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Abstract

The presence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in
wastewater and its potential as an airborne transmission source require extensive
investigation, particularly in wastewater treatment plants (WWTPs), where few stud-
ies have been conducted. The aim of this study was to investigate the presence of
SARS-CoV-2 and norovirus (NoV) RNA in wastewater and air samples collected from
a municipal WWTP. In addition, the study assessed the potential risk of viral expo-
sure among WWTP employees. In both the summer and winter campaigns of this
study, SARS-CoV-2 and NoV RNA were quantified in wastewater/sludge samples other
than effluent. Viral RNA was not detected in any of the air samples collected. The
exposure risk assessment with the SARS-CoV-2 RNA concentrations in the influent
pumping station of this study shows a lower risk than the calculation with the his-
torical data provided by AquaVall, but both show a low-to-medium exposure risk for
the WWTP workers. The sensitivity analysis shows that the result of the model is
strongly influenced by the SARS-CoV-2 RNA quantification in the wastewater. This
study underscores the need for extensive investigations into the presence and viability
of SARS-CoV-2 in wastewater, especially as a potential airborne transmission source
within WWTPs.
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1 | INTRODUCTION

In December 2019, a new coronavirus of the genus Betacoronavirus
was isolated for the first time from a cluster of individuals with unrec-
ognizable acute pneumonia in the city of Wuhan, China.['! The newly
recognized virus was named severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) and was quickly detected in almost every
country and territory in the world.[23] The World Health Organization
(WHO) declared the new SARS-CoV-2 a public health emergency of
international concern!*! and a few weeks later a global pandemic.[5]

Transmission of SARS-CoV-2 has been thought to occur primarily
through close contact with infected respiratory droplets,[¢! and since
the beginning of the current pandemic, it has been debated whether
or not airborne is a route of transmission.!”-?! Several studies have
suggested the possibility of airborne transmission.[8-1] Today, air-
borne transmission of SARS-CoV-2 is widely accepted! 12! and is mainly
associated with crowded and poorly ventilated indoor environments,
such as schools, restaurants, offices, and healthcare facilities. The risk
of infection in outdoor settings is still unclear, but a number of fac-
tors, such as wind speed, temperature, and relative humidity,!13] could
increase the risk of transmission in these environments.[14.15]

The presence of SARS-CoV-2 RNA in fecal samples from infected
patients has been observed, with an estimated 2%-10% of confirmed
positive patients presenting with gastrointestinal symptoms, including
diarrhea.l’¢] Several studies have reported the presence of SARS-CoV-
2 RNA in wastewater!17-20] and contaminated water bodies.[2122]
When considering possible airborne sources, wastewater treatment
plants (WWTPs) should be considered.[2324] Noroviruses (NoVs) are
the major cause of acute gastroenteritis and cause several outbreaks
worldwide.[25-27] They are genetically diverse and are divided into
10 genogroups, with NoV genogroup | (Gl) and genogroup Il (Gll)
containing most strains capable of infecting humans and causing
75%-90% of all NoV outbreaks.[?8] NoV spreads via the fecal-oral
route and is, therefore, one of the most common human viruses
found in wastewaters,!2?] even after treatment.[2%30] The primary
modes of NoV transmission include the consumption of contaminated
water or food and contact with infected individuals or contaminated
surfaces.!31] However, there is also some evidence indicating the
potential for airborne transmission.!132-341

Studies have shown that wastewater treatment processes produce
aerosols of less than 1-2 pym, which are in the range of respirable
aerosols.[353¢] The main emission sources of aerosols in WWTPs
include aeration tanks, sludge dewatering units, and mechanical agita-
tion systems.[37] Some studies have reported a frequent occurrence of
respiratory symptoms among employees of WWTPs.[38:37]

Despite the significance of this topic, the presence of SARS-CoV-2
in aerosols generated during wastewater treatment has been primar-

ily addressed by only one study, conducted by Gholipour et al.[23]
This study underscored the potential risk of COVID-19 transmis-
sion through wastewater aerosols. It is important to highlight that
fecal bioaerosols may contain both viable and nonviable pathogens
and viruses, presenting a significant public health risk, particularly for
individuals exposed to them, such as residents of buildings, sewage
treatment plant workers, neighboring residents, and farmers, among
others.[40] The SARS-CoV-1 outbreak in Hong Kong in 2003 high-
lighted the role of wastewater-associated bioaerosols as a significant
transmission mechanism for the virus.[142] Researchers emphasized
that the virus’' persistence in sewage, primarily due to inadequate
disinfection, increased the risk of transmission.[43] The infectivity
of SARS-CoV-2 in wastewater has not been conclusively proven.[*4]
Although studies indicate that the likelihood of SARS-CoV-2 transmis-
sion through aerosols from wastewater is low, the possibility cannot
be entirely ruled out. Due to this knowledge gap, it remains crucial to
ascertain the detectability of SARS-CoV-2 RNA in aerosols to gain a
comprehensive understanding of the potential risks involved in future
epidemics.

A recent study has reported that the survivability rates of Delta and
Omicron variants of concern in wastewater pose a low risk of fecal-
aerosol transmission.[4%) In addition, and although NoV transmission is
mainly via the fecal-oral and vomit-oral routes, airborne transmission
has also been suggested in recent years, but this route has not yet been
consistently demonstrated.[26:3334] The objective of this study is to
investigate the presence of SARS-CoV-2 and NoV RNA in wastewater
and air samples obtained from a municipal WWTP. Furthermore, this
study utilizes historical data from SARS-CoV-2 wastewater-based epi-
demiology as a framework to infer the potential presence of viruses in
aerosols. This study contributes to the understanding of exposure risk
associated with aerosolized viral particles in wastewater treatment

settings.

2 | MATERIALS AND METHODS
2.1 | Collection of wastewater and air samples

The WWTP of Valladolid in Spain (41.6463° N, 4.7249° W) serves
a population of 570000 and is designed with a maximum flowrate
treatment capacity of 3 m® s=1 (1000000 population equivalents).
It consists of a water treatment line composed of solid removal and
degreasing, primary treatment, A20 biological treatment, and sec-
ondary clarification. It also has a sludge treatment line that receives the
settled (primary) sludge and the excess activated (secondary) sludge
from clarification. After homogenization, mixed sludge is thickened and

anaerobically digested before dewatering.
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TABLE 1 Details of wastewater and air samples.

Summer sampling Winter sampling

Sampling location Sample type Setting Sampling location Sample type Setting
Inlet pumping station Air Outdoor Inlet pumping station Air Outdoor
Activated sludge reactor Air Qutdoor Activated sludge reactor Air Outdoor
Activated sludge reactor (middle) Air Outdoor Activated sludge reactor (middle) Air Outdoor
Pretreatment Air Indoor Pretreatment Air Indoor
Sludge dewatering Air Indoor Sludge dewatering Air Indoor
Outlet wastewater plant discharge  Air Outdoor Outlet wastewater plant discharge  Air Outdoor
Offices Air Indoor Offices Air Indoor
Inlet pumping station Wastewater Outdoor Inlet pumping station Wastewater Outdoor
Activated sludge reactor (aerobic) Wastewater/Sludge  Outdoor Activated sludge reactor (aerobic) Wastewater/Sludge Outdoor
Anaerobic digester Wastewater/Sludge  Outdoor Anaerobic digester Wastewater/Sludge Outdoor
Outlet wastewater plant discharge ~ Wastewater Outdoor Outlet wastewater plant discharge ~ Wastewater Outdoor

Two sampling campaigns were carried out, one on August 1, 2021
(summer campaign) and the other on November 30, 2021 (winter
campaign). According to data obtained from the Spanish State Mete-
orological Agency (AEMET), the weather conditions on the 1st August
were as follows: The average temperature recorded was 18.4°C, with
a relative humidity of 42%. There was no precipitation, and the wind
speed was measured at 5.4 km h=1. On the 30th November, the
weather conditions were as follows: The average temperature was
3.7°C, whereas the relative humidity increased to 84%. Similar to the
previous date, there was no recorded precipitation, and the wind speed
remained calmat 3km h~1,

Grab wastewater samples were collected from different areas of
the WWTP as detailed in Table 1. A total of eight wastewater/sludge
samples (four samples from each collection campaign) were collected
in 250 mL plastic sterile bottles and immediately transferred to the
laboratory in an insulated box with cooling packs. Air samples were col-
lected using a Coriolis Compact (Bertin Instruments) according to da
Silva et al.l8] A cross section sampling was performed at the WWTP,
and the information of each sampling site is detailed in Table 1. Air
sampling was performed for 30 min in each sampling site, with an air-
flow rate of 50 L min~? (total of 1.5 m3) and collected on dry medium,
with 4 mL of sterile PBS (biotechnology grade with a purity of >99%)
(Fisher Scientific) added to the collection cones after sampling. All sam-
ples were stored in an insulated box with cooling backs before being
transferred to the laboratory. In the laboratory, samples were kept at
4°C, and RNA was extracted within 24 h. A schematic representation
of the WWTP of Valladolid and the sampling locations is summarized in
Figure 1.

2.2 | Wastewater concentration

Before each concentration step, 20 upyL of mengovirus
(3.2 x 10° copies pL=1) was added to 70 mL of each sample as an
internal control of the concentration process (BioMérieux). Samples

of wastewater were homogenized and centrifuged at 700 x g for

10 min to remove large particles and organisms (pellet). An aliquot of
70 mL of the resulting supernatant was used for concentration with
centrifugal ultrafiltration devices with a cutoff of 10 kDa (Centricon
Plus-70). Briefly, 70 mL of sample was added to a Centricon Plus-70
and centrifuged at 4000 x g for 40 min at 4°C. Elution was done by
centrifugation at 700 x g for 40 min. The resulting concentrate was
used for nucleic acid extraction. Sludge samples were centrifuged at
10000 x g for 3 min, and the resulting pellet was used for nucleic acid

extraction.

2.3 | Extraction of viral DNA and RNA

The AllPrep PowerViral Kit (Qiagen) was used for the isolation of
viral nucleic acids from 200 L of wastewater and air samples and
from 200 pg of sludge, according to the manufacturer’s instructions
to obtain 100 pL of isolated DNA and RNA. For all samples, a known
concentration of mengovirus RNA (3.2 x 103 copies pL~1) was added
as an internal control for nucleic acid isolation and to check potential
for possible PCR inhibitory effects intrinsic to the samples. Briefly, the
viral extraction efficiency was controlled using the Mengovirus Extrac-
tion Control Kit (BioMérieux) by adding 20 pL of a known amount of
mengovirus (strain VMCO) before nucleic acid extraction. For wastew-
ater samples, mengovirus was added before viral concentration to both
control the concentration step and nucleic acid isolation. For each
nucleic acid isolation procedure, a negative control of isolation (NCI)
was included containing 200 pL of nuclease-free water (Type Il 18-
megohm filtered) (Thermo Fisher) instead of sample. For each RNA
isolation procedure, an NCl was included containing only buffers.

2.4 | Molecular detection of mengovirus,
SARS-CoV-2, and norovirus GI/GlI

Mengovirus was quantified using nucleic acid amplification by one-
step RT-gPCR on a QuantStudiol Real-Time PCR system (Applied
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FIGURE 1 Schematic representation of the wastewater treatment plant (WWTP) of Valladolid with sample locations and sample type.
Locations of air sampling are marked with green in locations where aerosols are generated, and wastewater/sludge samples are marked in blue in

the main steps of the treatment process.

Biosystems) using the Mengovirus Extraction Control Kit (BioMérieux)
(Reference number KMG), with a final volume per reaction of 25 pL
(20 pL of Mastermix and 5 pL of RNA). The cycling conditions for
mengovirus were reverse transcriptase at 45°C for 10 min, poly-
merase activation at 95°C for 10 min, 45 cycles of denaturation at
95°C for 15 s, and annealing/extension at 60°C for 45 s (limit of
quantification = 100 copies L™1).

SARS-CoV-2 and NoV GI/Gll were also quantified using nucleic acid
amplification by one-step RT-qPCR on a QuantStudio 1 Real-Time PCR
system (Applied Biosystems). Quantification of SARS-CoV-2 was done
by targeting the gene N1 and using N2 for confirmation (IDT Technolo-
gies) (Reference number 10006713) using TagPath 1-Step RT-qPCR
Master Mix (Applied Biosystems) with a final volume per reaction of
20 pL for each gene (15 pL of Mastermix and 5 pL of extracted RNA).
The cycling conditions for SARS-CoV-2 were reverse transcriptase at
50°C for 15 min, polymerase activation at 95°C for 2 min, 45 cycles of
denaturation at 95°C for 3 s, and annealing/extension at 55°C for 30 s
(limit of quantification = 383 copies L™1).

The quantification of NoVs Gl and Gll was done by targeting NoV
Gl capsid protein gene and NoV GII RNA polymerase gene using
NoVs Gl and Gll One-Step RT-qPCR Kit (NZYTech) (Reference num-
ber MD04051), with a volume per reaction of 20 uL per gene (15 pyL
Mastermix and 5 pL of extracted RNA). The cycling conditions for
NoV were reverse transcriptase at 50°C for 20 min, polymerase acti-
vation at 95°C for 2 min, and 50 cycles of denaturation at 95°C for
4 s and annealing/extension at 60°C for 30 s (limit of quantifica-
tion = 231 copies L™1).

The fluorescence thresholds were manually set for each gene for
both SARS-CoV-2 and NoVs Gl and Gll according to the amplifica-

tion curves. For mengovirus control, the threshold was set at 0.2.

Non-template control (NTC) was added at each reaction to monitor
potential contamination in the gPCR reagents during pipetting. A pos-
itive control (PC) for each gene was added in each gPCR assay to
monitor each amplification. Each positive amplification curve was man-
ually checked, and only curves showing a significant slope increase, in
contrast with the negative control curves (NTC and NCI), were consid-
ered positives. Each reaction was performed in triplicate, including the
used controls (NTC, NCI, and PC).

PCs for each N1 and NoV were 10-fold serially diluted to 1 x 107
and assayed for each gene in triplicate. Standard curves were obtained
by plotting C; values for each dilution against the log,q expected copy
number (Figure S1). The standard curves were used to quantify the
tested samples.

2.5 | Quantitative microbial exposure assessment
of SARS-CoV-2 aerosol exposure

The probability of exposure of WWTP workers by aerosolized par-
ticles containing SARS-CoV-2 was calculated using a slightly mod-
ified version of the model by Gholipour et al. using SARS-CoV-2
RNA concentration in untreated wastewater instead of COVID-19
prevalence.[23]

Genomic copy number per liter was converted into TCID50 using a
conversion factor (CF) ranging between 29 and 700.1¢47] Briefly, the
daily dose (d) (TCIDsq day~1) of SARS-CoV-2 particles inhaled through
aerosols by WWTP workers was calculated by a modified version of
Barker et al. for NoV:[48]

d = CwPCalRteRR (1)
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where Cy, is the concentration of SARS-CoV-2 in wastewater (GC)
divided by the CF; PC,,, is the microbial to air portioning coefficient
(Lm=3) (104 to 1075);123] inhalation rate (IR) is the average inhalation
rate (m3 min~?) (2.9 x 10-2);14%) t,,, is the duration in hours of daily
exposure (7.5 h, considering the typical daily work time in Europe); and
RRis the retention rate of aerosols in the lungs.[23]

The probability of exposure with SARS-CoV-2 due to inhalation was
calculated using a dose-response model for SARS-CoV described by
Watanabe et al!°°! To the best of our knowledge, there is no dose-
response model available in the literature for SARS-CoV-2, and due to
the similarities with SARS-CoV, the following equation was used to cal-
culate the risk of exposure per daily exposure of sewage workers to
aerosols of SARS-CoV-2 (TCIDsq day~1) (Pi(d)):

Pi(d)=1-ek (2)
where k is a model parameter described by Gholipour et al.[23]
(5.39 x 1072) and d is the daily dose of SARS-CoV-2 particles inhaled.
The annual risk per person of SARS-CoV-2 exposure by aerosols

(P;(A)) was estimated according to the equation described by Moazeni
etal.:[51]

Pi(A) = 1-[1-P;(d)]" 3

where P;(d) is the daily exposure risk and n is the number of days per
year that a worker may be exposed to aerosols of SARS-CoV-2 (240
days). Spearman’s rank order correlation was used to perform sensitiv-
ity analysis to identify the variable input parameters that contribute to
the uncertainty of estimated exposure risk.

3 | RESULTS AND DISCUSSION

3.1 | Detection of SARS-CoV-2 and NoV RNA in
wastewater/sludge samples

gPCR-based methods are the most used and offer a rapid way to
detect low concentrations of viruses, but their high sensitivity and
the complexity of environmental samples, such as the large num-
ber of inhibitory substances, pose some challenges. To avoid false
results and cross contamination, the use of controls in each reaction
is crucial.[253] |n the current study, controls have been used to avoid
these issues (Table S1). The NCl and NTC added to monitor each sam-
pling run were negative, ruling out the possibility of contamination
during RNA extraction and quantification with RT-gPCR. The C; values
of the mengovirus control RNA varied only slightly among samples (less
than 1 C; value), confirming that the RNA isolation and—in the case
of wastewater samples—the concentration step were almost optimal
and that there was little or no inhibition during nucleic acid amplifica-
tion. The PCs added to the RT-gPCR reactions for each gene behaved
as expected with very low inter-reaction variation.

The detection of viruses in wastewater has been used as a comple-

mentary method to clinical testing. It is an early warning indicator of
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FIGURE 2 Concentrations of samples for severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) and norovirus genogroup | (Gl)
and genogroup | (Gll). Results show copies L~ and include error bars.

the spread of viruses in communities and detects both symptomatic
and asymptomatic cases. Several studies report the detection and
quantification of SARS-CoV-2 RNA in wastewater during the current
COVID-19 pandemic.[17:18.20.54] NoV has also been detected and quan-
tified in wastewater.[29°55¢] |n this study, both SARS-CoV-2 and NoV
RNA were detected in untreated wastewater collected at the inlet
pumping station and in sludge collected at the activated sludge reactor
and anaerobic digester, but RNA was not detected in treated water at
the outlet station (Table 2 and Figure 2). Other studies have reported
similar results with SARS-CoV-2 RNA not being detected or being
detected sporadically in effluent samples.>7-59] Studies investigating
the removal of NoV during wastewater treatment also showed that
NoV RNA is often not detected in wastewater effluent.[¢061] On the
other hand, a monitoring study conducted for 1 year has reported
that NoV was reduced but still often found in effluent samples.[62]
Another similar study has also reported the presence of NoV in efflu-
ent samples.[f’“ In addition, studies have shown the detection of NoV
in receiving water bodies downstream of WWTPs.[4863] A possible
explanation can be due to the size of the population served by the
WWTP, as there might be a greater chance of higher concentrations
of NoV in WWTPs serving larger populations. On the other hand, a
higher population would result in higher fecal matter being excreted.
The prevalence of NoV in the population that is served by the WWTP
might be another important factor, as in non-epidemic periods, NoV is
shed by a small percentage of the population.[61] The effect of different
wastewater treatment technologies is also known to be an impor-
tant factor in the elimination and reduction of pathogenic viruses.[¢4]
No detection of SARS-CoV-2 and NoV RNA in effluent samples may
also be a consequence of the viral concentration methods and further
research and optimization of concentration methods is highly needed.
Studies evaluating the removal of human pathogenic viruses during
wastewater treatment have been conducted,¢>] but there are still few
long-term studies evaluating the removal of SARS-CoV-2.[57:58]

The concentrations of NoV RNA at the inlet pumping station were
2.76 x 10* in summer and 2.28 x 10 in winter (Table 2). The observed
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TABLE 2 Concentrations of positive samples for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and norovirus (NoV)

genogroup | (Gl) and genogroup Il (GII).

Target genes for SARS-CoV-2 Target gene for NoV

Sampling location N1 N2 (+ or —) NoV Gl and GlI
Summer campaign Inlet pumping station 7.26 x 10* + 8.04 x 10° + 2.76 x 10* +2.95x 10°

Outlet wastewater plant discharge - - -

Activated sludge reactor (aerobic) 3.79x 10°% + 1.90 x 103 + 2.55x 10% +2.06 x 10°

Anaerobic digester 4.38x10° +1.92x 10° + 7.02 x 10* +4.74 x 10°
Winter campaign Inlet pumping station 6.78 x 10° + 3.93 x 102 + 2.28x 10% +2.61 x 10°

Outlet wastewater plant discharge - - -

Activated sludge reactor (aerobic) 4.03% 103 + 1.90 x 103 4 6.31x 10* + 1.14 x 10*

Anaerobic digester 1.90 x 10° (only 1/3 reactions + 1.67 x 10° +3.13 x 10*

amplified)

Note: Results show copies L~1 for the inlet pumping station wastewater sample and copies g~ in the aerobic and anaerobic digester samples. Presence (+)

and absence (—) of SARS-CoV-2 N2 gene are used for confirmation.

concentrations are at the lower end of those previously reported
in other studies. Nordgren et al. have shown NoV concentrations in
untreated wastewater ranging from 1 x 104 to 6 x 108 copies L~1.[62]
The same study showed a significant increase of NoV concentra-
tions in winter, which has not been observed in the current study.
Grgndahl-Rosado et al. also reported concentrations of NoV ranging
from 2.5 x 10° to 67.4 x 10° copies L=1.[31] The concentration of
SARS-CoV-2 RNA in raw wastewater collected at the inlet pumping
station was about 7.26 x 10% copies L~ in the summer campaign and
6.78 x 103 copies L~ in the winter campaign (Table 2), which is in
accordance with other studies.[16:17:23.66]

3.2 | Detection of NoV and SARS-CoV-2 RNA in
aerosols

Out of the 14 air samples collected during both summer and winter
campaigns, no amplification was detected for N1 or N2 gene of SARS-
CoV-2. Similarly, none of the air samples showed amplification for NoV
G1 capsid protein gene and NoV Gll RNA polymerase gene, indicat-
ing the absence of NoVs Gl and GlI. It is important to interpret these
reported results cautiously, as the samples may have yielded false neg-
atives. This could be attributed to either low concentrations of viral
RNA falling below the methodological limit of detection or the pres-
ence of inhibitors during the RT-qPCR process. To ensure meticulous
monitoring and mitigation of false negatives, rigorous adherence to
optimal laboratory practices was maintained. To avert the detrimental
effects of thawing and unthawing cycles, extracted RNA was promptly
aliquoted. Comprehensive control measures, outlined in the methods
section, were systematically incorporated at each procedural stage,
featuring an internal control. Notably, the outcomes of the internal
control and supplementary controls revealed an absence of indications
for false negative results. Additionally, each sample was subjected to
triplicate application and subjected to a 10-fold dilution within each
RT-qPCR reaction, with no discernible signs of inhibition identified.

There are few studies performing detection and/or quantification
of SARS-CoV-2 and NoV in outdoor air, and even fewer studies con-
ducted in aerosols generated by WWTPs.[1667] Gholipour et al. report
the detection of SARS-CoV-2 RNA in 6 out of 15 air samples collected
in a WWTP serving a population with a higher COVID-19 prevalence
compared to the population in this study.[23] NoV has been detected
in air samples collected near open sewers and polluted surface waters
in La Paz, Bolivia.l8] A Danish study also showed the occurrence of
NoV in aerosols generated by WWTPs at concentrations that may pose
an occupational health risk and increase the incidence of gastroin-
testinal diseases in workers.[¢?] The risk of infection from bioaerosols
for residents living near biosolid application sites was assessed and
showed a high risk of infection from coxsackievirus A21.[701 A 2014
study showed that adenovirus RNA was present in all air samples
collected from a WWTP in summer and in 97% of the samples in win-
ter. NoV was detected in only 3 of 123 air samples, and hepatitis E
was not detected in any sample.l”!] In another study, hepatitis E was
detected in aerosols from WWTPs generated in active sludge tanks.[72]
NoV was also detected in 9 out of 16 samples at a WWTP in Japan.
In the same study, adenoviruses were detected in 4 out of 16 sam-
ples, and F-specific RNA bacteriophages (FRNA bacteriophages) and
enteroviruses in 3 out of 16 samples.[73!]

A study conducted in northern Italy reported the presence of SARS-
CoV-2 RNA associated with particulate matter (PM1q) in air samples
collected in an industrial area.l74! Similarly, another study reported
different detection rates of SARS-CoV-2 in outdoor samples from
northern and southern Italy.[”5] A recent study has shown the detec-
tion of SARS-CoV-2 RNA in WWTP aerosols with a detection rate of
40% (6/15 samples).[23] The study was conducted when the prevalence
of COVID-19 was very high in the region, whereas the current study
was conducted with alow prevalence of COVID-19 (62 201 and 69 856
confirmed cases, in August and November, respectively). Gholipour
et al. showed that the RdRp gene was the most frequented gene
detected, whereas N and ORF-1ab genes amplified in few samples.
However, the analytical sensitivity of RT-qPCR assays for SARS-CoV-2
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reported in different studies is dissimilar. In one study, ORF-1ab exhib-
ited the highest frequency of amplification when compared with N and
E genes,ml whereas Ahmed showed a high frequency of amplification
of N gene.l 7] The sampling strategy might also be a key factor influenc-
ing the detection. Gholipour et al. collected wastewater aerosols using
portable pumps with a total collected volume of 3.5-4 m3, whereas in
this study, a total of 1.5 m3 was collected per sample.

Although the viral RNA of SARS-CoV-2 has been detected in var-
ious environments—including wastewater, surface water, biosolids,
groundwater, sediments, and indoor and outdoor air—its infec-
tivity in these matrices has not been confirmed or thoroughly
investigated.[224476-78] vVjable SARS-CoV-2 was isolated from the
feces of six patients.l”?8%1 Considering the high efficiency of most
WWTPs in reducing viral load,[244481] several studies suggest that
fecal-oral transmission of SARS-CoV-2 via wastewater is likely to be
low compared to the predominant person-to-person transmission via
respiratory droplets and aerosols.[*4! Although the possibility of low
infectivity in wastewater has not been proven, it cannot be completely
ruled out. In addition, some studies suggest that in areas without
adequate sanitation infrastructure, high levels of SARS-CoV-2 load
could enter water bodies and remain active there for extended periods
of time.[82-84] Low seasonal temperatures may further increase the
risk of waterborne transmission of SARS-CoV-2, leading to concerns
about the spread of COVID-19 via aerosolized contaminated water
and wastewater. This emphasizes the importance of SARS-CoV-2 RNA
detection for occupational risk assessment, especially for workers in
environments where they may be exposed to contaminated water or
aerosols.[82]

3.3 | Exposure assessment of SARS-CoV-2 in
WWTP workers

Wastewater contains large concentrations of human pathogens,
including viruses, bacteria, and parasites, and the treatment pro-
cess in WWTPs can lead to the aerosolization of these pathogens.
Employees of WWTPs and the surrounding communities have been
considered potential risk groups due to the bioaerosols generated in
WWTPs.[3385] There are few studies assessing the risk of viral infec-
tion in WWTP workers. In this study, a microbial exposure assessment
developed by Gholipour et al. was employed using historical data
acquired from the Spanish national wastewater-based epidemiology
program  (https://aquavall.es/sistema-de-alerta-temprana-para-la-
deteccion-de-covid-19/), and the results were compared with refer-
ence levels of WHO and the US Environmental Protection Agency
(EPA) (Figure 3).[2386] The results summarized in Figure 3 show that
there was a higher exposure risk per person per year in summer than in
winter. In this study, the exposure risk herein estimated in summer was
higher than the reference level of EPA, but in both sampling periods,
the risk was lower than the WHO reference level. The exposure risk
observed was significantly lower than that reported by Gholipour
et al.l23] The difference was likely due to the lower prevalence of

COVID-19 at the time of sampling compared to the high prevalence
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FIGURE 3 Box plots of logyg estimated exposure risk per person
per year (pppy) for wastewater treatment plant (WWTP) workers in
both summer and winter sampling campaigns. The log4q reference
levels proposed by the US Environmental Protection Agency (EPA)
(—4) and the World Health Organization (WHO) (-3) are indicated.
The average log4g exposure risk in winter is —4.6, and in summer it is
-3.6.

of the previous study. The herein observed exposure risk in summer
was also slightly higher than the tolerable exposure risk of 5.5 x 10™*
recommended for SARS-CoV-2.[87] The same microbial exposure
analysis was performed with gene copies of N1 from wastewater
samples provided by AquaVall for each month of 2021 (Figure 4).
When comparing the exposure risk calculated with the SARS-CoV-2
RNA concentrations in the inlet pumping station of this study to the
exposure risk calculated with AquaVall data, the calculations using
concentrations of this study showed a slightly lower exposure risk
(winter and summer (Figure 4) correspond to August and November
(Figure 4), respectively). As seen in Figure 4, the exposure risk was
higher than the EPA reference and lower than the WHO reference in
most of the months. The highest exposure risk was observed in Decem-
ber 2021 and January 2022. The exposure risk follows the prevalence
of COVID-19 in the catchment community. A previous study suggested
a reduction of working hours with the aim to reduce the exposure
time and thus decrease the exposure risk.[23] On the other hand,
both the current study and the study from Gholipour et al. did not
consider the effect of vaccination and protective material, as well as
the fact that workers are typically not 7.5 h in the near proximity of
areas with the possibility of aerosol generation. Although SARS-CoV-2
RNA has been widely detected and quantified in wastewaters and
aerosols, there is no evidence that the infectious virus is present, and
exposure to fecal material and wastewater is not a known transmission
vector.[88]

Sensitivity analyses were performed (Table 3) to investigate the
influence of the input parameter on the estimated exposure risk. The
sensitivity analysis shows that the risk of exposure to SARS-CoV-
2 is highly affected by the SARS-CoV-2 genomic copies detected in
wastewater, followed by the CF of genomic copies to TCID50. Other

important factors are the microbial-to-air portioning coefficient (PC,,,)

85U8017 SUOWILLIOD @A 118D 3|l [dde au A peuienob aJe sspiie YO ‘8sn Jo Sa|nJ o} A%eid7aU1|UO /8|1 UO (SUO N PUOD-PUB-SWLBIW0D" A8 |IM" ARe.d 1 jBu[UO//:SANY) SUORIPUOD pue swiie | 8y &8s *[6202/20/.2] Uo Ariqiaulluo 48| ‘Pliope|A 8 PepseAlIN AQ 29200£202 UBI0/200T OT/I0p/uoo" A3 (1M Aeiq Ul |uo// Sy Wolj pepeojumod ‘6 ‘+Z0Z ‘6990£98T


https://aquavall.es/sistema-de-alerta-temprana-para-la-deteccion-de-covid-19/
https://aquavall.es/sistema-de-alerta-temprana-para-la-deteccion-de-covid-19/

GONCALVESET AL.

CLEAN Soil Air Waterw

-2 - 5 :
-~ | E —_— T St
(2] ' - '
& 3 [.lT'—*' e B L
(] o - I i i :
—_ ' J— ' —_ '
2 ' : : =
(%] —:— -t i
g HL  YOox ﬁ .
- B R — = _— < el 2 - ___EPA
w : ' P i T AL
> 4L+ I = I
= |
8 —_
>
= &
1)
o)
|
-6 -
I T T T T T T T T T T T 1
(\\ ‘0'\ > {\ (\\ A N AQ:\ \'q:\ A'Q:\ o'q;\ (\’qﬁl’ ‘d({'b
¥ @ ¥ K RGN W S o S & ¥ L

FIGURE 4 Box plots of logg estimated exposure risk per person per year (pppy) for wastewater treatment plant (WWTP) workers using
historical concentrations of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) provided by AquaVall from January to February 2022.
The log4q reference levels proposed by the US Environmental Protection Agency (EPA) (—4) and the World Health Organization (WHO) (-3) are

indicated.

TABLE 3 Median estimates of the Spearman’s rank correlation
between the input variables and the risk of exposure, bounded by the
95% uncertainty.

Variable Correlation coefficient
Concentration of SARS-CoV-2 RNA 0.651+0.087

copies L1 (GC)

Conversion factor of genomic copies to —0.385 +0.066
TCID50 (CF)

Microbial-to-air portioning coefficient 0.229 +0.001

(PCywa)

Inhalation rate (IR) 0.201 +0.001

and the IR. The sensitivity analysis shows very similar results to those
of Gholipour et al., where the number of COVID-19 cases was the input
variable with the highest contribution to the model output. The results
of the present study report the possibility of exposure to viral RNA
and do not confirm or suggest wastewater and aerosol transmission in
wastewater. Risk of infection was not shown, and exposure risk is low;
however, the use of appropriate personal protective equipment and
frequent hand washing by WWTP workers is suggested. AquaVall has
already implemented preventive measures for exposure to biological
agents since 2018.

4 | CONCLUSIONS

This study provides a snapshot of the occurrence of NoV and SARS-
CoV-2 RNA in wastewater and sludge samples along the wastewater
treatment line of Valladolid WWTP. Interestingly, viral RNA was not
found in aerosols generated by the WWTP. The results supported the

idea that viral RNA concentrations in outdoor spaces are typically low

and that the risk of exposure is lower than in poorly ventilated indoor
spaces.

The results showed a moderate-to-low exposure risk in the studied
WWTP during low COVID-19 prevalence in the catchment population.
Although viability and infectivity have not been shown, the results
are important to assess the risk management measures employed and
highlight the need to keep good sanitary practices to avoid the risk of
exposure in WWTP employees. More studies with more samples need
to be performed to understand the infection risk of aerosols gener-
ated by WWTPs because viral viability data in both wastewater and
aerosols remains scarce due to resource limitations and the need for
biosafety level three laboratories. Coordinated studies using detection
and viability methods, as well as with experts in environmental and
biological sciences, are needed to be able to understand the risk of

infection to workers of highly aerosol-generating areas.

ACKNOWLEDGMENTS

This work was funded by the Marie Sklodowska-Curie Actions Post-
doctoral Fellowship (project PLASMARISE - 101151154). This work
was performed with financial support from the Regional Govern-
ment of Castilla y Leén and the FEDER program (Projects CLU
2017-09, CL-EI-2021-07, UIC315, and VA266P20). This work was
funded by Fundacgéo para a Ciéncia e a Tecnologia (FCT, Portugal),
through the strategic projects UIDB/04292/2020 (https://doi.org/10.
54499/UIDB/04292/2020) and UIDP/04292/2020 (https://doi.org/
10.54499/UIDP/04292/2020) granted to MARE—Marine and Envi-
ronmental Sciences Centre, and the project LA/P/0069/2020 (https://
doi.org/10.54499/LA/P/0069/2020) granted to the Associate Labora-
tory ARNET—Aquatic Research Network. Agua de Valladolid E.P.E.L
(AquaVall) is also gratefully acknowledged for providing the samples

and preliminary data.

85U8017 SUOWILLIOD @A 118D 3|l [dde au A peuienob aJe sspiie YO ‘8sn Jo Sa|nJ o} A%eid7aU1|UO /8|1 UO (SUO N PUOD-PUB-SWLBIW0D" A8 |IM" ARe.d 1 jBu[UO//:SANY) SUORIPUOD pue swiie | 8y &8s *[6202/20/.2] Uo Ariqiaulluo 48| ‘Pliope|A 8 PepseAlIN AQ 29200£202 UBI0/200T OT/I0p/uoo" A3 (1M Aeiq Ul |uo// Sy Wolj pepeojumod ‘6 ‘+Z0Z ‘6990£98T


https://doi.org/10.54499/UIDB/04292/2020
https://doi.org/10.54499/UIDB/04292/2020
https://doi.org/10.54499/UIDP/04292/2020
https://doi.org/10.54499/UIDP/04292/2020
https://doi.org/10.54499/LA/P/0069/2020
https://doi.org/10.54499/LA/P/0069/2020

saz | CLEAN

GONCALVESET AL.

Soil Air Water

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

José Gongalves
Andrés Felipe Franco

https://orcid.org/0000-0003-2191-527X
https://orcid.org/0000-0002-9279-5343

REFERENCES

1

10.

11.

12.

Peeri, N. C., Shrestha, N., Rahman, M. S., Zaki, R., Tan, Z., Bibi, S.,
Baghbanzadeh, M., Aghamohammadi, N., Zhang, W., & Haque, U.
(2020). The SARS, MERS and novel coronavirus (COVID-19) epi-
demics, the newest and biggest global health threats: What lessons
have we learned? International Journal of Epidemiology, 49(3), 717-726.
https://doi.org/10.1093/ije/dyaa033

. Johns Hopkins University (JHU). (2022). COVID-19 Map. Johns Hop-

kins Coronavirus Resource Center. https://coronavirus.jhu.edu/map.
html

. World Health Organization (WHO). (2020). Coronavirus disease

(COVID-19) - Weekly epidemiological update and weekly operational
update, Sep. 2020. World Health Organization. https://www.who.int/
emergencies/diseases/novel-coronavirus-2019/situation-reports/

. World Health Organization (WHO). (2020). Statement on the second

meeting of the International Health Regulations (2005) Emergency
Committee regarding the outbreak of novel coronavirus (2019-nCoV).
World Health Organization. https://www.who.int/news/item/30-
01-2020-statement-on-the-second-meeting-of-the-international-
health-regulations-(2005)-emergency-committee-regarding-the-
outbreak-of-novel-coronavirus-(2019-ncov)

. World Health Organization (WHO). (2020). WHO director-general’s

opening remarks at the media briefing on COVID19-March 2020. World
Health Organization.

. Jayaweera, M,, Perera, H., Gunawardana, B., & Manatunge, J. (2020).

Transmission of COVID-19 virus by droplets and aerosols: A criti-
cal review on the unresolved dichotomy. Environmental Research, 188,
109819. https://doi.org/10.1016/j.envres.2020.109819

. Buonanno, G., Morawska, L., & Stabile, L. (2020). Quantitative assess-

ment of the risk of airborne transmission of SARS-CoV-2 infection:
Prospective and retrospective applications. Environment International,
145,106112. https://doi.org/10.1016/j.envint.2020.106112

. Da Silva, P. G,, Gongalves, J., Nascimento, M. S. J,, Sousa, S. I. V., &

Mesquita, J. R. (2022). Detection of SARS-CoV-2 in the indoor and out-
door areas of urban public transport systems of three major cities of
Portugal in 2021. International Journal of Environmental Research and
Public Health, 19(10), 5955. https://doi.org/10.3390/ijerph19105955

. Silva, P. G. D., Gongalves, J., Lopes, A. |. B., Esteves, N. A,, Bamba, G. E.

E., Nascimento, M. S. J.,, Branco, P. T. B. S, Soares, R. R. G., Sousa, S. I.
V., & Mesquita, J. R. (2022). Evidence of air and surface contamination
with SARS-CoV-2 in a major hospital in Portugal. International Journal
of Environmental Research and Public Health, 19(1), 525. https://doi.org/
10.3390/ijerph19010525

Morawska, L., & Cao, J. (2020). Airborne transmission of SARS-CoV-
2: The world should face the reality. Environment International, 139,
105730. https://doi.org/10.1016/j.envint.2020.105730

Morawska, L., & Milton, D. K. (2020). It is time to address airborne
transmission of COVID-19. Clinical Infectious Diseases, 71,2311-2313.
https://doi.org/10.1093/cid/ciaa939

World Health Organization (WHO). (2020). COVID-19 and food
safety: Guidance for food businesses. World Health Organization.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

https://www.who.int/publications-detail-redirect/covid- 19-and-
food-safety-guidance-for-food-businesses

Gongalves, J., Koritnik, T., & Paragi, M. (2021). Assessment of weather
and atmospheric pollution as a co-factor in the spread of SARS-CoV-2.
Acta Biomedica Atenei Parmensis, 92(3), €2021094. https://doi.org/10.
23750/abm.v92i3.11354

Ou, C, Hu, S., Luo, K., Yang, H., Hang, J., Cheng, P, Hai, Z., Xiao, S.,
Qian, H., Xiao, S., Jing, X., Xie, Z., Ling, H., Liu, L., Gao, L., Deng, Q,,
Cowling, B. J., & Li, Y. (2022). Insufficient ventilation led to a probable
long-range airborne transmission of SARS-CoV-2 on two buses. Build-
ing and Environment, 207, 108414. https://doi.org/10.1016/j.buildenv.
2021.108414

Setti, L., Passarini, F., De Gennaro, G., Barbieri, P, Perrone, M. G,,
Borelli, M., Palmisani, J., Di Gilio, A., Piscitelli, P, & Miani, A. (2020).
Airborne transmission route of COVID-19: Why 2 meters/6 feet of
inter-personal distance could not be enough. International Journal of
Environmental Research and Public Health, 17, 2932. https://doi.org/10.
3390/ijerph17082932

Kitajima, M., Ahmed, W., Bibby, K., Carducci, A., Gerba, C. P, Hamilton,
K. A, Haramoto, E., & Rose, J. B. (2020). SARS-CoV-2 in wastewa-
ter: State of the knowledge and research needs. Science of the Total
Environment, 739, 139076. https://doi.org/10.1016/j.scitotenv.2020.
139076

Ahmed, W.,, Angel, N., Edson, J., Bibby, K., Bivins, A., O'Brien, J. W.,,
Choi, P. M,, Kitajima, M., Simpson, S. L., Li, J., Tscharke, B., Verhagen,
R., Smith, W. J. M., Zaugg, J., Dierens, L., Hugenholtz, P, Thomas, K.
V., & Mueller, J. F. (2020). First confirmed detection of SARS-CoV-2 in
untreated wastewater in Australia: A proof of concept for the wastew-
ater surveillance of COVID-19 in the community. Science of the Total
Environment, 728, 138764. https://doi.org/10.1016/j.scitotenv.2020.
138764

Bar-Or, I, Weil, M., Indenbaum, V., Bucris, E., Bar-llan, D., Elul, M., Levi,
N., Aguvaey, |, Cohen, Z., Shirazi, R., Erster, O., Sela-Brown, A., Sofer,
D., Mor, O., Mendelson, E., & Zuckerman, N. S. (2021). Detection of
SARS-CoV-2 variants by genomic analysis of wastewater samples in
Israel. Science of the Total Environment, 789, 148002. https://doi.org/10.
1016/j.scitotenv.2021.148002

Gongalves, J., Torres-Franco, A., Rodriguéz, E., Diaz, I., Koritnik, T,
Silva, P. G., Mesquita, J. R, Trkov, M., Paragi, M., Mufoz, R., & Garcia-
Encina, P. A. (2022). Centralized and decentralized wastewater-based
epidemiology to infer COVID-19 transmission—A brief review.
One Health, 15, 100405. https://doi.org/10.1016/j.onehlt.2022.
100405

Gongalves, J., Koritnik, T., Mio¢, V., Trkov, M., Boljesic, M., Berginc, N.,
Prosenc, K., Kotar, T., & Paragi, M. (2021). Detection of SARS-CoV-2
RNA in hospital wastewater from a low COVID-19 disease prevalence
area. Science of the Total Environment, 755, 143226. https://doi.org/10.
1016/j.scitotenv.2020.143226

Fongaro, G., Rogovski, P, Savi, B. P, Cadamuro, R. D., Pereira, J. V.
F, Anna, I. H. S., Rodrigues, I. H., Souza, D. S. M., Saravia, E. G. T,
Rodriguez-Lazaro, D., & Da Silva Lanna, M. C. (2021). SARS-CoV-2 in
human sewage and river water from a remote and vulnerable area
as a surveillance tool in Brazil. Food and Environmental Virology, 14,
417-420. https://doi.org/10.1007/s12560-021-09487-9

Rimoldi, S. G., Stefani, F., Gigantiello, A., Polesello, S., Comandatore, F.,
Mileto, D., Maresca, M., Longobardi, C., Mancon, A., Romeri, F., Pagani,
C., Cappelli, F,, Roscioli, C., Moja, L., Gismondo, M. R., & Salerno, F.
(2020). Presence and infectivity of SARS-CoV-2 virus in wastewaters
and rivers. Science of the Total Environment, 744, 140911. https://doi.
org/10.1016/j.scitotenv.2020.140911

Gholipour, S., Mohammadi, F., Nikaeen, M., Shamsizadeh, Z., Khazeni,
A., Sahbaei, Z., Mousavi, S. M., Ghobadian, M., & Mirhendi, H. (2021).
COVID-19 infection risk from exposure to aerosols of wastewater
treatment plants. Chemosphere, 273,129701. https://doi.org/10.1016/
j.chemosphere.2021.129701

85U8017 SUOWILLIOD @A 118D 3|l [dde au A peuienob aJe sspiie YO ‘8sn Jo Sa|nJ o} A%eid7aU1|UO /8|1 UO (SUO N PUOD-PUB-SWLBIW0D" A8 |IM" ARe.d 1 jBu[UO//:SANY) SUORIPUOD pue swiie | 8y &8s *[6202/20/.2] Uo Ariqiaulluo 48| ‘Pliope|A 8 PepseAlIN AQ 29200£202 UBI0/200T OT/I0p/uoo" A3 (1M Aeiq Ul |uo// Sy Wolj pepeojumod ‘6 ‘+Z0Z ‘6990£98T


https://orcid.org/0000-0003-2191-527X
https://orcid.org/0000-0003-2191-527X
https://orcid.org/0000-0002-9279-5343
https://orcid.org/0000-0002-9279-5343
https://doi.org/10.1093/ije/dyaa033
https://coronavirus.jhu.edu/map.html
https://coronavirus.jhu.edu/map.html
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports/
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports/
https://www.who.int/news/item/30-01-2020-statement-on-the-second-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov)
https://www.who.int/news/item/30-01-2020-statement-on-the-second-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov)
https://www.who.int/news/item/30-01-2020-statement-on-the-second-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov)
https://www.who.int/news/item/30-01-2020-statement-on-the-second-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov)
https://doi.org/10.1016/j.envres.2020.109819
https://doi.org/10.1016/j.envint.2020.106112
https://doi.org/10.3390/ijerph19105955
https://doi.org/10.3390/ijerph19010525
https://doi.org/10.3390/ijerph19010525
https://doi.org/10.1016/j.envint.2020.105730
https://doi.org/10.1093/cid/ciaa939
https://www.who.int/publications-detail-redirect/covid-19-and-food-safety-guidance-for-food-businesses
https://www.who.int/publications-detail-redirect/covid-19-and-food-safety-guidance-for-food-businesses
https://doi.org/10.23750/abm.v92i3.11354
https://doi.org/10.23750/abm.v92i3.11354
https://doi.org/10.1016/j.buildenv.2021.108414
https://doi.org/10.1016/j.buildenv.2021.108414
https://doi.org/10.3390/ijerph17082932
https://doi.org/10.3390/ijerph17082932
https://doi.org/10.1016/j.scitotenv.2020.139076
https://doi.org/10.1016/j.scitotenv.2020.139076
https://doi.org/10.1016/j.scitotenv.2020.138764
https://doi.org/10.1016/j.scitotenv.2020.138764
https://doi.org/10.1016/j.scitotenv.2021.148002
https://doi.org/10.1016/j.scitotenv.2021.148002
https://doi.org/10.1016/j.onehlt.2022.100405
https://doi.org/10.1016/j.onehlt.2022.100405
https://doi.org/10.1016/j.scitotenv.2020.143226
https://doi.org/10.1016/j.scitotenv.2020.143226
https://doi.org/10.1007/s12560-021-09487-9
https://doi.org/10.1016/j.scitotenv.2020.140911
https://doi.org/10.1016/j.scitotenv.2020.140911
https://doi.org/10.1016/j.chemosphere.2021.129701
https://doi.org/10.1016/j.chemosphere.2021.129701

GONCALVESET AL.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Gongalves, J., Israel, D., Andrés, T. F.,, Rodriguez, E., Da Silva, P. G,
Mesquita, J. R, Munoz, R., & Garcia Encina, P. (2023). Microbial
contamination of environmental waters and wastewater: Detection
methods and treatment technologies. In Modern approaches in waste
bioremediation: Environmental microbiology (pp. 461-483). Springer
International Publishing.

Anfruns-Estrada, E., Sabaté, S., Razquin, E., Cornejo Sanchez, T,
Bartolomé, R., Torner, N., Izquierdo, C., Soldevila, N., Coronas, L.,
Dominguez, A., Fuentes, C., Pint6, R. M., Bosch, A., Guix, S., & The Work-
ing Group For The Study Of Outbreaks Of Acute Gastroenteritis In
Catalonia Pi. (2022). Epidemiological and genetic characterization of
norovirus outbreaks that occurred in Catalonia, Spain, 2017-2019.
Viruses, 14, 488. https://doi.org/10.3390/v14030488

Huang,Y., Zhou,N., Zhang, S., Yi,Y.,Han, Y., Liu,M.,Han, Y., Shi,N., Yang,
L., Wang, Q., Cui, T.,, & Jin, H. (2022). Norovirus detection in wastewa-
ter and its correlation with human gastroenteritis: A systematic review
and meta-analysis. Environmental Science and Pollution Research, 29,
22829-22842. https://doi.org/10.1007/s11356-021-18202-x
Lopman, B., Reacher, M., van Duijnhoven, Y., Hanon, F. X., Brown, D.,
& Koopmans, M. (2003). Viral gastroenteritis outbreaks in Europe,
1995-2000. Emerging Infectious Diseases, 9, 90-96. https://doi.org/10.
3201/eid0901.020184

Chhabra, P, De Graaf, M., Parra, G. I, Chan, M. C. W,, Green, K.,
Martella, V., Wang, Q., White, P. A, Katayama, K., Vennema, H.,
Koopmans, M. P. G,, & Vinjé, J. (2019). Updated classification of
norovirus genogroups and genotypes. Journal of General Virology, 100,
1393-1406. https://doi.org/10.1099/jgv.0.001318

Kitajima, M., Haramoto, E., Phanuwan, C., Katayama, H., & Ohgaki, S.
(2009). Detection of genogroup IV norovirus in wastewater and river
water in Japan. Letters in Applied Microbiology, 49, 655-658. https://doi.
org/10.1111/j.1472-765X.2009.027 18 x

Jahne, M. A, Brinkman, N. E., Keely, S. P,, Zimmerman, B. D., Wheaton,
E. A, & Garland, J. L. (2020). Droplet digital PCR quantification of
norovirus and adenovirus in decentralized wastewater and graywater
collections: Implications for onsite reuse. Water Research, 169,115213.
https://doi.org/10.1016/j.watres.2019.115213

Grgndahl-Rosado, R. C., Yarovitsyna, E., Trettenes, E., Myrmel, M.,
& Robertson, L. J. (2014). A one year study on the concentrations
of norovirus and enteric adenoviruses in wastewater and a surface
drinking water source in Norway. Food and Environmental Virology, 6,
232-245. https://doi.org/10.1007/s12560-014-9161-5

Alsved, M., Fraenkel, C. J,, Bohgard, M., Widell, A., Séderlund-Strand,
A., Lanbeck, P, Holmdahl, T., Isaxon, C., Gudmundsson, A., Medstrand,
P, Bottiger, B., & Londahl, J. (2020). Sources of airborne norovirus in
hospital outbreaks. Clinical Infectious Diseases, 70, 2023-2028. https://
doi.org/10.1093/cid/ciz584

Uhrbrand, K., Schultz, A. C., Koivisto, A. J., Nielsen, U., & Madsen, A. M.
(2017). Assessment of airborne bacteria and noroviruses in air emis-
sion from a new highly-advanced hospital wastewater treatment plant.
Water Research, 112,110-119. https://doi.org/10.1016/j.watres.2017.
01.046

Xiao, S., Tang, J. W., & Li, Y. (2017). Airborne or fomite transmission
for norovirus? A case study revisited. International Journal of Environ-
mental Research and Public Health, 14, 1571. https://doi.org/10.3390/
ijerph14121571

Bauer, H., Fuerhacker, M., Zibuschka, F., Schmid, H., & Puxbaum, H.
(2002). Bacteria and fungi in aerosols generated by two different
types of wastewater treatment plants. Water Research, 36, 3965-3970.
https://doi.org/10.1016/s0043-1354(02)00121-5

Han, Y., Yang, T.,, Chen, T,, Li, L., & Liu, J. (2019). Characteristics of sub-
micron aerosols produced during aeration in wastewater treatment.
Science of the Total Environment, 696, 134019. https://doi.org/10.1016/
j.scitotenv.2019.134019

Karra, S., & Katsivela, E. (2007). Microorganisms in bioaerosol emis-
sions from wastewater treatment plants during summer at a Mediter-

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

CLEAN Soil Air Waterw

ranean site. Water Research, 41, 1355-1365. https://doi.org/10.1016/
j.watres.2006.12.014

Melbostad, E., Eduard, W., Skogstad, A., Sandven, P, Lassen, J.,
Sgstrand, P, & Heldal, K. (1994). Exposure to bacterial aerosols
and work-related symptoms in sewage workers. American Jour-
nal of Industrial Medicine, 25, 59-63. https://doi.org/10.1002/
ajim.4700250116

Xie, J., Jin, L., Wu, D., Pruden, A., & Li, X. (2022). Inhalable antibiotic
resistome from wastewater treatment plants to urban areas: Bacte-
rial hosts, dissemination risks, and source contributions. Environmental
Science & Technology, 56, 7040-7051. https://doi.org/10.1021/acs.est.
1c07023

Kowalski, M., Wolany, J., Pastuszka, J. S., Ptaza, G., Wlazto, A., Ulfig, K.,
& Malina, A. (2017). Characteristics of airborne bacteria and fungi in
some Polish wastewater treatment plants. International Journal of Envi-
ronmental Science and Technology, 14, 2181-2192. https://doi.org/10.
1007/s13762-017-1314-2

Amirian, E. S.(2020). Potential fecal transmission of SARS-CoV-2: Cur-
rent evidence and implications for public health. International Journal
of Infectious Diseases, 95, 363-370. https://doi.org/10.1016/.ijid.2020.
04.057

Arslan, M., Xu, B., & Gamal EIl-Din, M. (2020). Transmission of
SARS-CoV-2 via fecal-oral and aerosols-borne routes: Environmental
dynamics and implications for wastewater management in underpriv-
ileged societies. Science of the Total Environment, 743, 140709. https://
doi.org/10.1016/j.scitotenv.2020.140709

Naddeo, V., & Liu, H. (2020). Editorial perspectives: 2019 novel coro-
navirus (SARS-CoV-2): What is its fate in urban water cycle and how
can the water research community respond? Environmental Science:
Water Research & Technology, 6, 1213-1216. https://doi.org/10.1039/
DOEW90015)

Atoui, A., Cordevant, C., Chesnot, T., & Gassilloud, B. (2023). SARS-
CoV-2 in the environment: Contamination routes, detection methods,
persistence and removal in wastewater treatment plants. Science of the
Total Environment, 881, 163453. https://doi.org/10.1016/].scitotenv.
2023.163453

Sherchan, S. P, Thakali, O., Ikner, L. A, Gerba, C., & Haramoto, E. (2023).
Survivability of Delta and Omicron variants of SARS-CoV-2 in wastew-
ater. Water Research, 246, 120644. https://doi.org/10.1016/j.watres.
2023.120644

Kim, Y., Kim, S. G, Kim, S. M., Kim, E. H., Park, S. J., Yu, K. M., Chang, J.
H., Kim,E. J, Lee,S., Casel, M. A.B.,Um, J., Song, M. S., Jeong, H. W, Lai,
V.D., Kim, Y., Chin, B. S, Park, J. S., Chung, K. H., Foo, S. S,, ... Choi, Y. K.
(2020). Infection and rapid transmission of SARS-CoV-2 in ferrets. Cell
Host & Microbe, 27,704-709.e2. https://doi.org/10.1016/j.chom.2020.
03.023

McBride, G. B., Stott, R., Miller, W., Bambic, D., & Wuertz, S. (2013).
Discharge-based QMRA for estimation of public health risks from
exposure to stormwater-borne pathogens in recreational waters in
the United States. Water Research, 47,5282-5297. https://doi.org/10.
1016/j.watres.2013.06.001

Barker, S. F. (2014). Risk of norovirus gastroenteritis from con-
sumption of vegetables irrigated with highly treated municipal
wastewater—Evaluation of methods to estimate sewage quality. Risk
Analysis, 34,803-817. https://doi.org/10.1111/risa.12138

United States Environmental Protection Agency (USEPA). (1997).
Exposure factors handbook (office of research and development). United
States Environmental Protection Agency.

Watanabe, T., Bartrand, T. A., Weir, M. H., Omura, T., & Haas, C. N.
(2010). Development of a dose-response model for SARS coronavirus.
Risk Analysis, 30, 1129-1138. https://doi.org/10.1111/j.1539-6924.
2010.01427 .x

Moazeni, M., Nikaeen, M., Hadi, M., Moghim, S., Mouhebat, L.,
Hatamzadeh, M., & Hassanzadeh, A. (2017). Estimation of health risks
caused by exposure to enteroviruses from agricultural application of

85U8017 SUOWILLIOD @A 118D 3|l [dde au A peuienob aJe sspiie YO ‘8sn Jo Sa|nJ o} A%eid7aU1|UO /8|1 UO (SUO N PUOD-PUB-SWLBIW0D" A8 |IM" ARe.d 1 jBu[UO//:SANY) SUORIPUOD pue swiie | 8y &8s *[6202/20/.2] Uo Ariqiaulluo 48| ‘Pliope|A 8 PepseAlIN AQ 29200£202 UBI0/200T OT/I0p/uoo" A3 (1M Aeiq Ul |uo// Sy Wolj pepeojumod ‘6 ‘+Z0Z ‘6990£98T


https://doi.org/10.3390/v14030488
https://doi.org/10.1007/s11356-021-18202-x
https://doi.org/10.3201/eid0901.020184
https://doi.org/10.3201/eid0901.020184
https://doi.org/10.1099/jgv.0.001318
https://doi.org/10.1111/j.1472-765X.2009.02718.x
https://doi.org/10.1111/j.1472-765X.2009.02718.x
https://doi.org/10.1016/j.watres.2019.115213
https://doi.org/10.1007/s12560-014-9161-5
https://doi.org/10.1093/cid/ciz584
https://doi.org/10.1093/cid/ciz584
https://doi.org/10.1016/j.watres.2017.01.046
https://doi.org/10.1016/j.watres.2017.01.046
https://doi.org/10.3390/ijerph14121571
https://doi.org/10.3390/ijerph14121571
https://doi.org/10.1016/s0043-1354(02)00121-5
https://doi.org/10.1016/j.scitotenv.2019.134019
https://doi.org/10.1016/j.scitotenv.2019.134019
https://doi.org/10.1016/j.watres.2006.12.014
https://doi.org/10.1016/j.watres.2006.12.014
https://doi.org/10.1002/ajim.4700250116
https://doi.org/10.1002/ajim.4700250116
https://doi.org/10.1021/acs.est.1c07023
https://doi.org/10.1021/acs.est.1c07023
https://doi.org/10.1007/s13762-017-1314-2
https://doi.org/10.1007/s13762-017-1314-2
https://doi.org/10.1016/j.ijid.2020.04.057
https://doi.org/10.1016/j.ijid.2020.04.057
https://doi.org/10.1016/j.scitotenv.2020.140709
https://doi.org/10.1016/j.scitotenv.2020.140709
https://doi.org/10.1039/D0EW90015J
https://doi.org/10.1039/D0EW90015J
https://doi.org/10.1016/j.scitotenv.2023.163453
https://doi.org/10.1016/j.scitotenv.2023.163453
https://doi.org/10.1016/j.watres.2023.120644
https://doi.org/10.1016/j.watres.2023.120644
https://doi.org/10.1016/j.chom.2020.03.023
https://doi.org/10.1016/j.chom.2020.03.023
https://doi.org/10.1016/j.watres.2013.06.001
https://doi.org/10.1016/j.watres.2013.06.001
https://doi.org/10.1111/risa.12138
https://doi.org/10.1111/j.1539-6924.2010.01427.x
https://doi.org/10.1111/j.1539-6924.2010.01427.x

ua | CLEAN

52.
53.

54,

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

GONCALVESET AL.

Soil Air Water

wastewater effluents. Water Research, 125, 104-113. https://doi.org/
10.1016/j.watres.2017.08.028

Hoorfar, J., Malorny, B., Abdulmawjood, A., Cook, N., Wagner, M., &
Fach, P.(2004). Practical considerations in design of internal amplifica-
tion controls for diagnostic PCR assays. Journal of Clinical Microbiology,
42,1863-1868. https://doi.org/10.1128/JCM.42.5.1863-1868.2004
Parshionikar, S. U., Cashdollar, J., & Shay Fout, G. (2004). Develop-
ment of homologous viral internal controls for use in RT-PCR assays of
waterborne enteric viruses. Journal of Virological Methods, 121, 39-48.
https://doi.org/10.1016/j.jviromet.2004.05.015

Kocamemi, B. A, Kurt, H., Hacioglu, S., Yarali, C., Saatci, A. M., &
Pakdemirli, B. (2020). First data-set on SARS-CoV-2 detection for Istanbul
wastewaters in Turkey. https://doi.org/10.1101/2020.05.03.20089417
Santiso-Bellén, C., Randazzo, W., Pérez-Cataluia, A., Vila-Vicent, S.,
Gozalbo-Rovira, R., Munoz, C., Buesa, J., Sanchez, G., & Rodriguez
Diaz, J. (2020). Epidemiological surveillance of norovirus and rotavirus
in sewage (2016-2017) in Valencia (Spain). Microorganisms, 8, 458.
https://doi.org/10.3390/microorganisms8030458

Xagoraraki, ., & O’'Brien, E. (2020). Wastewater-based epidemiology
for early detection of viral outbreaks. In D. J. O’Bannon (Ed.), Women
in water quality: Investigations by prominent female engineers (pp. 75-
97). Springer International Publishing. https://doi.org/10.1007/978-
3-030-17819-2_5

Kumar, M., Kuroda, K., Patel, A. K., Patel, N., Bhattacharya, P,, Joshi, M.,
& Joshi, C. G. (2021). Decay of SARS-CoV-2 RNA along the wastewa-
ter treatment outfitted with upflow anaerobic sludge blanket (UASB)
system evaluated through two sample concentration techniques. Sci-
ence of the Total Environment, 754, 142329. https://doi.org/10.1016/j.
scitotenv.2020.142329

Majumder, A. Gupta, A. K, Ghosal, P. S., & Varma, M. (2021).
A review on hospital wastewater treatment: A special emphasis
on occurrence and removal of pharmaceutically active compounds,
resistant microorganisms, and SARS-CoV-2. Journal of Environmental
Chemical Engineering, 9, 104812. https://doi.org/10.1016/j.jece.2020.
104812

Serra-Compte, A., Gonzalez, S., Arnaldos, M., Berlendis, S., Courtois,
S., Loret, J. F, Schlosser, O., Yaiez, A. M., Soria-Soria, E., Fittipaldi,
M., Saucedo, G., Pinar-Méndez, A., Paraira, M., Galofré, B., Lema, J.
M., Balboa, S., Mauricio-lglesias, M., Bosch, A,, Pintd, R. M,, ... Litrico,
X. (2021). Elimination of SARS-CoV-2 along wastewater and sludge
treatment processes. Water Research, 202, 117435. https://doi.org/10.
1016/j.watres.2021.117435

Flannery, J., Keaveney, S., Rajko-Nenow, P, O’Flaherty, V., & Doré,
W. (2012). Concentration of norovirus during wastewater treatment
and its impact on Oyster contamination. Applied and Environmental
Microbiology, 78, 3400-3406. https://doi.org/10.1128/AEM.07569-
11

Katayama, H., Haramoto, E., Oguma, K., Yamashita, H., Tajima, A,
Nakajima, H., & Ohgaki, S. (2008). One-year monthly quantitative sur-
vey of noroviruses, enteroviruses, and adenoviruses in wastewater
collected from six plants in Japan. Water Research, 42, 1441-1448.
https://doi.org/10.1016/j.watres.2007.10.029

Nordgren, J., Matussek, A., Mattsson, A., Svensson, L., & Lindgren,
P. E. (2009). Prevalence of norovirus and factors influencing virus
concentrations during one year in a full-scale wastewater treat-
ment plant. Water Research, 43, 1117-1125. https://doi.org/10.1016/
j.watres.2008.11.053

Gongalves, J., Gutiérrez-Aguirre, |, Balasubramanian, M. N,
Zagorscak, M., Ravnikar, M., & Turk, V. (2018). Surveillance of
human enteric viruses in coastal waters using concentration with
methacrylate monolithic supports prior to detection by RT-qPCR.
Marine Pollution Bulletin, 128, 307-317. https://doi.org/10.1016/j.
marpolbul.2018.01.040

Zhang, C. M., Xu, L. M., Xu, P. C., & Wang, X. C. (2016). Elimination of
viruses from domestic wastewater: Requirements and technologies.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

World Journal of Microbiology and Biotechnology, 32, 69. https://doi.org/
10.1007/s11274-016-2018-3

Verbyla, M. E., & Mihelcic, J. R. (2015). A review of virus removal in
wastewater treatment pond systems. Water Research, 71, 107-124.
https://doi.org/10.1016/j.watres.2014.12.031

Medema, G., Heijnen, L., Elsinga, G., Italiaander, R., & Brouwer, A.
(2020). Presence of SARS-coronavirus-2 RNA in sewage and cor-
relation with reported COVID-19 prevalence in the early stage of
the epidemic in the Netherlands. Environmental Science & Technology
Letters, 7,511-516. https://doi.org/10.1021/acs.estlett.0c00357
Corpuz, M. V. A, Buonerba, A, Vigliotta, G., Zarra, T., Ballesteros, F.,
Campiglia, P, Belgiorno, V., Korshin, G., & Naddeo, V. (2020). Viruses
in wastewater: Occurrence, abundance and detection methods. Sci-
ence of the Total Environment, 745, 140910. https://doi.org/10.1016/j.
scitotenv.2020.140910

Ginn, O., Rocha-Melogno, L., Bivins, A.,, Lowry, S., Cardelino, M.,
Nichols, D., Tripathi, S. N., Soria, F., Andrade, M., Bergin, M., Deshusses,
M. A, & Brown, J. (2021). Detection and quantification of enteric
pathogens in aerosols near open wastewater Canals in Cities with
poor sanitation. Environmental Science & Technology, 55, 14758-14771.
https://doi.org/10.1021/acs.est.1c05060

Uhrbrand, K., Schultz, A. C., & Madsen, A. M. (2011). Exposure to
airborne noroviruses and other bioaerosol components at a wastew-
ater treatment plant in Denmark. Food and Environmental Virology, 3,
130-137. https://doi.org/10.1007/s12560-011-9068-3

Brooks, J. P, Tanner, B. D., Josephson, K. L., Gerba, C. P, Haas, C.
N., & Pepper, I. L. (2005). A national study on the residential impact
of biological aerosols from the land application of biosolids. Journal
of Applied Microbiology, 99, 310-322. https://doi.org/10.1111/j.1365-
2672.2005.02604.x

Masclaux, F. G., Hotz, P, Gashi, D., Savova-Bianchi, D., & Oppliger, A.
(2014). Assessment of airborne virus contamination in wastewater
treatment plants. Environmental Research, 133, 260-265. https://doi.
org/10.1016/j.envres.2014.06.002

Courault, D., Albert, ., Perelle, S., Fraisse, A., Renault, P, Salemkour, A.,
& Amato, P. (2017). Assessment and risk modeling of airborne enteric
viruses emitted from wastewater reused for irrigation. Science of the
Total Environment, 592, 512-526. https://doi.org/10.1016/j.scitotenv.
2017.03.105

Matsubara, K., & Katayama, H. (2019). Development of a portable
detection method for enteric viruses from ambient air and its appli-
cation to a wastewater treatment plant. Pathogens, 8, 131. https://doi.
org/10.3390/pathogens8030131

Setti, L., Passarini, F., De Gennaro, G., Barbieri, P, Perrone, M. G,,
Borelli, M., Palmisani, J., Di Gilio, A., Torboli, V., Fontana, F,, Clemente,
L., Pallavicini, A., Ruscio, M., Piscitelli, P, & Miani, A. (2020). SARS-
Cov-2RNA found on particulate matter of Bergamo in northern Italy:
First evidence. Environmental Research, 188, 109754. https://doi.org/
10.1016/j.envres.2020.109754

Chirizzi, D., Conte, M., Feltracco, M., Dinoi, A., Gregoris, E., Barbaro, E.,
La Bella, G., Ciccarese, G., La Salandra, G., Gambaro, A., & Contini, D.
(2021). SARS-CoV-2 concentrations and virus-laden aerosol size dis-
tributions in outdoor air in north and south of Italy. Environment Inter-
national, 146, 106255. https://doi.org/10.1016/j.envint.2020.106255
Cardenas-Calle, M., Patifio, L., Pernia, B.,Erazo, R., Mufoz, C., Valencia-
Avellan, M., Lozada, M., Regato-Arrata, M., Barrera, M., Aquino, S.,
Fuentes, S., Duque, J., Velazquez-Araque, L., Carpio, B., Méndez-
Roman, C., Calle, C.,, Cardenas, G., Guizado-Herrera, D., Tello, C. L., ...
Uyaguari, M. (2024). Detection of thermotolerant coliforms and SARS-
CoV-2RNA insewage and recreational waters in the Ecuadorian coast:
A call for improving water quality regulation. PLoS ONE, 19,e0302000.
https://doi.org/10.1371/journal.pone.0302000

Gongalves, J. (2023). The role of smart technologies in wastewater-
based epidemiology. Journal of Environmental Exposure Assessment, 2,
18. https://doi.org/10.20517/jeea.2023.16

85U8017 SUOWILLIOD @A 118D 3|l [dde au A peuienob aJe sspiie YO ‘8sn Jo Sa|nJ o} A%eid7aU1|UO /8|1 UO (SUO N PUOD-PUB-SWLBIW0D" A8 |IM" ARe.d 1 jBu[UO//:SANY) SUORIPUOD pue swiie | 8y &8s *[6202/20/.2] Uo Ariqiaulluo 48| ‘Pliope|A 8 PepseAlIN AQ 29200£202 UBI0/200T OT/I0p/uoo" A3 (1M Aeiq Ul |uo// Sy Wolj pepeojumod ‘6 ‘+Z0Z ‘6990£98T


https://doi.org/10.1016/j.watres.2017.08.028
https://doi.org/10.1016/j.watres.2017.08.028
https://doi.org/10.1128/JCM.42.5.1863-1868.2004
https://doi.org/10.1016/j.jviromet.2004.05.015
https://doi.org/10.1101/2020.05.03.20089417
https://doi.org/10.3390/microorganisms8030458
https://doi.org/10.1007/978-3-030-17819-2_5
https://doi.org/10.1007/978-3-030-17819-2_5
https://doi.org/10.1016/j.scitotenv.2020.142329
https://doi.org/10.1016/j.scitotenv.2020.142329
https://doi.org/10.1016/j.jece.2020.104812
https://doi.org/10.1016/j.jece.2020.104812
https://doi.org/10.1016/j.watres.2021.117435
https://doi.org/10.1016/j.watres.2021.117435
https://doi.org/10.1128/AEM.07569-11
https://doi.org/10.1128/AEM.07569-11
https://doi.org/10.1016/j.watres.2007.10.029
https://doi.org/10.1016/j.watres.2008.11.053
https://doi.org/10.1016/j.watres.2008.11.053
https://doi.org/10.1016/j.marpolbul.2018.01.040
https://doi.org/10.1016/j.marpolbul.2018.01.040
https://doi.org/10.1007/s11274-016-2018-3
https://doi.org/10.1007/s11274-016-2018-3
https://doi.org/10.1016/j.watres.2014.12.031
https://doi.org/10.1021/acs.estlett.0c00357
https://doi.org/10.1016/j.scitotenv.2020.140910
https://doi.org/10.1016/j.scitotenv.2020.140910
https://doi.org/10.1021/acs.est.1c05060
https://doi.org/10.1007/s12560-011-9068-3
https://doi.org/10.1111/j.1365-2672.2005.02604.x
https://doi.org/10.1111/j.1365-2672.2005.02604.x
https://doi.org/10.1016/j.envres.2014.06.002
https://doi.org/10.1016/j.envres.2014.06.002
https://doi.org/10.1016/j.scitotenv.2017.03.105
https://doi.org/10.1016/j.scitotenv.2017.03.105
https://doi.org/10.3390/pathogens8030131
https://doi.org/10.3390/pathogens8030131
https://doi.org/10.1016/j.envres.2020.109754
https://doi.org/10.1016/j.envres.2020.109754
https://doi.org/10.1016/j.envint.2020.106255
https://doi.org/10.1371/journal.pone.0302000
https://doi.org/10.20517/jeea.2023.16

GONCALVESET AL.

78.

79.

80.

81

82.

83.

84.

Westhaus, S., Weber, F. A, Schiwy, S., Linnemann, V., Brinkmann, M.,
Widera, M., Greve, C., Janke, A, Hollert, H., Wintgens, T., & Ciesek, S.
(2021). Detection of SARS-CoV-2 in raw and treated wastewater in
Germany—Suitability for COVID-19 surveillance and potential trans-
mission risks. Science of the Total Environment, 751, 141750. https://doi.
org/10.1016/j.scitotenv.2020.141750

Dergham, J.,, Delerce, J., Bedotto, M., La Scola, B., & Moal, V. (2021).
Isolation of viable SARS-CoV-2 virus from feces of an immunocompro-
mised patient suggesting a possible fecal mode of transmission. Journal
of Clinical Medicine, 10, 2696. https://doi.org/10.3390/jcm10122696
Zhang,Y.,Chen, C., Zhu,S., Shu, C., Wang, D., Song, J., Song, Y., Zhen, W.,
Feng, Z., Wu, G., Xu, J., & Xu, W. (2020). Isolation of 2019-nCoV from a
stool specimen of a laboratory-confirmed case of the coronavirus dis-
ease 2019 (COVID-19). China CDC Weekly, 2,123-124. https://doi.org/
10.46234/ccdcw2020.033

Ahmed, W., Bibby, K., D'’Aoust, P. M., Delatolla, R., Gerba, C. P,, Haas, C.
N., Hamilton, K. A,, Hewitt, J., Julian, T. R,, Kaya, D., Monis, P, Moulin,
L., Naughton, C., Noble, R. T,, Shresth, A., Tiwari, A., Simpson, S. L.,
Wurtzer, S., & Bivins, A. (2021). Differentiating between the possibility
and probability of SARS-CoV-2 transmission associated with wastew-
ater: Empirical evidence is needed to substantiate risk. FEMS Microbes,
2, xtab007. https://doi.org/10.1093/femsmc/xtab007

De Oliveira, L. C., Torres-Franco, A. F., Lopes, B. C., Santos, B. S. A. D.
S., Costa, E. A, Costa, M. S, Reis, M. T. P, Melo, M. C,, Polizzi, R. B,,
Teixeira, M. M., & Mota, C. R. (2021). Viability of SARS-CoV-2 in river
water and wastewater at different temperatures and solids content.
Water Research, 195, 117002. https://doi.org/10.1016/j.watres.2021.
117002

Giacobbo, A., Rodrigues, M. A. S., Zoppas Ferreira, J., Bernardes, A. M.,
& De Pinho, M. N. (2021). A critical review on SARS-CoV-2 infectiv-
ity in water and wastewater. What do we know? Science of the Total
Environment, 774, 145721. https://doi.org/10.1016/j.scitotenv.2021.
145721

Sherchan, S., Thakali, O., lkner, L. A., & Gerba, C. P. (2023). Survival
of SARS-CoV-2 in wastewater. Science of the Total Environment, 882,
163049. https://doi.org/10.1016/j.scitotenv.2023.163049

85.

86.

87.

CLEAN Soil Air Waterﬂ

Tian, J., Yan, C., Nasir, Z. A,, Alcega, S. G., Tyrrel, S., & Coulon, F. (2020).
Real time detection and characterisation of bioaerosol emissions from
wastewater treatment plants. Science of the Total Environment, 721,
137629. https://doi.org/10.1016/j.scitotenv.2020.137629

Mara, D. D., Sleigh, P. A, Blumenthal, U. J., & Carr, R. M. (2006). Health
risks in wastewater irrigation: Comparing estimates from quantitative
microbial risk analyses and epidemiological studies. Journal of Water
and Health, 5, 39-50. https://doi.org/10.2166/wh.2006.055

Zaneti, R. N., Girardi, V., Spilki, F. R., Mena, K., Westphalen, A. P. C,,
da Costa Colares, E. R., Pozzebon, A. G., & Etchepare, R. G. (2021).
Quantitative microbial risk assessment of SARS-CoV-2 for workers
in wastewater treatment plants. Science of the Total Environment, 754,
142163. https://doi.org/10.1016/j.scitotenv.2020.142163

. Sobsey, M. D. (2021). Absence of virological and epidemiological evi-

dence that SARS-CoV-2 poses COVID-19 risks from environmental
fecal waste, wastewater and water exposures. Journal of Water and
Health, 20, 126-138. https://doi.org/10.2166/wh.2021.182

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Gongalves, J., Franco, A. F., Gomes da
Silva, P, Rodriguez, E., Diaz, |., Gonzalez Pefia, M. J., Mesquita, J.
R.,Mufoz, R., & Garcia-Encina, P. (2024). Exposure assessment
of severe acute respiratory syndrome coronavirus 2 and
norovirus genogroup l/genogroup Il in aerosols generated by a
municipal wastewater treatment plant. CLEAN - Soil, Air, Water,
52,e2300267. https://doi.org/10.1002/clen.202300267

85U8017 SUOWILLIOD @A 118D 3|l [dde au A peuienob aJe sspiie YO ‘8sn Jo Sa|nJ o} A%eid7aU1|UO /8|1 UO (SUO N PUOD-PUB-SWLBIW0D" A8 |IM" ARe.d 1 jBu[UO//:SANY) SUORIPUOD pue swiie | 8y &8s *[6202/20/.2] Uo Ariqiaulluo 48| ‘Pliope|A 8 PepseAlIN AQ 29200£202 UBI0/200T OT/I0p/uoo" A3 (1M Aeiq Ul |uo// Sy Wolj pepeojumod ‘6 ‘+Z0Z ‘6990£98T


https://doi.org/10.1016/j.scitotenv.2020.141750
https://doi.org/10.1016/j.scitotenv.2020.141750
https://doi.org/10.3390/jcm10122696
https://doi.org/10.46234/ccdcw2020.033
https://doi.org/10.46234/ccdcw2020.033
https://doi.org/10.1093/femsmc/xtab007
https://doi.org/10.1016/j.watres.2021.117002
https://doi.org/10.1016/j.watres.2021.117002
https://doi.org/10.1016/j.scitotenv.2021.145721
https://doi.org/10.1016/j.scitotenv.2021.145721
https://doi.org/10.1016/j.scitotenv.2023.163049
https://doi.org/10.1016/j.scitotenv.2020.137629
https://doi.org/10.2166/wh.2006.055
https://doi.org/10.1016/j.scitotenv.2020.142163
https://doi.org/10.2166/wh.2021.182
https://doi.org/10.1002/clen.202300267

	Exposure assessment of severe acute respiratory syndrome coronavirus 2 and norovirus genogroup I/genogroup II in aerosols generated by a municipal wastewater treatment plant
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Collection of wastewater and air samples
	2.2 | Wastewater concentration
	2.3 | Extraction of viral DNA and RNA
	2.4 | Molecular detection of mengovirus, SARS-CoV-2, and norovirus GI/GII
	2.5 | Quantitative microbial exposure assessment of SARS-CoV-2 aerosol exposure

	3 | RESULTS AND DISCUSSION
	3.1 | Detection of SARS-CoV-2 and NoV RNA in wastewater/sludge samples
	3.2 | Detection of NoV and SARS-CoV-2 RNA in aerosols
	3.3 | Exposure assessment of SARS-CoV-2 in WWTP workers

	4 | CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


