 µL elution

4/139 3.0 4.8815 0.014

Ultrafiltration 23/243 9.5 - -

3.2. Effect of Increasing Nucleic Acid Elution Volume

With the intention to further dilute the PCR inhibitors present in the nucleic acid
extracts from wastewater solids, we explored the effect of doubling the volume of buffer
used at the final elution step of nucleic acid extraction, from 50 µL to 100 µL. The SARS-
CoV-2 detection rate from nucleic acid extracts prepared from 100 mg of solids and eluted in
100 µL of elution buffer was similar to that of extracts prepared by the ultrafiltration method
(p = 0.12, McNemar’s test, Table 1). The percentage of samples with qPCR inhibition was
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also similar for both 100 mg of solids and the ultrafiltration method (10.4% and 9.5%,
respectively, Table 2).

3.3. Input Sample Units of Measure: Weight versus Volume

To further simplify the solids-based method, we explored the alternative of using a
fixed volume of wastewater for analysis instead of a fixed weight of solids. The median
of wet solids yield (n = 176) was 492 (interquartile range, 69–1376) mg per 100 mL of
post-grit wastewater with differences across WWTPs (p < 0.001, ANOVA) (Figure S2).
Given that 100 mg represents about a fifth of the average weight present in 100 mL of
wastewater, we performed comparison tests between 100 mg of solids and solids from
20 mL of wastewater. The yield of wet solids from 20 mL of wastewater (n = 143) had
a median of 97 (interquartile range, 66–140) mg. Comparison in terms of SARS-CoV-2
detection rate showed no statistical differences between 100 mg of solids versus solids from
20 mL (p = 0.12, McNemar’s p-mid test) (Table 1). Among the discordant 20 mL-positive-
100 mg-negative and 20 mL-negative-100 mg-positive samples, there was no significant
difference in the proportion of samples yielding less than 100 mg of solids from 20 mL (69%
versus 65%, respectively, Chi-square, p = 0.5).

Compared to the ultrafiltration reference method, analysis of solids from 20 mL
showed no differences in terms of SARS-CoV-2 detection rates (p = 0.26, McNemar’s test)
(Table 1). The rate of samples with PCR inhibition was significantly lower in solids from
20 mL (3%) versus the ultrafiltration method (9.5%) (p = 0.014, Chi-square) (Table 2).

3.4. 229 E Virus Recovery Data

Our ultrafiltration reference method for SARS-CoV-2 detection includes spiking of
HCoV 229E to control for virus recovery. The rates of 229E recovery in wastewater solids
were considerably lower compared to the ultrafiltration method, with a median of 0.07%
(interquartile range, 0.03–0.16%) for 50 mg solids and a median of 0.09% (interquartile
range, 0.05–0.17%) for 100 mg solids, whereas the ultrafiltration method had a median
of 4.65% (interquartile range, 2.31–7.50%). Because SARS-CoV-2 is secreted in stools,
a significant proportion of the virus is expected to be embedded in wastewater solids.
This contrasts with the spiked HCoV 229E, which was added to the sample as a liquid
suspension and could freely disperse into the liquid phase. Given that is likely that the
partition of HCoV 229E was highly biased toward the liquid phase, HCoV 229E recovery
rates were considered not to be representative of SARS-CoV-2 recovery and therefore, not
measured in wastewater solids in subsequent tests. None of the data presented in this
manuscript (solids or ultrafiltration methods) were corrected for HCoV 229E recovery rates.

3.5. Evaluation of Wastewater Moderate-Speed Centrifuged Solids for Quantification of
SARS-CoV-2 Levels

Next, we examined how different concentrations of SARS-CoV-2 quantified using
solids correlate with those quantified using ultrafiltration. SARS-CoV-2 log 10 copies
per 100 mL of wastewater quantified using 100 mg solids, as well as solids from 20 mL
of wastewater, correlated with those quantified using the ultrafiltration method with
significant (p < 0.001) Spearman’s correlation coefficients ranging from 0.4 to 0.6. The
coefficients were indicative of a moderate positive relationship for both genes, E and N2,
meaning that as levels detected using solids increase, levels detected by ultrafiltration also
tend to increase, although not in all instances (Figure 1).

As evidenced in all comparison plots, the distribution of discordant results ranged
from 2 to above 3 logs, suggesting that these were not associated with low virus levels.
Visual inspection of timeline plots of SARS-CoV-2 levels by WWTP did not show any trends
or difference in performance between 100 mg of solids, solids from 20 mL of wastewater,
and the liquid fraction (Figure 2).
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Figure 1. Correlation of SARS-CoV-2 levels in wastewater quantified using moderate-speed centrifuged solids versus an
ultrafiltration reference method. The x- and y-axis scales represent the logarithm (log 10) of SARS-CoV-2 genome copies per
100 mL of wastewater. Spearman’s correlation coefficients (ρ) and the corresponding p-values are shown for all pairwise
comparisons (gene E and N2 data) between 100 mg of solids, solids from 20 mL, and the ultrafiltration reference method.
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Figure 2. Timeline trends of SARS-CoV-2 levels in post-grit influent wastewater as quantified using moderate-speed
centrifuged solids and an ultrafiltration reference method. Only a subset of samples was tested using 100 mg solids because
weighting wet solids is labor-intensive, time-consuming, and not practical for routine analysis.
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3.6. Comparison of PMMoV Levels

PMMoV in wastewater solids was also quantified to assess its potential use as a biomarker
for data normalization. PMMoV levels differed significantly when quantified in wastewater
solids compared to the ultrafiltration method (p < 0.001, ANOVA), with median values of
8.98 × 106 (interquartile range, 6.38 × 106–1.20 × 107) copies per 100 mL when using the
ultrafiltration method, 1.71 × 106 (interquartile range, 1.52 × 106–2.58 × 106) copies per 100 mL
when using 100 mg solids and 8.34 × 105 (interquartile range, 5.14 × 105–1.10 × 106) copies
per 100 mL when using solids from 20 mL (Figure 3). PMMoV levels quantified using
ultrafiltration were significantly higher compared to those quantified using solids (p < 0.001
in all pairwise comparisons with solids, Tukey HSD). Quantification of PMMoV using
100 mg of solids also resulted in significantly higher virus load versus using solids from
20 mL of wastewater (p < 0.001, Tukey HSD).
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Figure 3. PMMoV levels in wastewater quantified by different methods. Differences in PMMoV Log
10 copies per 100 mL of wastewater were identified (ANOVA, p < 0.001). Results from Tukey HSD
post hoc test are shown with horizontal bars and significance code: p < 0.001 ‘***’.

3.7. Cost and Turnaround Time Comparison between Moderate-Speed Centrifuged Solids-Based
Method and Ultrafiltration

A comparison of reagent costs and turnaround times associated with our solids-based
method using 20 mL of wastewater versus the ultrafiltration reference method is presented
in Table 3. The average cost per sample is 90 CAD for the ultrafiltration method and
45 CAD for the solids-based method. The cost of the solids-based method represents about
50% of the costs of the ultrafiltration method and the difference is largely attributed to the
cost of the Centricon™ filter alone.
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Table 3. Comparison of consumables costs and turnaround times.

Step Ultrafiltration Moderate-Speed Centrifuged Solids 1

Costs per sample (CAD):
Virus extraction and plastic ware (pipette tips,

microfuge tubes, etc.) 5 4

Virus concentration (Centricon™ filter) 44 0
RNA extraction reagents 6 6
RT-PCR and PCR reagents 2 35 35
Total cost of consumables 90 45

Minimum turnaround time 3:
Separation of solids/liquid fractions 15 min 15 min
Virus extraction and concentration:

pH adjustments and filtration through Centricon™ column 1 h 50 min Not applicable

RNA extraction 1 h 1 h
RT-PCR 1 h 15 min 1 h 15 min
Total minimum turnaround time 4 h 20 min 2 h 30 min

1 Using 20 mL of wastewater as input sample. 2 Includes five targets: SARS-CoV-2 genes E and N2, HuCoV 229E, PMMoV, salmon DNA. 3

Estimated time for running one sample and controls; times might increase depending on the number of samples.

Besides an initial centrifugation step to separate wastewater solids, the solids-based
method does not require additional steps prior to RNA extraction. In contrast, the ultrafil-
tration method entails a set of extra steps: adjusting the pH of the sample to 9.6–10 prior
to solids separation, then adjusting sample pH back to 7–7.5 after solids separation, and
lastly, a virus concentration step using the Centricon™ filter. The extra steps also result in
an increased turnaround time. The solids method is faster, taking 2 h 30 min to complete,
whereas the ultrafiltration method requires no less than 4 h 20 min (Table 3).

4. Discussion

While solid-based assays for detection of SARS-CoV-2 in wastewater have been pre-
viously developed and generally claimed to outperform influent-based methods, only a
few studies [17,23,26] provide first-hand data in terms of detection rate and PCR inhibi-
tion. In addition, a majority of solids-based methods are coupled with PEG precipitation
(Table 4) and thus require ultracentrifugation, which might not be readily available in
most laboratories. In this study, we successfully optimized a method for SARS-CoV-2
detection and quantification in post-grit influent wastewater solids that does not require
special consumables or equipment. Our data indicate that, compared to a reference ultra-
filtration method, the performance of our solids-based method was equivalent in terms
of detection rate and with significantly lower rates of PCR inhibition. Lower PCR inhi-
bition rates should translate to more accurate quantification of SARS-CoV-2 levels and
higher virus detection rates. Accordingly, with negative controls in all RT-qPCR showing
no false-positive results, we identified more positive samples using solids from 20 mL
compared to ultrafiltration, even though the difference was not statistically significant.
A limitation of our study is that the probability of type II errors cannot be calculated
since the assay sensitivity, a key factor in sample size calculation for McNemar’s test, for
wastewater samples is not known and cannot be extrapolated from sensitivity determined
by assay validation in clinical diagnostics [34–36]. On the other hand, the sample size in
our study is considerably larger (median = 72, ranges from 65 to 139) than previous studies
(median = 42, range 32 to 89) [17,23,25,26] and we included more wastewater treatment
plants for sample variations.
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Table 4. Previous studies describing solids-based methods for SARS-CoV-2 detection in wastewater.

Research Group Solids Type Method for Separation of
Solids 1 PEG Addition PCR Inhibition Test

Peccia et al. [1] Primary sludge None, sludge used directly
for RNA extraction No

Samples (n = 5) were spiked with a target
RNA and tested undiluted and diluted

(5× and 25×). No significant differences
in Ct values were identified between
diluting versus no diluting samples

Balboa et al. [26]

Primary sludge,
biological sludge,
thickened sludge,
digested sludge

None, sludge used directly
for PEG precipitation Yes

Used RT-qPCR Allplex™ internal control.
Inhibition was identified in 2 out of

50 samples

Kitamura et al. [17] Raw influent solids 1840× g
for 30 min No

Used PMMoV as indicator of RT-PCR
inhibition. PMMoV levels were similar

between WWTPs but were lower in
solids compared to those in the

supernatant/liquid fraction

D’Aoust et al. [2,18] Influent post grit solids,
primary clarified sludge

Gravity settled for 1h
at 4 ◦C Yes

Inhibition identified by comparing
RT-qPCR and RT-ddPCR results and after

testing diluted samples (2× and 5×)

Graham et al. [23]
Wolfe et al. [37] Primary settled solids 24,000× g

for 30 min at 4 ◦C Yes
Identified at high frequency after testing

undiluted and diluted (10× and
50×) samples.

Kocamemi et al. [24] Primary sludge,
waste activated sludge

7471× g
for 30 min at 4 ◦C Yes Did not report inhibition tests

Tomasino et al. [25] Raw influent solids 4700× g
for 30 min at 4 ◦C No Did not report inhibition tests

1 Prior PEG, if PEG was added.

Several factors might be facilitating SARS-CoV-2 detection in wastewater solids.
SARS-CoV-2 is secreted in feces with reported concentrations ranging between 5 × 103 to
107.6 copies/mL [38] thus, wastewater solids represent a significant source or start point
matrix where the virus would distribute to the aqueous fraction. In addition, coronaviruses
appear to have an intrinsic preference to bind the wastewater solids. Based on experiments
using spiked viruses, Ye et al. reported that about 26% of murine hepatitis virus (MHV, a
member of the Coronavirus genus), and 22% of cystovirus φ6 (another enveloped virus),
adsorbed to the solids fraction of wastewater compared to only 6% of non-enveloped
bacteriophage MS2 (Levivirus) [21]. It has been hypothesized that the hydrophobic nature
of the coronavirus envelope may be responsible for a reduced solubility of the virus in
water, promoting virus adsorption to solids [39]. In support of this hypothesis, a study
comparing seven different methods for SARS-CoV-2 detection in wastewater, reported that
the only two methods that included the solids fraction outperformed those that used the
liquid fraction [16].

The trade-off between sensitivity and PCR inhibition was a major hurdle in optimizing
the adequate weight of the input sample for the solids-based method as procuring a higher
number of viral RNA genome copies in the sample also leads to an increased content of
PCR inhibitors. Sample dilution is a widely known strategy to decrease the effects of PCR
inhibitors [8]. In our case, a concomitant modification of both, the amount of input sample
as well as the RNA extract elution volume, allowed us to reduce the effect of PCR inhibitors
present in wastewater to a level below that observed with the ultrafiltration reference
method without compromising sensitivity. The LOD of the RT-qPCR assay used for virus
quantification is two copies per reaction, which would be equivalent to 100 and 200 copies
of SARS-CoV-2 per 100 mL of wastewater for the ultrafiltration reference method and our
solids-20mL method, respectively.

The present study involved 12 different WWTPs and a total of 176 samples were used
for the validation of our method for SARS-CoV-2 detection. This aspect provides robustness
to our solids-based approach given that wastewater composition and solids content may
vary drastically between WWTPs. Still, different WWTPs may present larger variations
in solids content thus, the volume of input sample used for the solids-based method is a
variable that may need to be adjusted on a case-by-case basis. Importantly, the performance
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of our method reported in this study is applicable to post-grit wastewater, and we strongly
recommend further validation when implementing it for different wastewater matrices.
We have identified that our method had lower performance when testing raw wastewater
samples collected directly from manholes from long-term care facilities (data not shown),
resulting in lower detection rates compared to our ultrafiltration reference method.

Our data support previous observations that the distribution of coronaviruses added
for “spike-and-recovery” measurements to adjust for losses occurring throughout sample
processing can be significantly lower in the solids-associated versus the aqueous frac-
tion [20]. In our experiments, the human coronavirus strain 229E was recovered at a
considerably lower rate when quantified in solids compared to the ultrafiltration method
which includes the liquid fraction. The reasons for such a difference were unknown and
beyond the focus of this study. It is possible that the relatively short period of time between
spiking and removal of the aqueous fraction was not sufficient to allow 229E to penetrate,
adsorb, and reach equilibrium in the solids phase to the same extent as SARS-CoV-2. In
contrast to spiked HCoV 229E, a considerable fraction of SARS-CoV-2 is expected to remain
associated with solids because the virus is secreted in stools from where it can progressively
disperse into the liquid fraction of wastewater.

Interestingly, PMMoV was found at significantly lower levels of about one log dif-
ference when quantified using our solids-based method compared to the ultrafiltration
reference method, providing further evidence that a majority of conventional methods for
virus detection in wastewater are more efficient for non-enveloped viruses. The 100 mg
solids matrix also had significantly more PMMoV genome copies compared to solids from
20 mL. This finding is compatible with our results for SARS-CoV-2 showing that 100 mg
solids had a higher, although not statistically significant, detection rate than solids from
20 mL.

Lastly, we identified highly significant correlations between the quantitative levels of
SARS-CoV-2 determined using moderate-speed centrifuged solids versus the ultrafiltration
reference method. Our data, however, did not encompass a time frame long enough to
allow comparison against indicators of COVID-case data (e.g., active cases, percentage of
positive tests, hospitalization rates). SAR-CoV-2 levels in primary-clarified sludge have
been reportedly used successfully by others to model disease dynamics at the community
level [1,2], thus our post-grit influent solids-based method may also find application in
tracking and predicting disease progression in populations.

5. Conclusions

Our study identified moderate-speed centrifuged solids of post-grit influent as a
reliable sample matrix for the detection of SARS-CoV-2 in wastewater. In terms of detection
rate, our optimized solids-based method performed comparably to the ultrafiltration refer-
ence method and has fewer processing steps, lower costs, and a shorter turnaround time.
Our work contributes to the development of improved detection methods for enveloped
viruses in wastewater and provides an optimal alternative in settings with limited resources
and equipment. Future studies should be focused on studying the feasibility of using the
data from this solids-based method to model and predict disease dynamics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13162166/s1, Figure S1: Ct values of SARS-CoV-2 RT-qPCR detection by wet weight of
wastewater solids, Figure S2: Yield of wet solids per 100 mL of post-grit influent by wastewater
treatment plant, Table S1: Primers used in this study, Table S2: qPCR and solids (wet) weight data.
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Abstract: (1) Background: The surveillance of SARS-CoV-2 RNA in urban wastewaters allows one
to monitor the presence of the virus in a population, including asymptomatic and symptomatic
individuals, capturing the real circulation of this pathogen. The aim of this study was to evaluate the
performance of different pre-analytical and analytical methods for identifying the presence of SARS-
CoV-2 in untreated municipal wastewaters samples by conducting an inter-laboratory proficiency
test. (2) Methods: three methods of concentration, namely, (A) Dextran and PEG-6000 two-phase
separation, (B) PEG-8000 precipitation without a chloroform purification step and (C) PEG-8000
precipitation with a chloroform purification step were combined with three different protocols of
RNA extraction by using commercial kits and were tested by using two primers/probe sets in three
different master mixes. (3) Results: PEG-8000 precipitation without chloroform treatment showed
the best performance in the SARS-CoV-2 recovery; no major differences were observed among the
protocol of RNA extraction and the one-step real-time RT-PCR master mix kits. The highest analytic
sensitivity was observed by using primers/probe sets targeting the N1/N3 fragments of SARS-CoV-2.
(4) Conclusions: PEG-8000 precipitation in combination with real-time RT-PCR targeting the N
gene (two fragments) was the best performing workflow for the detection of SARS-CoV-2 RNA in
municipal wastewaters.

Keywords: environmental surveillance; urban wastewater; PEG-8000 precipitation; SARS-CoV-2
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1. Introduction

Amid the pandemic of SARS-CoV-2 [1], communities have faced the rapid spread
of the virus and its related disease—called COVID-19—affecting the testing capacity of
public health systems and microbiological laboratories [2,3]. Strong evidence has shown
the utility of viral RNA monitoring in municipal wastewater samples (sewage) for SARS-
CoV-2 infection surveillance at a population-wide level—according to the wastewater-
based epidemiology (WBE) approach [4–6]. Since SARS-CoV-2 is shed by feces in the
early stage of infection and can cause asymptomatic infection in a large proportion of
individuals, it is an ideal target for WBE. This strategy may allow to: (i) estimate the real
prevalence of SARS-CoV-2 infection at a population level, (ii) monitor SARS-CoV-2 spread
after the implementation of containment measures and restrictions and (iii) provide an early
warning of virus re-introduction [4–6]. Moreover, surveillance of SARS-CoV-2 in sewage
may provide timely indications on SARS-CoV-2 infection dynamics, overcoming the lag in
monitoring exclusively COVID-19 symptoms and tests, since the onset of symptoms might
be 2 weeks apart from viral infection [7–9]. Moreover, this approach of surveillance can
overcome test availability and indications that can result under pressure during the surge
of new outbreaks.

Several proof-of-principle studies on SARS-CoV-2 monitoring in municipal wastewater
samples were designed and conducted through a number of different pre-analytical and
analytical protocols, encompassing sewage concentration, RNA extraction and SARS-
CoV-2 molecular detection, making it difficult to compare inter-laboratory results [5,9–11].
However, methods optimization and quality control are crucial for generating reliable
public health information among countries and over time [4–6], as demonstrated in the
surveillance of poliovirus in environmental wastewater samples in the framework of the
global polio eradication initiative [12].

In Italy, a WBE network in the Lombardy Region (a region in Northern Italy accounting
for nearly 10 million inhabitants) was recently established [13] in order to provide local
support in SARS-CoV-2 infection surveillance in one of the Italian epidemic hot-spots.
Different research institutions (co-authoring this work) in the Lombardy Region have
collaborated to develop a common protocol of analysis by optimizing and standardizing
the methods for the pre-analytical and analytical workflow in order to make results of
inter-laboratory analysis comparable and applicable on a wider scale.

Initially, in order to evaluate the sensitivity and turn-around time of the different pre-
analytical and analytical methods for detection of SARS-CoV-2 in municipal wastewater
samples, an inter-laboratory proficiency test (PT) was carried out by the laboratories that
participated in the WBE network, allowing researchers to identify the best-performing
laboratory protocol to be included in the WBE network pipelines. The optimized protocol
will be adopted for future regional and national surveillance studies in order to improve
the quality and reproducibility of the results.

2. Materials and Methods
2.1. Generation of Wastewater Samples Stock

Two composite 24 h raw, untreated urban wastewater samples were collected at
the inlet of two wastewater treatment plants in the Lombardy Region. The wastewater
treatment plants are in a high-density urban setting in Milan, serving a population of nearly
1 million inhabitants each and receiving mainly municipal waste. Sampling was done in
volume- or time-proportional mode, depending on the automatic sampler available. After
the collection, samples were immediately processed for viral concentration or were stored
at −80 ◦C until analysis.

The first sample was collected in March 2019, in Milan municipality, almost one year
in advance of the COVID-19 pandemic onset and was considered as the blank negative
control (NC); this sample was tested for the presence of SARS-CoV-2 RNA by carrying
out real-time RT-PCR assays targeting the ORF-1ab and the N gene in triplicate in four
different laboratories. This sample was analyzed following a preservation step at −80 ◦C.
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The second sample, collected in December 2020, in Monza-Brianza municipality, was
analyzed following a preservation step at −80 ◦C, and was split into two separate untreated
wastewater aliquots: one was spiked with SARS-CoV-2 culture supernatant (SARS-CoV-2
viral load; 4.7 × 107 copies/mL; cycle threshold [Ct] 20) and was considered a positive
control (PC); one was directly processed as an “unknown sample” in terms of the presence of
SARS-CoV-2, but was expected to be weak positive. These sewage samples were then split
into identical aliquots to be tested in parallel by the WBE Lombardy Network collaborating
laboratories.

2.2. Pre-Analytical Process: Concentration of Sewage Samples

Untreated urban wastewater samples were processed using three different protocols
for sample concentration:

(1) Dextran and polyethylene glycol-6000 (PEG) two-phase separation according to the
2003 WHO Guidelines for Environmental Surveillance of Poliovirus protocol [14],
omitting the chloroform treatment to preserve the integrity of the SARS-CoV-2 en-
velope, as described, firstly, by La Rosa, G. et al. [15]. Briefly, 250 mL of wastewater
sample was centrifuged for 30 min at 4500× g to pellet the wastewater solids, retaining
the pellet for further processing. The clarified wastewater was mixed with dextran and
PEG-6000 (19.8 mL of 22% dextran, 143.5 mL 29% PEG 6000, 17.5 mL 5 N NaCl); after
a constant agitation for 30 min using a horizontal shaker, the mixture was left to stand
overnight at 4 ◦C in a separation funnel. The bottom layer and the interphase were
then collected drop-wise; this concentrate was added to the wastewater solids [14].

(2) PEG-8000 precipitation of 90-mL sewage, modified from Wu, F. et al. [16] and de-
scribed, firstly, by Castiglioni, S. et al. [17], as follows:

A total of 80 mL of wastewater sample was centrifuged for 30 min at 4500× g and
4 ◦C without break to pellet the wastewater solids. Two aliquots of 40 mL of the clarified
wastewater was mixed with 4 g PEG-8000 and 0.9 g sodium chloride (Carlo Erba, Milan,
Italy) and were left in a shaker for 15 min at room temperature to dissolve the PEG-8000.
Samples were centrifuged for 2 h at 12,000× g and 4 ◦C without break. After centrifugation,
the supernatant was discarded and the tubes were returned to the centrifuge at 4 ◦C for a
second centrifugation step at 12,000× g for 5 min. The pellet in each tube was suspended in
750 µL of Tryzol (Life Technologies, Monza and Brianza, Italy) and stored at −20 ◦C until
RNA extraction.

(3) PEG-8000 precipitation of 250 mL of sewage, modified from Wu, F. et al. [16], as fol-
lows:

A 250 mL wastewater sample was centrifuged for 30 min at 1200× g and 4 ◦C with
break to pellet the wastewater solids. Four aliquots of 50 mL of the clarified wastewater
were mixed with 4 g PEG-8000 and 0.9 g sodium chloride (Carlo Erba, Milan, Italy) and
were left in a shaker for 60 min at room temperature to dissolve the PEG-8000. Samples
were centrifuged for 30 min at 10,000× g and 4 ◦C with break. After centrifugation, the
supernatant was discarded and the tubes were returned to the centrifuge at 4 ◦C for a
second centrifuge step at 10,000× g for 5 min. The pellet in each tube was suspended in
5 mL of PBS (Life Technologies, Monza and Brianza, Italy), treated with chloroform (1:4
v/v) and centrifuged for 10 min at 1000× g and 4 ◦C. The supernatant was stored at −20 ◦C
until RNA extraction.

A UV treatment of samples (30 min) or a heat treatment (56 ◦C, 30 min) of the wastew-
ater sample was included before all concentration processes to increase the safety for the
laboratory personnel during sample manipulation.

2.3. Pre-Analytical Process: RNA Extraction from Concentrated Sewage Samples

RNA was extracted by means of two commercial kits according to manufacturer’s
instructions and by combining three different protocols, as follows:
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(A) QIAamp MinElute Virus Spin Kit (QIAGEN, Hilden, Germany) with an input
of 400 µL of sample and an elution volume of 60 µL, as previously described [17]. (B)
NucliSens EasyMag (bioMerieux, Marcy-l’Étoile, France), with an input of 400 uL and
500 µL of sample and an elution volume of 100 µL, (C) NucliSens EasyMag (bioMerieux,
Marcy-l’Étoile, France), with an input of 4 mL of sample and an elution volume of 100 µL.

2.4. Analytical Process: Real-Time RT-PCR Assays

The primer/probe sets used in this study targeted two different regions of the nucleo-
capsid (N) gene, namely, N1 and N3, as listed by the CDC (USA) (2020), and ORF-1b-nsp14,
according to the methods described by La Rosa, G. et al. [15]. Three different one-step
RT-PCR assays for SARS-CoV-2 were performed using: (1) AgPath-ID One-Step RT-PCR™
kit (Thermofisher Scientific, Waltham, MA, USA), (2) TaqMan™ Fast Virus 1-Step Master
Mix (Thermofisher Scientific, Waltham, MA, USA), and (3) QScript XLT 1-Step RT-PCR
ToughMix® (QuantaBio, Beverly, MA, USA). Primers and probes were obtained from
Eurofins genomics (Eurofins Genomics Germany GmbH, Ebersberg, Germany).

To determine any potential contamination and/or inhibition, specific positive (EURM-
019) and negative (DNAse/RNAse-free distilled water) controls were included in each
real-time RT-PCR run. A sample was considered positive for SARS-CoV-2 when N1 or
N3 or both viral targets showed a cycle threshold (Ct) ≤ 39. Real-time RT-PCR runs were
performed by using the QuantStudio 5 Real-time RT-PCR system (thermofisher Scientific,
Waltham, MA, USA), the ABI PRISM 7500 Sequence Detection System (Thermofisher
Scientific, Henogen, Saudi Arabia) and the CFX96 BIo-Rad Detection System (Bio-Rad,
Milan, Italy). All samples were tested in triplicate and in three different runs. Since all
semi-quantitative assays were performed in triplicate, the reported Ct corresponded to the
mean value of the three triplicates.

To minimize contamination risk, RNA extraction, molecular assays set-up and real-
time RT-PCR runs were performed in separate rooms, according to good laboratory practice
for molecular assays.

2.5. Pre-Analytical and Analytical Workflows

In the preliminary PT workflow, 8 different combinations of methods were run, as
shown in Figure 1. Briefly, the three different methods of concentration, namely, (A) Dextran
and PEG-6000 two-phase separation, (B) PEG-8000 precipitation without a chloroform
purification step and (C) PEG-8000 precipitation with a chloroform purification step were
combined with the three different protocols of RNA extraction by using commercial kits.
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(Thermofisher 
Scientific, 

Waltham, MA, 
USA) 

� 
EasyMag 

(bioMerieux, 
Marcy-l'Etoile, 

France) 
Input: 500 µl 

Output 100 µl 

Nl-N3 

ORF-lab 

Script XLT 1-
Step RT-PCR 
ToughMix0 

QuantaBio, 
Beverly, MA, 

USA 

MinElute 
{QIAGEN, 
Hilden, 

Germany) 
Input: 400 µl 
Output: 60 µl 

Nl-N3 

ORF-lab 

TaqMan™ Fast 
t,/irus 1-Step Master 

Mix 
(Thermofisher 

,cientific, Waltham, 
MA,USA) 

Figure 1. Flowchart of the pre-analytical and analytical workflow in this proficiency test [14,16,17].
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2.6. Evaluation of SARS-CoV-2 Recovery Efficiency

The SARS-CoV-2 recovery efficiency of each replicate for each concentration method
was calculated based upon the copies of RNA quantified by RT-PCR as follows:

Recovery Efficienty (%) = SARS-CoV-2 copies/µL recovered/
SARS-CoV-2 copies/µL seeded

(1)

Recovery Efficiency(%) =
SARS-CoV-2 copies recovered

SARS-CoV-2 copies seeded
(2)

For each concentration method, the mean and standard deviation were calculated.

2.7. Evaluation of SARS-CoV-2 RT-PCR Assays Efficiency

Once the best pre-analytical protocol in the tested workflows was assessed, it was
implemented in all research laboratories involved in the WBE network in Lombardy. In
order to evaluate the analytical processes, to explore SARS-CoV-2 RT-PCR assays perfor-
mance and to calibrate RT-PCR methods, the standard curves were constructed using the
SARS-CoV-2 Research Grade Test Reference Material (RGTM 10169) from the National
Institute of Standards and Technology (NIST). It consists of a synthetic RNA fragment
from the SARS-CoV-2 genome (Fragment 1—Total length: 3985 nt, SARS-CoV-2 sequence:
25,949–29,698,) with a concentration of approximately 5 × 106 copies/µL.

Evaluation of the analytical processes was conducted by comparing AgPath-ID One-
Step RT-PCR™ kit (Thermofisher Scientific, Waltham, MA, USA), TaqMan™ Fast Virus
1-Step Master Mix (Thermofisher Scientific, Waltham, MA, USA) and QScript XLT 1-Step
RT-PCR ToughMix® (QuantaBio, Beverly, MA, USA) efficiencies based on SARS-CoV-2
standard curves generated for both the N1 and N3 target sequences, using the following
amplification efficiency formula (Wong and Medrano, 2005):

Efficiency = [10(−1/slope)] − 1 (3)

2.8. Data Analysis

The QuantStudio 5 Real-time RT-PCR system (Thermofisher Scientific, Waltham, MA,
USA), the ABI PRISM 7500 Sequence Detection System (Thermo Fisher Scientific, Henogen,
Saudi Arabia) and the CFX96 Bio-Rad Detection System (Bio-Rad, Milan, Italy). were
used to analyze all RT-PCR tests; data were collected and managed using Microsoft Excel
(Microsoft Corp., Redmond, WA, USA). Samples with reduced fluorescence, as evident in
the RT-PCR curves, were considered inhibited; samples with non-exponential multiplication
were considered false positives.

The delta ct value (∆Ct) was calculated by comparing the mean value of the Ct of N1
recovered vs. seeded.

All samples with a Ct ≤ 39 cycles were considered positive.
The one-way analysis of variance (ANOVA) was used to determine whether there was

a difference in SARS-CoV-2 recovery among the concentration methods tested.

3. Results
3.1. Performance of the Concentration Methods

Method A of concentration allowed researchers to recover nearly 10 mL of samples’
concentrates from 250 mL of untreated sewage, with a turnaround time (TAT) of 14–16 h;
method B allowed researchers to recover 1.5 mL of concentrated sample from 80 mL of
untreated sewage with a TAT of 3–4 h; method C allowed researchers to recover from
6 to 10 mL of concentrated sample from 250 mL of untreated sewage with a TAT of 3–4
h. Overall, N1, N3 and ORF-1b-nsp14 were identified in sewage samples spiked with
2.5 × 109 copies/mL of SARS-CoV-2 by using all the evaluated workflows, with 100%
of positive replicates (Table 1). Method B for wastewater concentration (the PEG-8000
precipitation without chloroform purification step) showed the best ∆Ct values, which
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resulted in −1.9 by using the QIAamp MinElute Virus Spin Kit (QIAGEN, Hilden, Germany)
and −0.6 by using the NucliSens EasyMag (bioMerieux, Marcy-l’Étoile, France) (p > 0.05)
(Table 1). In all considered wastewater concentration methods, the Ct values of ORF-1b-
nsp14 were shown to be statistically lower (p < 0.005) than those of N1 and N3, with a mean
∆Ct between ORF-1b-nsp14 and N1–N3 of 4.71 (SD: ±1.56).

Considering the sewage “unknown sample” for the presence of SARS-CoV-2, the
detection of N1, N3 and ORF-1b-nsp14 with 100% of positive replicates was identified
only by using method B of concentration, with mean Ct values of N1 ranging from 33 (SD:
±0.4) by using the QIAamp MinElute Virus Spin Kit, QIAGEN to 34 (SD: ±0.2) by using
NucliSens EasyMag, bioMerieux. The mean Ct values of ORF-1b-nsp14 of 37 (SD: ±0.3)
were obtained by using the QIAamp MinElute Virus Spin Kit (QIAGEN, Hilden, Germany)
and of 37 (SD: ±0.6) by using NucliSens EasyMag (bioMerieux, Marcy-l’Étoile, France).
When the sewage sample was concentrated by using method A and C, ORF-1b-nsp14
always tested negative; the N1 positive replicates ranged from 17% (1/6) to 83% (5/6), with
the Ct values ranging from 37.3 (SD: undeterminable) and 38.7 (SD: ±0.3) (Table 1); N3
positive replicates resulted in 67%, with the Ct values ranging from 36.8 (SD: ±0.5) and
37.9 (SD: ±0.1) (Table 1).

3.2. SARS-CoV-2 Recovery Efficiency

For the 500 mL untreated wastewater sample seeded with SARS-CoV-2, method B
(i.e., PEG-8000 precipitation without chloroform purification step) provided the highest
(p < 0.001) SARS-CoV-2 recovery of 76% by using the QIAamp MinElute Virus Spin Kit
(QIAGEN, Hilden, Germany) and 31.4% by using NucliSens EasyMag (bioMerieux, Marcy-
l’Étoile, France) (Table 1). The other concentration methods showed a SARS-CoV-2 recovery
efficiency < 18% (Table 1) and were, thus, excluded from the workflow.

3.3. Real-Time RT-PCR Efficiency

The calculated efficiencies were significantly lower for the TaqMan™ Fast Virus 1-Step
Master Mix (N1 = 85.2%, N3 = 90.8%) compared to the AgPath-ID One-Step RT-PCR™ kit
(N1 = 98.4%, N3 = 98.2%) and to QScript XLT 1-Step RT-PCR ToughMix® (N1 = 98.8%,
N3 = 99.5%) (Table 2, Figure 2).
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Table 2. Comparison of AgPath-ID One-Step RT-PCR, QScript XLT 1-Step RT-PCR ToughMix® and
TaqMan™ Fast Virus 1-Step master mix efficiencies.

Target Standard Curve R2 Efficiency

AgPath-ID One-Step RT-PCR™ kit N1 y = −3.3863x + 37.009 0.9984 98.4%
N3 y = −3.3677x + 38.426 0.9982 98.2%

QScript XLT 1-Step RT-PCR ToughMix® N1 y = −3.279x + 39.076 0.9988 98.8%
N3 y = −3.3073x + 40.08 0.9995 99.5%

TaqMan™ Fast Virus 1-Step Master Mix N1 y = −3.7356x + 41.786 0.9985 85.2%
N3 y = −3.5652x + 38.426 0.9971 90.8%
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4. Discussion

The development of a surveillance system through the implementation of the WBE
approach may serve to monitor viral transmission in the community and to act as an early-
warning system, allowing timely interventions to face new pathogens that may threaten
human health [18]. The WBE approach has been used for decades to detect poliovirus and
to track other viruses—able to persist long enough in untreated wastewater to allow reliable
detection—in consideration that the sewage system can blend viral shedding variation
among single individuals and over the course of their infection, into an average amount that
represents the entire community under investigation [19–23]. Recently, several studies have
reported the detection of SARS-CoV-2 RNA in wastewater samples worldwide [16,24–28]
and have also shown a good correlation between the number of active COVID-19 cases and
the SARS-CoV-2 RNA concentration in wastewater samples from different cities in Europe,
Asia, the USA and Australia [16,24,25].

The sensitive detection of SARS-CoV-2 RNA in wastewater and, thus, the identifi-
cation of SARS-CoV-2 infections within a community, depends on both the wastewater
concentration pre-analytical phase and the molecular methods employed for the analysis,
which are often different and lack standardization. Considering the pre-analytical process,
SARS-CoV-2 concentration methods are particularly important because the concentration
of this virus in wastewater samples is expected to be low at the onset or at the offset
of the COVID-19 epidemic curve [16,17,24,25]; thus, the concentration methods must be
sensitive enough to detect a very low concentration of SARS-CoV-2 in an environmental
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matrix to provide an effective early warning system and to track in a real-time manner the
introduction of SARS-CoV-2 in a community.

Nowadays, a number of virus concentration methods have been developed for the
detection of enteric viruses in water and wastewater matrices [4,18]. In this study, nine
different workflows, including pre-analytical and analytical processes, were evaluated to
then be implemented in the WBE of the Lombardy Region; these included three different
methods of concentration, three different protocols of RNA extraction and three different
one step real-time RT-PCR reagents. In this study, the method showing the best performance
in the recovery of SARS-CoV-2, from both mock and unseeded samples, was that carried
out by using PEG-8000 precipitation without chloroform treatment. In particular, this
method allowed for a better recovery efficiency of SARS-CoV-2 when compared to Dextran
and polyethylene glycol-6000 (PEG) two-phase separation, in contrast to other Italian
preliminary results [15]. PEG-8000 precipitation without chloroform has also shown a good
performance in concentrating SARS-CoV-2 from wastewater matrices in other published
studies [11,29,30]. In the study from Ahmed, W. et al., the mean ± SD of the recovery of
murine hepatitis virus (as a proxy of SARS-CoV-2) was shown to be 44.0% ± 27.7, similar
to that observed in our study, where the recovery of spiked SARS-CoV-2 ranged from
31.4% to 76% by using PEG-8000 precipitation [30]. The only equipment needed to carry
out PEG-8000 precipitation is a centrifuge that reaches up to 12,000× g, thus, resulting
in a relatively simple and inexpensive protocol; moreover, it allows one to process larger
volumes (e.g., 1 L) of wastewater and to concentrate SARS-CoV-2 from both the solid and
the liquid phases, as well as being non-time consuming (3–4 h). On the other hand, this
method requires handling of hazardous chemicals (such as Tryzol) that, however, could be
replaced by elution in phosphate-buffered saline (PBS).

In respect to the evaluation of the three different protocols of RNA extraction by com-
mercially available kits, no major differences were identified, as observed elsewhere [4,31].
Regarding SARS-CoV-2 real-time RT-PCR assays efficiency, in combination with all eval-
uated concentration methods, we observed that the Ct values for ORF-1b-nsp14 were
statistically higher than those for N1 and N3, with a mean ∆Ct between ORF-1b-nsp14 and
N1-N3 of nearly 5, meaning a loss of sensitivity of nearly 2 Log when using ORF-1b-nsp14
instead of N viral targets, as also described in other studies that investigated the analyt-
ical sensitivity and efficiency of different SARS-CoV-2 real-time RT–PCR primer–probe
sets [31,32].

Recently, the Water Research Foundation (WRF) released a question survey via social
media to collect information on the development of methods for the detection of genes that
indicate the presence of SARS-CoV-2 in wastewater samples [33]; feedback was obtained
by 35 countries, with results showing that the concentration methods most frequently
used were the PEG-8000 precipitation, followed by nucleic acid extraction and assay for
primarily nucleocapsid gene targets (N1, N2, and/or N3) [33]. These results from WRF are
in line with the output of our study.

A limitation of this study is that there was a limited number of replicates of the tested
methods due to the time required for processing and restrictions on people and laboratory
spaces during the pandemic, which is when this experimental work was carried out.

5. Conclusions

In conclusion, a new pre-analytical and analytical workflow to detect SARS-CoV-2
from wastewater samples was implemented in the framework of the WBE laboratories’
network in the Lombardy Region.

The main innovation of this surveillance approach relies on the fact that it can over-
come the testing availability, rates and indications and that it can capture the viral spread
from symptomatic and asymptomatic individuals, offering a comprehensive and cost-
effective solution for SARS-CoV-2 surveillance and providing a strong and independent
signal of how much the virus is circulating in a given community. All these aspects make
the WBE an innovative real-time cost-effective tool for community-based surveillance
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that can also be used for other emerging pathogens of concern for human health, to track
outbreaks and guide public health interventions of prevention and control.
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Abstract: Wastewater surveillance has been widely used to track the prevalence of SARS-CoV-2 in
communities. Although some studies have investigated the decay of SARS-CoV-2 RNA in wastewater,
understanding about its fate during wastewater transport in real sewers is still limited. This study
aims to assess the impact of sewer biofilms on the dynamics of SARS-CoV-2 RNA concentration
in naturally contaminated real wastewater (raw influent wastewater without extra SARS-CoV-2
virus/gene seeding) using a simulated laboratory-scale sewer system. The results indicated that,
with the sewer biofilms, a 90% concentration reduction of the SARS-CoV-2 RNA was observed within
2 h both in wastewater of gravity (GS, gravity-driven sewers) and rising main (RM, pressurized
sewers) sewer reactors. In contrast, the 90% reduction time was 8–26 h in control reactors without
biofilms. The concentration reduction of SARS-CoV-2 RNA in wastewater was significantly more in
the presence of sewer biofilms. In addition, an accumulation of c.a. 260 and 110 genome copies/cm2 of
the SARS-CoV-2 E gene was observed in the sewer biofilm samples from RM and GS reactors within
12 h, respectively. These results confirmed that the in-sewer concentration reduction of SARS-CoV-2
RNA in wastewater was likely caused by the partition to sewer biofilms. The need to investigate
the in-sewer dynamic of SARS-CoV-2 RNA, such as the variation of RNA concentration in influent
wastewater caused by biofilm attachment and detachment, was highlighted by the significantly
enhanced reduction rate of SARS-CoV-2 RNA in wastewater of sewer biofilm reactors and the
accumulation of SARS-CoV-2 RNA in sewer biofilms. Further research should be conducted to
investigate the in-sewer transportation of SARS-CoV-2 and their RNA and evaluate the role of sewer
biofilms in leading to underestimates of COVID-19 prevalence in communities.

Keywords: SARS-CoV-2; sewer; wastewater; biofilm; decay; adsorption

1. Introduction

Since the first COVID-19 outbreak in 2019, the RNA of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) was detected in the wastewater of many countries.
Wastewater-based epidemiology (WBE) for COVID-19 monitoring attracted unprecedented
attention and has been employed worldwide [1–4]. Based on the SARS-CoV-2 wastewater
surveillance data from around the world, several modelling and back-estimation studies
were carried out to estimate COVID-19 case numbers in communities [5–8]. Data-driven
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black-box models were developed for COVID-19 prevalence calculation, due to unknowns
like the transportation and decay of SARS-CoV-2 RNA in sewers [8–12].

The correction of SARS-CoV-2 RNA concentration in influent wastewater includes
several aspects such as the evaluation of virus/RNA loss caused by the virus decay in
wastewater and the potential virus attachment onto sewer biofilms during in-sewer trans-
portation. Several previous studies reported that, at room temperature (20~25 ◦C), it takes
above three days for one log decay of SARS-CoV-2 RNA concentration in untreated wastew-
ater [13,14]. At 4 ◦C, the one log decay of SARS-CoV-2 RNA concentration is more than
27 days [13,15]. In comparison to the wastewater residence time (i.e., <10 h for 95% of
wastewater treatment plants (WWTPs)) [16,17] and temperature (i.e., 75% of the world’s
global wastewater were between 6.9–34.4 ◦C) [18] in sewers, the reported SARS-CoV-2
RNA persistence implies no need of significant correction for its decay in typical sewers for
accurate WBE applications unless the sewer has long hydraulic retention time (HRT) or
abnormal high temperature [19]. However, other factors that might induce RNA loss in the
wastewater phase during the in-sewer transportation are unknown.

Based on the flow regimes, sewer systems could be divided into two main types,
including the rising mains (RM) and the gravity (GS) sewers. Rising main pipes lift
wastewater to higher elevations and run under anaerobic conditions because the pipes are
full of wastewater. In contrast, gravity pipes transport wastewater to lower elevations by
gravity and are partially filled with wastewater, thus containing both aerobic and anaerobic
conditions [20]. Studies have confirmed that different sewer conditions affect the stability of
various health and diet biomarkers, illicit drugs and pharmaceutical compounds [5,21–25].
Our recent study shows that the decay of infectivity of coronaviruses including feline
infectious peritonitis virus (FIPV) and infectious human coronavirus 229E (HCoV-229E)
was enhanced in sewer conditions as compared to wastewater [26]. In addition, another
recent study reported that, during the 4-week study period of high COVID-19 prevalence
in a community, an accumulation of ∼700 genome copies/cm2 was observed in simulated
sewer biofilms [10]. Therefore, in comparison to the low decay rate of SARS-CoV-2 RNA in
wastewater, the effect of sewer biofilms (and sediments when present in gravity sewers)
might be a higher contributing factor for the reduction of SARS-CoV-2 RNA concentration
in influent wastewater.

In this study, the in-sewer dynamics of SARS-CoV-2 RNA concentrations, including
N and E genes, were investigated by evaluating the variation in both wastewater and
biofilm samples in a laboratory-scale sewer reactor system comprising both rising main and
gravity sewers. Intrinsically positive wastewater with SARS-CoV-2 RNA was used in batch
tests. Sewer and control reactors, with and without biofilm, respectively, were employed
to determine the role of partition of different sewer biofilms and the role of RNA decay
itself in causing the reduction of RNA concentration during the in-sewer transportation.
Concentrations of SARS-CoV-2 N and E genes were detected by the RT-qPCR method at
different time points during a period of two pumping cycles (i.e., 12 h), which covers most
in-sewer residence time of wastewater. Biofilm samples from the sewer reactors were also
extracted to determine the attached SARS-CoV-2 during their normal operation. The results
are expected to delineate the role of sewer biofilms in the reduction of SARS-CoV-2 RNA
in wastewater.

2. Materials and Methods
2.1. SARS-CoV-2 RNA Positive Wastewater

Two influent wastewater samples from a local wastewater treatment plant (WWTP) in
Wollongong, Australia, on 11 and 25 January 2022 were used in this study for batch tests.
Both samples were confirmed as SARS-CoV-2 RNA positive by using China Center for Dis-
ease Control (CCDC) developed assay (CCDC-N RT-qPCR assay) and E-Sarbeco RT-qPCR
assay (Table S1), as described previously [27]. These two untreated influent wastewater
samples were used without SARS-CoV-2 RNA/virus seeding. The characteristics of the
collected wastewater was provided in Table S2. The wastewater samples were stored at
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−80 ◦C (11 January 2022) or 4 ◦C (25 January 2022) until the experiments were conducted
within a two-week period. According to other studies about the storage of SARS-CoV-2
RNA, the T90 of SARS-CoV-2 RNA decay in wastewater was around 28 to 52 days at 4 ◦C,
and no decay was observed at −75 ◦C [15].

2.2. Laboratory-Scale Sewer System

A laboratory-scale sewer reactor system was adopted in this study (Figure 1) to
simulate the real sewer system. This system was composed by connecting two types of
reactors: two rising main (RM) reactors and two gravity sewer (GS) reactors, both having
a diameter of 80 mm and a water height of 150 mm. All reactors were made of Perspex™
because of the good chemical stability to act as the substratum for biofilm development.
These sewer reactors have been reported to represent typical sewer conditions by many
previous studies [23,28,29]. The characteristics of the reactors were also described in our
previous study [26]. The microbial community and abundance characterization were also
reported in our previous publications [30].
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Figure 1. The laboratory-scale sewer system is composed of two rising main (RM) and two gravity
sewer (GS) bioreactors.

Briefly, the sewer reactor system was fed with raw wastewater (collected from a
local WWTP in Wollongong, Australia) for biofilm cultivation in 2020. 90 L of domestic
wastewater was collected fortnightly and was stored at 4 ◦C. The wastewater was pumped
by using a peristaltic pump (Masterflex L/S) every 6 h (a typical wastewater hydraulic
retention time (HRT) and was pumped through heating coils in a water bath to warm the
wastewater to room temperature (22 ◦C). Each feed pumping event lasted 2 min to provide
one reactor working volume wastewater (0.75 L) into each reactor. The overall biofilm area
of each reactor, including the carrier surface and reactor wall, is around 0.05 m2. Hence,
the biofilm area to wastewater volume ratio (A/V) was around 70.9 m2/m3. A magnetic
stirrer (MLS8, VELP Scientific, Italy) was used to continuously provide mixing (250 rpm) to
generate a moderate shear force, calculated as 1.7 Pa, on the inner surface of the reactor
wall and to avoid the settling of solids at the bottom. To confirm that the reactors reached
their semi-steady states, batch tests were conducted to determine biofilm activity including
the sulfate reduction rate and chemical oxygen demand (COD) reduction rate in the RM
and GS reactors [5,26,29,31,32]. The characteristics were listed in Table S3. During the
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6 h pumping circle, the pH of wastewater was stable in both RM and GS sewer reactors
and was between 6.8–7.2. The sulfate concentration decreased from 27 mg/L to 14 mg/L
within two hours in RM. While in the GS reactor, no obvious decrease was observed. The
dissolved oxygen (DO) was around 0.65 mg/L in the GS reactor. The RM reactor was filled
with wastewater, so the DO in the RM reactor should be zero. The soluble chemical oxygen
demand (COD) of the RM reactor reduced from 116 to 84 mg/L and was varied between
60–110 mg/L in the GS reactor. These data are within the normal range test by our previous
study [5].

2.3. Sewer Reactor Tests and Sampling Schemes

Four reactors, including the first RM and GS sewer reactors (RM-1st and GS-1st) in the
lab-scale sewer system, and two control reactors (RMC and GSC), were used in the batch
tests. The control reactors are plain reactors that have the same structure of each type of
biofilm reactors. The control reactors were not fed with wastewater to grow biofilm before
the batch tests. For each batch test, wastewater was pumped continuously into the sewer
system for 5 min. At the same time, a volume of 0.75 L wastewater was added to the RMC
and GSC control reactors for parallel blank tests. The temperature of the wastewater was
adjusted to around 22 ◦C. The experimental schema was shown in Figure S1. Briefly, a
volume of 50 mL wastewater was sampled from RM-1st, GS-1st, RMC and GSC reactors
at time points of 0 h, 0.5 h, 1 h, 3 h and 6 h. After the 6 h sampling, the sewer reactors
were fed for 2 min as per the normal operation. Then, a volume of 50 mL wastewater
was collected from the RMC and GSC reactors at 12 h. In addition, sewer biofilms (one
biocarrier at each time) were sampled from the first RM and GS sewer reactors (RM-1st and
GS-1st) at 0 h and 12 h, and the second RM and GS sewer reactors (RM-2nd and GS-2nd)
at 12 h. The total surface area of one biocarrier was around 3.17 cm2. One biocarrier with
attached biofilms was extracted from the sewer reactors for analysis as described below.
The above sewer reactor experiment was conducted in duplicate. Test 2 is a technical repeat
of Test 1 and was started from the same timepoint (8:30 am) as Test 1 on the next day of Test 1
(Figure S1). All samples were immediately stored at −80 ◦C after sampling until
further analysis.

2.4. Sample Processing and RNA Extraction

In previous studies, an adsorption-extraction method (no need for pH adjustment
or addition of MgCl2) that utilized an electronegative membrane was found to be effec-
tive in recovering a human coronavirus surrogate, murine hepatitis virus (MHV), with a
recovery rate of 60.5 ± 22.2% [33]. Therefore, this method was adopted in this study to
recover SARS-CoV-2 RNA from both wastewater and bio-carrier samples [33]. A volume of
50 mL wastewater was filtered through electronegative membranes with a 0.45 µm pore
size and 90 mm diameter (HAWP09000; Merck Millipore Ltd., Sydney, Australia). The filter
paper was then folded and transferred to a 5 mL bead tube of the RNeasy PowerWater
Kit (Qiagen, Hilden, Germany). For the biofilm samples (biocarriers), each of the plastic
biocarrier was soaked and brushed in 50 mL of 4 ◦C phosphate-buffered saline (PBS, pH
7.4) and vortexed for 5 min to detach the biofilm. (Plastic biocarrier was used because of
its high stability, and the mature biofilm on the surface of plastic material could be easily
sampled.) The 50 mL wash solution was also filtered with electronegative membranes. The
filter paper and the biocarrier were then transferred to a 5 mL bead tube together. All the
following extraction procedure was carried out according to the instructions of the RNeasy
PowerWater Kit. The final extracted RNA volume of the 50 mL wastewater or biofilm
sample was 50 µL.

2.5. RT-qPCR Assay

The CCDC-N and E-Sarbeco primer-probe sets were adopted according to our previous
comparative study on the analytical performance towards wastewater samples [27]. The
information on primer-probe sets used in this study and the RT-qPCR conditions were
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listed in Table S1 in the supplementary material. RT-qPCR assay targeting the N gene
was conducted by using a CCDC-N primer-probe set under the conditions [34]. The copy
number of the N gene was calculated based on the spiked mocks calibration generated by
using 10-fold serial dilutions of a known concentration of 2019-nCoV_N Positive Control
(Catalogue No. 10006625) [27].

RT-qPCR assay targeting the E gene was conducted by using an E-Sarbeco primer-
probe set under the conditions listed in Table S1 [35]. A standard curve of the E-Sarbeco
assay was generated by using 10-fold serial dilutions of a known concentration of 2019-
nCoV_E Positive Control (Catalogue No. 10006896). Characteristics of the standard curves
including the efficiency, the linearity (coefficient of determination, R2), slope and Y-intercept
were listed in Table 1.

Table 1. Characteristics of RT-qPCR calibrations for CCDC-N and E-Sarbeco assay.

Primer-Probe Sets Efficiency (%) Linearity (R2)
Slope

(Mean ± SD)
Y-Intercept

(Mean ± SD)

CCDC-N 108.2 0.999 −3.139 ± 0.12 40.39 ± 0.18
E-Sarbeco 96.36 0.999 −3.412 ± 0.09 41.87 ± 0.26

All RT-qPCR reactions were conducted in duplicate. For each RT-qPCR run, a series
of positive and no template controls were tested to eliminate the false positive and false
negative results induced by potential contamination. The RT-qPCR assays were carried
out by using the Bio-Rad CFX96 thermal cycler (Bio-Rad Laboratories). The thermocycler
conditions were set as reverse transcription at 50 ◦C for 10 min and initial denaturation at
95 ◦C for 3 min, followed by 45 cycles of 15 s at 95 ◦C and 30 s at 58 ◦C. Data were collected
only from the operation of the instrument when the positive control was positive, and the
non-template control was negative.

2.6. Data Analysis

The experimental data of duplicate batch tests were integrated to generate a combined
decay constant. The relationship between the SARS-CoV-2 RNA concentration in control or
sewer reactors and time was, respectively, evaluated by adopting monophasic and biphasic
first-order decay kinetics in this study due to its wide suitability for analyzing the viral
RNA decay in wastewater [13,15,26]. Hence, the concentration variation of SARS-CoV-2
RNA was linearized by using the natural log (ln)-transformation of the calculated RNA
concentration of each sampling time point as shown in Equation (1), where Ct and C0 are
the concentrations (based on gene copies/50 mL) of SARS-CoV-2 N or E gene copies at
time t and time 0, respectively. k is the reduction rate constant. The monophasic first-
order decay rate constant with the associated 95% confident interval (CI) was estimated by
using GraphPad Prism Version 9.0.0 (GraphPad Software, La Jolla, CA, USA). The fit was
assessed by the coefficient of determination (R2) and root mean square error (RMSE). The
time required to achieve 90% (T90) reduction of the viral RNA based on the monophasic
first-order decay kinetics was further calculated using k values according to Equation (2).

ln
(

Ct

C0

)
= −kt (1)

T90 =
ln(0.1)

k
(2)

3. Results
3.1. Reduction of SARS-CoV-2 RNA in Wastewater

The initial SARS-CoV-2 RNA concentration of the wastewater used in this study was
between 104–105 gene copies/L (2.1 × 104 and 4.2 × 104 gene copies/L of the N gene;
3.6 × 104 and 2.3 × 105 gene copies/L of E gene, respectively), which was high enough
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for RNA decay/decrease batch test. In addition, the RNA extraction method adopted in
this study was confirmed to have an RT-qPCR-based recovery of 60.5 ± 22.2% for murine
hepatitis virus (MHV), a surrogate for SARS-CoV-2 [33]. The matrix spike recoveries of N
(CCDC-N) and E (E-Sarbeco) genes were 3.63 ± 1.8% and 41.2 ± 18.7%, respectively, which
might be due to the detection limit and efficiency of the different RT-qPCR assay [36]. The
50% detection of CCDC-N and E-Sarbeco assay against the wastewater sample is around 3
to 4 log/L [36]. It indicates that the negative samples tested during the reduction evaluation
theoretically had up to about 2 log reduction/L. Thus, we regarded the ln( Ct

C0
) value of all

negative results as −4.61 (ln (0.01)) in all the following figures.
The variation of SARS-CoV-2 N and E gene concentrations (mean ± SD) in gravity

(GS) and rising main (RM) control and sewer reactors (RM) was shown in Figure S2,
respectively. Significant variations of the RNA concentrations were observed, although
different reduction trends were generally observed between control and biofilm reactors.
Considering the limited positive data obtained in each scenario (we used raw wastewater
without spiking), data acquired for N and E genes in the RM and GS reactors were combined
to compare the SARS-CoV-2 RNA concentration reduction in the presence and absence of
biofilms. As shown in Figure 2A, 6/8 tests of both the 6 h and 12 h wastewater samples
collected from the control reactors were positive, and 5/6 positive tests were above the 90%
reduction line. This reveals limited decay of SARS-CoV-2 RNA in wastewater within 12 h.
It is worth noticing that in the 1 h and 3 h samples of control reactors, only 2 out of the total
8 tests were positive which is abnormal compared to the high RNA concentration and high
positive test numbers (6/8 positive) in the 6 h and 12 h samples. Although it seems that
no differences between control and biofilm reactors appeared in the 3 h sample, the trend
between 1 h to 6 h in control and biofilm reactors was the opposite. Thus, we infer these
negative results might be induced by the low initial concentration and the varied RNA
recovery of each extraction. Considering the high positive rates and concentrations of the 6
and 12 h samples, these negative results were thus excluded from further data analysis. In
addition, there is an abnormal increase between the results of the 0 h and 0.5 h samples.
Most of the increased concentrations were obtained by E gene assay (empty triangle). A
similar increase was also observed by Hokajarvi et al. [15] for the persistence of the SARS-
CoV-2 RNA in wastewater influent at different temperatures. This abnormal increase might
be due to the larger variation of the E gene recovery caused by the low sensitivity of the E
gene targeting RT-qPCR assay [36]. Meanwhile, a smaller abnormal increase of the N gene
than the E gene was observed, which was consistent with the smaller recovery variation of
the N gene (SD = 1.8%) than the E gene (SD = 18.7%) [36]. This behavior was also observed
in biofilm reactors but was not as high as in control reactors. The RNA desorption from
sewer biofilms occurred due to the disturbance of feeding wastewater to the sewer reactors.
The biofilm sloughing, together with attached viral RNA on biofilms, might have reduced
the initial variations.

In comparison to the low decay in wastewater in control reactors, a significant con-
centration reduction of SARS-CoV-2 RNA was observed in the wastewater phase of sewer
reactors. There are only 4/8, 2/8 and 1/8 tests of the 1, 3 and 6 h samples, respectively,
were positive (Figure 2B). In addition, in the sewer biofilm reactor, the decrease in RNA
concentration in the wastewater phase was consistent with the decrease in the positive test
numbers. The overall results, including the positive ratio and the reduction of concentra-
tions, indicated that the concentration reduction of SARS-CoV-2 RNA in the wastewater
phase was enhanced with the sewer biofilms.
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3.2. In-Sewer Reduction Kinetics Analysis of SARS-CoV-2 RNA in the Wastewater Phase of
Sewer Reactors

To further analyze the effect of sewer biofilm on the reduction of SARS-CoV-2 RNA
concentration in wastewater, we combined the results of the N and E genes to compare the
difference between the RM and GS reactors. We also combined the results of the RM and GS
reactors to compare the difference between the SARS-CoV-2 N and E genes. Monophasic
and biphasic first-order decay kinetics were adopted to generate the reduction rate k (h−1)
and the T90 values (h) of SARS-CoV-2 RNA in different types of sewer reactors. The results
of the kinetics analysis were provided in Table 2 and Figure S3.

Table 2. Reduction rate k/k1 (h−1) and k2 (h−1), transiting time point t1 (h) and T90 values (h) of
SARS-CoV-2 RNA (N and E genes) in different types of sewer reactors (RM and GS) with and without
biofilms based on the monophasic (Control) or biphasic (Biofilm) first-order decay models.

Targets/Reactors k/k1 (h−1) [95% CI] k2 (h−1) [95% CI] t1 (h) [95% CI] T90 (h) [95% CI] R2 RMSE

Control
(Monophasic)

RM 0.23 [0.02 to 0.44] - - 10.07 [4.52 to 21.63] 0.75 0.89
GS 0.12 [0 * to 0.31] - - 18.77 [0 * to 227.8] 0.48 0.79

N gene 0.09 [0.02 to 0.16] - - 26.19 [0 * to 113.5] 0.81 0.28
E gene 0.26 [0 * to 0.64] - - 8.74 [4.35 to 16.49] 0.53 1.59
Total 0.18 [0 * to 0.37] - - 13.11 [7.38 to 24.14] 0.67 0.8

Biofilm
(Biphasic)

RM 2.74 [1.38 to 4.69] 0.37 [0 * to 0.78] 1 [0 * to 2.7] 0.84 [0.56 to 3.41] 0.63 1.36
GS 2.42 [1 to 4.41] 0.004 [0 * to 0.66] 1.5 [0.5 to NA] 0.95 [0.59 to 3.79] 0.52 1.53

N gene 3.92 [2.78 to 5.44] 0.07 [0 * to 0.3] 1 [0.72 to 1.64] 0.59 [0.45 to 0.86] 0.66 1.25
E gene 1.15 [0.73 to 2.35] 0.38 [NA] NA 2.0 [1.45 to 6] 0.7 1.24
Total 2.58 [1.63 to 3.71] 0.19 [0 * to 0.58] 1.25 [0.69 to 2.33] 0.89 [0.65 to 2.67] 0.57 1.45

Note(s): * 95% CI truncated at 0 in the case of negative values for k and T90. NA: Unreliable results.

All T90 values from the biofilm reactor were less than or equal to 2 h, while all T90
values from the control reactor were between 8 to 27 h. The total T90 was reduced from
13.11 h in the control reactor to 0.89 h in the biofilm reactor. T90 values of the RM and
GS reactors were reduced from 10.07 h and 18.77 h in the control reactor to 0.84 h and
0.95 h in the biofilm reactor, respectively. T90 values of the SARS-CoV-2 N and E genes
were reduced from 26.19 h and 8.74 h in the control reactor to 0.59 h and 2.0 h in the biofilm
reactor, respectively. The k values of the control reactor were between 0.09 to 0.26 h−1 and
the total k value was 0.18 h−1. For the biofilm reactor, the k1 values were between 1.15
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to 3.93 h−1 and the total k1 value was 2.58 h−1, which was around 14.3 times that of the
control reactor. The k2 values of the biofilm reactors were between 0.004 to 0.38 h−1 which
were very similar to the k value range of the control reactors. In addition, all the valid
transiting time point t1 values of the biofilm reactors were less than or equal to 1.5 h.

3.3. Accumulation of SARS-CoV-2 RNA in Sewer Biofilms

SARS-CoV-2 RNA concentration in sewer biofilms of the RM and GS reactors was
evaluated by targeting both the N gene and E gene. The results of gene copies per cm2 of
biofilm surface area were shown in Table 3. SARS-COV-2 N gene was detected in 5 out
of 10 biofilm samples, and the average concentration of the positive RM and GS biofilm
sample was 258.4 ± 72.7 GC/cm2 (4 positive samples, mean ± SD (standard deviation))
and 487 GC/cm2 (1 positive sample), respectively. SARS-COV-2 E gene was detected in 8
of 10 biofilm samples, and the average concentration of positive RM and GS biofilm was
704.7 ± 155.7 GC/cm2 (3 positive samples) and 1828.7 ± 1180.6 GC/cm2 (5 positive
samples), respectively. In addition, during the 12 h of the second test, an accumula-
tion of 260.9 GC/cm2 (from 654.5 GC/cm2 to 915.4 GC/cm2) and 113.7 GC/cm2 (from
935.9 GC/cm2 to 1049.6 GC/cm2) of the SARS-COV-2 E gene was observed in the RM-
1st and GS-1st sewer biofilm reactor, respectively. For the N gene, an accumulation of
365.5 GC/cm2 was observed in the RM-1st sewer reactor. However, no N gene accumula-
tion was observed in the GS-1st sewer reactor.

Table 3. Accumulation of SARS-CoV-2 RNA in rising main and gravity sewer biofilms.

Type Batch Test

N Gene (GC/cm2) E Gene (GC/cm2)
Reactor-1st Reactor-2nd Reactor-1st Reactor-2nd

0 h 12 h 12 h 0 h 12 h 12 h

RM
Test 1 196.1 * - 285.1 * ND - ND
Test 2 ND 365.5 187.0 654.5 * 915.4 544.1

GS
Test 1 ND - ND 686.1 * - 3622.4
Test 2 ND ND 487.0 * 935.9 1049.6 * 2849.4 *

Note(s): * Duplicate RT-qPCR tests only yielded one positive result. Sample was not acquired. ND: not detected.

Assuming that the wastewater is in perfect plug flow in sewer reactors and since the
duplicate tests were conducted on two consecutive days and started at the same time of
the day, thus, the 0 h sample of the second test could be regarded as the 24 h sample of
the first test, and the 12 h sample of the second test could be regarded as the 36 h sample
of the first test. Based on this timeline, the variation of the E and N gene concentration
in biofilm samples during 36 h was shown in Figure S4. The results indicated that, in
biofilm samples, the concentration of the SARS-CoV-2 E gene was increasing in both the
RM-1st (from ND to 654.5 GC/cm2 to 915.4 GC/cm2) and the GS-1st (from 686.1 GC/cm2 to
935.9 GC/cm2 to 1049.6 GC/cm2) sewer reactors during two batch tests. The concentration
of the SARS-CoV-2 N gene was increasing in the biofilm of the RM-1st (from 196.1 GC/cm2

to ND to 365.5 GC/cm2) reactor. However, no SARS-COV-2 N gene was detected in
the biofilm samples of the GS-1st reactor over 36 h. In addition, an increase in gene
concentration was also observed in the biofilm of the RM-2nd (from ND to 544.1 GC/cm2)
and the GS-2nd (from ND to 487 GC/cm2) reactors by targeting the E gene and N gene,
respectively. However, in cases of results of the RM-2nd biofilm targeting the N gene and
the GS-2nd biofilm targeting the E gene, a concentration decline was observed.

Collectively speaking, the SARS-CoV-2 RNA accumulation was observed in both
the RM-1st and GS-1st sewer biofilm reactors during two consecutive days of sampling,
suggesting that the concentration reduction of RNA in wastewater may be caused by
not only the RNA decay in wastewater, but also more so by the RNA attachment on
sewer biofilms.
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4. Discussion

The above results support a higher reduction of SARS-CoV-2 RNA in sewer reactors,
possibly due to biofilms, suggesting that the adsorption of viral particles in sewer pipes
may be an important factor affecting the amount of virus in sewage influent. The possible
biofilm formation in distribution pipes can enhance such virus adsorption and the age
of networks can determine possible biofilm formation in sewage distribution networks.
This study evaluated the fate or reduction of SARS-CoV-2 RNA in wastewater and the
adsorption by sewer biofilms at the same time in a simulated sewer reactor system. A
previous study reported an accumulation of ~700 genome copies/cm2 SARS-CoV-2 RNA
on the sewer biofilm of a simulated annular biofilm reactor during a 4-week operation
with high COVID-19 incidence in the community [10]. The biofilm was formed over the
4-week operation and, subsequently, sampled for viral RNA detection. However, sewer
biofilm samples from a university campus were reported to be negative. In this study,
we evaluated the SARS-CoV-2 RNA adsorption by mature sewer biofilms which were
cultivated over two years in a simulated sewer reactor system. The accumulation of
260.9 GC/cm2 and 113.7 GC/cm2 of SARS-COV-2 E gene on the first RM and GS sewer
biofilms in 12 h confirmed the RNA adsorption by biofilm and revealed the importance of
sewer biofilms for reducing the concentration of SARS-CoV-2 RNA in influent wastewater.
A few earlier studies compared the temperature effects on the decay of SARS-CoV-2 RNA
in various types of water and wastewater. The information on the testing conditions,
temperature (T), k value, R2 and T90 was listed and compared in Table 4.

Ahmed et al. investigated the decay of SARS-CoV-2 RNA and murine hepatitis virus
(MHV) RNA in untreated wastewater at different temperatures [13]. This study determined
T90 values at 4 ◦C, 15 ◦C, 25 ◦C and 37 ◦C as 27.8 ± 4.45, 20.4 ± 2.13, 12.6 ± 0.59 and
8.04 ± 0.23 days, respectively, by using a CCDC-N1 RT-qPCR assay. In cases of MHV,
the T90 values at 4 ◦C, 15 ◦C, 25 ◦C and 37 ◦C as 56.6 ± 14.2, 28.5 ± 4.43, 17.3 ± 2.46 and
7.44 ± 0.61 days, respectively. The T90 value demonstrated a declining trend with the rise
in experimental temperature. The less sensitivity to temperatures than murine hepatitis
virus (MHV) RNA in untreated wastewater indicated that SARS-CoV-2 RNA is likely to
persist long enough in untreated wastewater during in-sewer transportation. Hokajarvi’s
study [15] also evaluated the stability of SARS-CoV-2 RNA in influent wastewater at 4 ◦C
by targeting both the N and E genes. The T90 values of the two gene biomarkers were
similar and were comparable to Ahmed’s study at 4 ◦C. However, the T90 value of Bivins’s
study by targeting the SARS-CoV-2 E gene at 20 ◦C was 3.3 days and 26 days at high titer
(105 TCID50 /mL) and low titer (103 TCID50 /mL), respectively [14]. These values were
inconsistent with the T90 value (12.6 ± 0.59 days) in Ahmed’s study at 25 ◦C with an initial
SARS-CoV-2 E gene concentration of 107.03 ± 0.19/mL. Caution should be exerted when
comparing RNA decay rates, which may be largely affected by the initial concentration and
type of SARS-CoV-2 RNA biomarkers at room temperature. In addition to the decay of the
SARS-CoV-2 virus, many previous studies have investigated the persistence or decay of
other enveloped viruses/bacteriophage. According to the results of Silverman and Boehm’s
literature review based on 46 and 27 identified decay rate constants of animal coronaviruses
and the enveloped bacteriophage Phi6, the average k value of these two types of surrogate
was 1.78 ± 0.12 d−1 and 7.59 d−1 in raw wastewater at 22−25 ◦C, respectively [37]. These
results are closer to the k values of the control reactor in our study (Table 4). They also
found that the k values obtained in wastewater were substantially higher than those in
freshwater but not statistically different from those observed in estuarine and marine
natural waters, and the k value measured using molecular methods were less than those
measured by culture methods which cannot directly indicate virus viability [38]. These
findings highlighted the effect of the water matrix and the detection methods on the
evaluation of enveloped virus decay. In conclusion, previous studies demonstrated that, at
room temperature, 90% of the SARS-CoV-2 N gene decayed within 13 days in wastewater,
and 90% of the SARS-CoV-2 E gene decayed within 3–26 days, majorly affected by sewage
temperature and the targeted assay gene.

115



Water 2023, 15, 2132

Table 4. Comparison of SARS-CoV-2 RNA persistence in wastewater of different studies.

RT-qPCR
Assay

Initial
Concentration

Virus
Types Testing Method T

(◦C)
k (Mean ± SD)
[95% CI] (d−1) R2 T90 (d) Reference

CDC-N1 107.03 ± 0.19

GC/mL

Gamma-
irradiated

SARS-CoV-2

4.99 mL of
wastewater and

5 mL of
gamma-irradiated
SARS-CoV-2 were

mixed in 15 mL
sterile conical

tubes.
140 µL aliquot was
sampled from each

tube at each
sampling time

point for extraction
and RT-qPCR

analysis.

4 0.084 ± 0.013
[0.103 to 0.064] 0.79 27.8 ± 4.45

[22.4 to 50.1]

[13]

15 0.114 ± 0.012
[0.144 to 0.083] 0.71 20.4 ± 2.13

[16.0 to 27.7]

25 0.183 ± 0.008
[0.219 to 0.149] 0.87 12.6 ± 0.59

[10.5 to 15.5]

37 0.286 ± 0.008
[0.370 to 0.202] 0.74 8.04 ± 0.23

[6.22 to 11.4]

E-Sarbeco 105.4

GC/mL

1:1000
dilution of

SARS-CoV-2
inoculum

Spiked wastewater
influent was

packed separately
into 57

microcentrifuge
tubes in portions of

300 µL.
Triplicate tubes

were stored in the
dark and extracted

for RT-qPCR
analysis.

4

0.04 ± 0.2 0.59 52

[15]
CDC-N2 106.1 GC/mL

0.06 ± 0.0 0.99 36

E-Sarbeco

High titer
(105 TCID50/mL)

SARS-CoV-2
nCoV

WA1-2020
(MN985325.1),
isolated from a
clinical patient

SARS-CoV-2
nCoV-WA1-2020

(MN985325.1) was
diluted 1:10 to

wastewater. 1 mL
aliquots were

pipetted into 2 mL
screw-top vials

with 3 replicates for
each time point.

20

0.67
[0.54 to 0.86] 0.27 3.3

[2.7 to 4.3]

Low titer
(103 TCID50/mL)

0.09
[0.00 * to 0.23] −0.01

26
[9.8 to ∞]

CDC-
N1/N2

135–953
GC/mL

SARS-CoV-2
RNA positive
wastewater

samples
without
seeding

4 2.16 - -

[39]
10 0.96 - -

35 4.31 - -

CDC-N 20.9–41.8
GC/mL SARS-CoV-2

RNA positive
wastewater

samples
without
seeding

50 mL of
wastewater was

sampled from each
reactor at each time

point for RNA
extraction and

RT-qPCR analysis.

22

Control: 2.1
[0.49 to 3.73] 0.81 1.1

[0.00 * to 4.73]

This study

Biofilm k1: 94.32
[66.72 to 132.96]
Biofilm k2: 1.68
[0.00 * to 7.2]

0.66 0.03
[0.02 to 0.04]

E-Sarbeco 36.4–230
GC/mL

Control: 6.32
[0.00 * to 15.35] 0.53 0.36

[0.18 to 0.69]

Biofilm:27.6
[17.52 to 56.4] 0.7 0.08

[0.06 to 0.25]

Note(s): * 95% CI truncated at 0 in the case of negative values for k and T90.

In our study, the estimated T90 value was 1.1 day in the control reactor (wastewater
only) by targeting the N gene, and was 0.36 day by targeting the E gene, which was shorter
than most of the previous studies. However, previous studies usually use wastewater
spiked with high SARS-CoV-2 concentration, and the total volume of testing systems was
under 5 mL. In addition, the sampled wastewater at different time points was usually at
microliter level. These are quite different from the initial RNA concentration and testing
conditions used in our study, which may explain the difference between T90 values in our
study and those in previous reports. In our study, intrinsic SARS-CoV-2 RNA positive
wastewater without seeding any type of biomarkers was used, thus the initial concentration
was around 1–5 log lower than in previous studies. Furthermore, the total wastewater
volume in the lab-scale sewer reactors was 0.75 L, and 50 mL wastewater was sampled at
each time point for filtration and RNA extraction. This workflow was consistent with the
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normal sampling and processing producers for detecting SARS-CoV-2 RNA in wastewater.
Weidhaas et al. used a similar large volume of raw wastewater (without seeding) to conduct
the decay test, the k value of N gene decay was 2.16 d−1, 0.96 d−1 and 4.31 d−1 at 4◦C, 10◦C
and 35◦C, respectively. These results were consistent with the k value of (2.1 d−1 at 22 ◦C)
N gene decay in the control reactors acquired in our study [39].

Fu et al. [11] recently investigated the decay of avian infectious bronchitis virus (IBV)
in sewage pipes. The D90 (distance required for one log reduction) value of this study was
12.51 km and 8.34 km at 12 ◦C for the non-biofilm and mature biofilm pipelines, and 8.32 km
and 4.54 km at 28 ◦C, respectively, by assuming the flow rate of wastewater at 0.4 km/h.
This study reported the enhanced reduction of viral RNA in wastewater in the presence of
sewer biofilm which was cultured for 45 days. In our study, the biofilm of the simulated
sewer system had been cultivated for more than two years. In addition, Ahmed et al. [40]
reported that a sewer pipe length of over 400 m can produce a SARS-CoV-2 RNA decline
in the sewer network. Through the quantification of SARS-CoV-2 RNA for wastewater
influent and primary settled solids samples, Graham demonstrated that measuring SARS-
CoV-2 RNA concentrations in settled solids is more sensitive than measuring SARS-CoV-2
in influent [41]. In another study about Campylobacter spp., the overall reduction followed
a biphasic first-order decay model, and the faster reduction rate in the first phase was
due to the adsorption of C. jejuni and C. coli onto biofilm [42]. The sensitivity analysis
revealed that the reduction leads to significant differences in WBE back-estimation of
Campylobacter spp. prevalence, especially for sewer catchments with long hydraulic reten-
tion times. All the above studies showed that the virus/RNA attachment on biofilms and
solid fractions in wastewater warranted a correction for the WBE applications.

In this study, the 95% CI of reduction parameters is high, with low R2 and high RSME,
which might be difficult to fully interpret the impact of biofilm on the reduction of SARS-
CoV-2 in the reactors. However, the 95% CI of the estimated trend lines of the control and
biofilm reactors do not overlap with each other in most scenarios (Figure S3). This reflects
the different reduction trends of SARS-CoV-2 RNA due to the presence of biofilms. At the
6-h time point, all four samples from the control reactor tested positive for SARS-CoV-2
RNA (Figure 2). In contrast, in the biofilm reactor, only one sample from the GS reactor
was detected as positive for the N gene. The results indicate that attachment to sewer
biofilms facilitated the reduction of SARS-CoV-2 RNA concentration in the wastewater
phase. This is further confirmed by the detection of SARS-CoV-2 RNA accumulation in
sewer biofilms over 36 h. The increase of RNA concentration in biofilm samples, measured
by the N or E genes, was consistent with the reduction of RNA concentration in wastewater
samples in both the RM and GS sewer reactors. The detection of SARS-CoV-2 RNA in
wastewater is challenging due to the complex matrix, which contains various components
that can affect the performance of RT-qPCR methods differently. In this study, a higher
concentration of the E gene was observed in both wastewater and biofilm samples. This
result may be attributed to the higher recovery of the E gene compared to the N gene and
the variable detection efficiency of RT-qPCR assays for wastewater samples [36]. Similar
findings have been reported in previous studies that targeted the N and E genes for SARS-
CoV-2 RNA detection [27,36,43,44]. Moreover, we demonstrated that, during in-sewer
transportation, the attachment of SARS-CoV-2 virus/RNA on sewer biofilm (the reduction
observed in wastewater of sewer biofilm reactors) might be more significant than the
virus/RNA decay itself (the reduction observed in the control reactors). According to the
results of this study towards the in-sewer decay of Campylobacter spp. [42], we supposed
that the variation of SARS-CoV-2 RNA concentration of wastewater in sewer reactors was
a result of the combined effects of RNA decay, biofilm adsorption, desorption and biofilm
sloughing (especially at the beginning of the batch tests due to strong disturbances by
feeding wastewater). In Table 2, all the valid T90 values (RM, GS and N gene) of the biofilm
reactor were shorter than the t1 value (transiting time point t1). After t1, the k2 value of
biofilm reactors were close to the k value of the control reactor. Based on the author’s
suppose, this behavior revealed that after t1, there might be a balance between the RNA
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adsorption and desorption on sewer biofilm and biofilm sloughing. After achieving this
balance, the reduction of RNA concentration in wastewater in the sewer reactor will mainly
be due to RNA decay, just like that in the control reactor.

Overall, the results showed both RM and GS sewer biofilms can induce SARS-CoV-
2 RNA attachment within typical wastewater residence time in sewers. Furthermore,
considering the lower decay of SARS-CoV-2 RNA in wastewater, identified in this study,
and reported by previous studies, the RNA loss caused by sewer biofilm attachment is more
significant than RNA decay itself. However, several methodological limitations should
be noticed. The sewer reactor used in this study has a limited total wastewater volume
(0.75 L), which could not support multiple samples (50 mL each) at each time point. The
biofilm samples were only collected at 0 h and 12 h, which were insufficient to detect the
dynamic concentration changes in sewer biofilm.

The initial RNA concentration in non-spiked, intrinsic SARS-CoV-2 positive wastewa-
ter was low. This makes it difficult to obtain enough data points to support comprehensive
kinetic analysis. In addition, although studies have confirmed that different sewer condi-
tions could result in the different stability of various drugs and chemicals in wastewater,
no significant difference in the SARS-CoV-2 RNA reduction was observed between the RM
and GS sewer reactors in this study. This might be due to the low initial SARS-CoV-2 RNA
concentration of the wastewater used in this study. Further studies should be conducted
under various conditions, such as various initial SARS-CoV-2 RNA concentrations and tem-
peratures. Moreover, the potential detachment of SARS-CoV-2 RNA from sewer biofilms
should be studied to delineate the full picture of in-sewer dynamics. Other factors such
as the higher concentration of RNase (ribonucleases) and other enzymes in wastewater
and different biofilms and the different characteristics of biofilms with diverse characteris-
tics of extracellular polymeric substance (EPS) and microbial community under different
sewer conditions are worth investigating to analyze the partition of viral RNA into the
sewer biofilms. Concentration variance caused by the SARS-CoV-2 mutants should also be
considered in future in-sewer decay investigations.

5. Conclusions

This study investigated the impacts of different sewer biofilms on the reduction of
SARS-CoV-2 RNA concentration in intrinsically positive wastewater in laboratory-scale
sewer reactors. The SARS-CoV-2 RNA concentration in wastewater and biofilms was
determined to delineate the fate of viral RNA during in-sewer transportation.

The concentration reduction of SARS-CoV-2 RNA in the wastewater phase was sig-
nificantly higher in sewer biofilms and a 90% reduction of RNA concentration in wastew-
ater was achieved within 2 h in both rising main and gravity sewer biofilm reactors.
Therefore, biofilm grown in sewer networks can affect the fate of SARS-Co-2 during in-
sewer transportation.

Accumulation of SARS-CoV-2 RNA in the biofilm of sewer reactors was observed
for up to 36 h, which was consistent with the increased RNA reduction in wastewater.
Therefore, the adsorption of virus RNA/particles in sewer biofilms is a non-negligible
mechanism for the fate of SARS-Co-2 in sewer systems.

The concentration reduction of SARS-CoV-2 RNA in wastewater during in-sewer
transportation may be more induced by the biofilm attachment rather than the RNA decay
itself under the tested conditions.
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without biofilms; Figure S4: Short-term SARS-CoV-2 RNA accumulation observed in biofilm reactors
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Abstract: The COVID-19 pandemic has challenged healthcare systems worldwide. Efforts in low-to-
middle-income countries (LMICs) cannot keep stride with infection rates, especially during peaks.
A strong international collaboration between Arizona State University (ASU), Tec de Monterrey
(TEC), and Servicios de Agua y Drenaje de Monterrey (Local Water Utilities) is acting to integrate
wastewater-based epidemiology (WBE) of SARS-CoV-2 in the region as a complementary approach
to aid the healthcare system. Wastewater was collected from four sewer catchments in the Monterrey
Metropolitan area in Mexico (pop. 4,643,232) from mid-April 2020 to February 2021 (44 weeks,
n = 644). Raw wastewater was filtered and filter-concentrated, the RNA was extracted using columns,
and the Charité/Berlin protocol was used for the RT-qPCR. The viral loads obtained between the
first (June 2020) and second waves (February 2021) of the pandemic were similar; in contrast, the
clinical cases were fewer during the first wave, indicating poor coverage. During the second wave
of the pandemic, the SARS-CoV-2 quantification in wastewater increased 14 days earlier than the
COVID-19 clinical cases reported. This is the first long-term WBE study in Mexico and demonstrates
its value in pandemic management.
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1. Introduction

The COVID-19/SARS-CoV-2 pandemic is responsible for more than 5 million deaths
worldwide according to WHO data [1]. In Mexico, more than 3.8 million cases were reported,
with 289,811 deaths since the first case was confirmed in the country on 27 February 2020 [1].
To access a confirmed diagnostic test by public health services in Mexico, it is mandatory to
have multiple symptoms. However, according to the CDC, symptoms of COVID-19 may
appear 2–14 days after exposure to the virus, which represents a non-diagnostic period for the
infected population, increasing the risk of spreading the virus [2]. Additionally, less affluent
communities often do not have many testing sites or easy access to those sites in their area or
do not have the option to work from home to feed their families. In low-to-middle-income
countries (LMICs), access to any COVID-19 test, including PCR testing, is lower and does
not cover most of the population besides healthcare institutions’ efforts. Mexico has 0.09
clinical tests per thousand people compared with 2.44 in the US, which is replicated in similar
economies. Therefore, lower accessibility results in a higher clinical test positivity, which
indicates that the authorities are only testing the sickest patients and/or people who seek out
medical attention [3].

This year, the National Institute of Statistics and Geography (INEGI) [4–6] reported
that 31 million of the working-age Mexican population are engaged in occupations in the
informal employment sector without options to stay at home for quarantine. Additionally,
more than 50% do not have access to health services, which can increase the risk for rapid
viral transmission within and between communities. Furthermore, the described situation
poses major challenges for epidemiologists who are trying to understand the dynamics of
transmission. Individualized testing provides insight into who is currently infected but
does not always capture people who are asymptomatic or still developing symptoms.

The Public Education Secretary set forward a vacation period of one month, beginning
14 March 2020, at the beginning of the pandemic, based on the number of increasing
clinical cases reported across the country. The federal government established a mandatory
quarantine period on 26 March 2020, where all non-essential activities were suspended. The
State’s Health Secretary of Nuevo Leon, along with the Nuevo Leon government, applied
different restrictions to mobility to reduce the increase in COVID-19 cases in the state of
Nuevo Leon at that time. On 1 July, the first reopening of the economy occurred, which
led to an increase in the number of cases in Monterrey and its metropolitan area. As a
result, the State’s Health Secretary and Nuevo Leon’s government applied new mobility
restrictions, which included reducing the capacity of all businesses, scheduled restrictions,
and weekend closures. The presented actions were attempts to mitigate the viral spread
and provide a buffer for overwhelmed local healthcare systems.

A late response to assessing, mitigating, and preventing the community spread of the
virus could be avoided by integrating alternative epidemiological surveillance strategies,
including the use of wastewater-based epidemiology. This approach is based on the
chemicals and biomarkers present in the urine and feces in raw wastewater to obtain
qualitative and quantitative data on the activity of inhabitants within a given wastewater
catchment. This technology was applied for norovirus, hepatitis A virus, and poliovirus
detection [7] Water contaminated by nonenveloped viruses could be a potential fomite
when a poor plumbing system easily generates aerosols and could represent a public health
issue [8]. However, SARS-CoV-2-positive feces from COVID-19 patients were used to infect
Vero E6 cells to determine the presence of infectious SARS-CoV-2 particles. The isolated
viral particles showed no cytopathic effect on these cells, and SARS-CoV-2 was not detected
in the supernatants, suggesting the absence of infective viral particles [9].
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Recently, it was used for countries such as Italy [10–12], Australia [7], Germany [13],
Spain [14–16], India [17], the Netherlands [18] USA [19–23], France [24,25], Ecuador [26],
Israel [27], Turkey [28], Japan [29], and Brazil [30] to detect SARS-CoV-2 in wastewater.

In this study, a previously established collaboration between Arizona State University
and Tech de Monterrey [31] was rapidly adapted to implement wastewater surveillance
to monitor SARS-CoV-2 in wastewater throughout Nuevo León state, the third-largest
metropolitan area in Mexico (Figure 1). In 2010, Nuevo León was reported as a pre-
dominantly low-to-middle-income city with a total of 4,689,601 inhabitants in an area of
6357 people per km2 (INEGI). The aims of this study were to (i) determine the feasibility
of monitoring the virus in wastewater, (ii) assess spatial and temporal wastewater trends
throughout the area, and (iii) compare these trends with available clinical data and mobility
rates in other low-to-middle-income country (LMIC) populations.
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Figure 1. Wastewater catchment area of each wastewater treatment plant, namely, Dulces Nombres
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WWTP locations. Cadereyta (Cad) WWTP is not shown. Source: Servicios de Agua y Drenaje de
Monterrey, 2020.

2. Materials and Methods
2.1. Study Area

The study area covered part of the Monterrey Metropolitan Area (MMA), which
is located in the northeast of México in the state of Nuevo León. The municipalities
investigated in this study were Apodaca, Garcia, San Pedro Garza García, General Escobedo,
Guadalupe, Juárez, San Nicolás de los Garza, Monterrey, El Carmen, Pesquería, and
Santa Catarina. This total area had a population of 4.6 M inhabitants and a population
density of 6357 inhabitants per km2. Four wastewater treatment plants were sampled;
they had the following served populations: Norte with 1,139,123 people (25◦47.860′ N,
100◦17.483′ W), Noreste with 476,695 (25◦48′28.3′′ N, 100◦09′58.2′′ W), Dulces Nombres
with 1,695,589 (25◦44′16.3′′ N, 100◦04′09.5′′ W), and Cadereyta with 122,337 (25◦35′10.0′′ N,
99◦58′28.8′′ W). The population in each catchment area per WWTP does not correspond
with the municipality area (as shown in Figure 1). The program ArcGis Pro (version 2.8) was
used to determine the exact population in these areas. In short, the shapefiles (geographic
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feature format) of the municipalities were downloaded from INEGI (2016) [4] at the level
of residential blocks, which was the smallest unit for mapping found in the INEGI data.
This data was uploaded to ArcGis Pro and matched with the corresponding WWTP area.
Afterward, the population data were updated with the most recent census, which was
published this year (INEGI, 2021) [4]. Average daily wastewater flows discharged to each
WWTP range were between 17,492 and 605,290 m3/d. Data obtained from the catchment
area of each WWTP were provided by Servicios de Agua y Drenaje de Monterrey.

2.2. Sample Collection, Storage, and Shipment

Samples of wastewater influent were collected at each wastewater treatment plant
(WWTP) after its primary screening. The sampling method consisted of 1 L grab samples
collected each hour, which were used to create a 24 hr composite sample with added
volumes weighted according to the corresponding flow rate; the final sample volume was
2 L. Samples were collected in high-density polyethylene (HDPE) bottles and stored on
ice at 4 ◦C until subsequent compositing. Sample collection occurred on Sundays, after
which, samples were kept at 4 ◦C and subsequently shipped to ASU on Tuesday in a cold
chain. Shipment was made with an express (next-day) service. The disposable insulator box
included ice and gel bags to maintain appropriate temperature and prevent degradation.

2.3. Sample Processing and Analysis

The methodological details were previously published [32,33]. Briefly, raw wastewater
was filtered using a two-step process: 0.45 µm polyethersulfone (PES) membrane filter unit
(Fisher Scientific, Lenexa, KS, USA), then a 0.22 µm Minisart® PES syringe filter (Sartorius,
Bohemia, NY, USA). The filtrate was concentrated on Amicon® ultra 15 centrifugal filters
with a 10,000 molecular weight cutoff (MWCO) (Millipore Sigma, Burlington, MA, USA)
and extracted using a Qiagen Rneasy Mini Kit (Qiagen, Germantown, MD, USA) following
a modified version of the RNA purification. Reverse transcriptase–quantitative polymerase
chain reaction (RT-qPCR) was performed on an Applied Biosystems QuantStudioTM 3 Real-
Time PCR System with the QuantStudio Design and Analysis Software 1.3 (Thermo Fisher
Scientific, Waltham, MA, USA) using a SuperScript™ III One-Step RT-PCR System with
Platinum™ Taq DNA Polymerase (Invitrogen, Carlsbad, CA, USA) and the Charité/Berlin
(World Health Organization) protocol primer and probe E (envelope) gene target (Integrated
DNA Technologies, Coralville, IA, USA).

3. Results

The goal of this study was to use an existing international collaborative network in
the US and Mexico to implement SARS-CoV-2 monitoring in wastewater in predominantly
low-to-middle-income cities to aid in the public health response.

3.1. SARS-CoV-2 in Wastewater in the Monterrey Metropolitan Area

The sewer network dedicated to the Monterrey metropolitan area was composed of
three catchment areas across several municipalities presented in Figure 1; from largest to
smallest catchment size, this involved Dulces Nombres, Norte, and Noreste, serving a total
of 4.34 million people, while the fourth location corresponds to Cadereyta catchment (not
included in the figure, located at coordinates: 25.585683, −99.974523). Wastewater samples
were analyzed from 16 April 2020 to 31 January 2021, with the first SARS-CoV-2 genome
copies detected on 27 June from three WWTPs including: “Dulces Nombres” (“DNo”,
which partially includes the Apodaca, Monterrey, Juárez, Santa Catarina, San Pedro Garza
García, Pesquería, and Guadalupe municipalities), “Noreste” (“Nes”, which partially
includes the Apodaca, General Escobedo, and San Nicolás de los Garza municipalities),
and “Cadereyta” (“Cad”, which includes the Cadereyta municipality). The first SARS-CoV-
2 detection at “Norte” (“Nte”, which partially includes the El Carmen, García, General
Escobedo, Monterrey, and San Nicolás de los Garza municipalities) occurred the following
day on 28 June. At this time, there were 213 confirmed new COVID-19 cases reported by
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the State’s Health Secretary, with a seven-day moving average of 303 new clinical cases.
The observed SARS-CoV-2 quantification in genome copies per day (calculated according
to the WW flow per day) is shown with the daily number of cases reported by the State’s
Health Secretary confirmed with the clinical PCR testing (Figure 2).
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Figure 2. Wastewater monitoring (A) and mobility (B). The first graph (A) shows the official new
COVID-19 cases per day (light gray circles) and its seven-day moving window average (purple
continuous line) in Nuevo Leon state, México. The data were obtained from COVID-19 México from
https://datos.covid-19.conacyt.mx/#DownZCSV (accessed on 16 September 2021) [34], along with
the genome copies per day sum for all WWTPs in red squares with a four-day moving window
average shown by a light red line. At the top, important events are highlighted with gray dashed
lines, where two yellow stars mark the higher quantifications and an inverted blue triangle marks the
higher quantification before the second wave peak. (B) Mobility reports from Nuevo Leon reported
by the Google platform are plotted in the same time frame. The mobility report was separated
into the following categories: retail and recreation, grocery and pharmacy, workplaces, residential,
and total mobility. Each category was based on the time spent per day in each location type. This
information was compared with the new cases and WBE information corresponding to the Monterrey
metropolitan area since more than 80% of the population of Nuevo León was located in this area.
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In Figure 3, SARS-CoV-2 wastewater-derived results are shown individually for each
WWTP with the corresponding catchments’ new clinical cases. The Dulces Nombres WWTP
had peak genome copies per L of measurements of 4.05 × 105 on 12 July, and the next day,
a high in new daily clinical cases was reported (~270 new cases), followed ten days later
by another peak in cases (~280 new cases), which was the highest in the first wave of the
pandemic. In each case, the highest measured genome copies of SARS-CoV-2 detected in
wastewater would correspond to an increase in the number of cases, anywhere from 1 to
10 days after the measured peak in wastewater. Similar results were seen for Norte and
Cadereyta WWTPs. The Noreste WWTP showed that the measured SARS-CoV-2 genome
copies per L were a leading indicator of increasing clinical caseloads during the first wave
of the pandemic but not in the second.

3.2. COVID-19 Confirmed Clinical Cases vs. WW SARS-CoV-2 Viral Copies in the Monterrey
Metropolitan Area

According to the SARS-CoV-2 Mexican Daily Technical Report, on 9 February 2021, a to-
tal of 1,995,892 cases and 174,657 deaths from SARS-CoV-2 were confirmed. In Nuevo Leon,
Mexico, 159,814 SARS-CoV-2 cases and 8207 deaths were confirmed from 10 March 2020 to
9 February 2021, with 145,153 confirmed cases in the study area, or 91% of total cases re-
ported in COVID-19 Tablero México—CONACYT (accessed on 15 September 2021) [34]. As
described in previous works, wastewater-derived SARS-CoV-2 genome copies in wastewa-
ter correlate with the number of active patients contributing to the sewershed [17]. In this
study, the same result was observed (Figure 2). During the first wave of increasing clinical
cases, SARS-CoV-2 genome copies per L in wastewater samples from the four WWTPs also
increased. Similarly, from 12 to 26 July, a decrease in the average of genome copies/L in
wastewater samples from all WWTPs occurred with a subsequent reduction in the reported
clinical cases (from 612 to 355 new cases) from 23 to 30 July.

Peaks of viral genome copies per L were detected in the four WWTPs during the first
wave on 7 August and on 4 October 2020, after the first wave (1.6 × 106 and 1.5 × 106,
respectively) (see Figure 2, yellow stars). Two weeks before an increase of 780 clinical
cases on 6 September, an increase in genome copies/L was observed before the second
wave peak, which was as high as 1.0 × 1013 to 3.3 × 1014 copies. On 20 December, before
the second wave peak (5 January 2021), 3.5 × 1014 genome copies were detected, as high
as the previously detected peaks of viral genome copies in wastewater samples. This
result suggests less clinical testing and an underestimation of active COVID-19 cases in the
Monterrey Metropolitan area during the plateau of the first wave (from August to October).

During the second wave, we found an increase in the genome copies in wastewater
samples on 20 December, just when the holidays started (blue triangle) (Figure 2). On
5 January, the clinical testing reports rose to the maximum number of cases observed so far
since the beginning of the pandemic, reporting 1162 new COVID-19 cases that day, with
an average of 889 new cases daily. As we present in this work, the WBE results predicted
this maximum peak two weeks after the increased number of genome copies in the WW
samples (Figure 2). Our data suggests a peak of cases predicted during this second wave,
with a robust two weeks notice.

There are several reports where the RNA from SARS-CoV-2 was monitored for over
a year. In Munich [35], around 1.5 million habitants were monitored through wastewater
weekly for a year, sampling in six areas, where the sewage viral load preceded the incidence
numbers by three weeks. This timelapse of the leading indicator was variable between
the six areas. Averages of 4 days to 3 weeks were identified in several studies [23,36]. In
San Diego, CA, US, 2.3 million residents were monitored for a period of 3 months (July to
October 2020), where the peaks of viral load quantification predicted the increase in COVID-
19 cases in the area up to three weeks in advance in most cases. This study suggested
that this system is helpful for community surveillance in vulnerable populations [36]. In
Massachusetts, from January to May 2020, the viral load trends in the sewage appeared
between 4–10 days earlier than the clinical data [23].
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In Latin America, an epidemiological dynamics report of a 1.2 million population in
Argentina from July 2020 to January 2021 showed that increases in SARS-CoV-2 genome
copies detection in sewage samples were 3–6 days ahead of the clinical COVID-19 weekly
confirmed cases [37]. The only study realized in Mexico was in Queretaro city, where
they correlated the accumulated number of new COVID-19 cases with the number of viral
genome copies/mL detected in wastewater samples [38].

3.3. SARS-CoV-2 in WW and Mobility Info in the Monterrey Metropolitan Area

Mexico is currently among the 15 countries with the highest confirmed cases of SARS-
CoV-2 despite the efforts made by the government. The Mexican government implemented
a series of measures beginning on 26 March 2020, such as the suspension until 30 April
of non-essential activities in the public, private, and social sectors (all activities except
construction, mining, transport equipment development, as well as occupations related
to the issuance of health and safety at the workplace); the banning of meetings of more
than 50 people in essential sectors; the implementation of basic hygiene, prevention, and
healthy distance measures; and urging the population to take co-responsible domiciliary
guard, which involved strictly providing home protection to anyone over 60 years of age,
pregnant women, or people suffering from chronic or autoimmune diseases [39]. These
measures were taken to reduce the number of people infected; the contagion curve showed
a lower trend than in other countries for the days at the beginning of infection monitoring
(Figure 2).

From 30 March to 18 May, when there was a partial reopening of activities in the
country, there was an increase of 46,296 confirmed cases. After 18 May, in the same
period length (50 days), there was an increase in confirmed cases of 205,021, meaning
that SARS-CoV-2 cases increased four-fold. It is not strange to observe that from 18 May,
the exponential phase of contagion and hospitalized SARS-CoV-2 cases in the country
approximately began in Nuevo Leon and the study area. Although economic reactivation
was necessary, this reactivation caused a significant increase in the number of people
infected and hospitalized with SARS-CoV-2. Despite this increase, the number of total
confirmed cases in Mexico was lower in comparison to other countries. It can be considered
that the actions of the Mexican government were correct, and yet these actions could have
been even better if the WBE methodology had been implemented to know the estimated
cases that were not reported, such as the asymptomatic cases or cases that lacked diagnosis.
Measures such as lockdowns and mobility restrictions were applied by the government
to limit the virus from becoming widespread around the world. In France, the COVID-19
epidemic’s dynamics were evaluated through SARS-CoV-2 detection in wastewater samples
from March to April during the lockdown period. The lockdown effect showed a decrease
in the quantities of viral genome copies 29 days after, simultaneously with the reduction in
the number of new clinically reported cases [25].

In this study, a mobility data report in Local mobility reports on COVID-19 (accessed
on 26 September 2021) [40] was separated into the following categories: retail and recre-
ation, grocery and pharmacy, workplaces, residential, and total mobility. This information
included more than 80% of the population of Nuevo Leon since it is located in the metropoli-
tan area. These data were used to compare the mobility and the rise of COVID-19 clinical
cases, to monitor the government’s mobility restrictions and the pandemic behavior, and
compare with our data.

During the first wave of infections, the economy reopening activities began on 2 July
(Figure 2B), where all the essential activities were allowed to operate full-time, while non-
essential activities were allowed to operate during an established schedule at 50% capacity.
Mobility was reduced to 25% capacity in the commercial sector, and services (including
restaurants) with an established schedule during weekdays closed on the weekends [41].
After this announcement, there was an average increase of measured SARS-CoV-2 genome
copies detected in the four WWTPs, especially in August, after which, there was an increase
in the number of clinical cases. At this time there was a greater need for clinical testing,
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and the health system started to limit the testing to only symptomatic people. It was
assumed that the rise in the number of cases was limited due to testing; therefore, a real
comparison was not observed in this first wave. To achieve a direct comparison, the testing
strategy should have included a higher number of random clinical testing samples since
Mexico had the lowest rate of clinical COVID-19 testing (0.6 tests per 1000 population) in
the Organization for Economic Co-operation and Development (OECD) countries, where
the average was 27.7 [38,42].

When the first COVID-19 case was reported, retail and recreation mobility decreased,
as observed in Figure 2B (blue dots), as well as total mobility (gray dots). Jobs mobility
was restricted to only essential jobs, and it was observed that the total mobility decreased
to 30% of the baseline in May compared with the last year 2019 [5]. Public transportation
served 21.5 million people per month, where 1.99 million people were active workers [6].
After the mandatory lockdown, retail and recreation mobility increased considerably from
30 April to when the economy reopened on 2 July. After this period this mobility was
maintained until December when the total mobility and the retail and recreation mobility
started to rise again and it coincided with the job mobility reduction (Figure 2B). With
this, an upswing in the genome copies/L was observed in wastewater and clinical testing,
where its maximum number of cases was reported on January 5 (1162) and the wastewater
measurement increase was a leading indicator for the rise in the number of cases with a
two-week advance (Figure 2).

In addition to the analysis of raw wastewater samples, treated effluent was also
examined. It was found that SARS-CoV-2 was not detected in treated wastewater. It is
believed that treatment steps in the WWTP acted as a retainer of SARS-CoV-2 genetic
material, especially in the activated sludge step [43].

3.4. Limitations of the WBE Methodology in SARS-CoV-2 Detection

As an international collaborative study, samples were shipped from Mexico to the
US, presenting a lag time of ~5.5 days between sample collection and sample receipt.
Samples were kept at 4 ◦C before shipment to avoid excess temperature increases. However,
longer hold times were shown to reduce the recoverable virus in wastewater samples [7].
Consequently, the detected concentrations of SARS-CoV-2 (genome copies/L) may have
been higher than the measured values, indicating a higher estimated disease burden in
the communities than originally thought. Unfortunately, the international shipment was
the only option since no local laboratories were capable of measuring SARS-CoV-2 in
wastewater at that time and it would not be possible until 2021.

4. Conclusions

This work highlighted the importance of the role WBE can play in providing informa-
tion regarding COVID-19 community infections in LMIC populations. It was demonstrated
that the wastewater-based epidemiology methodology could be useful in disease monitor-
ing and the necessity of strategically placing WBE control centers in target communities.

LMIC strategies to assess the pandemic through clinical testing lagged regarding the
representation of the actual number of COVID-19 clinical cases. The first detection of
genome copies in wastewater occurred on 27–28 June when the average clinical cases were
303 new daily cases. A correlation was demonstrated between the wastewater genomic
copies and the clinical case trends. During the first wave, the increase in clinical cases
agreed with the wastewater genomic copies increase, and similarly with the decrease.
Moreover, during the second wave, an increase in genomic copies was detected around
15 days ahead of the highest peak of clinical cases. Wastewater-based epidemiology is
a synergic tool that is used for clinical testing to accurately describe viral circulation in
the general population regardless of the access to clinical testing. The difference between
reported clinical cases in the first and second peaks contrasted with the same level of
genomic copies in wastewater demonstrated its relevance regarding overcoming the gaps
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in clinical testing generated by infrastructure capacity, economic challenges, and cultural
adaptation.

Finally, the use of WBE as a tool to follow up and evaluate emerging health policies on
the pandemic control is effective. Additionally, it can be complemented with free available
tools on mobility categorized by activity. A complete system requires a set of tools from
which this work has showcased three synergic parts that may be further explored.
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Abstract: The present study investigated the detection of severe acute respiratory syndrome–
coronavirus 2 (SARS-CoV-2) genomes at each treatment stage of 14 aerobic wastewater treatment
plants (WWTPs) serving the major municipalities in two states of Rajasthan and Uttarakhand in
Northern India. The untreated, primary, secondary and tertiary treated wastewater samples were
collected over a time frame ranging from under-lockdown to post-lockdown conditions. The results
showed that SARS-CoV-2 RNA was detected in 13 out of 40 wastewater samples in Jaipur district,
Rajasthan and in 5 out of 14 wastewater samples in the Haridwar District, Uttarakhand with the E
gene predominantly observed as compared to the N and RdRp target genes in later time-points of
sampling. The Ct values of genes present in wastewater samples were correlated with the incidence
of patient and community cases of COVID-19. This study further indicates that the viral RNA
could be detected after the primary treatment but was not present in secondary or tertiary treated
samples. This study implies that aerobic biological wastewater treatment systems such as moving
bed biofilm reactor (MBBR) technology and sequencing batch reactor (SBR) are effective in virus
removal from the wastewater. This work might present a new indication that there is little to no
risk in relation to SARS-CoV-2 while reusing the treated wastewater for non-potable applications.
In contrast, untreated wastewater might present a potential route of viral transmission through
WWTPs to sanitation workers and the public. However, there is a need to investigate the survival
and infection rates of SARS-CoV-2 in wastewater.

Keywords: aerobic wastewater treatment; COVID-19; RT-qPCR based detection; SARS-CoV-2;
sewage surveillance; wastewater based epidemiology
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1. Introduction

The coronavirus disease (COVID-19) caused by Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) emerged as a worldwide public health emergency within a
few months of its outbreak in Wuhan, China in 2019. The extent of the pandemic COVID-19
is widespread and is currently confirmed to be present in more than 213 countries/regions
worldwide [1,2]. SARS-CoV-2 spreads through air droplets and physical contact [3]. Hence,
early detection and rapid containment protocols are crucial for its control and elimination.
It is challenging to check and control the disease spread in developing countries like
India because of the dense population [3]. These challenges are evidenced by an initial
gradual increase in infection rates during the lockdown, followed by a sharp increase in
the number of positive cases alongside the lifting of lockdown restrictions in India. In
India, the number of COVID-19 positive cases increased from 1993 in May 2020 to 78,512 in
August 2020, as of the last day of August 2020 [4] due to the lifting of the lockdown in early
June 2020, signifying the immediate need of attention. Wastewater-based epidemiology
(WBE) is a useful tool for community-wide detection of epidemics and pandemics in a
given community.

The combination of clinical and environmental surveillance has been useful for pub-
lic health practices [5]. Relying on clinical testing alone for detection and control is in-
sufficient due to the scale of the spread and the existence of many asymptomatic and
pauci-symptomatic cases. However, current evidence indicates that there is a need for
better understanding of the role of wastewater as a potential source of epidemiological
data and as a factor of public health risk. A well-validated WBE is imperative for viral
surveillance, while appropriate sampling, the concentration of the virus in wastewater,
population dynamics, and ethical concerns are crucial factors for a reliable WBE approach,
particularly in regard to its utility as an early warning system [6].

The third quarter of 2020 has been exceptional in terms of discovering new knowledge
pertaining to the WBE of SARS-CoV-2 genetic material loads, its testing methods, and
various strong implications emerging from its use around the world. SARS-CoV-2 RNA
was reported in wastewater in Brazil even before the first clinically confirmed cases [7],
and various other studies detected SARS-CoV-2 RNA in wastewater across the globe in
untreated wastewater [8–12]. However, there are very few recent studies on the occurrence
of SARS-CoV-2 throughout the entire process of wastewater treatment in wastewater
treatment plants (WWTP); which highlights the removal of the SARS-CoV-2 genome
around the globe, such as in Spain [13,14], USA [15], Japan [16], Italy [17], Germany [18],
Paris [19], China [20] and India [6,21–25]. Some of these studies have reported the presence
of SARS-CoV-2 even in treated wastewater, and the main findings are highlighted in
Table 1. In particular, in the study undertaken by Wurtzer et al. [19], six samples of treated
wastewater were found to be positive for SARS-CoV-2 [19]. Randazzo et al. [14] found
secondary treated samples to be positive, while none of the tertiary treated effluents
was positive. Westhaus et al. [18] reported positive samples even after tertiary treatment
(ozonation). It is important to investigate the presence of the virus in wastewater, as the
treated effluent is to be utilized for irrigation purposes.

The study from India by Kumar et al. [7] reported two-point samplings, taken on
8 May 2020 and 27 May 2020, regarding anaerobic treatment systems (UASB). Thus, there
remain questions pertaining to the capability of aerobic WWTPs from India at each stage
of the treatment to achieve the decay of SARS-CoV-2 RNA in wastewater. Although
WBE-based surveillance is a systematically integrated technique used for detection and
diagnostics in many countries worldwide [26], India still lacks awareness about the far-
reaching benefits of this surveillance. While infrastructure development is quintessential
and a long-drawn process, sufficient good quality data on WBE from these regions can be
useful for future planning and computational modeling. Furthermore, there are challenges
and apprehensions about implementing WBE in developing countries, such as India,
due to the poor water supply network and sewerage system. Thus, the present study is
important in the context of WBE from an Indian perspective around its capability, owing to
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unplanned and incomplete sewer systems, sewer overflows and leakage situations, and
strong seasonal fluctuations. These considerations warranted a study that can track the
presence of SARS-CoV-2 viral RNA after each of the wastewater treatment stages in Indian
settings in order to understand the effects of wastewater treatment on RNA decay. Hence,
this study will help to allay the commonly-perceived fear of the commons pertaining to
the effectiveness of WWTPs.

Table 1. Review on the efficacy of treatment processes in different stages of wastewater treatment plants (WWTPs) for the
removal of SARS-CoV-2 RNA in different studies.

Country No. of WWTP Treatment Stages Process Used Result References

Spain 6

Untreated - Positive samples: 35/42

[14]

Secondary treatment Activated sludge Positive samples: 2/18

Tertiary treatment

Coagulation,
Flocculation, Sand

filtration, Disinfection
(UV, NaClO)

Positive samples: 0/12

Spain 1

Primary treated Primary settler Positive samples: 1/4
[13]Secondary treatment and

Tertiary treatment
SBR and Chemical

removal, Microfiltration Positive samples: 0/5

Southern
Louisiana,

USA
2

Untreated - Positive samples: 2/7

[15]Secondary treated Activated sludge Positive samples: 0/4

Tertiary treated Chlorination Positive samples: 0/4

Japan 1

Untreated - Positive samples: 0/5

[16]Secondary treated Activated sludge and aeration Positive samples: 1/5

River water - Positive samples: 0/3

Italy 3

Untreated - Positive samples: 4/8

[17]
Tertiary treated Peracetic acid or

high-intensity UV lamps Positive samples: 0/4

Germany 9
Untreated Activated sludge Positive samples: 9/9

[19]
Tertiary treated Ozonation Positive samples: 4/4

France 3
Untreated wastewater - Positive samples: 23/23

[18]
Tertiary treated Data not available Positive samples: 6/8

China 1
Untreated - Positive samples: 0/4

[20]
Tertiary treated Septic tank Positive samples: 7/9

India 1

Untreated wastewater - Positive samples: 1/2

[22]

Primary treated UASB Inlet Positive samples: 1/2

Secondary treated UASB Outlet Positive samples: 1/2

Tertiary treated Aeration Positive samples: 1/2

Final Effluent - Positive samples: 0/2

India 14

Untreated and primary
treated - Positive samples: 12/33

Present
studySecondary treated MBBR, SBR Positive samples: 0/7

Tertiary treated UV Chlorination Positive samples: 0/14

Note: - = Information not available, MBBR= Moving Bed biofilm reactor, NaClO = Sodium hypochlorite, SBR = Sequencing Batch Reactor,
Cl2 = Chlorine disinfection, UV—Ultra violet disinfection, MLD = million liters per day, UASB = Up-flow Anaerobic Sludge Blanket.

Recently, the world Sustainable Development Summit 2021 highlighted the importance
of WBE for SARS-CoV-2 monitoring and discussed the various challenges involved in
implementing WBE in India, in order to create policy making decisions. In this context,
the main objective of this study is to track the aerobic biological wastewater treatment
system for the decay of SARS-CoV-2 and its genomic RNA along the treatment process
and evaluate its effectiveness. This study was conducted to detect SARS-CoV-2 RNA
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in both untreated and treated wastewater samples collected from multiple locations in
order to assess the health risks posed by the reuse of effluents coming from WWTPs.
Additionally, an attempt has been made to correlate the detected Threshold Cycle (Ct)
values of target genes viz. RNA-dependent polymerase (RdRP) gene, nucleocapsid (N)
SARS-CoV-2 specific genes, and gene E, which are characteristic of pan-Sarbecoviruses in
the qualitative detection of SARS-CoV-2. This can serve as a crude indication of the genome
load over the time-frame which includes lockdown, partial lockdown and no lockdown
conditions. The experiments were carried out to detect the presence of SARS-CoV-2 in
influent, primary, secondary, and tertiary treated effluent samples from 14 wastewater
treatment systems (13 WWTPs and one pump house) in four cities (Roorkee, Rishikesh,
Haridwar, Jaipur) in the two North Indian states of Uttarakhand and Rajasthan, and to
possibly decipher the potential of current biological treatment systems for removing the
virus. This is the study report for a comprehensive data analysis that gives insights into
aerobic biological treatment systems’ role in decaying the SARS-CoV-2 viral genome.

2. Material and Methods
2.1. Sample Collection and Transportation

The wastewater samples (grab samples) (1 L) were collected during nine different
time-points from seven wastewater treatment facilities in Jaipur city (Rajasthan), and
grab and composite samples were collected during three different time points from seven
wastewater treatment facilities in Uttarakhand state (from the cities of Rishikesh, Haridwar,
and Roorkee). The samples were collected during the morning hours, between 6 AM and
10 AM, from different wastewater treatment systems when the sewage flow rate was higher.
The samples collected in Uttarakhand were transported through cold chain transportation
to Jaipur. All samples were pre-processed in the Environmental Biotechnology Laboratory
at Dr. B. Lal Institute of Biotechnology, Jaipur. It was ensured during the packaging that the
samples stayed at 4 ◦C for the whole transit. After sampling, the sampling bottle’s surface
was disinfected with 90% ethanol, was labeled, and was immediately transported (2–4 ◦C)
to the laboratory. The sampling was carried out during the months of May to August 2020.
Detailed information on the numbers of samples, sampling sites, designed capacity, the
average flow rate of WWTPs, and the current treatment (secondary and tertiary) technology
from the states of Rajasthan and Uttarakhand is provided in Table 2. The locations sites of
the different WWTPs are highlighted in Figure 1.

Table 2. Details on the sampling location sites along with treatment characteristics of WWTPs located in Rajasthan and Uttarakhand
states.

Site
No. Sampling Location

Type of
Secondary
Treatment

Technology

Type of Tertiary
Treatment

Dosage &Contact
Time of Tertiary

Treatment

Design
Capacity
(MLD)

Flow Rate
(Avg. MLD)

Number of
Connected
Residents
(Approx.)

Site 1 Ramniwas Garden, Jaipur
26.8963◦ N, 75.8100◦ E MBBR UV NA 1 ~1 >7000

Site 2 Central Park, Jaipur
26.9048◦ N, 75.8073◦ E SBR Cl2 (Bleach

Powder)
4 ppm by dropping

system 1 ~1 >7000

Site 3 Delawas, Jaipur
27.3735◦ N, 75.8926◦ E ASP No treatment 3 ppm,

30 min 65 ~62.5 >480,000

Site 4 Jawahar Circle, Jaipur
26◦50′29′ ′ N,75◦48′0′ ′ E MBBR UV NA 1 ~1 >7000

Site 5 Brahmpuri, Jaipur
26.9373◦ N, 75.8250◦ E SBR No treatment NA 27MLD ~8 >59,000

Site 6 MNIT, Jaipur
26.8640◦ N, 75.8108◦ E MBBR Cl2

(Hypochlorite)
2.5–3 ppm,

30 min 1 ~1 >7000

Site 7
Dravyavati River Project,

Jaipur
26.7980◦ N, 75.8039◦ E

SBR Cl2
(Hypochlorite)

3–5 ppm,
30 min 65 ~65 >480,000

Site 8 IIT Roorkee
29.8649◦ N, 77.8965◦ E SBR UV 40000 microwatt

sec/cm2 3 ~1.5 >7000
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Table 2. Cont.

Site
No. Sampling Location

Type of
Secondary
Treatment

Technology

Type of Tertiary
Treatment

Dosage &Contact
Time of Tertiary

Treatment

Design
Capacity
(MLD)

Flow Rate
(Avg. MLD)

Number of
Connected
Residents
(Approx.)

Site 9 Muni kiReti, Rishkesh
30.1199◦ N, 78.3031◦ E MBBR Cl2

(Hypochlorite)
3 ppm,
30 min 5 ~3.5 >15,000

Site 10 Swarg Ashram, Rishikesh
30.1165◦ N, 78.3131◦ E SBR Cl2

(Hypochlorite)
3 ppm,
30 min 3 ~1.5 >10,000

Site 11
Chandreshwar Nagar,

Rishikesh
30.1115◦ N, 78.3056◦ E

MBBR Cl2
(Hypochlorite)

3 ppm,
30 min 7.5 ~2.5 >10,000

Site 12 Sarai, Haridwar
29.9043◦ N, 78.1080◦ E SBR Cl2

(Hypochlorite)
3 ppm,
30 min 14 ~15 >100,000

Site 13 Jagjeetpur, Haridwar
29.9174◦ N, 78.1316◦ E MBBR Cl2

(Hypochlorite)
3 ppm,
30 min 68 ~45 >200,000

Site 14 Pump House, Haridwar NA NA NA NA NA >200,000

Note: NA = Information not available, ASP = Activated sludge process, MBBR = Moving Bed biofilm reactor, SBR = Sequencing Batch
Reactor, Cl2 = Chlorine disinfection, UV—Ultra violet disinfection, MLD = million liters per day.

Figure 1. Locations of samples collected from the Uttarakhand and Rajasthan states of India.

2.2. Sample Pre-Processing

The samples were pre-processed using two different methods, as specified in Figure 2.
In method A, a 50 mL sample was transferred into sterile falcon tubes in the Biosafety
Cabinet (BSL-II), followed by surface sterilization of the falcons using 70% ethanol and
UV light exposure for 30 min. The heat inactivation of the virus was then achieved by
placing the falcon tubes in a water bath at 60 ◦C for 90 min. The samples were further
filtered through a 0.45µm membrane using a vacuum filter assembly. The filtrate was
then transferred to a fresh falcon containing 4 g PEG (Himedia) and 0.9 g NaCl (Himedia).
The content was dissolved through manual mixing, followed by centrifugation at 4 ◦C
for 30 min at 7400× g. The pellet obtained was then resuspended in 1X Phosphate Buffer
Saline (PBS). The method B used for the detection of the SARS-CoV-2 virus was performed
by the transfer of a 1 mL sample in a 1.7 mL centrifuge tube, followed by centrifugation
at 7400× g for 15 min. The supernatant was collected in a fresh tube and was again
centrifuged at 7000 rpm for 15 min. The supernatant thus obtained was used for nucleic
acid extraction. The samples for the duration of May and June were pre-processed using
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method A. Because method B requires a shorter duration (2 h 40 min), as compared to
method A (as described in Figure 2), and because both methods gave a similar efficiency of
detection (as reported in our previous study, Arora et al. [27], all samples from July 2020
onwards were pre-processed using method B.

Figure 2. Methodology for the detection of SARS-CoV-2 viral genome through RT-qPCR in wastewater samples.

2.3. RNA Isolation

RNA extraction and the subsequent steps of detection were completed at the Dr. B. Lal
Clinical Laboratory Pvt. Ltd., Jaipur (which is authorized by ICMR to conduct COVID-19
testing in humans). The viral RNA molecules present in the wastewater samples from
May to early July 2020 were isolated using a Biospin kit (Cat# BSC77M1). As per the
vendor’s instructions, 10 µL proteinase K and 200 µL of lysis buffer were added to 200 µL
of the sample into a 1.5 mL centrifuge tube, followed by vortex mixing and incubation
at 56 ◦C for 15 min in a heating block. 250 µL of ethanol was then added to the sample
and mixed by vortexing for 15 s. The mixture was then transferred to the spin column
and centrifuged at 10,000× g, followed by sequential washing with the three wash buffers
provided in the kit, followed by centrifugation at 10,000× g for 1 min at each washing
step. After the complete drying of the spin column, the RNA was eluted out using a
50–100 µL elution buffer. Centrifugation was done at 12,000× g for 1 min. The RNA from
the samples collected in late July to August was extracted using the automated Kingfisher
Flex System TM (Cat#5400610).

2.4. Real-Time PCR for Detection of SARS-CoV-2

For the qualitative detection of SARS-CoV-2 in the wastewater samples, RT-qPCR
was performed using a commercially available FDA-approved Allplex™ 2019-nCoV Assay
kit (Cat# RP10244Y, 208 RP10243X), as per the vendor’s instructions for the qualitative
detection of SARS-CoV-2 genomic RNA in the sample on Applied Biosystems™ QuantStu-
dio™ 5. The master mix was prepared using the kit content, which was composed of an
amplification and detection reagent, enzyme mix for one-time RT-qPCR, buffer containing
dNTPs, buffer for one-step PCR and RNase-free water. Each PCR tube contained 8 µL
sample RNA, 5 µL 2019-nCoV oligo -mixture, 5 µL Real-time one-step buffer and 2 µL
Real-time One-step enzyme and the final volume of the mixture were adjusted to 25 µL
using RNase free water. Additionally, as per the kit protocol, “no template” as a negative
control, assay target gene plasmids as positive controls, and MS2 phage DNA as internal
controls were used to validate each round of reactions. Three genes (E, RdRp, and N)
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were targeted to detect the presence of the SARS-CoV-2 genome. A list of the different
fluorophores used for the detection run is given in Supplementary Materials. Thermal
cycling reactions were performed at 50 ◦C for 20 min, 95 ◦C for 15 min, 44 cycles at 94 ◦C
for 15 s, and 45 cycles at 58 ◦C for 30 s, in a thermal cycler. The Allplex™ 2019-nCoV
Assay is an in vitro diagnostic real-time reverse transcriptase-polymerase chain reaction
(RT-PCR) test used for the qualitative detection of SARS-CoV-2 viral nucleic acids. The kit
has reagents RP-V IC (1000 µL), composed of MS2 phage genome as an exogenous internal
control. As per the manufacturer’s instructions, internal control Ct values above 40 are
considered invalid. The PCR controls are provided with the Allplex™ 2019-nCoV Assay to
confirm the validity of each PCR run on the same plate. Negative Control (NC) is used as a
PCR control to confirm test validity and the absence of any contaminants during testing.
The “no template” control is prepared using RNase-free water added to Master Mix prior
to PCR. NC was included in each test run.The PC is constructed using plasmids encoding
Allplex™ 2019-nCoV Assay target sequences and was included in each test run.

The criteria, of choosing two out of three genes with valid Ct values as criterion for
overall positive or not, is based on manufacturer’s instruction. This has been extensively
discussed in Kumar et al. [21,22], bas well. In addition, it is important to note that, as we
detect titer of RNA and talk about the entire SARS-CoV-2 genome, it would not be rational
to say that the entire genome exists based on just one gene detection. Therefore, at least two
out of three genes need to be present in a sample in order for the sample to be announced
as positive.

3. Results and Discussions
3.1. Detection of SARS-CoV-2 RNA in Untreated Wastewater Samples

In India, the country-wide lockdown and prohibitions pertaining to the containment
of the pandemic were enforced on 24 March 2020. This was initially declared as a 21-day
restriction period, but was extended multiple times until 31 May 2020. With the onset
of the post-lockdown period, most of the states lifted restrictions and prohibitions, bar
a few precautionary measures. By July 31, while the rate of the country’s confirmed
positive cases was constantly rising [28], many of the states were completely out of the
lockdown conditions. The window of wastewater influent sample collection in the present
study started as early as 4 May 2020 and continued throughout the lockdown and until
post-lockdown, on 14 August 2020. The observations discussed in Table 3 are taken from
sampling completed at various sites in Rajasthan and Uttarakhand and tested for the
presence of the viral genome. The early sampling in Rajasthan coincided with the onset of
community restrictions and the lockdown duration and continued through the gradual
relaxation of the lockdown. The sampling was carried out until August 2020, and coincided
with the time window when most establishments, including offices, barbershops, markets,
malls, were opened and unrestricted city movements were allowed. In Uttarakhand,
sampling was conducted under partial lockdown conditions, with offices closed and
restricted activities permitted in some areas.

The wastewater of the entire Jaipur city, and the outskirts area is connected through
a sewerage network that joins the main trunk sewer with a 1800 mm diameter and an
average flow of 130 MLD, terminating at Delawas Sewage treatment plant (STP) Site 3,
based on the activated sludge process (centralized treatment facility at 125 MLD capacity).
From this main trunk, settled sewage is withdrawn at a rate of 1 MLD Sites 1, 2, and 4,
has been connected to three decentralized treatment plants based on MBBR technology
for more than ten years in order to maintain public parks. Besides this, Site 6 has its own
WWTP plant at MNIT Jaipur campus area, based on MBBR technology of a capacity of 1
MLD. Site 7 at Dravyavati River WTWP has a capacity of 65 MLD. Site Brahmpuri WWTP
(Site 5) has a capacity of 27 MLD. Almost all of the WWTPs are working at full capacity,
and hence this can be considered to be their average flow rates. The wastewater from the
majority of the Haridwar city gets collected to the pump house (Site 14), and then travels to
two major WWTPs at Site 12 and 13, which are SBR and MBBR based, respectively. These
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WWTPs are not working in their full capacity, and their average flow rate is provided in
Table 2.

Table 3. Results showing Ct values of targeted genes for detection of SARS-CoV-2 RNA in untreated and treated wastewater
samples collected from different WWTPs.

(A) Rajasthan

Site No. Sampling Site Type of Sample Sampling Date CTE CTR CTN
Final Result

Interpretation

Site 1 MBBR, Ramniwas Garden,
Jaipur

Untreated

4 May 2020 33 36 33 Positive

15 May 2020 - - - Negative

20 May 2020 31 38 34 Positive

12 June 2020 32 37 34 Positive

12 July 2020 36 - 36 Positive

11 August 2020 35 36 36 Positive

Secondary treated 11 August 2020 - - - Negative

Tertiary treated

4 May 2020 - - - Negative

12 June 2020 35 - - Negative

26 July 2020 - - - Negative

11 August 2020 - - - Negative

Site 2 SBR, Central Park, Jaipur

Untreated

4 May 2020 - - - Negative

15 May 2020 - - - Negative

20 May 2020 - - - Negative

Secondary Treated 11 August 2020 - - - Negative

Tertiary treated
4 May 2020 - - - Negative

11 August 2020 - - - Negative

Site 3 ASP, Delawas, Jaipur
Untreated

4 August 2020 32 36 36 Positive

8 August 2020 34 35 36 Positive

Secondary treated 11 August 2020 - - - Negative

Site 4 MBBR, Jawahar Circle,
Jaipur

Untreated

4 May 2020 - - - Negative

12 June 2020 - - - Negative

4 August 2020 34 - 38 Positive

8 August 2020 - - - Negative

11 August 2020 - - - Negative

29 October 2020 34 - 33 Positive

Primary treated sample 29 October 2020 31 - 32 Positive

Secondary treated 8 August 2020 - - - Negative

Tertiary treated 8 August 2020 - - - Negative

Site 5 SBR, Brahmpuri, Jaipur

Untreated

15 May 2020 - - - Negative

20 May 2020 36 - 37 Positive

12 June 2020 36 - 36 Positive

11 August 2020 33 34 35 Positive

Secondary treated
12 June 2020 - - - Negative

11 August 2020 - - - Negative

Site 6 MBBR, MNIT, Jaipur
Untreated

4 May 2020 - - - Inconclusive

4 August 2020 - - - Negative

Tertiary treated 4 May 2020 - - - Negative

Site 7
SBR, Dravyavati River

Project, Jaipur

Untreated 4 May 2020 – - - Negative

Tertiary treated 4 May 2020 - - - Negative
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Table 3. Cont.

(B) Uttarakhand

Site 8 SBR, IIT Roorkee

Untreated
25 July 2020 33 37 37 Positive

14 August 2020 36 30 37 Positive

Secondary treated 11 August 2020 - - - Negative

Tertiary treated 11 August 2020 - - - Negative

Site 9 MBBR, Muni kiReti,
Rishkesh

Untreated 25 July 2020 36 37 37 Positive

Tertiary treated 25 July 2020 - - - Negative

Site 10 SBR, Swarg Ashram,
Rishikesh Untreated 25 July 2020 - - - Negative

Site 11
MBBR, Chandreshwar

Nagar, Rishikesh

Untreated 25 July 2020 - - - Negative

Tertiary treated 30 July 2020 - - - Negative

Site 12 SBR, Sarai, Haridwar
Untreated 25 July 2020 36 - 37 Positive

Tertiary treated 25 July 2020 - - - Negative

Site 13 MBBR, Jagjeetpur,
Haridwar

Untreated 25 July 2020 33 37 - Positive

Tertiary treated 25 July 2020 - - - Negative

Site 14 Sewage, Pump House,
Haridwar Untreated 25 July 2020 - - 37 Negative

CTE = CT value of E gene, CTR = CT value of RdRp gene, CTN = CT value of N gene, CTIC = CT value of Internal Control. The value of Ct
above 40 indicates that the gene tested is not present in the sample. The presence of at least two out of three positive genes in a sample was
ruled to be positive for the SARS-CoV-2 genome.

The observations from the RT-qPCR-based qualitative genome detection showed that
the spread of COVID-19 in Northern India is highly extensive. Table 3 shows the results of
the untreated and treated wastewater samples, and the Ct values of all three target genes
(E, RdRp, and N) were interpreted accordingly. A total of 40 samples from Rajasthan and
14 samples from Uttarakhand collected between May 4 and August 14 (2020) were tested
for the presence of SARS-CoV-2 RNA. Some variations in Ct values are probably due to the
complexity and variability of the sewage samples and has been described before [29,30].
The interpretation of results in Table 3 (from different sites, as described in Table 1) was
based on categorizing a sample as positive when the cycle threshold took place below
cycle 40, for either two of the three genes such as RNA-dependent polymerase (RdRP),
nucleocapsid (N) SARS-CoV-2 specific genes and gene E, characteristic of pan-Sarbeco
viruses detection, as per manufacturer’s instructions. The Ct values of positive samples
were in the range of 30–38, corresponding to a mild to moderate genome load presence in all
of the untreated wastewater samples. It was observed that the areas served by the WWTPs
of Jaipur city that showed positive results reported a continuous increase in confirmed
positive patients, which corroborated with the Ct values. As observed in Table 2, during
May 2020, the samples showed the presence of SARS-CoV-2 RNA in untreated wastewater
from Site 1 and Site 5, which corroborated with the positive patients’ cases around the
area (as reported in [27], while the rest of the sites showed negative samples. With the
withdrawal of lockdown restrictions by the end of June 2020, a significant increase in the
COVID positive cases was observed. The number of positive cases reached the thousands,
as reported by [4]. This can be corroborated with the decrease in the Ct values from >40
to 33, which can be seen for certain sites such as Site 5, Brahmpuri, Jaipur. However, the
results obtained from the Site 1 samples are quite captivating. The Ramniwas Garden
WWTP (Site 1) is currently serving the walled city area of Jaipur that includes the major
hotspot of the city, the Ramganj area, having the maximum reported cases in May 2020. The
detected genome load in the sample collected from Site 1 increased during the lockdown,
and decreased in the post-lockdown period. One of the key reasons behind this observation
is that the SMS Hospital sewage is also collected and treated at Site 1 WWTP. SMS Hospital
had a COVID-19 positive patient load in May 2020 (during lockdown in the city), and the
load gradually decreased in July and August. This is because patients started to recover,
and there was also a decline in positive patient admissions in the hospital. Therefore, this
pattern of Ct values and infectivity during and post lockdown periods can be explained.
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The Ct values in the wastewater samples collected from Uttarakhand indicate genome loads
within the same order as the loads present in Jaipur during June 2020. This was during
the time when restrictions were being partially lifted in the cities. The increase in the viral
genome load concurs with the gradual rise in the number of infected individuals, which
rose from 2138 and 720 active cases on June 1 to 10,260 and 5912 active cases by the end
of August 2020 in Jaipur and Haridwar districts, respectively (number of cases for Jaipur
district were obtained from the newspaper, the case numbers for Haridwar were reported
by the Department of Medical Health and Family Welfare [31] (https://health.uk.gov.in/,
accessed on 31 August 2020).

A few studies have also tried to correlate the Ct values with the genome load and the
probability of that load being infective [32,33]. Different lab-scale studies were conducted
investigating the percentage of the cell cultures turning positive at various Ct levels of the
SARS-CoV-2 genome detected in the clinical samples of sputum and nasal swabs [32]. The
study shows that a sample with a genome load with Ct values greater or equal to 34 could
not infect the cell lines tested and postulates that the patients with higher or equal to 34 Ct
values may be discharged [33]. However, these studies have been conducted in labs for
clinical samples and might not correspond to the infection probabilities that could occur
through the wastewater contamination. Thus, it would be interesting to investigate the
possibilities of transmission routes through contaminated wastewater [34].

It was further observed that gene E was frequently detected with the lowest Ct values
during the qualitative detection compared to the other two genes (Genes N and RdRp)
(as reported in Table 3 and Figure S1). In Uttarakhand, the Ct of E gene in four samples
out of five positive samples was the lowest compared to those of N and RdRp genes in
the same samples. In Jaipur, all the five-times sampling in August 2020 (overall ten out
of twelve samples), showing positive results for the presence of the SARS-CoV-2 genome,
had the lowest Ct values for the E gene. Furthermore, it was observed that for the samples
collected during the earlier time points from Jaipur, the Ct values of E and N indicated
a marginal difference in their respective gene loads (Figure S1a). In contrast, the sample
collected later in the time window from July to August clearly showed the prevalence of
the E gene over the other two genes (as depicted in Figure S1b–d), which was reflected by
the rise in the graph E gene for fewer samples.

Thus, the present study highlights the effect of lifting the lockdown restrictions with
the increase in the viral genome load per unit of wastewater. In the post lockdown period
(August 2020), the rapid increase in the numbers of COVID-19 patients was corroborated
by the decrease in Ct values (Site 5). Additionally, the genes tested for SARS-CoV-2 in the
wastewater showed different gene load levels, as indicated by the Ct values. The E gene
seems to be present more abundantly than N and RdRp in all of the samples. Either of two
reasons can explain this observation. One reason could be related to the host-pathogen
interaction, which is different for different populations. Thus, it is possible that a particular
gene is more abundantly or stably expressed in a community. Another reason could be
that the E gene is responsible for the structural assembly of the viral particles without
interacting with N and RdRp genes [35].

Additionally, the self-assembly of SARS-CoV-2 requires the interaction of the N gene
with viral RNA for compaction and packaging into the viral capsid [36]. Thus, the observed
Ct value trends might be interesting and may indicate shedding of viral capsids before the
packaging is complete. Alternatively, the trends of Ct values could indicate the differential
expression rates of these genes under different conditions, such as the genetic makeup of a
community, geographical, climatic, etc. Therefore, these dynamics in E, N, and RdRp gene
detection might prove useful in understanding the viral host interactions and transmission
probabilities through wastewater.

The study also highlights the methods of transporting the wastewater samples, and
its effect on RNA detection. The samples from the state of Uttarakhand were collected
and immediately transported to Jaipur at 4 ◦C using cold chain transportation. Despite
the gap of approximately 3–4 days between sampling and pre-processing, the Ct values
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observed for these samples indicated a mild to moderate range of genome load, similar
to the immediately pre-processed samples. This indicates that transportation before pre-
processing did not significantly affect the detection and that transportation of the collected
wastewater samples at 4 ◦C might be a sufficient measure for genome detection. This
observation is important in the context of using only qualitative detection of SARS-CoV-
2 in wastewater, which was to be transported over a longer distance using cold chain
transportation. However, in the case of quantification, more studies are required in order
to understand this.

3.2. Secondary Aerobic Biological Treatments Are Sufficient to Decay the SARS-CoV-2 RNA
beyond Detection

The presence of the SARS-CoV-2 genome in untreated wastewater is a cause forcon-
cern as the wastewater is a potential route of viral transmission to sanitation workers.
Additionally, aerosolization of wastewater during its treatment can promote infection via
air, provided that the viral particle is active. The sludge and treated water from these
treatment facilities are used for agricultural purposes, which can put end users’ health
at risk. To investigate the probability of such a transmission route, samples from various
stages of aerobic wastewater treatment were collected and checked for the presence of viral
RNA.

The samples were collected from primary treatment, secondary treatment, and ter-
tiary treatment stages of wastewater treatment plants. Different treatment methods were
available at different sites, which provided comprehensive information on the fate of viral
RNA after different methods of treating the wastewater had been implemented. While
most of the sites selected in Jaipur have only secondary treatment technology, three of
them (viz. Site 1 Ramniwas Garden WWTP, Site 4 Jawahar Circle WWTP, and Site 6 MNIT
WWTP) have tertiary treatment technology, with a UV disinfection unit. However, during
our test window, only Site 1, Ramniwas Garden WWTP, was connected to a community
that was considered to be a hotspot for the pandemic, while the other two sites were
not. In order to investigate the effect of each wastewater treatment stage on SARS-CoV-2
decay, samples from each of the stages mentioned above were checked. The sites which
were not serving the hotspot communities showed the absence of viral RNA in influent
and samples from the subsequent stages. However, it was observed that even where we
could detect the presence of viral RNA in the influent, the viral RNA decayed beneath the
level of detection immediately after the second stage treatment (Table 3) and remained
undetectable at consequent stages as well. In fact, the detectable and intact SARS-CoV-2
viral genome was not observed in any of the post-secondary treated wastewater samples,
regardless of the type of biological treatment (i.e., Activated sludge process, MBBR or SBR).
The absence of viral RNA in the effluent was consistent between the sampling that was
conducted during the lockdown and after the lifting of the lockdown regulations. While it
is important to note that there has been a constant increase in the number of COVID-19
cases, and by extension, the SARS-CoV-2 genome load per sample unit, treated samples
were still consistently negative for the viral genome presence.

The observations thus far indicated that the viral RNA was decaying between the
stages of influent and post-secondary treatment. These observations raised questions about
which particular treatment could be directly involved in the decay. Any of three possible
reasons could be the source of the decay: firstly, that the viral load was going down during
the primary treatment procedures itself due to the settling down of the viral particles;
secondly, it was very likely that the secondary treatment procedures, which are effective
in virus removal by the biofilm generated by the microbes, were responsible; or thirdly, it
was possible that both the primary and secondary treatments together were responsible
for the decay with a partial depreciation in load starting at the primary treatment stage
itself. Samples were taken and analyzed from untreated wastewater and during all the
subsequent stages of treatment in order to delineate between these mechanisms. The Ct
values of all target genes obtained between untreated and post-primary treated wastewater
samples showed little variation, while most of the viral RNA was decayed during the
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secondary treatment stage. This indicates the possibility that the second mechanism, where
the decay of RNA happens due to the biological treatments, is in action. This evidence
thus shows that the wastewater treatment facilities are capable of degrading the viral RNA
significantly. The biological treatment stages were capable of completely degrading the
intact SARS-CoV-2 genome beyond the detection sensitivity and this did not depend on the
tertiary treatment (i.e., disinfection stage). Direct chlorination of untreated sewage might
not significantly reduce the detected viral loads if the chlorine demand of the sample is
not satisfied. Chlorine demand is directly proportional to the organic waste matter present
in the water samples [37]. Since there is a very large quantity of organic matter in the
sewage, it is understandable if chlorination alone is not highly effective. Evidently, Zhang
et al. [20] found an unexpected occurrence of SARS-CoV-2 viral RNA in aseptic tank even
after disinfection with sodium hypochlorite. They suggested reevaluation of the existing
disinfection approach (free chlorine: >6.5 mg/L after 1.5-h contact).

In contrast, the absence of any detectable viral genome in wastewater samples col-
lected post-secondary treatment might indicate the efficacy of the biofilm generated by the
microflora in the biological reactors in removing the viral genome loads. This hypothesis is
based on several studies that have reported biofilms’ role in the removal of various types
of viruses [38,39]. A biofilm can be defined as a well-organized community consisting
of cooperating microorganisms immobilized in an extracellular polysaccharide (EPS) ma-
trix [40,41]. Biofilms can be an association of single or multiple species of bacteria, fungi,
algae, protozoans, and rotifers in combinations [41]. Thus, it is possible that these biotic
constituents of the biofilm, along with the abiotic components, such aspH, temperature,
or minerals present, are an integral part of the SARS-CoV-2 viral decay and removal from
the wastewater. Further investigation into the role of biofilm is much needed, as the aero-
bic biological wastewater treatment process investigated in this study seems to be more
efficient in the decay of viral RNA than the anaerobic UASB system, in which the decay is
completed only after the post-secondary treatment aeration stage [20].The findings from
the present study indicate that secondary aerobic biological WWTPs contribute to reducing
the virus concentration due to the adverse environmental conditions (i.e., temperature,
solids, pH, or disinfectants) to make the water fit for reuse.

3.3. Comparison of the Efficiency of Studied Treatment Processes

We examined the efficiency of MBBR, SBR, and ASP wastewater treatment processes
by comparing the changes in the Ct values of the SARS-CoV-2 E gene, RdRp gene, and
N gene before and after the treatment wastewater samples (i.e., influent and effluent). A
paired-samples T-test was carried out in order to evaluate the efficacy of MBBR and SBR
treatment processes (Figure 3a,b), while a comparison was made between influent and
effluent wastewater samples of the ASP treatment process (Figure 3c). The results showed
significant removal of all three targeted SARS-CoV-2 genes from the MBBR plant (p < 0.05),
while a substantial decrease (p > 0.05) in E and N genes was noticed in the SBR treatment
process depicted by a post-treatment increase in Ct values of genes (Figure 3a,b). Likewise,
all three genes were successfully removed from the ASP treatment process (Figure 3c).

In addition to this, the paired T-test between the inlet and outlet wastewater samples,
taken on the same date during the study, displayed a significant reduction/removal of
SARS-CoV-2 genes, except for one occasion in the case of MBBR treatment (Figure 4).
Contrary to this, the reduction of SARS-CoV-2 genes in wastewater samples was insignifi-
cant in the SBR treatment process. The results suggest that all three treatment processes
successfully reduced/removed the virus genetic load in wastewater samples; however,
the performance of MBBR was found to be higher than that of the SBR and ASP treatment
processes.
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Figure 3. Comparison between the inlet and outlet wastewater samples for SARS-CoV-2 genetic load in (a) Moving bed
Bioreactor (MBBR) based treatment; (b) Sequencing batch reactors (SBR); and (c) Activated Sludge Process (ASP).

Figure 4. Paired T-test between the inlet and outlet wastewater samples, taken on the same date
for SARS-CoV-2 genetic load in Moving bed Bioreactor (MBBR) based treatment and Sequencing
batch reactors (SBR). where *** = p < 0.01; ** = p < 0.05; NS = not significant; ND = not detected; and
RT-PCR was run for 40 cycles).
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4. Conclusions

The present study reports 33.3 percentage of positive wastewater samples for SARS-
CoV-2 from two states of Northern India, with none of the secondary or tertiary treated
samples found to be positive. The samples from multiple locations make the study more
representative and indicate the potential applications of WBE across diverse geographical
and climatic conditions. This highlights the fact that aerobic biological wastewater treat-
ment systems might be sufficient for SARS-CoV-2 removal, diminishing any possibility
of the fecal route of disease transmission through treated wastewater. This study also
assessed the efficacy of each stage of aerobic wastewater treatment systems and established
a surveillance system through sewage monitoring of the potential virus circulation. This
study further highlights that Ct values correspond to positive patient cases in the area
and illustrated the effect of physical distancing and lockdown regulations, as is evident
from several negative samples during the lockdown period. The paired T-test between the
inlet and outlet wastewater samples, taken on the same date during the study, displayed
a significant reduction/removal of SARS-CoV-2 genes. The results suggest that all three
treatment processes successfully reduced/removed the virus genetic load in wastewater
samples; however, the performance of MBBR was found to be higher than that of the SBR
and ASP treatment processes. This study opens up a new direction of treatment efficacy
on SARS-CoV-2 removal and stresses the need to understand the survival of SARS-CoV-2
under natural conditions in various aerobic wastewater treatment systems. The present
study aims to add to the existing literature on WBE and contribute to an efficient and
resilient public health emergency response mechanism in India for the future. This study
provides a comprehensive data analysis and gives insights into the role of aerobic biological
treatment systems in decaying the SARS-CoV-2 viral genome.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13162265/s1, Figure S1: Graphs showing trends in the three genes from the months of May
to August for (a) May 20 (b) June 12 (c) July 25 (d) August 4 (e) August 11 (2020).
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Abstract: Wastewater-based surveillance has been emerging as an efficient and advantageous tool to
predict COVID-19 prevalence in the population, much earlier (7–28 days) than reported clinical cases,
thus providing sufficient time to organize resources and optimize their use in managing COVID-19.
Since the commencement of the COVID-19 pandemic, SARS-CoV-2 genetic lineages have emerged
and are circulating all over the world. The assessment of SARS-CoV-2 variants of concern (VOCs) in
wastewater has recently been proven to be successful. The present research demonstrates a case study
utilizing an established approach to perform monitoring of SARS-CoV-2 variants from 11 distinct
wastewater treatment plants across Jaipur (India) during the second peak period of COVID-19 (from
19 February 2021 to 8 June 2021). The sequences obtained were analyzed to detect lineage using
the Pangolin tool and SNPs using the mpileup utility of Samtools, which reported high genome
coverage. The mutation analyses successfully identified the penetration of the B.1. in the first two
weeks of sampling (19–26 February), followed by the B.1.617.2 variant into Jaipur in the first week
of March 2021. B.1.617.2 was initially discovered in India in October 2020; however, it was not
reported until early April 2021.The present study identified the presence of B.1.617.2 in early March,
which correlates well with the clinical patient’s data (290 cases were reported much later by the
government on 10 May 2021). The average total genome coverage of the samples is 94.39% when
mapped onto the severe acute respiratory syndrome coronavirus 2 isolate Wuhan-Hu-1; a complete
genome (NC_045512.2) sequence and SNP analysis showed that 37–51 SNPs were identified in each
sample. The current study demonstrates that sewage surveillance for variant characterization is a
reliable and practical method for tracking the diversity of SARS-CoV-2 strains in the community that
is considerably faster than clinical genomic surveillance. As a result, this method can predict the
advent of epidemiologically or clinically important mutations/variants, which can help with public
health decision making.

Keywords: COVID-19; next generation sequencing; SARS-CoV-2; sewage; variants of concerns

1. Introduction

SARS-CoV-2 has had an ever-expanding epidemiology since its introduction in De-
cember 2019, with an increase in the number of patients and its spread. As of 17 November
2021, there have been 255,252,955 clinically confirmed SARS-CoV-2 cases registered world-
wide, with 5,133,224 deaths [1]. Viruses evolve and diversify throughout time, and the
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introduction of new variants such as the diversity of SARS-CoV-2 is an expected occur-
rence due to evolution and adaptability, as what has been seen internationally. Upon the
suggestion of WHO’s Technical Advisory Group on Virus Evolution, WHO recognized
the variant B.1.1.529, known as Omicron, as a variant of concern on 26 November 2021 [2].
Most mutations that arise will not provide the virus with a selection advantage. Some
alterations or combinations of mutations—such as greater transmissibility via increased
receptor binding or the ability to avoid the host immune response by changing surface
features recognized by antibodies [3,4]—may do so. Understanding the genetic nature
of circulating SARS-CoV-2 in the community is critical in this scenario. Due to limited
resources, it is essentially impossible to conduct a genomic surveillance of clinical patients
on a large scale as the number of cases and mutations grows. In such cases, the wastewater-
based epidemiological paradigm would cover community-wide genetic variant monitoring
and would prove to be a practical, cost-effective, and important resource for analyzing
SARS-CoV-2 mutations in the population [5]. The World Health Organization (WHO) has
also acknowledged environmental sewage surveillance as a method of protecting public
health by monitoring and detecting viral infections in circulation [6]. The use of genomic
surveillance of wastewater could prove to be a valuable tool for detecting, identifying, pre-
dicting, and building an early warning system for the identification of variants of concern
(VOCs) in circulation to support public health actions. Table 1 shows the list of currently
designated variants of concerns, as defined by WHO [7,8].

Table 1. Currently designated variants of concern by WHO [9].

WHO Label Pango Lineage GISAID Clade
Additional Amino

Acid Changes
Monitored

Earliest Documented
Samples Date of Designation

Alpha B.1.1.7 GRY +S: 484K
+S: 452R

United Kingdom,
Sep-2020 18 December 2020

Beta B.1.351 GH/501Y.V2 +S: L18F South Africa,
May-2020 18 December 2020

Gamma P.1 GR/501Y.V3 +S: 681H Brazil,
Nov-2020 11 January 2021

Delta B.1.617.2 G/478K.V1 +S: 417N
+S: 484K

India,
Oct-2020

VOI: 4 April 2021
VOC: 11 May 2021

Omicron B.1.1.529 GRA +S: R346K Multiple countries,
Nov-2021

VUM: 24
November 2021

VOC: 26
November 2021

The appearance of new SARS-CoV-2 variants with mutations linked to greater trans-
missibility, a weaker antibody response, or both [10–12] has recently attracted attention.
SARS-CoV-2 mutations have been found across the world, raising worries about the effi-
ciency of treatment and vaccinations. Because of its positive-sense single-stranded RNA
genetic material, SARS-CoV-2 has a high mutation rate, posing a public health threat. Dif-
ferent highly infectious forms of SARS-CoV-2 that have emerged because of mutations in
the SARS-CoV-2 genome have been identified as variants of concerns (VOCs) (Table 1). The
B.1.1.7 lineage of SARS-CoV-2, for example, which was discovered in the United Kingdom
(UK) in November 2020, is thought to be 40–80% more contagious than the initial strain [13].
Other SARS-CoV-2 lineages from Brazil (P.1), Southern African countries (B.1.351), and
India (B.1.617.2) are also more transmissible than the early 2020 variants. Because Omicron
has been designated as a variant of concern, WHO recommends that countries improve
their surveillance and sequencing of cases, share genome sequences on publicly available
databases such as GISAID, report initial cases or clusters to WHO, and conduct field in-
vestigations and laboratory assessments to better understand if Omicron has different
transmission or disease characteristics, or how it affects the effectiveness of vaccines. In
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terms of viral pathogenicity, virulence, and transmission, the variants of concern (VOCs)
are crucial [2].

The clinical monitoring, which includes whole genome sequencing from infected
patients’ nasopharyngeal samples, is an effective method, although it is costly, labor-
intensive, and time-consuming. It also has serious flaws, such as only including genomes
of symptomatic patients, which, according to a recent study [14–16], accounts for only
two-thirds of the population, with the remaining one-third of SARS-CoV-2 infections
being asymptomatic and not covered by clinical genomic monitoring. As a result, finding
variants in wastewater could be a more efficient, quicker, and practical way to track the
appearance and spread of new variants in a community. Several research works have
attempted to sequence the SARS-CoV-2 genome and detected genetic variations from
wastewater samples in several locations, including Montana, USA [16], California, USA [17],
Switzerland [18], London [19], Canada [20], and India [21], among others. To effectively
control the COVID-19 pandemic in a coordinated manner, it is critical to promote this
unique strategy on a much larger scale globally and to build a repository of dominant
variants in circulation.

With almost 5000 cases recorded in Jaipur during the second wave of COVID-19, it
was vital to analyze the wastewater from the city to understand the infection dynamics and
focus on the variations circulating in the community. To highlight the necessity of variant
surveillance, we conducted an amplicon-based metagenomic landscape of SARS-CoV-2 in
the wastewater of the Jaipur region during the period of the second wave, from 19 February
to 8 June 2021.

The study’s goal was to see if the SARS-CoV-2 RNA was present in wastewater
streams using NGS technology (Illumina NextSeq500) for sequencing, which could be used
to look for mutations. The current investigation could provide crucial information about
circulating variations in the community far before a clinically confirmed discovery, as well
as investigate the possibility of WBE as a cost-effective and practical surveillance technique.

2. Methodology
2.1. Sample Collection and Transportation

For the monitoring of the SARS-CoV-2 variants, influent samples were collected from
11 municipal wastewater treatment plants (WWTPs) located across Jaipur city. Figure 1
depicts the geographic locations of the study’s sampling sites, which cover roughly 60–70%
of the city’s sewerage network. Table 2 summarizes the details of WWTPs. The samples
were collected weekly between 19 February and 8 June 2021 in this temporal investigation.
All the samples were collected as one-liter grabs in sterile bottles and brought to the Dr.
B. Lal Institute of Biotechnology’s Environmental Biotechnology Laboratory in Jaipur for
further research and analysis. As previously described [22–25], samples were kept at 4 ◦C
for 24 h after sampling. For sample collection, appropriate precautions, including ambient
temperatures, were considered. During the whole sample process, the concerned staff wore
standard personal protective equipment (PPE).

Table 2. Characteristics of WWTP sampling sites.

Site No. Sampling Location

Type of
Secondary
Treatment

Technology

Type of
Tertiary

Treatment

Dosage and
Contact Time

of Tertiary
Treatment

Design
Capacity
(m3/Day)

Flow Rate
(Average.

MLD)

Number of
Connected
Residents

(Approximately)

Site 1 Brahmpuri, Jaipur
26.9373◦ N, 75.8250◦ E SBR No treatment NA 27,000 m3/day ~8 >59,000

Site 2
Central Park Garden,

Jaipur
26.9048◦ N, 75.8073◦ E

SBR Cl2 (Bleach
Powder)

4 ppm by
dropping

system
1000 m3/day ~1 >7000
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Table 2. Cont.

Site No. Sampling Location

Type of
Secondary
Treatment

Technology

Type of
Tertiary

Treatment

Dosage and
Contact Time

of Tertiary
Treatment

Design
Capacity
(m3/Day)

Flow Rate
(Average.

MLD)

Number of
Connected
Residents

(Approximately)

Site 3
Ramniwas Garden,

Jaipur
26.8963◦ N, 75.8100◦ E

MBBR UV NA 1000 m3/day ~1 >7000

Site 4 MNIT, Jaipur
26.8640◦ N, 75.8108◦ E MBBR Cl2

(Hypochlorite)
2.5–3 ppm,

30 min 1000 m3/day ~1 >2000

Site 5
Jawahar Circle Garden,

Jaipur
26.5029 0N, 75.4800 E

MBBR UV NA 1000 m3/day ~1 >7000

Site 6 Dravyavati River, Jaipur
26.7980◦ N, 75.8039◦ E SBR Cl2

(Hypochlorite)
3–5 ppm,
30 min 65,000 m3/day ~65 >480,000

Site 7 Dhelawas, Jaipur
27.3735◦ N, 75.8926◦ E ASP No treatment 3 ppm,

30 min 65,000 m3/day ~62.5 >480,000

Site 8 Paldi Meena, Jaipur
26.8759◦ N, 75.8945◦ E SBR No treatment NA 3000 m3/day 0.6–0.7 ~5000

Site 9 Ralawata, Jaipur
26.76873◦ N, 75.93092◦ E ASP Cl2

(Hypochlorite) 10 kg per hour 30,000 m3/day 20–22 ~170,370

Site 10 Kho Nagorian, Jaipur
26.84063◦ N, 75.88546◦ E SBR No treatment NA 50,000 m3/day ~45.5 >480,000

Site 11

Dr. B. Lal Institute of
Biotechnology Institute’s

Campus WTWP
26.85697◦ N, 75.82749◦ E

BiokubeTM No treatment NA 7.5 m3/day 7.5 KLD ~500

Note: MNIT = Malaviya National Institute of Technology, MBBR = Moving Bed Biofilm Reactor, SBR = Sequencing
Batch Reactor, ASP = Activated Sludge Process-plug flow process, BiokubeTM = Plug & Play type packaged
sewage treatment plant—Mars 4000, Cl2 = Chlorine disinfection, UV = Ultraviolet disinfection, MLD = million
liters per day, NA = Not applicable.

Figure 1. Geographical locations of wastewater treatment plant sampling sites as presented on the
map: 1. Brahmpuri, 2. Dravyavati River, 3. Ramniwas Garden, 4. Central Park Garden, 5. MNIT,
6. Dr. B. Lal Institute of Biotechnology, 7. Paldi Meena, 8. Jawahar Circle, 9. Kho Nagorian, 10.
Dhelawas, 11. Ralawata.
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2.2. Sample Preparation for SARS-CoV-2 Detection Using RT-qPCR

The samples for RNA isolation were produced with minor changes to the methodology
previously reported [25,26]. The wastewater samples were exposed to UV light for 30 min
to sterilize the surface before being thoroughly mixed. Furthermore, 1 mL of the sample
was aliquoted and centrifuged at 7000× g for 30 min (to remove debris and undesirable
components), with the supernatant being processed for RNA extraction, as described in [27].
The viral RNA was extracted from the treated wastewater samples using the automated
KingFisherTM Flex equipment, as reported in [24], using the MagMAX Viral/Pathogen
Nucleic Acid Isolation Kit (Applied Biosystems, Waltham, MA USA), according to the
manufacturer’s instructions. The aliquots of eluted RNA in the plates were then sealed and
stored at −20 ◦C until needed.

2.3. SARS-CoV-2 Quantitative and Qualitative Detection

The presence of SARS-CoV-2 RNA was detected qualitatively and quantitatively in
total RNA isolated from wastewater samples using a CFX 96 Thermal Cycler (Bio-Rad,
Hercules, CA, USA) RT-PCR machine and two commercially available kits. Kit 1 contained
2019-nCoV MOM (prepared master mix), 5X Real-time One-step Buffer, Real-time One-
step Enzyme, and exogenous Internal Control for qualitative detection of SARS-CoV. Kit 2
contained 2019-nCoV MOM (prepared master mix), 5X Real-time One-step Buffer, Real-time
One-step Enzyme, and exogenous Internal Control for qualitative detection of SARS-CoV.
(IC). Kit 1 was designed to read the E gene, N gene, and RdRp gene on the Cal Red 610 and
Quasar 670 fluorophore channels, with FAM and HEX as internal controls. A total of 11 uL
of extracted RNA was mixed with 14 uL of RT-PCR master mix to make the PCR reaction.
The reaction protocol was as follows: 1 cycle at 50 ◦C for 20 min, 1 cycle at 95 ◦C for 15 min,
45 cycles of denaturation at 94 ◦C for 15 s, combined annealing and extension for 30 s at
58 ◦C, plate read, and detection. The Bio-Rad CFX Manager software version 3.1 was used
to analyze the PCR run (Bio-Rad Laboratories). The identification of a minimum of two
genes (out of three) in a sample was judged positive based on Ct values, according to the
manufacturer’s instructions.

InnoDetect One Step COVID-19 (Kit 2) was also used to further quantify the presence
of the SARS-CoV-2 viral genome in wastewater samples, with two different plasmid DNA
consisting of the N gene and the ORF1ab gene, separately used to prepare a standard
curve (ranging from 10 pg/uL to 0.01 fg/uL), as per the manufacturer’s instructions. The
quantification of the individual genes in the samples was then based on these standard
curves. To make a primary stock with a concentration of 40 ng/uL, RNase-free water
was employed. For individual identification, kit 2 included a master mix, primer probes
(N gene, ORF1ab, and RNaseP), and three fluorophore channels (HEX/VIC, FAM, and
ROX/Texas Red, respectively). SARS-CoV-2 viral RNA was utilized as a positive control,
while DNase RNase-free water was used as a negative control. A reverse transcription
stage at 42 ◦C for 15 min and 1 cycle, cDNA initial denaturation at 95 ◦C for 3 min and
1 cycle, denaturation at 95 ◦C for 15 s, and combined annealing and extension at 60 ◦C for
40 s were all followed by plate read and detection. Positive samples had a quantifiable
presence of either of the two genes (N or ORF1ab) or both genes. The samples that tested
positive for SARS-CoV-2 were chosen for further analysis.

2.4. Sample Pre-Processing for NGS RNA Extraction: Virus Filtration and Concentration

The virus was inactivated by transferring the samples to 50 mL Tarsons falcon (code
546041) tubes in a biosafety cabinet (BSL2), which was followed by a 70% ethanol spray
over the surface of the falcon tubes and 30 min of UV light exposure for surface sterilization.
After UV irradiation, the samples were placed in a water bath at 60 ◦C and incubated for
90 min to ensure that the virus was heat-inactivated. After the coronavirus was inactivated,
the samples were brought to room temperature and filtered using a vacuum filter assembly
via a 0.45 µ membrane. Each sample’s filtrate was placed in a new 50 mL falcon containing
0.9 g sodium chloride (NaCl) and 4 g polyethylene glycol (PEG). By gently mixing the
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ingredients, the contents were dissolved. After that, the PEG and NaCl-containing samples
were centrifuged at 4 ◦C for 30 min at 7000 rpm. After that, the pellet was re-suspended in
1X Phosphate Buffer Saline (PBS) and processed for RNA extraction.

2.5. Total RNA Extraction

ZymoBIOMICS®96Magbead DNA/RNA Kit R2136 was used to extract total RNA
according to the manufacturer’s instructions. Using the simple MAG extractor, 3 mL of lysis
buffer containing concentrated sewage was extracted. Extracted NA were eluted in a 55 L
elution buffer and stored at 70 ◦C until appropriate samples were pooled and transmitted to
an NGS service provider (Eurofins, Bangalore, India, Company Headquarters Luxembourg,
France) for sequencing.

2.6. Sample Pooling for NGS

The wastewater samples were collected continuously from Sites 1–11 for 11 weeks.
The samples found positive each week were then processed to extract total RNA. A total
of 51 samples out of more than 110 influent samples collected were found positive for
SARS-CoV-2 presence. These 51 RNA samples were pooled week-wise to make composite
RNA samples for 11 weeks, starting from 19 February to 10 June, as described in Table 2.

2.7. Qualitative and Quantitative Analysis of RNA Samples

The quality and quantity of the viral RNA samples were checked by Nanodrop, and
results are shown in Table S1.

2.8. Preparation of 2 × 150 NextSeq500 ARTIC Library

NGSeq ARTIC SARS-CoV-2 Kit and Illumina TruSeq Nano DNA Library Prep Kit
were used to construct paired-end sequencing libraries from the QC-passed and selected
viral RNA samples. In a nutshell, isolated viral RNA was reverse transcribed to cDNA
before being used in a PCR experiment with the oligo mix pools provided. Both amplicon
pools were combined and purified using AMPure XP beads before being fragmented
with a Covaris M220. End Repair Mix was used to repair the fragmented amplicons by
eliminating the 3’ overhangs and filling in the 5’ overhangs with 5’–3’ polymerase activity,
followed by adapter ligation to the fragments. The low rate of chimaera (concatenated
template) creation is ensured by this method. AMPure XP beads were used to size the
ligated products. As specified in the kit methodology, the size-selected products were PCR
amplified using the index primer, and index adapters were ligated to the ends of the DNA
fragments, preparing them for hybridization onto a flow cell.

2.9. Quantity and Quality Check (QC) of Library on Agilent 4200 Tape Station

The PCR enriched libraries were purified with AMPure XP beads and evaluated on an
Agilent Technologies 4200 Tape Station system with a high-sensitivity D1000 Screen tape,
as detailed in Table S2.

2.10. Cluster Generation and Sequencing

The PE illumina libraries were loaded onto NextSeq500 for cluster creation and se-
quencing after getting the Qubit concentration for the libraries and the mean peak sizes
from the Agilent TapeStation profile. On the NextSeq500, paired-end sequencing allowed
the template fragments to be sequenced both forward and backward. After re-synthesis
of the reverse strand during sequencing, the adapters were designed to facilitate selective
cleavage of the forward strands. The reverse strand was then utilized to sequence the
fragment from the opposite end.

2.11. Bioinformatic Analysis

The lineage detection was performed by using Pangolin tools. SNP analysis was
conducted using the mpileup utility of Samtools (v 0.1.18). Multiple sequence alignment
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was generated using CLUSTAL W, and the visualization and analysis were completed
using Jalview 2.11.1.1.

3. Results
3.1. SARS-CoV-2 Gene Concentrations in Wastewater and the Quality and Depth of the
Data Obtained

Three SARS-CoV-2 genes (E, RdRP, and N gene regions) were found in all 110 wastewa-
ter influents during this 5-month study, with quantities ranging from 1 × 104 to 1 × 106 gene
copies/L of wastewater. The SARS-CoV-2 gene concentrations were relatively steady at
the start of the study, grew fast in mid-March, peaked in April and May, then plateaued in
June, according to the general observed trend. This pattern matches the trend of the daily
COVID-19 new confirmed cases in Jaipur [28,29]. Table S3 shows the results of genome
concentrations in several samples across different WWTP concentrations. Sample pooling
(from several WWTPs) is described in Table 3, and high-quality clean reads were acquired
by processing raw sequences with Trimmomatic reads.

Table 3. Description of samples and raw data reads.

Sample No. Sample Coding Sample
Collection Date

Type of Sample (Total
No. of Samples)

Sample Pooled
from WWTPs

Total Number PE
of Reads

1 JPR 1 27 February 2021 Individual RNA 3 1,409,611
2 JPR 2 20 February 2021 Pooled RNA (2) 9 and 2 1,552,223
3 JPR 3 12 March 2021 Pooled RNA (2) 5 and 7 1,570,305
4 JPR 4 19 March 2021 Pooled RNA (3) 7, 4, 5 1,579,011
5 JPR 5 1 April 2021 Pooled RNA (7) 4, 2, 3, 1, 5, 8, 4 1,385,609
6 JPR 6 9 April 2021 Pooled RNA (7) 5, 2, 8, 6,4, 1, 3 1,507,711
7 JPR 7 20 April 2021 Pooled RNA (6) 5, 8, 4, 2, 3, 1 1,352,690
8 JPR 8 1 May 2021 Pooled RNA (5) 5, 4, 1, 6, 8 1,588,702
9 JPR 9 8 May 2021 Pooled RNA (5) 4, 6, 5, 11, 1 1,606,125
10 JPR 10 15 May 2021 Pooled RNA (6) 2, 7, 5, 4, 6, 8 1,414,505
11 JPR 11 24 May 2021 Pooled RNA (6) 9, 7, 10, 6 1,194,455

3.2. Lineage Identification and Multiple Sequence Analysis with Other Reference Sequences

The high-quality reads of the samples were subsequently aligned to the severe acute
respiratory syndrome coronavirus 2 isolate Wuhan-Hu-1, complete genome (NC_045512.2)
reference sequence using BWA MEM (version 0.7.17). Consensus sequence was extracted
using Samtools mpileup. The mostly probable lineage of the sample consensus sequence
was assigned using the Pangolin tool. The identified lineage for the samples is provided in
Table 4.

Table 4. Lineage identification in 11 pooled samples from different WWTPs.

Sample Lineage

JPR 1 B.1
JPR 2 B.1
JPR 3 B.1.617.2
JPR 4 B.1.617.2
JPR 5 B.1.617.2
JPR 6 B.1.617.2
JPR 7 B.1.617.2
JPR 8 B.1.617.2
JPR 9 B.1.617.2
JPR 10 B.1.617.2
JPR 11 B.1.617.2
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3.3. Analysis of Phylogeny and SNPs in the Samples

This analysis was performed by comparing the obtained sequences to a consensus
sequence from the ancestral SARS-CoV-2 Wuhan city variant. However, since these samples
were not just a single patient sample but rather a pool of viral RNA obtained from various
WWTPs of the city at a given time point, it was important to assess if this data obtained
could be applied and used to monitor the emerging variants and phylogenies in the
whole city and aid in genome surveillance initiatives. To find out if the phylogenetic
analysis and ancestry could be studied from the sequence information obtained from
these samples, multiple sequence alignment was performed by using Clustal Omega [30],
and phylogenetic trees were obtained by the neighbor joining method (Figure 2). The
alignments were first completed to check if the sequences obtained could be analyzed
amongst themselves without any external reference sequence (Figure 2a). The analysis
was repeated using several reference sequences, viz., the Delta variant obtained in January
2021 from India in the state of Tamil Nadu, Delta variant from Netherlands in the month of
June 2021, Delta variant sequence obtained from Italy in September 2021, and a completely
different variant sequence, the Mu variant, obtained from Columbia, USA in April 2021
(Figure 2b). This analysis demonstrated the usability of the genomic sequence obtained
from the wastewater samples, which can be used as effectively in variant surveillance, at
par with the patient data.

The sequences obtained from the pooled samples not only gave robust reads but were
also aligned amongst themselves with the different variant sequences. Since all the samples
were classified as B.1.617.2, except for the first two time point samples, it was a worthy
question to look at the genetic variations in these samples over the period of sampling. By
comparing them with NC_045512.2, SNP detection was carried out, and the following SNPs
could be identified with their genomic coordinates, reference-alternate bases associated
genes, and amino acid changes.

Out of these, a total of 423 gene-related SNPs were detected from all the samples, out
of which a total sum of 254 belonged to the ORF1ab polyprotein gene. Out of these, 61 were
unique SNPs found across 11 of the samples analyzed. In these 11 samples, there were
12 types of SNP mutations which did not change the amino acid phenotype in the sequence
(Ser549Ser, Phe924Phe, and Thr5960Thr in all samples; Tyr4227Tyr and Leu6666Leu in ten;
Leu4386Leu and Gly334Gly in five; Gly6068Gly, Asn6333Asn, and Ser2500Ser in three;
and Pro1692Pro and Thr1773Thr in two samples were detected in the 11 pooled samples).
Table 5 describes the SNPs in 11 samples. Amongst the SNPs which led to a change in the
amino acid sequences, six SNPs were present in all the samples; these were Ala2529Thr,
Ala3209Val, Val3718Ala, Pro4715Leu, Pro5401Leu, and Pro5971Leu. Furthermore, there
were also a few SNPs which were not present in all the samples but only in a few out of
11 samples sequenced, i.e., Pro1640Leu (91% of samples), Gly5063Ser (72%), Pro5401Leu
(63%), Thr3750Ile (36.4%), Arg6676Gln (36.4%), Thr5036Met (27.4%), Ala385Val (18.2%),
Lys798Asn(18.2%), Gln1021His (18.2%), Pro2046Leu (18.2%), Thr3255Ile (18.2%), Thr5477Ile
(18.2%), and His6547Tyr (18.2%).

Three SNP variants were found to be linked with ORF3A, out of which Ser26Leu
was found in every sample, Gly100Val was found in 18%, and Ala110Ser in only 9% of
instances. It was interesting to note that the only three polymorphisms in ORF7a (Val82Ala,
Leu116Phe, and Thr120Ile) which were detected in 11 wastewater samples were present in
72% of the samples and were highly correlated and always present together as a set. No
other SNPs were detected in the samples. Furthermore, the ORF8 gene was linked with
three types of SNPs detected in the study. Out of these, Ala65Ser was uniformly detected
in all the samples, while Phe120Leu and Asp119Val were present in only 27% and 18%
of the samples, respectively. Unlike ORF7a, these SNPs were correlated with respect to
their associated gene. Strangely, only two out of 11 samples showed any SNPs related to
gene M during our analysis. Three types of SNPs were detected: Asn66Lys (two samples),
Val70Ile (unique detection), and Pro71His (two samples). In the Membrane protein M
gene, five types of SNPs were detected. Out of these, Ile82Thr was present in 91% of the
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samples sequenced but the other four SNPs were unique mutations found only in one of
the 11 samples. In the E gene, a total of two samples only showed SNP mutations, two of
which were present together, Asn66Lys and Pro71His. In addition to these, only one more
uniquely present SNP, Val70Ile, was detected.

Figure 2. Phylogenetic analysis with the sequences obtained from wastewater samples. (a) Phyloge-
netic tree of 11 samples collected from Jaipur between 27 February (JPR1) and the end of May 2021
(JPR11). JPR2-4 corresponds to samples collected weekly from March, JPR5-7 from April, and JPR
8-11 from May. (b) Shows the phylogeny of the collected samples with GISAID-submitted sequences
from different time points as a reference. Mu stands for the sequence collected in April for the Mu
variant, observed for the first time in Columbia, USA.
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Table 5. SNP identification in samples.

Sample Number of SNPs Detected Number of Genic SNPs Detected

JPR 1 39 35
JPR 2 44 41
JPR 3 40 36
JPR 4 51 47
JPR 5 39 36
JPR 6 41 37
JPR 7 42 39
JPR 8 45 42
JPR 9 40 36

JPR 10 44 40
JPR 11 37 34
Total 462 423

Out of 423 instances of gene-related SNPs, the N and S genes had 33 and 65 linked
detected SNP sites across all the samples, respectively. The N gene had eight unique SNP
mutations across the samples. These were Ile337Ile, Thr379Ile, Arg385Lys, Arg185Leu,
Asp63Gly, Gln281Lys, Ser327*, Arg189Ser. Although Asp377Tyr and Arg203Met were
present in 91% and 82% of the samples, the presence of both in the same sample was only
72%. On the contrary, two of the SNP types, Asp402Asn and Asp402Val, although present
in only about 27%, were always present together. The S gene had 13 different types of
SNPs associated with it. Out of these, Ile472Ile, Gln218His, Gln1208His, Pro426Leu, and
Gly142Asp were uniquely identified. Furthermore, Thr19Arg, Leu452Arg, Thr478Lys, and
Pro681Arg were the ones which were found in all the samples, and Asp614Gly was found
in 91%. Ala222Val, Asp950Asn, and Lys1191Asn all occurred approximately in 18% of the
samples; there was no correlation in sample overlap amongst them. There were additional
39 SNPs which could be detected in the intergenic regions of various samples.

3.4. Comparisons of SNPs with the Delta and Delta Plus Variants

There are several key mutations in single nucleotide bases that have been reported
to characterize the Delta and Delta Plus variants. The most widely inspected probably
belong to the surface glycoprotein gene of the Spike protein. The characteristic mutations
which are present in Delta strains as compared to the ancestral variant are Thr19Arg,
(Val70Phe*), Thr95Ile, Gly142Asp, Glu156-, Phe157-, Arg158G, (Ala222Val*), (Trp258Leu*),
(Lys417Asn*), Leu452Arg, Thr478Lys, Asp614Gly, Pro681Arg, and Asp950Asn, out of which
the three shown with an “*” here even more prevalent in the Delta plus variant.However,
the SNPs found and those overlapping with known SNPs for the S gene were Thr19Arg,
Thr478Lys, Leu452Arg, Ala222Val, Gly142Asp, Asp614Gly, Asp950Asn, and Pro681Arg
only; other SNPs from the known list and the observed list did not match for the S gene.
Two observations worth noting are: Firstly, the Lys417Asn mutation was not observed
in any of the samples; however, 18% of the samples showed a Lys1191Asn SNP change.
Secondly, the Pro681Arg SNP was observed in 100% of the samples, which is an SNP site
present in the Mu variant as Pro681His.

In addition to the S gene, there are other mutations which are reported in non-S loci
for the Delta and Delta Plus variants, e.g., ORF1ab, M, N, ORFs 3a, 7a, and 8, E, etc. The
signature mutations in these sites were also compared with the SNPs detected in the Jaipur
samples and are summarized in the Table 6.
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Table 6. Comparison of the SNPs present at non-spike loci in the Delta and Delta plus variants with
the Jaipur samples.

Genes SNPs Overlapping with
Delta and Delta Plus

SNPs Which Were Absent
in Jaipur Samples

Total Types of Non-Unique
Detected SNPs

Total Unique SNPs
Detected

ORF1ab

Thr3646Ala Ala1146Thr

30 61

Thr3255Ile Ala3209Val

Val3718Ala Val2930Leu

Pro2046Leu Pro2287Ser

Pro1640Leu Ala1306Ser

Pro2046Leu

Thr3750Ile

ORF3a Ser26Leu 2 1

M Ile82Thr 1 4

N

Arg203Met

Gly215Cys 4 8Asp63Gly

Asp377Tyr

ORF7A
Thr120Ile

Thr40Ile 3 0
Val82Ala

3.5. Variations in Various Genes Identified in the WBE Samples

Since the SNPs were variably present in the genes of different samples, multiple
sequence alignment was performed with the predicted peptide sequences to identify the
extent of variations across various sample sequences. Figure 3 depicts the regions of
variations and phylogenetic relationships of the S, N, M, and ORF1ab genes. As can be
observed from the phylogenetic relationships, the higher number of SNPs was reflected
by the higher variability in the alignment, which in turn was associated with the more
diversified clades of the tree. The existence of such diversity in the same time frame in a
single city might allow for an understanding of the evolution of variants and possibly hold
some key insights into the host–pathogen interactions. Figure 3 shows the analysis of gene
variations of the S, M, N, and ORF1ab genes.

3.6. Comparing the Sequences Obtained in Context of Patient Samples of the City Obtained during
the Same Time Frame

Since the wastewater sample genome sequences showed phylogenetic trees that were
well-aligned with the different timeline reference sequences, an attempt was made to
investigate if the sequences showed any correlation between the community viral variants
and the hospital patient viral variants prevalent in the city at the time of sampling. The
phylogenetic tree was calculated for the wastewater genome sequences with eight patient
samples and a Delta variant reference sequence. These patient samples were collected
between the same window of wastewater sampling in the city of Jaipur (from February
2021 to May 2021). The Phylogenetic tree is depicted in Figure 4.
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Figure 3. Cont.
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Figure 3. Analysis of gene variations of the S (a,b), M (c,d), N (e,f), and ORF1ab genes (g,h). (a) Spike
alignment between 704 and 835 bps, (b) Spike Phylogenetic tree, (c) M gene alignment at 1–222
bps, (d) Phylogenetic tree of the M gene, (e) N gene at 930–1050 bps, (f) Phylogenetic tree for the N
gene, (g) ORF1ab polyprotein multiple sequence alignment at 3592–3724 bps, (h) Phylogenetic tree
of ORF1ab.

Figure 4. Phylogenetic tree of wastewater sample with clinical patient sample.

3.7. Sequences on Public Databases

The obtained sequences have already been submitted to GISAID (EPI_ISL_4106468
EPI_ISL_4198506, EPI_ISL_4198392, EPI_ISL_4198393, EPI_ISL_4198461, EPI_ISL_4197532,
EPI_ISL_4198503, EPI_ISL_4198504, EPI_ISL_4198119, EPI_ISL_4198513, EPI_ISL_4198502)
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and the NCBI gene database (OK090988 and OK342100-OK342107) to further strengthen
the research and advancements in combating this pandemic, and are available for various
analyses [31–33].

4. Discussion

It has been established that investigating the spread of SARS-CoV-2 and identifying
variations in wastewater may reliably determine viral strain prevalence [7]. The method
uses pooled samples and can only detect mutations per place in the genome, not specific
strains. Nonetheless, it has several advantages over human clinical sampling, primarily in
terms of ethical concerns and population capture, as only a few samples of wastewater can
provide a comprehensive picture of viral variety as compared to thousands of samples from
humans. From February to June 2021, we used a well-established system of wastewater
sampling and viral concentration techniques to conduct a large-scale surveillance of SARS-
CoV-2 variants using next-generation sequencing of SARS-CoV-2 genomes, which were
sampled monthly in 11 different WWTPs across Jaipur.

Attempts have been made across the world to keep track of the pandemic and its causal
agents by keeping a constant eye on new varieties. This monitoring is carried out through
many national and international programs, such as INSACOG and GISAID [30,33,34],
which are connected to the daily samples taken and sequenced from patients. When
compared to the viral load circulating in community wastewater samples, which also
contains many organic and inorganic contaminants, the viral load seen in a single patient
sample proves to be extremely concentrated. The study’s first goal was to collect RNA
samples of sufficient quantity and quality in order to be processed on next-generation
sequencing (NGS) technologies. The Nanodrop quality checks were passed by all eleven
samples prepared for sequencing.

Despite the high Ct values that are typical of such materials, the sequencing of SARS-
CoV-2 from wastewater was effective, with good coverages of the genome acquired for
most samples and sufficient depth to call it a mutation. These findings made it possible to
keep a close eye on variations all throughout Jaipur, even in areas where clinical sampling
revealed little morbidity [28]. The increased proportions of sequenced viruses belonging to
the B.1.617.1 and B.1.617.2 lineages submitted to the GISAID EpiCoV database have been
linked to an increase in case numbers in India.

In December 2020, B.1.617.1 was discovered for the first time in India. It first rose in
proportion in India, peaking at roughly 50% of weekly reported sequences in the GISAID
EpiCoV database in late March 2021, before declining in April 2021 [35]. It has been
discovered in India (290), the United Kingdom (247), the United States (137), Singapore (64),
Germany (28), Australia (21), Denmark (21), Bahrain (9), Japan (9), Angola (8), Switzerland
(8), Hong Kong (7), Ireland (7), Portugal (7), Belgium (5), Luxembourg (5), South Korea
(5), Canada (4), the Netherlands (4), New Zealand (4), Sweden (4), France (3), Jordan (3),
Czechia (2), Guadeloupe (2), Russia (2), Sint Maarten (2), Spain(2), Cambodia (1), Greece
(1), Italy (1), Malaysia (1), and Mexico (1).There are signs that the variant is becoming more
common in the EU/EEA, although it is still only found in a small percentage of sequences,
with the greatest proportions reported in Luxembourg (0.6%) and Spain (0.3%) [36].

Within B.1.617, there are three separate lineages, each with its own mutation profile,
necessitating evaluation at the lineage level rather than as a whole. The spike protein amino
acid alterations L452R, E484Q, D614G, P681R, and Q1071H characterize B.1.617.1 (some
viruses also carry V382L). The spike protein changes T19R, 157–158, L452R, E484Q, D614G,
P681R, and D950N have allowed it to be classified as a VOI by ECDC and WHO, and as a
VOC by the UK, indicating that its transmissibility is at least as high as that of VOC B.1.1.7.
B.1.617.3 is defined by the spike protein changes T19R, 157–158, L452R, E484. The ECDC
and WHO have categorized this lineage as a VOI, but the UK has classified it as a VUI [37].
Below are some of the specific spike protein modifications associated with these lineages
that have been described as having an impact on viral properties.
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E484Q (only B.1.617.1 and B.1.617.3)—changes at this site are associated with reduced
neutralization by convalescent sera and specific therapeutic antibodies. L452R—changes
at this site are associated with increased transmissibility and reduced neutralization by
convalescent plasma and specific therapeutic antibodies. Although this has not been proven
in practice, for the P681R—alteration is positioned exactly near the furin cleave site and
might potentially influence S1/S2 cleavage, cell entrance, and infectivity. D614G—this
alteration is linked to increased transmissibility with a high degree of certainty. The great
majority of currently circulating viruses, however, carry it [38].

To summarize, this study demonstrates the benefits of wastewater sample sequencing
as a reliable method of monitoring the diversity of SARS-CoV-2 strains circulating in a
community, warning against the emergence of epidemiologically or clinically relevant
mutations or variants, and assisting in public health decision making.

The detection of existing circulating variants and dominant mutations in populations
using SARS-CoV-2 genome sequencing in wastewater explains the link between dominant
variants and the pandemic situation in Jaipur, India. It demonstrates the potential of SARS-
CoV-2 genomic surveillance in wastewater as an early warning indicator system and its
ability to detect rapidly emerging new variants in any significant epidemic.

5. Significance of the Work and Conclusions

The usefulness of wastewater surveillance in COVID-19 trend tracking in several areas
has been demonstrated in this study. The COVID-19 cases were substantially linked to
SARS-CoV-2 gene quantities in wastewater. In early March 2021, the B.1.617.2 variant was
first detected in Jaipur as part of the national SARS-CoV-2 sequencing program, which was
newly established to track VOC in clinical samples. This demonstrates that surveillance by
wastewater is a robust strategy that may cover wide areas with few samples, providing
early notification as regards the penetrance and spread of VOC in a region where clinical
sampling is insufficient. Thus, integrating WBE surveillance with genome sequencing and
pathogen variant surveillance might be an effective and efficient step towards monitoring,
detecting, and managing new infection waves similar to those shown by infectious SARS-
CoV-2 variants early on, and therefore protect the communities from loss of life and
economic resources in any future catastrophes similar to this this pandemic.
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Abstract: Regular water environment monitoring is crucial for minimizing contamination caused
by waterborne viruses and reducing health risks. As the human adenovirus (HAdV) is linked to
clinical episodes of gastroenteritis in children, the present investigation aimed to detect HAdVs in
three wastewater treatment plants in Riyadh, Saudi Arabia (King Saud University (KSU-WWTP),
Manfoha (MN-WWTP), and Embassy Quarter (EMB-WWTP)). The impact of seasonal variability
and meteorological factors on the prevalence of HAdVs was also investigated. The HAdV hexon
sequences of the isolated human adenoviruses were phylogenetically analyzed and revealed that
the F species of HAdV, especially serotype 41, dominated. The highest prevalence of HAdV was
detected in KSU-WWTP (83.3%), followed by MN-WWTP (75%), and EMB-WWTP (66.6%). Seasonal
distribution insignificantly influenced the HAdV prevalence among sampling areas (p > 0.05). The
highest prevalence of HAdVs (100%) was detected in late Summer and Autumn at temperatures
(high: 34–43 ◦C, low: 18–32 ◦C) and moderate prevalence of 66.67% in Winter (particularly, in January
and February) at lower temperature ranges (high: 26 ◦C, low: 10 ◦C–12 ◦C). The large variation of
HAdV prevalence detected at different humidity ranges emphasized the significant impact of relative
humidity on HAdV incidence in raw water of WWTPs (p = 0.009, R2 = 0.419). In contrast, wind speed
was detected to have insignificant influence on HAdV prevalence among different WWTPs (p > 0.05,
R2 = 0.03). The study provides important data for the incidence of HAdVs in wastewater treatments
plants in Riyadh, Saudi Arabia, which enabled the successful management of health hazards of
viral diseases transmitted via fecal-oral route. In addition, the non-significant influence of seasonal
variability on HAdV prevalence highlights the potentiality of utilizing HAdVs as a potential fecal
indicator of wastewater contamination.

Keywords: wastewater treatment; human adenovirus; serotype 41; seasonal variability; temperature

1. Introduction

Enteric viruses are significant waterborne pathogens found in wastewater [1–3]. They
are often isolated from feces-contaminated water and have been connected to a number of
waterborne epidemics [4]. Pathogens in this category include adenoviruses, rotaviruses,
hepatitis A virus, enteroviruses, and noroviruses [5]. Enteric viruses were detected from
recreational beaches and groundwater for public use in the Great Lakes area, suggesting an
increased public health risk from drinking or coming into contact with these waters [6,7].
Adenoviruses (HAdVs), which are abundant in wastewater, have been proposed as in-
dicators for viral infections since they meet the majority of the requirements for an ideal
indicator [8]. More than 90% of the human population is thought to be positive for one or
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more adenovirus serotypes [9]. Human adenoviruses are more prevalent in sewage than
other enteric viruses and are discharged in high proportions by infected people (up to 1011

viral particles/gram of feces) [10]. Transmission mechanisms of adenoviruses include the
fecal-oral pathway and inhalation of aerosols [11]. Adenoviruses have been linked with
epidemics in numerous contexts, including hospitals [12], day care facilities [13], swim-
ming pools [14], and schools [15]. Furthermore, adenoviruses are one of the main causes of
clinical disorders such as gastroenteritis, hemorrhagic cystitis, conjunctivitis, respiratory
ailments, and systemic infections [16]. The six genera of the Adenoviridae family that have
been classified to date are mastadenovirus, ichtadenovirus, atadenovirus, siadenovirus,
aviadenovirus, and testadenovirus [17]. Human adenoviruses are classified into seven
species (A–G) and more than 110 types within the Adenoviridae family [18]. Pathogenesis
is caused by adenovirus infections in a range of human organs. Adenoviruses B and
C are the most prevalent respiratory infections, with Adenoviruses species A affecting
the respiratory system in immunodeficient individuals, and Adenoviruses F, including
serotypes 40 and 41, recognized as one of the main viruses causing infantile gastroenteri-
tis [19]. Human adenovirus is an enteric, non-enveloped, and icosahedral particle with
a double-stranded, linear DNA genome of 34–36 kb [20]. They are now classified into
seven HAdV species, A-G, as well as newly found adenovirus types that are constantly
appearing [21]. Adenoviruses, like the majority of enteric viruses, are more resilient to
environmental conditions and even sewage treatment techniques than the fecal indicator
bacteria now in use [20]. Moreover, direct sequencing of PCR products, as well as sequence
analysis of cloned PCR products, have been routinely employed to study adenoviruses in
aquatic settings [22,23]. The research regarding the molecular detection of HAdVs in Saudi
Arabia is scanty; hence, the aim of the current investigation was to detect the prevalence
of HAdVs in wastewater samples collected from wastewater treatment plants at three
different locations in Riyadh, Saudi Arabia. Furthermore, the impact of environmental
conditions on the prevalence of HAdVs was also detected. Finally, the sequences of the
detected HAdVs were phylogenetically analyzed to detect their correlation with reference
strains in GenBank.

2. Materials and Methods
2.1. Sample Collection

From January 2022 to December 2022, 36 untreated wastewater samples were collected
monthly at a rate of three samples per month from the inlets of the three different wastew-
ater treatment plants (WWTPs) in Riyadh, Saudi Arabia. The sampling locations were
King Saud University wastewater treatment plants (KSU-WWTP), Manfoha wastewater
treatment plants (MN-WWTP), and Embassy Quarter wastewater treatment plants (EMB-
WWTP) in Riyadh, Saudi Arabia. The latitude and longitude of the sampling locations
are shown in Figure 1. In sterile 200-mL plastic bottles, samples were collected and trans-
ferred to the laboratory on dry ice. The data for temperature, relative humidity, and wind
speed were collected on each sample day in order to study the influence of the weather on
viral persistence.

2.2. Viral Concentration

Adenovirus (Adv) was concentrated using the polyethylene glycol (PEG) precipitation
process [24]. Briefly, 200 mL of wastewater was combined with 25 mL of glycine buffer
(0.05 M glycine and 0.3 g/L beef extract) to detach virions bound to the organic material,
and the pH was adjusted to 9.6 with 1 M NaOH before centrifugation at 8000× g for
30 min. Afterwards, the supernatant was withdrawn using sterile syringe then filtered
using Millipore filter (0.22 µm) for the removal of bacterial cell and the other unfavorable
debris. The filtrate was then treated with PEG 8000 (80 g/L) and sodium chloride (17.5 g/L)
followed by stirring by a magnetic stirrer overnight (100 rpm) at room temperature for viral
precipitation. Centrifugation of the filtrate was then performed at 13,000× g for harvesting

170



Water 2023, 15, 1367

viral particles then the pellet was eluted in 1 mL phosphate buffer saline (PBS) and finally
stored at −80 ◦C for further experimentations.
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2.3. DNA Extraction and Specific PCR Detection

Extraction of genomic DNA of HAdVs was conducted for the concentrated 36 wastew-
ater samples using a DNeasy PowerWater Kit (Qiagen GmbH, Hilden, Germany). The viral
DNA of Human adenoviruses (HAdV) was directly detected in a 20 µL reaction mixture com-
posed of 2 µL DNA template, 300 nM AdFhex-F: 5′-GCCACCGATACCTACTTCAGCCTG-3′

as forward primer and 300 nM AdFhex-R: 5′-GGCAGTGCCGGAGTAGGGTTTAAA-3′ as
a reverse primer targeting hexon gene and 1 X Phusion Master Mix under the following
reaction conditions: 98 ◦C for 30 s, followed by 40 cycles of 98 ◦C for 10 s and 72 ◦C for 30 s
each, and final extension at 72 ◦C for 5 min. Positive control was acquired for HAdV virus
which was obtained from the Virology Unit, King Khalid University, Hospital, Riyadh,
Saudi Arabia.

2.4. Amplicon Purification and Sequencing

The 261-bp amplicons for HAdV were excised and purified using the Wizard SV Gel
and PCR Clean-Up System (Promega Co., Madison, WI, USA), in accordance with the
manufacturer’s instructions. Afterwards, the attained amplicons were then sequenced
using the ABI genetic analyzer 3130Xl (Applied Biosystems®, Carlsbad, CA, USA).

2.5. Phylogenetic Analysis

The identified HAdV nucleotide sequences were examined using the MEGA X pro-
gram and compared to BLAST sequences. ClustalW was used to create the sequence
alignments. The phylogenetic tree was built using the minimal Bayesian information crite-
ria and the best-fit model of nucleotide substitution. The bootstrapping of 1000 replicates
was used to evaluate the reliability of the phylogenetic tree. The Kimura three-parameter
approach was used to calculate genetic distances according to the best fitting substitution
model (Table S1).

2.6. Statistical Analysis

Pearson’s correlation coefficient matrix was used to investigate possible correlations
between the various sample locations during a one-year period. To investigate the relevance
of the influence of meteorological parameters (including temperature, wind speed, and
relative humidity (RH%)) on HAdV prevalence independent of sample region, a one-way
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analysis of variance was performed. Linear curve fitting was used to match the connections
between distinct sample sites, as dependent variables, and climatic conditions, as indepen-
dent variables. The XL-STAT statistics package software was used for all statistical studies
(Ver. 2019, Excel Add-ins soft SARL, New York, NY, USA).

3. Results
3.1. Prevalence of HAdVs in Sampling Areas

Out of 36 wastewater samples tested for HAdVs, 27 (75%) were found to be positive, as
denoted by the detection of the 261-bp amplicon (Figure 2). The highest HAdV prevalence
was detected in KSU-WWTP (83.3%), followed by MN-WWTP (75%), and EMB-WWTP
(66.6%) (Table 1). The molecular characterization of amplicon sequences by Sanger sequenc-
ing showed the presence of 20 sequences; however, seven sequences were not characterized
owing to overlapped electropherograms. Moreover, these obtained sequences underwent
phylogenetic analysis to define the possible serotype, detect any sequence variation, and to
check any possible imported strains.
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Figure 2. Gel image of the PCR product of HAdV. Lane 1, DNA marker (100–1500 bp); lane 12,
negative control; lane 11, positive control; lanes 2 to 10, 261-bp HAdV ampilcons.

Table 1. HAdV prevalence in different water sample locations.

Sampling Area HAdVs +ve HAdV Prevalence %

EMB-WWTP 8 66.6%
KSU-WWTP 10 83.3%
MN-WWTP 9 75%

3.2. Predominance of HAdV Serotype 41

The phylogenetic tree illustrated the typical relationship of the HAdV hexon sequences
obtained from all sites with serotype 41 followed by serotype 40 of HAdV (type F) (Figure 3).
Pairwise distancing analysis uncovered five different HAdV isolates, and most of them
(4/5) were collected from KSU-WWTP (Table S2). Brazilian HAdV isolates were the
closest to our recovered sequences from the entire locations. However, HAdV recovered
sequences from KSU-WTTP, in particular K19-2B64 and K20-2B64, showed the closest
relationship with multiple Brazilian isolates as each showed a delicate clustering with
specific Brazilian sequences. For instance, K19-2B64 was closely related to five Brazilian
HAdV sequences including AD5764, AD6026, AD4578, AD01-71218, and AD102 (d = 0.0000,
Table S3) than HAdV sequences isolated from irrigation water in Riyadh, Saudi Arabia
(d = 0.0038467). Interestingly, K20-2B64 shared the same sequence identity as the HAdV
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sequence (IW isolate) previously recovered from irrigation water in the same area of KSU-
WWTP (d = 0.0000, Table S3) rather than that from the landfill wastewater or Wadi Hanifa
in Riyadh (d = 0.00384). Since the Brazilian sequences, similar to our sequences, were
recovered at different time periods, the time-dependent molecular divergence was taken
into account and was displayed in the timetree denoted by Figure S1. The timetree showed
that K23-2B64, K26-2B64, and 10UA-2B64 could have earlier molecular divergence than the
other sequences that could be the origin of the other sequences and provide interpretation
of the distant relationship to sequences previously recovered from the same region or
from even the Brazilian sequences. On the contrary, K19-2B64 and K20-2B64 showed later
molecular divergence in 2007 and 2003, respectively and consequently a closer relationship
to these Brazilian sequences in each cluster. However, the large node height error bar could
indicate that the molecular divergence could even have occurred earlier.

Water 2023, 15, x FOR PEER REVIEW 6 of 13 
 

 

 

Figure 3. Phylogenetic tree for the HAdV hexon-derived sequences constructed by the maximum 

likelihood method and Tamura three-parameter model. 

The evolutionary history was inferred by using the maximum likelihood method and 

Tamura 3-parameter model. The tree with the highest log likelihood (−742.94) is shown. 

Figure 3. Phylogenetic tree for the HAdV hexon-derived sequences constructed by the maximum
likelihood method and Tamura three-parameter model.

173



Water 2023, 15, 1367

The evolutionary history was inferred by using the maximum likelihood method
and Tamura 3-parameter model. The tree with the highest log likelihood (−742.94) is
shown. Initial tree(s) for the heuristic search were obtained automatically by applying the
Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the
maximum composite likelihood (MCL) approach, and then selecting the topology with a
superior log likelihood value. The proportion of sites where at least one unambiguous base
is present in at least one sequence for each descendent clade is shown next to each internal
node in the tree. This analysis involved 43 nucleotide sequences. The rate variation model
was permitted to be evolutionarily uniform for several sites, according to the best fitting
substitution model validation (Table S1). The horizontal distance connecting two HAdV
sequences is proportional to the genetic distance between these two HAdV sequences. The
distance is expressed as the number of nucleotide substitutions per site. HAdV serotype 74
was used as an outgroup. Accession numbers of sequences used for phylogenetic analysis
are displayed in Table S4. The red italicized sequences denote the current study sequences.

3.3. Seasonal Distribution of HAdV

HAdV showed various distributions over the different seasons. Overall, the highest
HAdV prevalence of 22.22% was observed in Autumn season. However, HAdV recorded
the least prevalence (11.11%) in Spring. In the same manner, the highest HAdV prevalence
(100%) was recorded in all sampling locations in the Autumn season (Figure 4). Seasonal
distribution insignificantly influenced the HAdV prevalence in all sampling areas (p > 0.05).
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Figure 4. Seasonal prevalence of HAdVs among sampling areas.

3.4. Effect of Environmental Conditions on HAdV Prevalence
3.4.1. Temperature Variation Influence on HAdV Incidence

The lowest prevalence (33.33%) generally occurred in Spring and early Summer at
temperatures (high: 30–44 ◦C, low: 20–30 ◦C), particularly during March to June (Figure 5).
Notably, HAdV prevalence displayed a different pattern with the highest prevalence of
100% in late Summer and Autumn at temperatures (high: 34–43 ◦C, low: 18–32 ◦C) and
moderate prevalence of 66.67% in Winter (particularly, in January and February) at lower
temperature ranges (high: 26 ◦C, low: 10–12 ◦C). Consequently, the high temperature
ranges were found to have a potentially significant influence on the prevalence of HAdV
(p = 0.001, R2 = 0.689; Table 2). On the other hand, the HAdV prevalence was insignificantly
influenced by low temperature ranges (p > 0.05). Likewise, the segregation of sampling
areas depicted lack of significant impact of low or high temperature on prevalence of

174



Water 2023, 15, 1367

HAdV (p > 0.05). However, the highest HAdV prevalence was mostly favored in at ≥28 ◦C
in MN-WWTP in the low temperature range, which is equivalent to ≥41 ◦C in the high
temperature range (Figure 6). Surprisingly, the HAdV prevalence detected at EMB-WWTP
was the highest at lower temperature ranges (low: 16–21 ◦C, high: 26–30 ◦C).
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Figure 5. Temperature variation influence on the HAdV prevalence in wastewater samples. “Temp
Low” refers to the average low temperature and “Temp High” refers to the average high temperature.

Table 2. Impact significance of environmental factors on the HAdV prevalence.

Environmental Factor R2 RMSE Equation

High temperature (TH) 0.689 * 4.575 PrevHAdV = −6.15 + 0.79 × TH

Low temperature (TL) 0 4.571 PrevHAdV = 18.055556

Relative humidity (RH%) 0.419 ** 8.439 PrevHAdV = 25.926 − 0.525 × RH%

Wind speed (WS) 0.03 17.413 PrevHAdV = 16.0067 + 0.358 ×WS
Notes: Prev denotes the prevalence of virus. RMSE denotes the root mean squared error. *: significant at p = 0.001,
**: significant at p = 0.009.
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Figure 6. Temperature variation impact on HAdV prevalence in different sampling areas.

3.4.2. Humidity Variation Influenced HAdV Incidence

HAdV showed various distributions among the relative humidity ranges, favoring
the lowest humidity range (6–14%) at all sampling locations with a prevalence of 33.3%
(Figure 7). However, no HAdV prevalence (0%) was detected at humidity ranges of 24–32%
and 33–41%, at KSU-/EMB-WWTP and MN-/EMB-WWTP, respectively. The large variation
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in HAdV prevalence observed at different humidity ranges highlighted the significant
influence of relative humidity on HAdV occurrence in raw water of WWTPs (p = 0.009,
R2 = 0.419; Table 2).
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3.4.3. Wind Speed Influence on HAdV Incidence

HAdV showed a different occurrence frequency at the various ranges of wind speed.
The highest HAdV prevalence was detected at a relatively high wind speed range
(15–21 km/h). Whereas the wind speed ranges of 8–14 km/h and ≥22 km/h were as-
sociated with no HAdV incidence in raw water of KSU-/EMB-WWTP and KSU-WWTP,
respectively (Figure 8). Despite the HAdV occurrence pattern, wind speed was found to
have insignificant influence on HAdV prevalence in the entire WWTPs (p > 0.05, R2 = 0.03,
Table 2).
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4. Discussion

Human adenoviruses are considered important indicators of fecal contamination
owing to their wide detection in all types of water throughout the year and also due to their
ability to resist the sewage treatment process [17]. Moreover, HAdVs are a major cause
of clinical infections, including gastroenteritis, ocular, respiratory diseases, conjunctivitis,
hemorrhagic cystitis, and chronic systemic infections in immunocompromised patients [25].
The continuous surveillance of human adenoviruses is of significant importance because
these viruses account for 2–10% of diarrheal cases [26]. Hence, the current investigation
focused on the detection of HAdVs in wastewater treatment plants in three different
locations at Riyadh, Saudi Arabia. The highest prevalence of HAdVs was detected in
KSU-WWTP, recording a relative percentage of 83.3%, followed by MN-WWTP (75%), and
EMB-WWTP (66.6%). Our results were in accordance with those of a previous study, which
reported the detection of HAdVs in 84.4% of raw wastewater samples collected from the
Zenin wastewater treatment plant (WWTP), followed by treated sewage (50%) [22]. The
HAdV prevalence in Manfoha wastewater treatment was higher than that detected in a prior
study at the same location, which emphasizes the importance of continuous surveillance of
HAdVs in wastewater samples as these viruses are correlated with gastroenteritis cases
among children in hospitals [18].

The various species of adenoviruses are found in distinct tissue tropism, resulting in
equally diverse clinical symptoms [27–29]. In this setting, species F and G (serotypes 40
and 41) affect the gastrointestinal tract whereas, species B, C, and E (serotypes 3, 5, and
7) primarily cause respiratory infections [30]. The current study revealed that the HAdVs
belong to species F which was previously reported to be associated with gastroenteritis
in children [31,32]. Phylogenetic analysis revealed that the isolated HAdV cluster with
serotype 41, which had previously been found in children suffering from gastroenteritis in
Riyadh, Jeddah, and Mecca in Saudi Arabia [33].

A previous study confirmed that the AdV prevalence was largely stable through-
out the year, showing no seasonal effect on the removal of these viruses in wastewater
treatment [13]. This finding was consistent with that study’s assertion that the seasonal vari-
ability insignificantly influenced the HAdV prevalence in the locations under investigation
(p > 0.05). The occurrence of HAdV in sewage with little or insignificant seasonal variabil-
ity supported the hypothesis mentioned elsewhere that HAdV occurrence in the aquatic
environment is most likely owing to potential contamination with untreated or poorly
treated human sewage [34]. Moreover, the lack of seasonal impact on HAdV prevalence
implicates the potentiality of HAdV as a quality indicator of water resources [35,36]. How-
ever, the highest HAdV prevalence of 22.22% was observed in the Autumn season while
the lowest prevalence was detected in Spring (11.11%). This finding was in conflict with
that of previous investigations conducted in China, Korea, and Egypt, which found that
the highest prevalence of HAdVs was detected in Summer rather than Autumn [22,37,38].
Interestingly, HAdV prevalence was 100% in late Summer and Autumn and of moderate
prevalence in Winter, with the lowest prevalence recorded in Spring and early Summer,
particularly during March to June. However, a recent research found that HAdVs were
more often detected on days with low temperatures (20 ◦C), mostly during the Winter
and Spring seasons [39]. The discrepancy of our results with previous findings could be
owing to geographical and temporal considerations. The HAdV prevalence in our study
was insignificantly influenced by low temperature ranges, which implicates the stability
of HAdV with no favorable distribution pattern even at low temperatures, which agrees
a previous study that recorded twice more HAdV prevalence during high temperature
seasons [37]; similar to the higher HAdV prevalence recorded in China [38]. On the con-
trary, a study conducted in Saudi Arabia, reported the highest HAdV prevalence at 5/6
locations favoring lower temperature ranges (22–25 ◦C) compared to our study [18]. The
difference could be owing to the sample source since the later study was concerned with
treated water, irrigation water, and surface water (lakes) as well as the temporal variation.
Moreover, meteorological factors including temperature, wind speed, and humidity were
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reported to have no significant impact on HAdV prevalence with few exceptions [37].
However, the HAdV distribution varied across relative humidity ranges, preferring the
lowest humidity range (6–14%) at all sample sites, with a prevalence of 33.3%. Nevertheless,
no HAdV prevalence (0%) was identified in humidity ranges of 24–32% and 33–41%, at
KSU-/EMB-WWTP and MN-/EMB-WWTP, respectively. This finding was contrasted with
that of a previous report which demonstrated that humidity had no influence on HAdV
prevalence [40]. The highest HAdV prevalence was identified at rather high wind speeds
(15–21 km/h); however, wind speed was shown to have an insignificant influence on HAdV
prevalence over the investigated wastewater treatment plants, and this coincides with the
prior report, which indicated that the virus was detected in low concentrations at extremely
low wind speeds [41].

5. Conclusions

The present investigation found that species F, serotype 41 predominated among the
identified HAdV strains in various wastewater treatment facilities. Since this serotype has
been connected to gastroenteritis in children, ongoing monitoring of HAdVs gives novel
data that are critical for fecal contamination management. The research confirmed that
HAdVs were unaffected by seasonal variation and were abundant in wastewater samples,
suggesting their potential use as a fecal pollution indicator.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15071367/s1, Figure S1. Timetree for HAdV evolutionary
analysis by Maximum Likelihood method; Table S1. Maximum Likelihood fits of 24 different
nucleotide substitution models; Table S2. Estimates of evolutionary divergence between HAdV
sequences recovered from WWTPs raw water in Riyadh, Saudi Arabia; Table S3. Evolutionary
divergence estimates between human Adenovirus sequences; Table S4. Full description of sequences
used for phylogenetic analysis of human adenovirus isolates.
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