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A B S T R A C T   

Considerable attention has been recently given to possible transmission of SARS-CoV-2 via water media. This 
review addresses this issue and examines the fate of coronaviruses (CoVs) in water systems, with particular 
attention to the recently available information on the novel SARS-CoV-2. The methods for the determination of 
viable virus particles and quantification of CoVs and, in particular, of SARS-CoV-2 in water and wastewater are 
discussed with particular regard to the methods of concentration and to the emerging methods of detection. The 
analysis of the environmental stability of CoVs, with particular regard of SARS-CoV-2, and the efficacy of the 
disinfection methods are extensively reviewed as well. This information provides a broad view of the state-of-the- 
art for researchers involved in the investigation of CoVs in aquatic systems, and poses the basis for further an
alyses and discussions on the risk associated to the presence of SARS-CoV-2 in water media. The examined data 
indicates that detection of the virus in wastewater and natural water bodies provides a potentially powerful tool 
for quantitative microbiological risk assessment (QMRA) and for wastewater-based epidemiology (WBE) for the 
evaluation of the level of circulation of the virus in a population. Assays of the viable virions in water media 
provide information on the integrity, capability of replication (in suitable host species) and on the potential 
infectivity. Challenges and critical issues relevant to the detection of coronaviruses in different water matrixes 
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with both direct and surrogate methods as well as in the implementation of epidemiological tools are presented 
and critically discussed.   

1. Introduction 

A novel human coronavirus (CoV), named severe acute respiratory 
syndrome coronavirus-2, SARS-CoV-2, was identified in Wuhan, China, 
in December 2019. SARS-CoV-2 has caused an outbreak of respiratory 
illness called COVID-19 (Holshue et al., 2020; Mallapaty, 2020; Wang 
et al., 2020a; Wrapp et al., 2020; Yang et al., 2020; Zhang et al., 2020b). 
SARS-CoV-2 is a member of the Coronaviridae family which comprises 
enveloped and single-stranded ribonucleic acid (RNA) viruses with sizes 
ranging from 60 to 220 nm (Corpuz et al., 2020). The viral protein 
capsid, enclosing the viral RNA, is covered by a lipid bilayer membrane 
that contains proteins or glycoproteins and crown-like spikes on the 
surface. CoVs can infect birds, rodents, felines, canids, chiropters, and 
other mammals, including human beings (Cui et al., 2019; Decaro and 
Lorusso, 2020; La Rosa et al., 2012; Robinson et al., 2016; Wigginton 
et al., 2015). The initial animal-to-person transfer of CoV, referred to as 
the zoonotic transmission, appears to have occurred via a natural ge
netic mutation enabling the virus to infect humans (Andersen et al., 
2020; Cui et al., 2019; Zhou et al., 2020b). Subsequently, the 
person-to-person transfer occurred by inhaling infected aerosols and 
respiratory droplets (Asadi et al., 2020a; Bourouiba, 2020; Cevik et al., 
2020; Fears et al., 2020; Gralton et al., 2013; Morawska and Cao, 2020; 
Senatore et al., 2021; Somsen et al., 2020; Stadnytskyi et al., 2020; van 
Doremalen et al., 2020). However, other potential routes of SARS-CoV-2 
transmission have been suggested. This include transmission via fomites 
(van Doremalen et al., 2020), ocular surfaces (Lu et al., 2020a) and the 
fecal–oral route (Gupta et al., 2020; Gwenzi, 2020; Lodder and de Roda 
Husman, 2020; Wu et al., 2020a,c; Yeo et al., 2020). 

CoVs were first identified in the mid-1960s and up to now seven 
human CoVs have been reported. Three of them, notably SARS-CoV, 
Middle East respiratory syndrome-CoV (MERS-CoV), and SARS-CoV-2 
have emerged recently. The containment of human mortality associ
ated with CoVs transmission, as well as of the number of people 
requiring hospitalization and the consequent saturation of hospital fa
cilities, forces the application of strict isolation measures in the coun
tries affected by the infection. 

During epidemics, the high rate of transmission of human CoVs has 
principally occurred via the transfer of infected respiratory droplets 
(Asadi et al., 2020a; Bourouiba, 2020; Cevik et al., 2020; Fears et al., 
2020; Gralton et al., 2013; Morawska and Cao, 2020; Senatore et al., 
2021; Somsen et al., 2020; Stadnytskyi et al., 2020; van Doremalen 
et al., 2020). Before the emergence of SARS-CoV (below indicated as 
SARS-CoV-1 in order to avoid confusion with the SARS-CoV-2) in 2002 
in China, CoVs were considered as exclusively respiratory pathogens. 
However, SARS-CoV-1 can affect the human enteric tract as well (Chan 
et al., 2004; Jevšnik et al., 2013; Lai et al., 2005; Leung et al., 2003; 
Peiris et al., 2003; Poon et al., 2004; Wang et al., 2005a). Aqueous 
media, in particular wastewater, can be directly contaminated with 
CoVs via infected feces. Aqueous media have been thus considered as a 
potential transmission carrier (Gundy et al., 2008; Lodder and de Roda 
Husman, 2020; Wigginton et al., 2015; Ye et al., 2016). CoVs have been 
reported to persist in aqueous media from few hours to few weeks, 
though their viability and infectivity strongly depend on several factors 
(vide infra). 

Given that it is difficult to evaluate the impact of waterborne viral 
infections, the role of these infections is often underestimated as was the 
case during the SARS epidemic in Hong Kong in 2003. Bioaerosols, 
generated from the aeration in sewer pipelines and not subject to spe
cific disinfection treatments, were identified to be source of the SARS- 
CoV-1 spreading in Amoy Gardens, a private housing estate in Hong 
Kong (Hung, 2003; McKinney et al., 2006; WHO, 2003). The 

promiscuous sharing of ponds by ducks, pigs and humans was indicated 
as origin and hot spots of resurgence of the influenza A virus subtype 
H5N1: an enveloped virus with spike-like proteins on surface similar to 
those of CoVs (Matsui, 2005). The spillover transmission of H5N1 virus 
to humans occurred from ducks, the original host species for the virus, 
through pigs as an intermediate species (Li et al., 2004; Matsui, 2005). 
Animals have also been proven to be reservoirs for the novel 
SARS-CoV-2. In fact, the virus has been found to be efficiently replicant 
in cats and ferrets and comparatively and poorly replicant in dogs, pigs, 
chickens and ducks (Shi et al., 2020). 

SARS-CoV-2 has been rapidly spreading worldwide (Holshue et al., 
2020; Mallapaty, 2020; Wang et al., 2020a; Wrapp et al., 2020; Yang 
et al., 2020). In addition to respiratory dysfunctions, the virus induces 
severe enteric symptoms and has been detected in the feces of infected 
patients (Holshue et al., 2020; Wu et al., 2020d; Yeo et al., 2020; Zhang 
et al., 2020b). Hence, the digestive system has been recognized as a 
potential route of infection (Holshue et al., 2020; Wang et al., 2020d; 
Zhang et al., 2020b) and the virus RNA ended up in wastewater. Urine 
and feces of patients affected by COVID-19 have been proven infectious, 
by assessing the viable SARS-CoV-2 virus particles in suitable host cells 
(vide infra) (Xiao et al., 2020). However, in spite of the high concen
trations of the RNA of the virus worldwide found in wastewaters (see  
Table 1) and the potential concerns associate, (Adelodun et al., 2020; 
Amoah et al., 2020; Arslan et al., 2020; Bhowmick et al., 2020; Bilal 
et al., 2020; Bogler et al., 2020; Carducci et al., 2020; Carraturo et al., 
2020; Collivignarelli et al., 2020; El Baz and Imziln, 2020; Foladori 
et al., 2020; Gwenzi, 2020; Jones et al., 2020; Paleologos et al., 2020; 
Kitajima et al., 2020; La Rosa et al., 2020a; Mandal et al., 2020; Nghiem 
et al., 2020; Shutler et al., 2020) recent investigations on the infectivity 
have indicated a scarce persistence of the virus in these water media 
(Bivins et al., 2020; Ge et al., 2020; Rimoldi et al., 2020a,b; Wang et al., 
2020c; Westhaus et al., 2021). 

Conversely, data on the occurrence of SARS-CoV-2 traces in waste
water can be used by epidemiologists and government authorities for 
evaluation of the extent of circulation of the virus in the population 
associate to a water sanitation network. At the moment of writing of 
these manuscript, several countries, such as the Netherlands, Australia, 
Finland, France, Italy, Portugal and Spain have activated national 
wastewater surveillance programs. Governmental, academic, health and 
research organizations are combining their efforts in Italy, a country 
strongly affected by the epidemics of SARS-CoV-2, for the monitoring of 
the presence of the virus in wastewater (project SARI, Sorveglianza 
Ambientale Reflue in Italia). An ambitious program is taking place in 
The Netherlands by the National Institute of Public Health and the 
Environment (Rijksinstituut voor Volksgezondheid en Milieu, RIVM), 
involving the daily monitoring of over 300 existing plants in the country 
(RIVM, 2020). 

The presence of the virus in wastewater constitutes a potential haz
ard, due to its possible propagation through this medium, and its 
detection provides a powerful tool in the hands of the scientific, health 
and government communities, as an epidemiological indicator of the 
spread of the virus, including the number of asymptomatic infections. In 
this context, it is important the knowledge of the state-of-the-art on the 
methods for detection, quantification and determination of infectivity of 
the virus in aqueous matrices. The detection of the virus in wastewater is 
not directly correlated to the infectivity. Therefore, particular attention 
has been dedicated in the manuscript to the method for determination of 
the viable SARS-CoV-2 virions and the estimation of the potential risks 
associated. The current consolidated methods for molecular detection of 
the virus in wastewater, based on the amplification of viral genome, 
suffer in the case of the assay of the SARS-CoV-2 of some limitations, 
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Table 1 
Quantification and assay of viable f SARS-CoV-2 in wastewater and sludge.  

Reference; 
Location 

Sample type; 
Sampling mode; 
Volume; Storage 
temperature 

Sample pre- 
treatment 

Concentration method Treatment 
for PCR 
inhibitors 

RNA extraction Detection/ 
Quantization 

Concentration in genome copies/L Viability; 
(infectious 
samples/ 
total 
samples)  

Influent Effluent 

(Medema et al., 
2020a,b); The 
Netherlands 

Municipal 
wastewater; 
Composite 
sampling (24 h); 
250 mL; 4 ◦C 

Centrifugation Centrifugal filtration 
(Centricon Plus-70, MWCO 
of 100 kDa) 

n.r. RNeasy PowerMicrobe (Qiagen) 
and Biomerieux Nulisens Kit 
(Biomerieux) in combination 
with semi-automated KingFisher 
mL purification system (Thermo 
Scientific) 

RT-qPCR; Indirect 
evaluation by F-specific 
RNA phages assay; 

2.60 × 103–2.2 ×
106  

a a 

(Wu et al., 
2020b); 
Massachusetts, 
USA 

Municipal 
wastewater; Grab 
and composite 
sampling (24 h); 
n.r.; 4 ◦C 

Pasteurization 
(60 ◦C, 90 min) 
and filtration 
(0.2 μm pore size) 

PEG 8000/NaCl 
precipitation, centrifugal 
filtration; (10 kDa Amicon 
ultra centrifugal filter) 

n.r. TRIzol; RNeasy kit (Qiagen) RT-qPCR 100–103 a a 

(Nemudryi et al., 
2020a,b); 
Montana, USA 

Municipal 
wastewater; 
Composite 
sampling (24 h); 
500 mL; n.r. 

Filtration (5 μm 
and 0.45 μm pore 
size) 

Centrifugal filtration 
(Corning Spin-X UF, 
MWCO of 100 kDa) 

n.r. RNeasy Mini Kit (Qiagen) RT-qPCR (one-step) 
TaqPath™ 1-Step RT- 
qPCR Master Mix, CG 
(ThermoFisher) RT-PCR 
SuperScript™ III 
Reverse Transcriptase 
(Thermo Fisher 
Scientific); Q5 High- 
Fidelity DNA 
Polymerase (New 
England Biolabs) 

> 104 a a 

(Ahmed et al., 
2020a); 
Australia 

Municipal 
wastewater; 
Composite 
sampling (24 h) 
and grab 
sampling; 
100–200 mL; 4 ◦C 

Filtration 
(0.45 μm pore 
size)  

a. Electronegative 
membrane filtration 
(HAWP09000, Merk; 
pore size of 0.45 µm)  

b. Centrifugal filtration 
(Centricon Plus-70, 
MWCO of 10 kDa) 

n.r. RNeasy PowerWater Kit; RNeasy 
PowerMicrobiome (Qiagen) 

RT-qPCR (one-step) 
iTaq™ Universal Probes 
One-Step Reaction Mix 
(Bio-Rad) 

1.90 × 101–1.2 ×
102  

a a 

(Wurtzer et al., 
2020); Paris, 
France 

Municipal 
wastewater; n.r.; 
11 mL; n.r. 

– Ultracentrifugation PCR 
Inhibitor 
removal 
resin (Zymo 
Research) 

PowerFecal Pro kit with a 
QIAsymphony automated 
extractor (Qiagen) 

RT-qPCR 5.00 × 104–3.00 ×
106  

a a 

(Wang et al., 
2020c); China 

Hospital sewage; 
n.r.; n.r.; n.r. 

– – n.r. SARS-CoV-2 nucleic acid 
detection kit (Shanghai Berger 
Medical Technology Co., China) 

RT-PCR a a Test in Vero- 
E6 cells; (0/6) 

(Randazzo et al., 
2020b,c); 
Region of 
Murcia, Spain 

Municipal 
wastewater; Grab 
sampling 200 mL; 
4 ◦C 

pH Adjustment at 
6; 

Precipitation with AlCl3, 
centrifugation; elution 
with beef extract (3%, pH 
7.4), centrifugation and 
resuspension in PBS 

n.r. Nucleospin RNA virus Kit 
(Macherey-Nagel) 

PrimeScript™ One Step 
RT-PCR Kit; RT-qPCR 
diagnostic panel assays 
(US CDC, 2019-nCoV 
RUO Kit and the positive 
control 2019-nCoV_N_
Positive Control by 
Integrated DNA 
Technologies). 

1.48 × 105–3.90 ×
105  

Secondary 
Effluent: 2.51 ×
105 Tertiary 
Effluent: No 
detection  

a 

(La Rosa et al., 
2020b); Milan 
and Rome, Italy 

Municipal 
wastewater; Grab 
sampling; 
250 mL; − 20 ◦C 

Pasteurization 
(57 ◦C, 30 min) 

PEG-Dextran precipitation One step PCR 
Inhibitor 
removal kit 

NucliSENS miniMAG semi- 
automated extraction system 
(bioMerieux,) 

RT-PCR SuperScript III/ 
IV Reverse Transcriptase 
(ThermoFisher 
Scientific); 

a a a 

(continued on next page) 
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Table 1 (continued ) 

Reference; 
Location 

Sample type; 
Sampling mode; 
Volume; Storage 
temperature 

Sample pre- 
treatment 

Concentration method Treatment 
for PCR 
inhibitors 

RNA extraction Detection/ 
Quantization 

Concentration in genome copies/L Viability; 
(infectious 
samples/ 
total 
samples)  

Influent Effluent 

(Zymo 
Research) 

Kit Platinum™ 
SuperFi™ 
Green PCR Master Mix, 
Thermo), 

(Rimoldi et al., 
2020a,b); 
Milan, Italy 

Municipal 
wastewater; Grab 
sampling; 
500 mL; Specific 
temperature not 
reported (samples 
were under 
refrigeration) 

Filtration (0.7 μm 
and 0.2 μm 
nominal pore size) 

Not carried out n.r. QIAMP VIRAL RNA mini kit 
(Qiagen, Hilden, Germany) 

Real-Time RT-PCR a a Test in Vero 
E6 cells; 
Influent: (0/ 
8) 
Effluent: (0/ 
4) 

(Bar Or et al., 
2020); Israel 

Municipal 
wastewater; 
Composite 
sampling (24 h); 
0.25–1 L; -20 ◦C 
or − 80 ◦C 

Centrifugation  a. PEG or alum 
precipitation, 
centrifugation,  

b. Centrifugal filtration 
(Amicon, MWCO of 
30 kDa) 

n.r. RNA extraction kit (RNeasy mini 
kit- QIAGEN and EasyMAG- 
bioMerieux, France) 

RT-qPCR Only Cycle 
Threshold (Ct) 
numbers were 
given (i.e. number 
of cycles required 
for the fluorescent 
signal to cross the 
threshold) 

Only Cycle 
Threshold (Ct) 
numbers were 
given (i.e. 
number of cycles 
required for the 
fluorescent signal 
to cross the 
threshold) 

a 

(Haramoto et al., 
2020); Japan 

Municipal 
wastewater; Grab 
sampling; 
Influent: 200 mL 
Secondary 
Effluent: 
5000 mL; n.r. 

– Electronegative 
membrane-vortex method; 

n.r. RNeasy PowerWater Kit 
(Qiagen) 

RT-qPCR Nested PCR Not detected 2.4 × 103  a 

Adsorption direct RNA 
extraction method 

(Zhang et al., 
2020a); China 

Municipal 
wastewater; Grab 
sampling; 2.0 L; 
4 ◦C 

Centrifugation PEG 6000/NaCl 
precipitation 

n.r. EZ1 virus Mini kit (Qiagen, 
Germany) 

RT-qPCR Not detected (After 
primary 
disinfection tank 
before septic tank) 

0.5 × 103 to 18.7 
× 103 (After 
septic tank with 
disinfection with 
sodium 
hypochlorite)  

a 

(Feng et al., 
2021); 
Hangzhou, 
China 

Medical 
wastewater (From 
Isolation Facility 
for COVID-19 
Patients); Grab 
Sampling; 15 mL; 
n.r. 

n.r. n.r. n.r. Roche MagNA Pure LC 2.0 RT-qPCR Septic Tank 
Influent: 5.89 × 105 

Wastewater Inlet 
Pipe: 1.660 × 106  

Septic Tank 
Effluent: 3.092 ×
106  

a 

Sewage 
Treatment 
Effluent: 
Below detection 
limit 

Sewage Treatment 
Inlet Pipe: 3.63 ×
105  

(Westhaus et al., 
2021); 
Germany 

Municipal 
wastewater; 
Composite 
sampling (24 h); 
45 mL; − 18 ◦C 

Centrifugation 
(4700g for 
30 min) 

Centrifugal ultrafiltration n.r. NucleoSpin RNA Virus kit RT-qPCR; Test in Caco-2 
(human epithelial cell 
line from colon 
adenocarcinoma) 

Influent (Aqueous 
Phase): 3.00 ×
103–2.00 × 104  

Effluent 
(Aqueous Phase): 
2.70 × 103 to 
3.70 × 104  

Influent: (0) 
Effluent: 0 
After Tertiary 
Treat.: 
0 (Total 
number of 

Effluent (Solid 
Phase): 1.30 ×
104  

Influent (Solid 
Phase): 2.50 × 104  

(continued on next page) 
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Table 1 (continued ) 

Reference; 
Location 

Sample type; 
Sampling mode; 
Volume; Storage 
temperature 

Sample pre- 
treatment 

Concentration method Treatment 
for PCR 
inhibitors 

RNA extraction Detection/ 
Quantization 

Concentration in genome copies/L Viability; 
(infectious 
samples/ 
total 
samples)  

Influent Effluent 

samples not 
reported) 

(La Rosa et al., 
2020b, 2021); 
Milan, Turin 
and Bologna, 
Italy 

Municipal 
wastewater; 
Composite 
sampling (24 h); 
250 mL; − 20 ◦C 

Pasteurization 
(56 ◦C, 30 min) 

PEG-Dextran precipitation OneStep PCR 
Inhibitor 
Removal 

NucliSENS miniMAG semi- 
automated extraction system 
with magnetic silica 
(bioMerieux) 

Nested RT-PCR; RT- 
qPCR 

Below limit of 
detection to 5.60 ×
104  

a a 

Kit (Zymo 
Research) 

(Trottier et al., 
2020); 
Montpellier, 
France 

Municipal 
wastewater; 
Composite 
sampling (24 h); 
n.r.; 4 ◦C 

Filtration (40 μm 
cell strainer) 

Centrifugal ultrafiltration 
(Vivaspin 50 kDa MWCO 
filter membrane) 

n.r. NucleoSpin RNA Virus RT-qPCR TaqPath One- 
Step RT-qPCR, CG 
master mix 
(ThermoFisher 
Scientific) 

Not detected to 8.0 
× 104 (value 
estimated from 
graph in 
manuscript)  

a a 

kit (Macherey-Nagel) 

(Kumar et al., 
2020); India 

Municipal WWTP 
(receiving effluent 
from hospital 
treating COVID- 
19 patients); 
Composite 
sampling; 50 mL; 
4 ◦C 

Centrifugation 
and filtration 
(0.22 μm mixed 
cellulose esters 
syringe filter) 

PEG 9000/NaCl 
precipitation 

n.r. NucleoSpin RNA Virus RT-PCR (Quantity of 
SARS-CoV-2 gene copies 
was approximated using 
obtained Cycle threshold 
(Ct) values) 

5.60 × 101–3.50 ×
102  

Not detected a 

kit (Macherey-Nagel) 

(Sherchan et al., 
2020); 
Louisiana, USA 

Municipal 
wastewater; Grab 
and composite 
sampling (24 h); 
1 L; − 80 ◦C 

– Ultrafiltration; 
Adsorption-elution with 
electronegative membrane 

n.r. ZR Viral RNA Kit (Zymo 
Research) 

RT-qPCR 3.10 × 103–7.50 ×
103  

Not detected a 

(Gonzalez et al., 
2020); 
Virginia, USA 

Municipal 
wastewater; Grab 
and composite 
sampling (24 h); 
1 L; n.r. 

– InnovaPrep Concentrating 
Pipette Select; 

n.r. NucliSENS easyMag 
(bioMerieux) 

Reverse transcription 
droplet digital PCR (RT- 
ddPCR) 

102–105 a a 

Electronegative filtration 
with mixed cellulose ester 
HA filters 

(Randazzo et al., 
2020a); 
Valencia, Spain 

Metropolitan 
wastewater; 

– Aluminum-driven 
flocculation 

n.r. Nucleospin RNA virus Kit 
(Macherey-Nagel) 

RT-qPCR 1.66 × 105–9.77 ×
105  

Not detected a 

Grab sampling; 
200 mL; 4 ◦C 

(Mlejnkova et al., 
2020); Czech 
Republic 

Municipal 
wastewater; 

– Direct flocculation with 
beef-extract solution 

n.r. NucliSENS miniMAG system 
(bioMérieux) 

RT-qPCR a a a 

Composite 
sampling; 
500 mL; 2–8 ◦C 

(Arora et al., 
2020); India 

Municipal 
wastewater; n.r.; 
n.r.; n.r. 

Inactivation at 
60 ◦C 

PEG/NaCl precipitation n.r. Allplex™ 2019-nCoV 197 Assay 
kit 

RT-PCR a a a 

(Ahmed et al., 
2020b); 
Australia 

Aircraft 
wastewater and 
cruise ship 
wastewater (from 
membrane 
bioreactor 
influent and 
effluent); 

– Adsorption–extraction 
with electronegative 
membrane; Ultrafiltration 
with Amicon® Ultra-15 
centrifugal filter unit 
(30 kDa) 

n.r. RNeasy PowerWater Kit and 
RNeasy PowerMicrobiome Kit 
(Qiagen) 

RT-qPCR; RT-ddPCR Aircraft: Below 
Limit of Detection 
to 2.72 × 103  

Cruise ship 
effluent: Below 
Limit of Detection 
to 9.45 × 102  

a 

Cruise ship 
influent: 
Below Limit of 
Detection to 8.80 ×
103  

(continued on next page) 
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Table 1 (continued ) 

Reference; 
Location 

Sample type; 
Sampling mode; 
Volume; Storage 
temperature 

Sample pre- 
treatment 

Concentration method Treatment 
for PCR 
inhibitors 

RNA extraction Detection/ 
Quantization 

Concentration in genome copies/L Viability; 
(infectious 
samples/ 
total 
samples)  

Influent Effluent 

Grab sampling; 
1 L; 4 ◦C 

(Fongaro et al., 
2020); Santa 
Catalina, Brazil 

Urban sewage; n. 
r.; 200 mL; 
− 80 ◦C 

– Glycine buffer method n.r. QIAampR Viral RNA Mini kit 
(Qiagen) 

RT-qPCR 2.95 × 105–5.01 ×
106  

a a 

(Sharif et al., 
2020); Pakistan 

Raw sewage; – Two-phase separation with 
polymer, dextran, and PEG 

n.r. Spin star viral nucleic acid kit 
1.0 (ADT Biotech) 

RT-qPCR Only Cq 
(quantification 
cycle) values were 
reported 

a a 

Grab sampling; 
1 L; n.r. 

(Curtis et al., 
2020); 
Virginia, USA 

Municipal 
wastewater; 

– Electronegative filtration n.r. NucliSENS easyMag 
(bioMerieux) 

RT-ddPCR Grab samples: 5.80 
× 103–1.38 × 104  

a a 

Grab and 
composite 
sampling (24 h); 
1 L; 4 ◦C 

Composite samples: 
2.50 × 102–1.11×
104  

(Prado et al., 
2020); Rio de 
Janeiro, Brazil 

Municipal and 
hospital 
wastewater; 

Pasteurization at 
60 ◦C for 90 min 

Ultracentrifugation n.r. QIAamp Viral RNA Mini kit and RT-qPCR Only Ct (cycle 
threshold) numbers 
were reported 

a a 

QIAcubeautomated system 
(Qiagen) 

Composite 
sampling (10 h); 
n.r.; n.r. 

(Ampuero et al., 
2020); 
Santiago, Chile 

Municipal 
wastewater; 

– Ultracentrifugation n.r. QIAamp Viral RNA Mini kit 
(Qiagen) 

RT-qPCR Not detected to 
4.81 × 106  

Not detected to 
2.67× 105  

a 

Composite 
sampling (24 h); 
n.r.; n.r. 

(Green et al., 
2020); New 
York; USA 

Municipal 
wastewater; 

– Ultracentrifugation 
through a sucrose cushion 

n.r. AllPrep® PowerViral® DNA/ 
RNA Kit (Qiagen) 

Multiplex RT-qPCR Below limit of 
quantitation to 1.12 
× 105  

a a 

Composite 
sampling (24 h); 
1.9 L; 4 ◦C 

(Manupati et al., 
2020); 
Hyderabad, 
India 

Municipal 
wastewater; 

Filtration through 
blotting paper and 
0.22 μm filter 

Filtration with 30 kDa 
Amicon® Ultra-15 

n.r. QIAamp Viral RNA isolation kit 
(Qiagen) 

RT-qPCR 3.08 × 104–2.66 ×
105  

Not detected a 

Grab sampling; n. 
r.; 4 ◦C 

(Miyani et al., 
2020); Detroit, 
Michigan, USA 

Municipal 
wastewater; 

– Adsorption elution with 
Nanoceram filter 

n.r. Viral RNA kit (Qiagen) Two-step RT-qPCR 1.24 × 104– 4.33 ×
105  

a a 

Grab sampling; 
28–80 L; 4 ◦C 

(Yaqub et al., 
2020); Lahore, 
Pakistan 

Municipal 
wastewater; 

Vortex mixing Centrifugation n.r. Hero 32 Extraction System RT-qPCR Not detected to 
3.55 × 107  

a a 

Grab sampling; n. 
r.; 4 ◦C 

(Zhao et al., 
2020); Wuhan, 
China 

Municipal and 
hospital 
wastewater and 
sludge; n.r.; n.r.; 
n.r 

Centrifugation PEG/NaCl precipitation n.r. Direct-zol RNA Kit 
(Zymoresearch) 

RT-qPCR Municipal 
wastewater, 
influent: 7.40 × 103  

Municipal 
wastewater, 
secondary 
treatment 
effluent: 5.30×
103 to 1.00× 104  

a 

Hospital 
wastewater, 
influent: 3.80 ×
103–9.30 × 103  

(continued on next page) 
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Table 1 (continued ) 

Reference; 
Location 

Sample type; 
Sampling mode; 
Volume; Storage 
temperature 

Sample pre- 
treatment 

Concentration method Treatment 
for PCR 
inhibitors 

RNA extraction Detection/ 
Quantization 

Concentration in genome copies/L Viability; 
(infectious 
samples/ 
total 
samples)  

Influent Effluent 

Hospital 
wastewater, sludge: 
1.40 × 104  

(Hong et al., 
2020); Jeddah, 
Saudi Arabia 

Hospital 
wastewater; 

– Adsorption-elution with 
Millipore HA membrane  

QIAmp Viral RNA kit 
(ThermoFisher Scientific) 

RT-qPCR Underground 
Septic Tank 
(untreated 
wastewater): 1.74 
× 102–1.33 × 103  

Biologically 
Activated Tank 
(partially treated 
wastewater): 
8.11× 101 to 
1.12× 103  

a 

Grab sample; 1 L; 
4 ◦C 

(Chavarria-Miró 
et al., 2020); 
Barcelona, 
Spain 

Municipal 
wastewater; 

– PEG 6000 precipitation n.r. NucliSENS miniMAG extraction 
system (bioMérieux) 

One-step RT-qPCR Below limit of 
detection to less 
than 105 

a a 

Composite 
sampling (24 h); 
800 mL; n.r. 

(Crits-Christoph 
et al., 2020); 
San Francisco, 
California 

Municipal 
wastewater; 

Pasteurization at 
60 ◦C for 90 min; 

Ultrafiltration with 
Amicon 

n.r. Qiagen AllPrep DNA/RNA Mini 
Kit; 

RT-qPCR; 1.07 × 103–1.02 ×
106  

a a 

Genome Sequencing 
Ultra-15 100 kDa 
CentrifugalFilter 

Composite 
sampling (24 h); 
1 L; n,r, 

Direct RNA extraction with silica 
columns 

Filtration through 
0.22 μm filters 

(Hata et al., 
2020); 
Ishikawa and 
Toyama, Japan 

Municipal 
wastewater; 

Centrifugation PEG 8000/NaCl 
precipitation 

n.r. QIAamp viral RNA mini kit 
(Qiagen) 

RT-qPCR; RT-nested 
PCR 

1.20 × 104–4.40 ×
104  

a a 

Grab sampling; 
100 mL; n.r. 

(Neault et al., 
2020); Ontario 
and Quebec, 
Canada 

Municipal 
wastewater and 

Influent: Settled 
for 1 h to separate 
influent filtrate 
and influent solids 

PEG precipitation n.r. SARS-CoV-2 Protein Extraction 
using radioimmunoprecipitation 
assay (RIPA), urea and triton X- 
100 lysis buffers 

Multiplex Paired- 
antibody Amplified 
Detection (MPAD) 

Proteins in place of 
viral RNA are 
measured; 

a a 

Wastewater 
Primary Sludge; n. 
r.; n.r.; Primary 
sludge at − 80 ◦C 

Cycle threshold 
numbers are 
reported 

(D’Aoust et al., 
2020); Ontario 
and Quebec, 
Canada 

Municipal 
wastewater post- 
grit chamber 
solids (PGS) 

PGS samples: 
settled for 1 h at 
4 ◦C 

PGS supernatant: 
Filtration with mixed 
cellulose ester filter 

n.r. RNeasy PowerMicrobiome Kit 
Qiagen) 

RT-qPCR; PGS (RT-qPCR): a 

RT-ddPCR 1.42 × 106–  

1.93 × 106  

PGS solids: PEG 
precipitation and 
centrifugation 

PGS (RT-ddPCR): 
1.24 × 106–  
1.42 × 106  

PGS: Composite 
sampling (24 h); 
250 mL; 4 ◦C  

PCS: PEG and 
centrifugation 

PCS (RT-qPCR): 
1.10 × 106–  
1.51 × 106  

PCS (RT-ddPCR): 
2.74 × 105–  

3.93 × 105  Primary clarifier 
sludge (PCS); 
Grab and 
composite 
sampling (24 h); 
250 mL; 4 ◦C 

(Alpaslan 
Kocamemi 

Municipal 
wastewater 
sludge; 

Centrifugation; 
filtration (0.45 
and 0.2 μm 

PEG 8000/centrifugation n.r. Roche MagNA pure LC total 
nucleic acid isolation kit using 

RT-qPCR Primary Sludge: a 

1.25 × 104  

Waste Activated Sludge: 

(continued on next page) 
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Table 1 (continued ) 

Reference; 
Location 

Sample type; 
Sampling mode; 
Volume; Storage 
temperature 

Sample pre- 
treatment 

Concentration method Treatment 
for PCR 
inhibitors 

RNA extraction Detection/ 
Quantization 

Concentration in genome copies/L Viability; 
(infectious 
samples/ 
total 
samples)  

Influent Effluent 

et al., 2020); 
Turkey 

nominal pore 
size); pH 
Adjustment at 
7.0–7.2 

Roche MagNA pure LC system 
(Penzberg, Germany) 

Grab sampling; n. 
r.; n.r. 

1.17 × 104–  
4.02 × 104  

(Peccia et al., 
2020b); 
Connecticut, 
USA 

Municipal 
wastewater 
sludge; 

Not carried out Not carried out (Direct 
addition of sludge to RNA 
extraction kit) 

n.r. RNeasey PowerSoil Total RNA 
kit, Qiagen 

RT-qPCR Primary Sludge: a 

1.7 × 106–  

4.6 × 108 

Grab sampling; 
2.5 mL; − 80 ◦C 

(Balboa et al., 
2020); 
Ourense, Spain 

Municipal 
wastewater and 
sludge; 

– Wastewater samples: 
Ultrafiltration 

n.r. STARMag 96 × 4 Universal 
Cartridge Kit (Seegene) 

One-step multiplex RT- 
qPCR 

Wastewater Influent: Below 7.5 x 103 to 
less than 4.0 × 104  

Sludge samples: PEG 
8000/NaCl precipitation 

Wastewater Effluent: Not detected to less 
than 1.0 × 104 Wastewater; 

Composite 
sampling (24 h); 
250 mL; 4 ◦C 

Primary Sludge: Not detected to less than 
4.0 × 104 

Activated Sludge: Not detected to less 
than 1.0 × 104 

Thickened Sludge: Not detected to less 
than 2.0 × 104 

Digested Sludge: Not detected 
(Ge et al., 2020); 

China 
Hospital Sewage 
from 
preprocessing 
disinfection 
equipment and 
final disinfection 
pool 

Centrifugation 
(12,000 × g for 
5 min at 4 ◦C) 

– n.r. MagNA Pure LC 2.0 (Roche, 
Basel, Switzerland) 

RT-qPCR – Virus culture 
in Vero E6 
cell line inlet 
(0/14) outlet 
(0/14) 

Note: n.r. Not reported. 
a No available quantitative or viable virions data on the virus in wastewater or sludge. 

A
. Buonerba et al.                                                                                                                                                                                                                              



Journal of Hazardous Materials 415 (2021) 125580

9

which were identified and discussed in this manuscript. The necessity to 
concentrate the SARS-CoV-2 traces present in wastewater, the absence 
of a robust and validated protocol for sample processing and the open 
challenges in this field are also critically analyzed and discussed. In 
addition, new methodologies and technologies, based on the detection 
of the SARS-CoV-2 RNA as well as of the proteins and other viral vestiges 
in wastewater are emerging and here examined. The development of 
these technologies could allow a more rapid and effective implementa
tion of wastewater-based epidemiology. Fundamental is the exact 
knowledge on behavior and persistence of the SARS-CoV-2 in all 
aqueous media. This information combined with the knowledge on the 
efficacy of the methods for treatment of the water media for the 

disinfection allows establishing real risks and the correct strategy for 
control the spread of virus through the water environment (see Fig. 1). 

2. Assay of viable virions and quantification of coronaviruses in 
water media 

The detection of pathogens, particularly viruses, in water media and 
wastewater plays a pivotal role for developing mitigation measures and 
health and safety plans (Xagoraraki and O’Brien, 2020; Naddeo, 2020) 
Viruses can be considered as supramolecular assemblies of biological 
small- and macro-molecules. They cannot reproduce by themselves and 
require host living cells for the replication. In fact, the debate of the 

Fig. 1. Synoptic view of the topics discussed in the review.  
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living or non-living nature of viruses is old and still open (Gortner, 
1938). Therefore, the determination of viral infectivity and concentra
tion in a contaminated sample must be done using the culture in a 
suitable host organism and molecular techniques detecting the genetic 
material (DNA or RNA) or proteins of the virus. 

The test for determination of the number of viable virus particles 
provides information on its state of integrity or inactivation by deter
mining its ability to replicate when cultured in a suitable host species. 
The determination of the period during which the virus results viable, 
and thus capable of replication in determined conditions, provides in
formation on its stability and persistence. However, detection of viable 
viruses in a sample does not necessarily implies infectivity: the route of 
transmission of the virus through that medium can be ineffective for the 
initiation of the actual infection in humans or other species targeted by 
the virus. 

Assay of bacteria, that are aquatic host microorganisms for viruses, 
have been proposed as a simple and rapid indicator for the determina
tion of the fate of viruses in water. In fact, the assay of bacteria in water 
media does not requires the “complex” sample pre-treatments and the 
molecular methods necessary for virus quantification (vide infra). For 
example, coliphages, a class of the bacteriophage viruses infecting the 
bacteria Escherichia coli, have been proposed as a viral indicator for 
enteric viruses in wastewater. Although the fate of coliphages had a 
good correlation with that of enteric viruses in wastewater, estimations 
of Escherichia coli as a bacterial indicator associable to a viral indicator 
have yielded inadequate results (Worley-Morse et al., 2019). Thus, re
sults of the estimation of virus occurrence and the assessment of the 
efficacy of inactivation procedures for viruses based on a bacterial in
dicator, in place of dedicated viral indicators, require a comparison of 
data related to fate ad behavior between viruses and bacteria. Consid
ered that CoVs do not infect bacteria or other aquatic microorganisms, it 
is impossible to quantify their presence using other indicators. In addi
tion, the stability of these viruses in water media significantly differs 
from that of other viruses, typically infecting these environments, 
invalidating also the association of other viral indicators to CoV 
persistence. However, the fate of CoVs in water and wastewater and the 
efficacy of their inactivation methods can be estimated by analysing the 
fate of other enveloped viruses with higher resistance in wastewater. 

2.1. Determination of viable coronavirus virions in water media 

Detection of CoV RNA molecules in a sample does not necessarily 
implies infectivity of that specimen. RNA molecules or their fragments 
can be detected from damaged, and thus inactive, viral particles. Un
altered virus particles, thus potentially infective, can be quantified with 
molecular techniques (e.g. using quantitative polymerase chain reaction 
(qPCR; see Section 2.2.) targeting specific gene sequences or other 
molecular sections of the virus susceptible to fragmentation, or by 
enumeration of enlarged gene sequences (Ho et al., 2016; Polston et al., 
2014; Wu et al., 2019). Capsid-integrity PCR is a recent technique that 
quantifies intact virions by excluding the genomic material coming from 
damaged viruses from the molecular analysis. RNA or DNA molecules 
coming from fragmented viruses are covalently functionalized with 
specific molecular markers before the molecular analysis (i.e. PCR) that, 
in this way, quantifies only the genomic material coming from intact 
virions (Leifels et al., 2021, 2020). 

The infectivity of a virus can be determined by plaque assay, a 
quantitative method of measuring infectious viruses by quantifying the 
plaques formed in cell cultures upon infection with serial dilutions of the 
virus specimen (Baer and Kehn-Hall, 2014) or by tissue culture infec
tious dose-50 (TCID50), which detects the presence or absence of cyto
pathic effects (CPEs) in cells infected with serial dilutions of a virus 
specimen. 

The host cells typically used for in vitro culture of coronaviruses, in 
particular for SARS-CoV-2, include Vero E6, Vero CCL-81, HUH 7.0, 
293T, A549, EFKB3 and Caco-2 cell lines (Harcourt et al., 2020; Hoehl 

et al., 2020). The host cell line is cultured in Dulbecco minimal essential 
medium (DMEM) supplemented with heat-inactivated fetal bovine 
serum (FBS), antibiotics and antimycotics (Harcourt et al., 2020). After 
incubation with the potentially infected specimen, viable viruses induce 
CPEs on the host cells, determining the formation of visually discernible 
plaques or morphological modification of the cells (see Fig. 2). The 
standard plaque assay for SARS-CoV-2 (Harcourt et al., 2020), was based 
on previous protocols established for SARS-CoV-1 and MERS-CoV 
(Josset et al., 2013; Sims et al., 2013). Considering that other patho
gens, particularly those present in wastewater, can induce CPE on CoV 
host cells, confirmatory tests via nucleic acid extraction, amplification 
and sequencing (vide infra) are necessary in case of positive results. 
Laboratories with qualified Biosafety Level 3 (BSL-3) are required for the 
handling of those viruses. 

The number of infectious virus particles can be calculated by tissue 
culture infectious dose (TCID50) assay. The virus sample is serially 
diluted and added to cells, selected to show cytopathic effect, placed in a 
multiwell plate. The infection with the virus results in cell morpholog
ical changes or mortality, and each well is classified as infected or not 
infected. Automated readings, colorimetric or fluorometric, are also 
possible. The calculation of the TCID50 is thus done identifying the 
dilution at which 50% of the wells show a CPE. The Spearman–Karber or 
the Reed–Muench methods are typically applied, and the viral loading is 
expressed as TCID50 per volume of sample (Ramakrishnan, 2016; Reed 
and Muench, 1938; Spearman, 1908). 

Although the SARS-CoV-2 RNA has been detected worldwide in 
wastewater (see Table 1), results of viral culture experiments, used for 
the determination of the viable virions, have up to now been negative 
(Ge et al., 2020; Rimoldi et al., 2020a,b; Wang et al., 2020c; Westhaus 
et al., 2021). Wang et al. (2020c) analysed, without finding evidence of 
viable SARS-CoV-2, both the inlets and outlet sewages of pre-processing 
disinfection pool, as well as the final outlet of the sewage disinfection 
pool, of an hospital in China hosting COVID-19 cases. Similar negative 
results were found by Ge et al. analysing sewage samples from insolation 
wards during hospitalization of COVID-19 patients in the Hospital of 
Zhejiang University, China. The samples which were collected from the 
inlets and outlets of pre-processing disinfection equipment, were found 
positive for SARS-CoV-2 RNA detection and negative to the assay of 
viable virus particles carried out in Vero E6 cell line (Ge et al., 2020). 
Rimoldi et al (2020a,b) analysed influents and effluents of municipal 
WWTPs and water of river used for the discharge of the final effluents, 
during the emergence of COVID-19 epidemics in March 2020 in Milan, 
Italy. The infectivity of wastewater, both untreated and treated in 
WWTP, was investigated by Westhaus et al. (2021) culturing the spec
imen in Caco-2 cells in Germany. CPEs for this cell line can be observed 
by optical microscopy as morphological modifications of the Caco-2 
cells (Hoehl et al., 2020). CPEs were not observed in any wastewater 
sample analyzed in this study (Westhaus et al., 2021). These findings 
provide important information on the real risk associable with the 
presence of SARS-CoV-2 in wastewater, indicating a very limited sta
bility of this virus in this kind of aquatic medium. However, the possi
bility of false-negative results in the test of viable CoVs cannot be ruled 
out. As matter of facts, for SARS-CoV-1, which is the most proximal virus 
to SARS-CoV-2 (Andersen et al., 2020), 5-log of virus titer reduction was 
determined to occurs within 2 and 14 days in wastewater at 20 and 4 ◦C, 
respectively (see Table 3) (Wang et al., 2005b,c). A similar persistence 
was determined for SARS-CoV-2, 1- and 2-log of virus titer reduction 
were observed respectively within the ranges of 1.4–3.3 and 2.9–6.5 
days in frozen and thawed wastewater at room temperature (see 
Table 3) (Bivins et al., 2020). 

2.2. Concentration and detection methods of coronaviruses in water 
media 

During an epidemic event, the loading of a virus in wastewater can 
be correlated with the contents in human stool or urine samples (Ye 
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et al., 2016). Molecular methods based on polymerase chain reaction 
(PCR) are typically used for the quantitation of viruses in human sam
ples and water media. A small sample of DNA can be rapidly reproduced 
to billions of copies by PCR: a large enough amount to be studied in 
detail by scientists for qualitative and quantitative analyses. CoVs pre
sent their genetic material in the form of RNA, therefore the 

retro-transcription (RT) in the form DNA is mandatory prior to PCR. At 
present, the analytical methods for CoVs in samples of human origin 
include the following molecular techniques for amplifying nucleic acids: 
i) reverse transcription polymerase chain reaction (RT-PCR), ii) 
real-time RT-PCR (rRT-PCR), iii) reverse transcription loop mediated 
isothermal amplification (RT-LAMP), and iv) real-time RT-LAMP 

Fig. 2. General scheme of wastewater analysis to detect occurrence and viable viruses.  
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(rRT-LAMP) (Bofill-Mas and Rusiñol, 2020; Corpuz et al., 2020). 
Analytical kits have been developed for the rapid and reliable assay of 
CoVs from biological human samples. Currently, detection kits based on 
RT-PCR are commercially available for SARS-CoV-1, MERS-CoV (Zhang 
et al., 2020c), and the novel SARS-CoV-2 virus (WHO, 2020a). Some of 
those analytical methods were applied also for detection of CoVs in 
water and wastewater samples (see Tables 1 and 2). 

Typically, the abovementioned molecular techniques employed to 
ascertain the occurrence of viruses in unconcentrated wastewater and 
surface water (Corpuz et al., 2020) yield results below the detection 
limit of the methods. Consequently, it is mandatory to concentrate a 
large volume of water sample before the analysis (Ahmed et al., 2020d; 
Bofill-Mas and Rusiñol, 2020; Corpuz et al., 2020; Rusiñol et al., 2020; 
Ye et al., 2016). Concentration methods of CoVs in water media have 
been addressed in ongoing research (Ahmed et al., 2020d). These studies 
were recently reviewed by La Rosa et al. (2020a) and Corpuz et al. 
(2020). 

Water samples can be pre-treated and concentrated using various 
processes, such as centrifugation/ultracentrifugation, virus adsorption- 
elution (VIRADEL), membrane (electropositive or electronegative) 
filtration, centrifugal ultrafiltration or precipitation with suitable 
coagulating agents (see Table 1 and Fig. 2) (Ahmed et al., 2020d; 
Bofill-Mas and Rusiñol, 2020; Corpuz et al., 2020; La Rosa et al., 2020a). 

Despite the extensive efforts dedicated to the development of method
ologies for virus concentration, currently there is no consensus on the 
reliable application of these enrichment techniques for water samples. In 
fact, when these pre-treatments are applied a variable number of viral 
particles can be lost, depending on the nature of the specimen, the tar
geted virus and the method of concentration adopted (Ahmed et al., 
2020d; Bofill-Mas and Rusiñol, 2020; Corpuz et al., 2020). 

Most of the available methods for quantifying viruses in water 
samples are optimized for non-enveloped viruses, in particular for 
enteric viruses (e.g., adenoviruses, polioviruses, enteroviruses, nor
oviruses, and rotaviruses) (Corpuz et al., 2020). Compared to “simple” 
non-enveloped viruses, enveloped ones such as CoVs are more sensitive 
to sample pretreatment and are less stable in wastewater (see Table 3). 
In fact, SARS-CoV-1 has been shown to persist (5-log of virus titer 
reduction) only up to 2 days at room temperature, both in domestic and 
hospital sewages and for more than 14 days at 4 ◦C (see Table 3) (Wang 
et al., 2005b,c) However, it should be noted that those tests of virus 
persistence were carried out in wastewater centrifuged at 6000 rpm for 
30 min for the removal of suspended particles and bacteria, whereas the 
hospital wastewater was treated with sodium thiosulfate for the inacti
vation of disinfectants prior to seeding of the virus (Wang et al., 2005b). 
Therefore, the currently observed (scarce) resistance of SARS-CoV-1 in 
wastewater could be even overestimated. 

CoVs tend to be adsorbed onto particles and debrides present in 
surface water and wastewater (Chaudhry et al., 2015; Gundy et al., 
2008). Therefore, dedicated procedures for virus desorption from sus
pended solids in water should be implemented for quantitative mea
surements (Alpaslan Kocamemi et al., 2020; Balboa et al., 2020; Peccia 
et al., 2020b; Westhaus et al., 2021). 

CoVs, like the other enveloped viruses, are sensitive to pH variations, 
with an optimal stability at slightly acidic pH range of 6.0–6.5 c.a. 
(Sattar et al., 2009). Nevertheless, SARS-CoV-2 have been demonstrated 
to exhibit sufficiently high stability in a wide range of pH values (Chin 
et al., 2020). This information should be taken into account in the case of 
application of VIRADEL techniques for the recovery of CoVs from 
wastewater, where the virus is captured by filtration on glass wool or 
with electropositive or electronegative membranes at strongly alkaline 
or acidic pHs, respectively, and then eluted from the filter. The acidifi
cation of the retained viruses with acidic solutions leads to the proton
ation of the capsid or of the envelope, depending on the virus typology, 
which assumes a positive charge and can be absorbed onto electroneg
ative membranes. On the contrary, treatment with alkaline solutions 
causes the viruses to become negatively charged, therefore electropos
itive filters should be used for the recovery of the virus. After absorption 
onto filter the virus can be recovered by elution with buffered solutions 
eventually containing suitable agents for the desorption of the virus. 

Few studies have examined the effect of the concentration method of 
wastewater on the efficiency of recovery of CoVs. To the best of our 
knowledge, only one study reported the recovery efficiency of SARS- 
CoV-1, the most proximal virus to SARS-CoV-2. Wang et al. (2005b) 
used a wastewater sample seeded with the virus and obtained ca. 1% of 
virus recovery by applying electropositive filtration for viral particle 
concentration in the sample. The recovery of bovine CoV (Abd-Elmak
soud et al., 2014; Collomb et al., 1986), transmissible gastroenteritis 
virus (TGEV) (Blanco et al., 2019) and murine hepatitis virus (MHV) 
(Ahmed et al., 2020d; Ye et al., 2016) have also been investigated. Virus 
adsorption on glass (Abd-Elmaksoud et al., 2014; Blanco et al., 2019; 
Collomb et al., 1986) or on silica gel compounded with aluminum hy
droxide (Wang et al., 2005a), followed by elution with neutral (Wang 
et al., 2005a) or alkaline (Abd-Elmaksoud et al., 2014; Blanco et al., 
2019; Collomb et al., 1986) buffers were adopted for concentration of 
the abovementioned CoVs. Poly(ethylene glycol) (PEG) precipitation, 
ultracentrifugation and ultrafiltration were compared by Ye et al. (2016) 
in the context of the recovery efficiency of MHV. Ultrafiltration was 
demonstrated the most efficient method with 25.1% of recovery of 
MHV. Blanco et al. (2019) applied virus adsorption onto glass wool with 

Table 2 
Different assays used for detection of SARS-CoV-2 RNA in wastewater samples.  

Method of 
detection 

Primer Target 
gene 

Limit of detection Reference 

RT-qPCR N_Sarbeco N-gene 8.3 copies/reaction (Corman 
et al., 2020) 

3 copies/µL RNA 
template 

(Ahmed et al., 
2020b) 

RT-qPCR CDC_N1 N-gene 5 copies/reaction (Lu et al., 
2020b)    

1 copy/µL RNA 
template 

(Ahmed et al., 
2020b) 

RT-ddPCR   14.6 copies/ 
reaction 

(Gonzalez 
et al., 2020) 

RT-qPCR CDC_N2 N-gene 5 copies/reaction (Lu et al., 
2020b)    

2 copies/µL RNA 
template 

(Ahmed et al., 
2020b) 

RT-ddPCR   2 copies/reaction (Gonzalez 
et al., 2020) 

RT-qPCR CDC_N3 N-gene 5 copies/reaction (Lu et al., 
2020b) 

RT-ddPCR   2.18 copies/ 
reaction 

(Gonzalez 
et al., 2020) 

RT-qPCR NIID_2019- 
nCOV_N 

N-gene 4 copies/ µL RNA 
template 

(Ahmed et al., 
2020b) 

RT-qPCR E_Sarbeco E-gene 3.9 copies/reaction (Corman 
et al., 2020) 

5 copies/µL RNA 
template 

(Ahmed et al., 
2020b) 

RT-qPCR RdRP_SARSr RdRp- 
gene 

3.6 copies/reaction (Corman 
et al., 2020) 

316 gene 
equivalents/ 
reaction 

(Nalla et al., 
2020) 

> 500 copies/ 
reaction 

(Vogels et al., 
2020) 

200 copies/ 
reaction 

(Westhaus 
et al., 2021) 

First PCR; Name ORF1ab 0.41 copies/µL 
RNA (LOD50 in 
pure RNA samples) 

(La Rosa 
et al., 2020b, 
2021) 

Nested PCR NIID_WH-1; 

2274 – CO 1.46 copies/µL 
RNA (LOD50 in 
sewage samples) 

2275 – CO 
2276 – CO 
2277 – CO 

RT-qPCR  M-gene 200 copies/ 
reaction 

(Westhaus 
et al., 2021)  
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subsequent elution with alkaline buffer and PEG precipitation and 
explored on the recovery of TGEV, effects of pH, contact time and 
composition of eluent. 42.7% of adsorption degree and the complete 
removal of the virus from the glass wool adsorbent was obtained by 
overnight elution with glycine/beef extract buffer at pH of 11.0 in 
presence of TWEEN® 80 (0.3%). Ahmed et al. (2020a) adopted both a 
direct RNA extraction from electronegative membranes and ultrafiltra
tion for the concentration of the SARS-CoV-2 virus in wastewater sam
ples. However, the latter study did not evaluated the performance of the 
concentration methods using seeded samples. In another study, Ahmed 
et al. (2020d) compared percentage recoveries of MHV from raw 
wastewater using different concentration methods. MHV is a Betacor
onavirus with envelope that well represents the behavior of SARS-CoV-2 
in wastewater. MHV was used as a surrogate virus for SARS-CoV-2 due 
to the biosafety risks associated with handling the latter in the labora
tory. The concentration methods that were examined in that study 
involved adsorption to electronegative membrane, ultrafiltration, PEG 
precipitation, and centrifugation (Fig. 1). Results of the study revealed 
that the more efficient methods were those involving the adsorption of 
the virus onto an electronegative membrane (without pre-acidification 
step) and subsequent direct RNA extraction from the filter. The rela
tively higher MHV recovery efficiencies were: adsorption to the elec
tronegative membrane without pre-treatment: 60.5 ± 22.2%; 
adsorption to the electronegative membrane with the addition of MgCl2: 

Table 3 
Environmental persistence of SARS-CoV-2 and other representative CoVs at 
room temperature.  

CoV Environment Log10 

reduction 
Time Reference 

E229 Dechlorinated and 
filtered tap water 

3-log 10 d at 
23 ◦C (>
130 d at 
4 ◦C) 

(Gundy et al., 
2008) 

Primary wastewater > 2.0-log 2–4 d 
Secondary 
wastewater 

> 2.9-log 2–4 d 

PBS n.r. ≥ 6 d (Sizun et al., 
2000) 

MEM 4-log 9 d (Rabenau et al., 
2005) MEM + FBS (10%) 4-log 9 d 

Plastics (PS) 4-log 72 h 
FIPV Dechlorinated and 

filtered tap water 
3-log 10 d at 

23 ◦C (>
130 d at 
4 ◦C) 

(Gundy et al., 
2008) 

Primary wastewater > 3.1-log 2–4 d 
Secondary 
wastewater 

> 3.7-log 2–4 d 

TGEV Reagent grade water 2-log 22 d at 
25 ◦C (>
49 d at 
4 ◦C) 

(Casanova 
et al., 2009) 

Lake water 2-log 13 d at 
25 ◦C 

Pasteurized settled 
sewage 

2-log 9 d at 25 ◦C 

MHV Reagent grade water 2-log 17 d at 
25 ◦C (>
49 d at 
4 ◦C) 

(Casanova 
et al., 2009) 

Lake water 2-log 10 d at 
25 ◦C 

Pasteurized settled 
sewage 

2-log 7 d at 25 ◦C 

Wastewater 1-log 13 h at 
25 ◦C; 36 h 
at 10 ◦C 

(Ye et al., 2016) 

Pasteurized 
wastewater 

1-log 18 h at 
25 ◦C; 
149 h at 
10 ◦C 

OC43 PBS n.r. ≥ 6 d (Sizun et al., 
2000) 

MERS- 
CoV 

Plastic 6-log 72 h 
(20–40% 
RH) 

(van Doremalen 
et al., 2013) 

Steel 6-log 72 h 
(20–40% 
RH) 

SARS- 
CoV- 
1 

Cell culture media 5-log 60 h (Duan et al., 
2003) Autoclaved water 5-log 72 h 

Serum 5-log 72 h 
Sputum 5-log 96 h 
Feces 5-log 96 h 
Urine 5-log 72 h 
Glass 5-log 60 h 
Mosaic 5-log 60 h 
Metal 5-log 72 h 
Plastics 5-log 60 h 
Cloth 5-log 72 h 
Filter paper 5-log 72 h 
Autoclaved soil 5-log < 6 h 
Dechlorinated tap 
water 

5-log 2 d (≥ 14 d 
at 4 ◦C) 

(Wang et al., 
2005b) 

Domestic sewage 
(centrifuged) 

5-log 2 d (≥ 14 d 
at 4 ◦C) 

Hospital sewage 
(centrifuged and 
treated with sodium 
thiosulfate) 

5-log 2 d (≥ 14 d 
at 4 ◦C) 

PBS 5-log ≥ 14 d  

Table 3 (continued ) 

CoV Environment Log10 

reduction 
Time Reference 

Stool 5-log 3 d (≥ 17 d 
at 4 ◦C) 

Urine 5-log 17 d 
MEM ~ 1-log > 9 d (Rabenau et al., 

2005) MEM + FBS(10%) ~ 1-log > 9 d 
Plastics (PS) > 4-log 9 d 
Plastics 2.7-log 72 h (van Doremalen 

et al., 2020) Stainless steel 3.0-log 72 h 
Copper ~ 3.0-log 4 h 
Cardboard ~ 3.0-log 24 h 

SARS- 
CoV- 
2 

Plastics 3.1-log 72 h (van Doremalen 
et al., 2020) Stainless steel 3.1-log 72 h 

Copper ~ 3.0-log 4 h 
Cardboard ~ 3.0-log 24 h 
Virus transport 
medium 

5.34-log 5 min 
(70 ◦C) 

(Chin et al., 
2020) 

6.65-log 30 min 
(56 ◦C) 

6.57-log 2 days 
(37 ◦C) 

6.51-log 14 days 
(22 ◦C) 

0.47-log 14 d (4 ◦C) 
Paper 4.76-log 3 h 
Banknote 6.05-log 4 d 
Wood 5.66-log 2 d 
Cloth 4.84-log 2 d 
Respiratory mask 2.99-log 7 d 
Glass 5.83-log 4 d 
Stainless steel 5.80-log 7 d 
Plastics 5.81-log 7 d 
Tap water 1-log 1.8–2.2 d (Bivins et al., 

2020) 2-log 3.6–4.4 d 
Municipal 
wastewater 

– – (Rimoldi et al., 
2020a,b;  
Westhaus et al., 
2021) 

WWTP effluent – – 

River (contaminated 
with wastewater) 

– – (Rimoldi et al., 
2020a,b) 

Hospital wastewater – – (Ge et al., 2020; 
Wang et al., 
2020c) 

Wastewater (frozen 
and thawed) 

1-log 1.4–3.3 d (Bivins et al., 
2020) 2-log 2.9–6.5 d  

A. Buonerba et al.                                                                                                                                                                                                                              



Journal of Hazardous Materials 415 (2021) 125580

14

65.7 ± 23.8%. The high recovery efficiencies were mainly attributed to 
the extraction of viruses from both the liquid and solid fractions of the 
wastewater samples. The investigation reported by Ahmed et al. (2020d) 
also revealed that a pre-acidification step (pH 4.0) significantly reduced 
the recovery of MHV from the samples. A previous study also showed 
that enveloped viruses, such as MHV, tend to be adsorbed to the solid 
fraction of the wastewater (Ye et al., 2016). In the latter study, it was 
shown that a higher percentage of enveloped viruses (MHV: 26%, ϕ6: 
22%), compared to non-enveloped viruses (MS2: 6%, T3: < 5%), was 
adsorbed to wastewater solids at equilibrium. 

Those considerations should be taken into account during the sam
pling and storage of wastewater samples, as well as during the treatment 
for the detection, quantization and particularly in the determination of 
the viable virus particles. The development of a standard method for 
concentration of wastewater contaminated with SARS-CoV-2 should be 
based on this information. Currently, several procedures have been 
applied with success for the detection of the SARS-CoV-2 in wastewater, 
although scarce information is available on the actual efficacy of the 
recovery of this virus (Table 1). 

Sample pre-treatments include conventional filtration, centrifuga
tion or settling for removal of raw suspended solids and debrides. As 
discussed above, these treatments could affect the quantification of the 
virus by excluding from the molecular detection viral particles adsorbed 
onto particulate. Pasteurization at 56–60 ◦C for 60–90 min has been also 
applied for the inactivation of viruses and other pathogens for safe 
handling of the sample. Centrifugal ultrafiltration has been extensively 
applied for the concentration of the wastewater by using centrifugal 
filters with different molecular weight cut-offs (MWCO) (Ahmed et al., 
2020a,b; Balboa et al., 2020; Bar Or et al., 2020; Crits-Christoph et al., 
2020; Manupati et al., 2020; Medema et al., 2020a,b; Nemudryi et al., 
2020a,b; Sherchan et al., 2020; Trottier et al., 2020; Westhaus et al., 
2021; Wu et al., 2020b). Ultracentrifugation is also a convenient method 
for the rapid concentration of wastewater samples (Ampuero et al., 
2020; Green et al., 2020; Prado et al., 2020; Wurtzer et al., 2020; Yaqub 
et al., 2020). The direct flocculation (Mlejnkova et al., 2020) or the 
treatment with PEG (Alpaslan Kocamemi et al., 2020; Bar Or et al., 2020; 
Chavarria-Miró et al., 2020; D’Aoust et al., 2020; Neault et al., 2020) in 
combination with sodium chloride (Arora et al., 2020; Balboa et al., 
2020; Hata et al., 2020; Kumar et al., 2020; Wu et al., 2020b; Zhang 
et al., 2020a; Zhao et al., 2020) or dextran (La Rosa et al., 2020b,c, 2021; 
Sharif et al., 2020) have been also adopted for the precipitation of the 
virus. These latter techniques were optimized for the precipitation of 
proteins and particularly utilized for the recovery of non-enveloped vi
ruses with protein capsid exposed, such as enteric viruses (Corpuz et al., 
2020). However, CoVs presents spike proteins on the viral envelope 
therefore this method of wastewater concentration works well also for 
this kind of viruses. VIRADEL methods were also largely employed for 
concentration of SARS-CoV-2 in wastewater, principally by using elec
tronegative charged membranes (Ahmed et al., 2020a,b; Curtis et al., 
2020; Haramoto et al., 2020; Hong et al., 2020; Miyani et al., 2020; 
Sherchan et al., 2020). In absence of treatment for the concentration of 
the samples cannot be obtained reliable quantitative information on the 
virus concentration in wastewater (Table 1). 

The application of the recent high-throughput sequencing methods 
will allow fast and reliable determination of viral parameters in water 
matrices (Bofill-Mas and Rusiñol, 2020). The genomic material of the 
viruses is often overshadowed by the host and bacterial genomes 
(Nieuwenhuijse and Koopmans, 2017). Therefore, automating the pro
cessing for analysing and interpreting viral genomic data is being 
investigated with great interest by virologists, environmental engineers, 
and bioinformatics. 

2.3. Emerging and alternative methods for SARS-CoV-2 detection 

2.3.1. RNA-based emerging and alternative methods 
Previous studies of SARS-CoV-2 in wastewater focused on detection 

and quantification of the viral RNA through RT-PCR and RT-qPCR 
methods. The study of the different strains of the virus present in the 
wastewater and in the corresponding community is also important. High 
throughput sequencing has been used to study different strains of the 
virus to monitor its mutation (Feng et al., 2020). In a recent study by 
Crits-Christoph et al. (2020), high-throughput sequencing was used to 
study the different SARS-CoV-2 genotypes circulating in wastewater 
systems in California. 

Another emerging approach in the detection and quantification of 
the SARS-CoV-2 RNA is digital PCR (dPCR), which is identified to be less 
affected by PCR inhibitors (Sidstedt et al., 2020). This is an advantage 
when detecting viruses from wastewater, which is a matrix that contains 
several possible PCR inhibitors. It is also noted that the dPCR has a lower 
limit of detection and has been reported to be more sensitive than qPCR 
(Ahmed et al., 2020b; Barceló, 2020; Falzone et al., 2020; Suo et al., 
2020). The detection limit of dPCR is reported to be 10 times lower 
compared to that of the RT-qPCR (Barceló, 2020). Suo et al. (2020) 
showed that the limit of detection of an optimized droplet digital PCR 
(ddPCR) is 500 (maximum) times lower than the RT-qPCR in analytes 
with low-level of SARS-CoV-2 load (Suo et al., 2020). This may be 
favorable for detecting even low concentrations of SARS-CoV-2 in in
fluents of wastewater in areas with low COVID-19 prevalence and in 
treated wastewater. The dPCR has been previously applied for clinical 
diagnostics, and its advantages show its potential as tool for detecting 
and quantifying SARS-CoV-2 in wastewater. 

The ddPCR, an improvement of the RT-PCR, has been reported to be 
useful in quantification of very low target concentrations of nucleic 
acids in samples that are contaminated (Taylor et al., 2017). Most of the 
studies that quantified SARS-CoV-2 in wastewater samples utilized the 
RT-qPCR method. However, few studies have so far utilized the ddPCR 
method to not only detect but also quantify the SARS-CoV-2 genome in 
wastewater (Ahmed et al., 2020b; Gonzalez et al., 2020; Zhou et al., 
2020a)]. RT-ddPCR’s main advantages over the RT-qPCR include i) the 
direct absolute quantification without the reliance on a calibration 
curve, and ii) reduced effects of PCR inhibitors (Deiana et al., 2020; 
Kuypers and Jerome, 2017). However, it also has its disadvantages, 
notably low reaction mixture volume and smaller dynamic range 
(Kuypers and Jerome, 2017). A one-step ddPCR assay was found by 
Graham et al. (2021) to be more sensitive than RT-qPCR in detecting and 
quantifying SARS-CoV-2 in primary settled solids from wastewater 
treatment plants, due to the reduced effect of PCR inhibitors. 

Clustered Regularly Interspaced Short Palindromic Repeats 
(CRISPR)-based assays for SARS-CoV-2 RNA have also been recently 
developed for clinical applications (Broughton et al., 2020; Hou et al., 
2020). Broughton et al. (2020) reported a limit of detection of a 
CRISPR-based assay at 10 copies/µL input, which is higher than that of 
the US Centers for Disease Control and Prevention (CDC) based on 
RT-qPCR assay (1–3.2 copies/µL input) (Broughton et al., 2020). How
ever, in these recent studies by Broughton et al. and Hou et al., the total 
assay times for the CRISPR-based assays were reported to be shorter: 
40–45 min compared to 4 h spent in the RT-qPCR assay. There is no 
published study that has yet reported the use of CRISPR-based assays for 
detection of SARS-CoV-2 in wastewater. However, its sensitivity and 
rapidity can be advantageous for wastewater-based epidemiological 
studies, where real-time and accurate information about SARS-CoV-2 
circulating in wastewater is important. 

It is to be noted that, at the time of writing of this manuscript, there 
was no established standard assay for the detection of SARS-CoV-2 in 
environmental samples, such as in wastewater and surface waters (La 
Rosa et al., 2020b). Recent studies that detected SARS-CoV-2 RNA in 
wastewaters utilized assays that target different regions of the 
SARS-CoV-2 genome, which include the following: i) N-gene encoding 
nucleocapsid protein, ii) S-gene encoding spike protein, iii) E-gene 
encoding envelope protein, iv) ORF1ab (La Rosa et al., 2020b, 2021), v) 
RNA-dependent RNA polymerase (RdRP), and vi) M-gene encoding 
membrane protein. Table 2 shows the different assays used in the studies 
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on the detection of SARS-CoV-2 in wastewater and the corresponding 
limits of detection. The study of Ahmed et al. (2020a) showed that the 
N_Sarbeco assay was more sensitive than the NIID_2019-nCOV_N in 
detecting the SARS-CoV-2 RNA in wastewater (Ahmed et al., 2020a). In 
the study of Medema et al. (2020b), the CDC_N1 and CDC_N3 assays 
were shown to be more sensitive than CDC_N2. This is in agreement with 
the results of the study of Ahmed et al. (2020b), where CDC_N1 assay 
was found the most sensitive (limit of detection: 1 copy/µL RNA tem
plate) compared to other assays targeting the N-gene. In this study, it 
was also shown that the least sensitive was the E_Sarbeco assay (limit of 
detection: 5 copies/µL RNA template) (Ahmed et al., 2020b). La Rosa 
et al. (2020b) noted the low sensitivity of the RNA-dependent RNA 
polymerase (RdRp) assay, which led to no positive results in the 
RT-qPCR in their study. However, the authors in the latter study noted 
that the RdRP assay displayed a higher sensitivity than the S-gene assay 
and that it was able to reduce PCR inhibitor concentrations to below the 
acceptable levels (median at 29 %). In the study of Westhaus et al. 
(2021), it was shown that the assay targeting the RdRP gene (compared 
to assays targeting the N, E, and M genes) had the highest specificity to 
SARS-CoV-2 RNA since no signals were detected for CoV-229E and 
SARS-CoV-1 (Westhaus et al., 2021). 

RT-ddPCR’s main advantages over the RT-qPCR include: i) the direct 
absolute quantification without the reliance on a calibration curve, and 
ii) the less effect of PCR inhibitors (Deiana et al., 2020; Kuypers and 
Jerome, 2017). However, it also has its disadvantages, notably low re
action mixture volume and smaller dynamic range (Kuypers and Jer
ome, 2017). Multiplex RT-qPCR and dPCR assays have also been used in 
clinical samples for detection and quantification of SARS-CoV-2 (da 
Silva Queiroz et al., 2021; de Kock et al., 2020). 

These multiplex assays could be useful in using different well- 
established target SARS-CoV-2 genes; however, they have not yet been 
used in environmental samples. 

2.3.2. Non-RNA-based emerging and alternative methods 
Most of the recent studies on the presence and abundance of SARS- 

CoV-2 in wastewater samples have been performed through detection 
and quantification of the viral RNA. However, measurements of the 
SARS-CoV-2 RNA in wastewater have their own limitations. This in
cludes the stability of the SARS-CoV-2 RNA in the wastewater at varying 
conditions such as higher temperature as discussed in Section 2.1 and 

will be discussed in Section 3. Detection of low levels of RNA in some 
wastewater samples is also a challenge, which means that significant 
levels of amplification are needed for the PCR-based methods (Neault 
et al., 2020). 

Barceló suggested that the detection of biomolecules, which have 
already been used in clinical diagnostics, can be used to study the 
presence of SARS-CoV-2 in wastewater aside from detection of the viral 
RNA (Barceló, 2020). Among these biomolecules are the proteins of 
SARS-CoV-2, which may provide information that is supplementary to 
those obtained from detection and measurement of the viral RNA (see  
Fig. 3). An advantage of the detection of the viral proteins over the viral 
RNA is the reduction of the number false positive tests from the process 
of amplification since proteins could not be directly amplified (Feng 
et al., 2020). Neault et al. (2020) studied the presence of SARS-CoV-2 in 
samples from primary sludge and PEG-precipitated influent wastewater 
solids by detecting the structural proteins of the virus. In the latter study, 
the detection and quantification of proteins was achieved thanks to 
higher stability and higher number of gene copies of the proteins than 
the viral RNA. Immunoblot analysis was applied to detect the 
SARS-CoV-2 structural proteins, which include nucleocapsid (N), spike 
(S), membrane (M) and envelope (E) proteins. Quantification of the 
SARS-CoV-2 proteins was also conducted through Multiplex 
Paired-Antibody Amplified Detection (MPAD), an immunological 
method linked with PCR. The four structural proteins were detected in 
the primary sludge and influent solids samples. Results of the study also 
showed that the proteins measured by MPAD produced higher signals 
(64–208-fold in primary sludge samples, and 20–128-fold in influent 
solids samples) than the ones generated by viral RNA measured by 
RT-qPCR. In recent studies on the detection of SARS-CoV-2 in clinical 
samples, the target proteins were the N and S structural proteins (Feng 
et al., 2020). The N protein was chosen due to its higher abundance 
during infections (Ihling et al., 2020; Nikolaev et al., 2020a). On the 
other hand, the S protein is chosen in other studies due to its specificity 
compared to the other SARS-CoV-2 structural proteins (Mavrikou et al., 
2020; Seo et al., 2020). It was noted that a longer S protein was observed 
to be encoded by SARS-CoV-2 compared to the other coronaviruses 
(Caruana et al., 2020). Thus, the S protein of SARS-CoV-2 potentially 
enhances the specific detection of the virus and its variants (Seo et al., 
2020). 

However, Feng et al. (2020) noted that the content of proteins in a 

Fig. 3. Emerging methods for SARS-CoV-2 detection.  
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specimen is very low, the detection could be challenging and thus would 
require very sensitive methods. One of these methods that can be used is 
mass spectrometry (MS). This technique has recently been applied to 
detect SARS-CoV-2 proteins for clinical applications. Peptides that are 
unique to the SARS-CoV-2 N protein, which is identified as the most 
abundant protein in the virion, were identified using recently-developed 
MS-based assays applied to clinical samples (Ihling et al., 2020; Nikolaev 
et al., 2020b). The use of MS-based methods to detect SARS-CoV-2 
proteins could be extended for wastewater samples. The detection of 
infectious viruses in wastewater samples using proteins has been pre
viously carried out by Ye et al. (2019). This was accomplished using an 
integrated cell culture-mass spectrometry (ICC-MS), in which 
strain-specific viral peptides of reovirus were identified. Noteworthy, in 
this method, mass spectrometry eliminated the step of primer design, 
which is characteristic of PCR-based methods. Although reovirus was 
the only virus studied/detected, the ICC-MS could be potentially used 
for detection of SARS-CoV-2 proteins in wastewater. The use of 
mass-spectrometry could also be potentially used for quantification of 
SARS-CoV-2 proteins in wastewater samples (Feng et al., 2020). Barceló 
(2020) suggested that environmental proteomics could be a tool com
plementary to PCR-based methods for use in WBE (Barceló, 2020). Mass 
spectrometry for the characterization and quantitation of the 
SARS-CoV-2 viral proteins might be able to provide more insight on the 
fraction of the SARS-CoV-2 load that is capable of infecting cell culture. 
As discussed, SARS-CoV-2 has the structural proteins N, S, M, and E. 
SARS-CoV-2 infection is mediated by the S protein, which plays key roles 
in the attachment, fusion, and entry of the virus into host cells (Duan 
et al., 2020). Being able to obtain measurements of the N, S, M, and E 
proteins in different samples in the future could potentially deliver more 
information on the relationship between viral load and infectivity. 
However, there are still challenges in this approach because proteins 
cannot be directly amplified and consequently, direct detection of viral 
proteins still lack of sensitivity with the current analytical instruments 
(Feng et al., 2020). 

The detection of SARS-CoV-2 proteins using biosensors suitable for 
clinical applications has also been recently explored (Mavrikou et al., 
2020; Seo et al., 2020). Mavrikou et al. (2020) developed a biosensor 
that detects S proteins of SARS-CoV-2, which is reported to be more 
specific to the virus than other structural proteins and is responsible for 
the binding of the virus to the human cellular receptor. In the latter 
study, the binding of the SARS-CoV-2 S protein to a membrane-bound 
antibody, specific to this protein, produced changes in the bioelectric 
properties of the engineered cell membrane. A device based on the 
bioelectric recognition assay measured the changes in the properties of 
the membrane cell in real-time. Another biosensor that relies on the 
principle of the binding of SARS-CoV-2 S protein to a specific antibody 
was developed by Seo et al. (2020). A field-effect transistor (FET)-based 
biosensor with graphene sheets was coated with antibodies specific to 
the S protein. These studies showed that immunological methods can be 
used to detect SARS-CoV-2 rapidly and accurately, even without sample 
pretreatment. The latter studies showed the use of detection of 
SARS-CoV-2 proteins, particularly N and S proteins, for clinical diag
nosis. This could be explored further for use in detection of SARS-CoV-2 
in wastewater as demonstrated by Neault et al. (2020). However, there 
are also challenges presented by the detection of SARS-CoV-2 proteins 
such as cross-reactivity, specifically for N protein, and the availability of 
antibodies specific to the proteins (Feng et al., 2020). Another approach 
on molecular diagnosis of SARS-CoV-2 is the use of aptamers instead of 
antibodies to target the SARS-CoV-2 proteins (Feng et al., 2020; Song 
et al., 2020). The noted advantages of using aptamers for detection of 
coronaviruses’ proteins include the following: i) smaller size of aptamers 
permits more efficient binding on the surface of the virus, and ii) sta
bility and facile synthesis of aptamers (Cho et al., 2011; Song et al., 
2020). Song et al. (2020) have identified aptamers as probes that target 
the receptor-binding domain of the SARS-CoV-2 proteins. However, the 
use of these aptamers for detection of SARS-CoV-2 proteins are 

identified to be complementary to other diagnostic methods and studies 
are still on the “proof-of concept” stage (Chen et al., 2020; Song et al., 
2020). This approach in detection still has to be further explored for use 
in the detection of SARS-CoV-2 in wastewater matrices. 

As discussed, biosensors can provide rapid information about viruses 
and can complement other diagnostic methods, such as PCR-based 
methods. However, SARS-CoV-2 proteins quantification has been 
applied principally to clinical samples, which have different properties 
from wastewater matrices. However, biosensors have been studied for 
the detection of viruses in environmental samples. Limited number of 
studies have explored its use on the detection of viruses in the complex 
wastewater matrix. A study by Chung et al. reported the detection of 
noroviruses (NoV) in tap water and reclaimed wastewater using a 
microfluidic paper analytic device (µPAD) and quantified the viruses 
using a smart phone-based fluorescence microscope with a dedicated 
application software. The µPAD detection was realized using the prin
ciple of antigen-antibody binding instead of the detection of the viral 
RNA (Chung et al., 2019). The latter study shows the potential of 
paper-based sensors for detection and quantification of SARS-CoV-2 
from wastewater. It is to be noted that these biosensors are meant to 
be complementary tools to other detection and quantification methods. 

3. Environmental stability of coronaviruses 

The understanding of the environmental persistence of pathogens 
and the effectiveness of applicable disinfection methods make it possible 
to assess the hazards associated to a contamination. 

Aerosol stability of CoVs and in particular of SARS-CoV-2 has been 
extensively investigated and recently reviewed (Arslan et al., 2020; El 
Baz and Imziln, 2020; Schuit et al., 2020; Tang et al., 2020; van Dor
emalen et al., 2020; Wang et al., 2020b). The spontaneous inactivation 
of coronaviruses in the environment depends on several factors, such as 
temperature, relative humidity and, in water media, on pH, level of 
particulate, organic matter, chemicals, and of antagonistic microor
ganisms (Casanova et al., 2009; Gundy et al., 2008; Lai et al., 2005; 
Wang et al., 2005b; Wigginton et al., 2015; Ye et al., 2016). Noteworthy 
is the case of meat plants where suitable conditions favored the 
spreading of the SARS-CoV-2. Low temperature, very high or very low 
relative humidity conditions, combined with the large use of water and 
the dense production of aerosols resulted in the generation of hot-spots 
for SARS-CoV-2 diffusion in meet plants (Middleton et al., 2020). 

Table 3 summarizes the persistence of representative CoVs at room 
temperature in various media under different conditions determined by 
plaque assay or TCID50 technique. 

3.1. Persistence of CoVs on inanimate surfaces 

Inanimate surfaces have been indicated to be potential sources of 
CoV contamination, both directly via fomite transmission and indirectly, 
via water media which came into contact with the infected surface 
(Peyrony et al., 2020). The aerosolization of fomites has also been 
demonstrated to be effective in the spreading of viruses such as the 
Influenza A virus (Asadi et al., 2020b). In this context, it is thus 
important to ascertain the persistence of CoVs on various surfaces and 
the adequacy of disinfection tools used to treat them (Bhardwaj and 
Agrawal, 2020). Human CoVs can remain infectious on inanimate sur
faces from 2 h up to even several weeks, depending on the environ
mental conditions (see Table 3) (Casanova et al., 2009; Chan et al., 2011, 
2004; Chin et al., 2020; Duan et al., 2003; Geller et al., 2012; Gundy 
et al., 2008; Lai et al., 2005; Rabenau et al., 2005; Sattar et al., 2009; 
Sizun et al., 2000; van Doremalen et al., 2020, 2013; Wang et al., 2005b; 
Ye et al., 2016). 

The infectivity of SARS-CoV-1 on porous and non-porous surfaces, 
such as those of cloth, filter paper, glass, mosaic, metal and plastic, 
persisted for 60–72 (5-log reduction of virus titer), as has been assessed 
by analysing the CPE of the infected surfaces in Vero cells (Duan et al., 
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2003). Up to 9 days were necessary for a 5-log reduction of the infec
tivity of the virus on plastic surfaces (polystyrene of Petri dishes) 
(Rabenau et al., 2005). A limited persistence of infectivity, less than 6 h, 
was found in autoclaved soil. The sterilization was applied to avoid the 
effect of concurrently present microorganisms on the inactivation of the 
virus (Duan et al., 2003). A similar stability was observed for MERS-CoV: 
72 h were sufficient for 6-log of virus titer reduction on plastics and steel 
at 20 ◦C (van Doremalen et al., 2013). SARS-CoV-1 and SARS-CoV-2 
showed similar stability when compared under the same environ
mental conditions (van Doremalen et al., 2020). A significant reduction 
of infectivity, of c.a. 3 log, was found for SARS-CoV-2 after 72 h on 
plastic and steel by TCID50 assay (van Doremalen et al., 2020). Under the 
same conditions, the persistence of SARS-CoV-1 was similar (see 
Table 3). A previous study showed that the stability of SARS-CoV-1 
strongly depended on temperature and humidity conditions. At 
22–25 ◦C and relative humidity of about 40–50%, the virus infectivity 
persisted up to 4 weeks on a laboratory multi-well plate made of plastics: 
1-log loss of titer was observed in 5 days and a progressive reduction of 
the titer of 5-log was found in 4 weeks (Chan et al., 2011). The 
SARS-CoV-2 titer reduces by c.a. 3-log in 4 h on copper surfaces and in 
24 h on cardboard, whereas SARS-CoV-1 requires 8 h on the same sur
faces (van Doremalen et al., 2020). Another recent study on the envi
ronmental persistence of infectivity of SARS-CoV2 showed a virus titer 
reduction of 4.7-log in 3 h on printing and tissue papers, while from 2 up 
to 7 days were necessary to achieve 3–6-log of virus titer reduction both 
on porous and non-porous surfaces, such as banknote, wood, cloth, 
respiratory mask, glass, stainless steel, and plastics (Chin et al., 2020). 

3.2. Persistence of CoVs in water media 

Human beings are continuously in contact with the water for their 
daily activities, such as drinking, personal hygiene, washing, irrigation, 
food production, and recreational purposes (see Fig. 4). Used water, 
including stormwater and runoffs, is ultimately collected as wastewater. 
Feces, urine, or vomit infected with pathogens enter the human sewage; 
this can then affect the urban water cycle. The knowledge of the 
persistence of those microorganisms in water media allows to define 

accurately the levels of hazards for humans and environment. As matter 
of fact, the generation of bioaerosols in aeration basins in wastewater 
treatment plants constitutes a risk of infection in particular of enteric 
viruses (Mirskaya and Agranovski, 2018). Studies have demonstrated 
that field workers are exposed to infections from bioaerosols (Masclaux 
et al., 2014). On February 5, 2020, the U.S. Occupational Safety and 
Health Administration (OSHA) released a wastewater worker guidance, 
which stated that the current disinfection techniques used in WWTPs, 
such as oxidation with hypochlorite or peracetic acid and inactivation 
by ultraviolet (UV) irradiation, were sufficient to protect the health of 
wastewater plant operators and the public (OSHA, 2020; WEF, 2020). 
This recommendation was based on CoV disinfection data obtained from 
the healthcare settings, which conforms to OSHA’s position on the 
susceptibility of CoV to disinfection. WHO and United States Environ
mental Protection Agency (EPA) have not raised particular concerns on 
the current procedures of water sanitation with regard to the 
SARS-COV-2 (EPA, 2020; WHO, 2020b). 

Representative CoVs, such as human CoV 229E (cause of a common 
cold) and the feline infectious peritonitis virus (FIPV), were examined 
determining the T99.9, i.e. the time required for the virus titer to decrease 
of 3-log (99.9%). That virus titer reduction was observed in dechlori
nated and filtered tap water in 10 days at 23 ◦C and in 130 days at 4 ◦C. 
The inactivation of those CoVs occurred faster in wastewater with a T99.9 
of only 2–4 days. Under the same conditions, a non-enveloped virus, 
such as the poliovirus 1, was more stable than CoV 229E and FIPV 
(Gundy et al., 2008). CoV 229E presented a similar stability with 5-log of 
titer reduction within 9 days when suspended in minimum essential 
medium (MEM) containing antibiotics (penicillin and streptomycin), 
both in the presence and absence of 10% of fetal bovine serum (FBS). In 
a dried form, deposed on a polystyrene petri dish, 72 h were needed 
(Rabenau et al., 2005). 

The assay of viable virions of two surrogate CoVs, TGEV and MHV, 
was evaluated in reagent grade water, lake water, and pasteurized 
settled sewage by determining the T99, i.e the time required for a 
reduction in virus titer of 99%, in turn corresponding to 2 log) (Casa
nova et al., 2009). Thus, 2-log of virus titer reduction were observed at 
25 ◦C for TGEV and MHV in reagent grade water respectively in 22 and 

Fig. 4. Integrated water cycle.  
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17 days, whereas at 4 ◦C no significant reduction of the infectious titer 
for both viruses was observed for 49 days. In a lake water sample at 
25 ◦C, the same infectivity reduction was observed for TGEV and MHV 
respectively in 13 and 10 days. At 4 ◦C, 1-log of titer reduction of TGEV 
was achieved in 14 days, whereas the MHV resulted in comparison more 
stable. In pasteurized settled sewage at 25 ◦C, 9 and 7 days were 
necessary for 2-log of TGEV and MHV titer reduction, respectively. 

The spontaneous inactivation of SARS-CoV-1 in water media, feces, 
and urine was investigated in vitro (Wang et al., 2005b,c). The virus titer 
was found reduced of 5-log after 2 days at 20 ◦C in dechlorinated tap 
water, domestic sewage, or hospital sewage; after 3 days in feces and 17 
days in urine. Reducing the temperature to 4 ◦C the infectivity of 
SARS-CoV-2 persisted for over 14 days in those media. Wet human 
specimens (blood serum, sputum, stool and urine) and biological media 

Table 4 
Inactivation of SARS-CoV-2 and other representative CoVs.  

Method CoV Substrate Specification Log10 reduction Time References 

Thermal SARS- 
CoV-1 

Culture 
medium 

56 ◦C 6 log 90 min (Duan et al., 
2003) 67 ◦C 6 log 60 min 

MEM 60 ◦C 5 log 30 min (Rabenau et al., 
2005) MEM + FBS 

(20%) 
60 ◦C 1.93 log 30 min 

Plastics (PS) 60 ◦C 5 log 30 min 
MEM + FBS 
(10%) 

56 ◦C 7 log 30 min (Kariwa et al., 
2006) 

MERS- 
CoV 

Plastic 20 ◦C 5 log 72 h (van Doremalen 
et al., 2013) 30 ◦C 5 log 24 h 

Steel 20 ◦C 5 log 72 h 
30 ◦C 5 log 24 h 

SARS- 
CoV-2 

Culture 
medium 

37 ◦C 3 log 2 days (Chin et al., 
2020) 56 ◦C 6 log 30 min 

70 ◦C 6 log 5 min 
Wastewater 50 ◦C 1 log 14–17 min (Bivins et al., 

2020) 50 ◦C 2 log 
70 ◦C 1 log 28–34 min 
70 ◦C 2 log 1.8–2.9 min 

3.7–5.7 min 
UV exposure SARS- 

CoV-1 
Culture 
medium 

UV-C (254 nm; 4.0 mW/cm2), 4 log 40 min (Darnell and 
Taylor, 2006) UV-A (365 nm; 2.1 mW/cm2) 2 log 30 min 

UV-C (260 nm; 90 μW/cm2) 6 log 60 min (Duan et al., 
2003) 

UV 134 μW/cm2 6 log 60 min (Kariwa et al., 
2006) 

SARS- 
CoV-2 

Culture 
medium 

UV-C (254 nm; 2.2 mW/cm2) 1 log 0.01 s (Sabino et al., 
2020) 0.016 mJ/cm2 

0.706 mJ/cm2 2 log 0.32 s 
6.556 mJ/cm2 3 log 2.98 s 
31.880 mJ/cm2 4 log 14.49 s 
108.714 mJ/cm2 5 log 49.42 s 

Chemical 
disinfection 

SARS- 
CoV-1 

Culture 
medium 

Povidone-iodine, Isodine® solution, Isodine Scrub®, Isodine 
Palm®, Isodine Gargle® and Isodine Nodo Fresh® 

6 log 1 min (Kariwa et al., 
2006) 

FBS/MEM 2-Propanol (100%) 3.31 log 30 s (Rabenau et al., 
2005) 2-propanol (70%) 3.31 log 30 s 

Desderman (78% Ethanol) 5.01 log 30 s 
Sterillium (45% 2-propanol,30% 1-propanol) 2.78 log 30 s 
Wine vinegar 3.0 log 60 s 
Formaldehyde (0.7%) 3.01 log 120 s 
Formaldehyde (1.0%) 3.01 log 120 s 
Glutardialdehyde (0.5%) 4.01 log 120 s 
Incidin plus (2%) 1.68 log 120 s 

Wastewater Chlorine (10 mg/L) 1.6 log 30 min (Wang et al., 
2005b) Chlorine dioxide (40 mg/L) 1.75 log 30 min 

CoV 
E229 

PBS Sodium hypochlorite (0.05%), iodine solution (0.075%), soap 
(1%), ethanol (70%) 

1 log 5 min (Sizun et al., 
2000) 

Faeces Glutaraldehyde (2%), sodium hypochlorite (0.005%), 
povidone-iodine (1%), ethanol (70%), chloramine T (0.3%), 
dimethyl-benzyl-ammonium chloride (0.04%), chlorhexidine 
(0.05%) 

3 log 1 min (Sattar et al., 
2009) 

OC43 PBS Sodium hypochlorite (0.5%), povidone-iodine (0.075%), soap 
(1%), ethanol (70%) 

1 log 5 min (Sizun et al., 
2000) 

SARS- 
CoV-2 

Culture 
medium 

Sodium hypochlorite (1:49), sodium hypochlorite (1:99), 
ethanol (70%), iodine solution (7.5%), chloroxylenol (0.05%), 
chlorhexidine (0.05%), benzalkonium chloride (0.1%);Soap 
(1:49) 

7–8 log, 5 min (Chin et al., 
2020) 7–8 log > 5 min 

Wastewater 
holding 

SARS- 
CoV-1 

Wastewater 22 ◦C Not measured (Only 
detection after holding time 
was documented) 

2 days (Wang et al., 
2005b,c) 4 ◦C 14 days 

Hospital 
wastewater 

Spontaneous inactivation (total residual chlorine was 
0–1.0 mg/L or 3.0–12.5 mg/L; free residual chlorine was 
0–0.5 mg/L or 1.5–5.0 mg/L) 

n.r. – (Wang et al., 
2005c)  

SARS- 
CoV-2 

Wastewater  1 log 1.4–3.3 d (Bivins et al., 
2020) 2 log 2.9–6.5 d  
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for cell and virus culture preserve quite well the infectivity of 
SARS-CoV-1 (Duan et al., 2003; Rabenau et al., 2005; Wang et al., 
2005b,c) and that of other human CoVs (see Table 3). The virus titer was 
reduced by 5-log in serum and sputum in 96 h and in urine in 72 h (Duan 
et al., 2003). A slow rate of reduction of the titer at room temperature for 
SARS-CoV-1 of 0.5-log reduction over 9 days was observed in serum-free 
cell culture medium, whereas under the same conditions, CoV E229 lost 
its infectivity completely. Phosphate-buffered saline (PBS) solution at 
pH 7.4 was proven to assure good stability to CoVs. E229 and OC43 
persisted in this medium over 3 days (Sizun et al., 2000), while 
SARS-CoV-1 over 14 days were necessary for 5-log of virus titer reduc
tion (Wang et al., 2005b,c). Another more recent study on the envi
ronmental persistence of infectivity of SARS-CoV2 demonstrated that 
the virus is highly stable at 4 ◦C in virus transport medium: 0.7-log of 
titer reduction was observed after 14 day (Chin et al., 2020). 

CoVs can survive for 2–4 days in sewage and wastewater at room 
temperature and for a more prolonged time at lower temperatures like 
that of the winter (Casanova et al., 2009; Duan et al., 2003; Gundy et al., 
2008; Wang et al., 2005b,c; Ye et al., 2016). The novel SARS-CoV-2 was 
detected and found infective in human stool samples (Cheung et al., 
2020; Tian et al., 2020; Wang et al., 2020d) and detected worldwide in 
wastewater and surface water receiving wastewater (see Table 1). The 
RNA of the virus was found in sewage during and even before the 
emergence of COVID-19 cases (La Rosa et al., 2021; Medema et al., 
2020b). However tests for the determination viable viruses in WWTP 
influent and effluent wastewater (Rimoldi et al., 2020a,b; Westhaus 
et al., 2021), as well as in hospital wastewater (Ge et al., 2020; Wang 
et al., 2020c) and in river receiving contaminated wastewater, (Rimoldi 
et al., 2020a,b) confirmed the limited resistance of the virus in such 
water media. The results indicate that the latter water medium is 
particularly aggressive for SARS-CoV-2 (see paragraph 2.1, Tables 1 and 
3 and for further explanations paragraphs 4.4, 4.5 and 4.6). Infecting 
wastewater with SARS-CoV-2, Bivins et al. (2020) determined a persis
tence of 1.4–3.3 days for 1-log and of 2.9–6.5 days for 2-log of inacti
vation of the virus in this media. However, in the same study, a similar 
resistance was observed for the virus in tap water. In fact, at room 
temperature the spontaneous reduction of the virus titer of 1-log and 
2-log occurred within 1.8–2.2 and 3.6–4.4 days, respectively (see 
Table 3). This further confirms the limited persistence of this virus in 
water media. 

4. Methods for inactivation of coronaviruses 

Lipid-enveloped viruses with high hydrophobicity, such as CoVs, are 
less stable in water when compared to non-enveloped viruses. In prin
ciple, the performance of water sanitation methods for CoVs can be 
evaluated based on the inactivation data of non-enveloped viruses with 
higher resistance. Unfortunately, the evaluation of infectivity based 
solely on determination of viable CoVs in wastewaters is considerably 
simplified. 

The current guidelines for wastewater sanitation include the 
following main options (Table 4): 1) thermal treatment, 2) UV irradia
tion, 3) chemical disinfection, 4) holding wastewater for a prolonged 
time; 5) sedimentation; 6) membrane filtration; and 7) attenuation in 
subsurface (WHO, 2018). 

The performance of these disinfection methods in regard to CoVs and 
particular regard to SARS-CoV-2, from drinking water to wastewater 
effluent, is discussed below. 

4.1. Thermal inactivation 

Temperature is considered to be one of the most influential param
eters for enveloped virus inactivation (Darnell and Taylor, 2006; Duan 
et al., 2003; John and Rose, 2005; Kariwa et al., 2006; Lamarre and 
Talbot, 1989; Rabenau et al., 2005). Membrane and capsid proteins are 
sensitive to heat-induced denaturation. Aqueous foods, such as milk and 

fruit juice, as well as drinking water, can be treated in pasteurization 
processes at moderate (56–65 ◦C for 30 min) or high temperature 
(80–135 ◦C for 1–4 s), in order to destroy or deactivate microorganisms, 
enzymes and viruses. The disinfection of SARS-CoV-1 (− 6-log) was 
achieved at 56 ◦C, 67 ◦C, and 75 ◦C, respectively within 90, 30, and 
30 min (see Table 4) (Duan et al., 2003). Similar results were reported 
on thermal inactivation of SARS-CoV-1 in vitro in media for cell or virus 
culture (Darnell and Taylor, 2006; Kariwa et al., 2006; Rabenau et al., 
2005). In another study, a non-human CoV, the canine coronavirus 
(CCoV), was identified to be infectious even at 56 ◦C; however, it was 
inactivated at temperatures higher than 65 ◦C (Pratelli, 2008). 
MERS-CoV was found sensible to temperature variations: the virus titer 
was reduced by 5-log in 72 h at 20 ◦C and in 24 h at 30 ◦C, both on 
plastics and steel (van Doremalen et al., 2013). 

The debate concerning the effects of environment temperature on the 
rate of transmission of SARS-CoV-2 is still open (Auler et al., 2020; 
Tobías and Molina, 2020). Nevertheless, the disinfecting effect of heat 
on the virus is undoubted. The thermal effect on the infectivity of 
SARS-CoV2 in virus culture media was investigated at 56 and 70 ◦C, 
demonstrating that treatments of 30 min and 5 min were respectively 
sufficient for achieving 6-log of virus deactivation (Chin et al., 2020). In 
wastewater 2-log of virus removal were obtained at 50 ◦C in 28–34 min, 
while at 70 ◦C were found sufficient 3.7–5.7 min (Bivins et al., 2020). 

4.2. Inactivation by ultraviolet radiation 

The inactivation of microorganisms by ultraviolet (UV) radiation is 
currently extensively applied for disinfection of surfaces, drinking 
water, as well as in tertiary treatments of wastewater for the abatement 
of the loading of highly resistant species. A relatively large number of 
the viruses, typically enteric ones, such as noroviruses, rotaviruses, 
reoviruses, sapoviruses, astroviruses, enteroviruses, adenoviruses and 
JC viruses, persist in the effluent of full-scale WWTPs with less than 2- 
log of loading removal (Qiu et al., 2018). Unlike the abovementioned 
viruses, enveloped viruses are more vulnerable to UV exposure. A pro
longed exposure time of 40–60 min was necessary to achieve a satis
factory degree of inactivation for SARS-CoV-1 in vitro (Darnell and 
Taylor, 2006; Duan et al., 2003; Kariwa et al., 2006). Kariwa et al. 
showed 5-log of SARS-CoV-1 reduction at 134 μW/cm2 in 15 min and 
further 1-log after additional 45 min. 

SARS-CoV-2 is susceptible to sunlight (Nicastro et al., 2020; 
Ratnesar-Shumate et al., 2020; Tang et al., 2021) and rapidly inactivated 
by UV-C (λ = 100–280 nm) (Bianco et al., 2020; Heilingloh et al., 2020; 
Sabino et al., 2020), UV-B (λ = 280–315 nm) and UV-A 
(λ = 315–400 nm) radiation (Nicastro et al., 2020; Ratnesar-Shumate 
et al., 2020). Sabino et al. (2020) accurately determined in vitro the 
kinetics and the light fluence for SARS-CoV-2 inactivation by UV-C at 
wavelength of 254 nm and light intensity of 2.2 mW/cm2. The removal 
of 3-log of viruses was observed in less than 3 s of irradiation, whereas 
for 5-log of inactivation were necessary almost 50 s (see Table 4). 

4.3. Chemical disinfection 

Conventional antiseptics and disinfectants, such as halogenated 
compounds (chlorine, sodium hypochlorite, chloramine and povidone- 
iodine), alcohols (ethanol and 2-propanol), aldehydes (formaldehyde 
and glutaraldehyde), quaternary ammonium compounds, phenolic 
compounds, and other decontaminating agents, have been found to be 
effective for the disinfection of the surfaces contaminated by 229E and 
SARS- and MERS- CoVs. The agents quenched the infectivity within a 
short exposure time of 1 min (see Table 4) (Eggers et al., 2015; Geller 
et al., 2012; Kampf et al., 2020; Kumar et al., 2015; Lai et al., 2005; 
Rabenau et al., 2005; Sattar et al., 2009). A significant SARS-CoV-1 titer 
reduction of 1.6–5-log was observed in vitro testing for 0.5–2 min using 
disinfectants, such as 2-propanol, formaldehyde, glutaraldehyde, Des
derman, Sterillium, and Incidin plus (Rabenau et al., 2005) and of 6-log 
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by using for 1 min commercially available disinfectant as 
povidone-iodine, isodine® solution, Isodine Scrub®, Isodine Palm®, 
Isodine Gargle® and Isodine Nodo Fresh® (Kariwa et al., 2006). Con
ventional disinfectants, such as sodium hypochlorite (1:99), ethanol 
(70%), iodine solution (7.5%), chloroxylenol (0.05%), chlorhexidine 
(0.05%) and benzalkonium chloride (0.1%), were found effective in the 
deactivation of SARS-CoV-2 in 5 min of treatment, with exception of the 
soap that required greater time for the removal of 7–8-log (Table 4). 

The effect of pH on the stability of CoVs has been investigated for 
CoV 229E (Lamarre and Talbot, 1989), MHV (Sturman et al., 1990), 
TGEV (Pocock and Garwes, 1975), and the CCoV (Pratelli, 2008). Due to 
the lipid acidic envelope, CoVs were found to be sensitive to the varia
tion of pH and the greater virus stability was found at slightly acidic pH 
levels of 6–6.5.(Geller et al., 2012) On the contrary, SARS-CoV-2 was 
found highly stable in a wide range of pH values (3–10) at room tem
perature (Chin et al., 2020). 

Based on the data obtained from other viral indicators, the use of 
chlorine for water disinfection is the most effective and economical 
solution for this problem. Chlorine effectively inactivates the virus by 
destroying the viral envelope or capsid (Thurman and Gerba, 1988). In 
particular, free chlorine has been proven to affect directly the proteins 
present in the viral envelope, rather than the less reactive lipidic ma
terial and the RNA core (Ye et al., 2018). Chlorine can also react with the 
ammonia present in wastewater to form combined chlorine (e.g., chlo
ramines). These compounds have the capability to disinfect; however, 
during disinfection, they are less active and behave differently from free 
chlorine. It is thus important for every wastewater treatment facility to 
examine the chlorine species and their relative abundance during the 
disinfection process. 

Studies of the treatment of municipal water and wastewater using 
chlorine and its derivatives have reported significant inactivation effi
ciencies for SARS-CoV-1. In hospital wastewater, domestic sewage, and 
dechlorinated tap water, the virus remained active only for 2 days. 
Moreover, SARS-CoV-1 became more susceptible to disinfectants 
compared to E. coli and f2 phage. For SARS-CoV-1 inactivation, free 
chlorine was more relatively more effective compared to chlorine di
oxide. Free residual chlorine exceeding 0.5 mg/L or chlorine dioxide 
exceeding 2.19 mg/L in wastewater ensured the complete inactivation 
of SARS-CoV (Wang et al., 2005b). Furthermore, extreme pH levels (pH 
> 12 or pH < 3), formalin, and glutaraldehyde were determined to 
inactivate SARS-CoV-1 quite well (Darnell et al., 2004). Peracetic acid 
has been determined to have the ability to destroy some non-enveloped 
viruses (e.g., norovirus), which are known to be more resistant to 
chemical agents compared to enveloped viruses (Dunkin et al., 2017). 

The documented presence of SARS-CoV-2 RNA in wastewater in
fluents and sludge, as well as in effluents released from WWTPs have 
raised the concern of the personnel of the treatment plants and neces
sitated examination of this issue by the scientific community involved in 
the field of water sanitation (Adelodun et al., 2020; Amoah et al., 2020; 
Arslan et al., 2020; Bhowmick et al., 2020; Bilal et al., 2020; Bogler 
et al., 2020; Carducci et al., 2020; Carraturo et al., 2020; Collivignarelli 
et al., 2020; El Baz and Imziln, 2020; Foladori et al., 2020; Gwenzi, 
2020; Jones et al., 2020; Paleologos et al., 2020; Kitajima et al., 2020; La 
Rosa et al., 2020a; Mandal et al., 2020; Naddeo and Liu, 2020; Nghiem 
et al., 2020; Shutler et al., 2020; Silverman and Boehm, 2020; Zaneti 
et al., 2021). 

These studies have shown that the virus tends to exhibit limited 
resistance in wastewater (Bivins et al., 2020). In general, investigations 
on viable SARS-CoV-2 in real influents and effluents, both from domestic 
and hospital sewages, have resulted in negative results (Ge et al., 2020; 
Rimoldi et al., 2020a,b; Wang et al., 2020c; Westhaus et al., 2021) albeit 
the RNA molecules of the virus have been shown to be highly persistent, 
even up to 50 days in wastewater at room temperature (Bivins et al., 
2020). Concerns have also been raised due to the ecological risks asso
ciated to an excessive use of disinfectants for wastewater, such as the 
sodium hypochlorite that produces high levels of disinfection 

by-product residuals (Zhang et al., 2020a). 

4.4. Effects of wastewater holding 

Solvents, detergents and disinfectants, normally present in waste
water, can compromise the viral envelope of CoVs (see Table 4). In 
addition, during the biological treatment stage in WWTPs, the presence 
of antagonistic microorganisms can enhance the inactivation rates of 
many viruses (John and Rose, 2005). 

As mentioned above, the assay of bacteriophages provides a suitable 
indicator for the fate of enveloped viruses in sewages (Adcock et al., 
2009; Worley-Morse et al., 2019; Ye et al., 2016). The spontaneous 
inactivation of bacteriophage Φ6 was considered as a potential model 
for the survival and inactivation of enveloped human viruses. This virus 
undergoes inactivation of 5-log in 2 and 6 days at 22 and 30 ◦C, 
respectively. Longer holding times, for precaution, should be adopted at 
lower temperatures (Casanova and Weaver, 2015). Even for a more 
aggressively enveloped virus, such as Ebola, WHO recommended hold
ing wastewater in a reservoir for one week prior to further handling or 
transport. Holding wastewater helped attenuate the viral activity (WHO, 
2015). 

Without disinfection treatments, SARS-CoV-1 have been shown to 
preserve its infectivity in municipal and hospital wastewater up to 2 
days at 22 ◦C and for over 14 days at 4 ◦C (Wang et al., 2005b). A 
reduced persistence of the virus was observed in hospital wastewater 
where is typically present a high content of disinfectants (Wang et al., 
2005b,c). Sewage from two hospitals with SARS patients in Beijing, 
China was examined by Wang et al. (2005c). Electropositive filter media 
were used to concentrate the virus in the sample, whereas cell culture 
and RT-PCR techniques were utilized to verify viable virions and detect 
the amount of virus. The viral RNA was detected even 8 days after 
disinfection with chlorine, though the virus itself was inactive. 
SARS-CoV-1 was inactivated by the high concentration of disinfectants 
used in hospitals. The total residual chlorine was in the range of 
0–1.0 mg/L and 3.0–12.5 mg/L, and the free residual chlorine was 
0–0.5 mg/L and 1.5–5.0 mg/L, respectively for the two hospitals stud
ied. Similar resistance was observed for SARS-CoV-2 in wastewater at 
room temperature, where up to 6.5 days were necessary for an attenu
ation of 2-log of the titer of viable virus (Bivins et al., 2020). On the 
contrary for a reduction of 2-log the RNA content of the virus in 
wastewater was found necessary over than 50 days. 

Notwithstanding the limited resistance of the SARS-CoV-2 in sew
ages, fecal-to-oral route and aerosolization of these media could concur 
in the spreading of the virus. The aerosolizations of infected urines and 
feces from sewage pipelines, as well as during the washing of urinals and 
toilettes, have been indicated as potential routes of SARS-CoV-2 trans
mission (Ding et al., 2020; El Baz and Imziln, 2020; Wang et al., 2020; 
McDermott et al., 2020; Patel, 2020; Li et al., 2020). 

As matter of fact, this route of transmission was found effective for 
the spreading of SARS-CoV-1 in 2003 in Amoy Gardens, a private 
housing estate in Hong Kong (Hung, 2003; McKinney et al., 2006; WHO, 
2003). 

4.5. Sedimentation and inactivation in bioreactors 

Suspended solids and particulate organic matter in both water and 
wastewater provide contribute to the physical protection of viruses, 
which can prolong the infectivity of CoVs (Chaudhry et al., 2015; Gundy 
et al., 2008). When the virus is adsorbed on the porous surface of the 
particulate, probably, it is sterically protected from the attack of 
antagonistic microorganisms. In fact, the high levels of suspended solids 
and organic matter in primary wastewater guarantee prolonged viral 
infectivity with respect to secondary wastewater effluents. However, the 
removal of suspended solids together with the adsorbed viruses by 
sedimentation ensures the reduction of infectivity. As a reference, CoVs 
inactivation in filtered tap water resulted greater than that in unfiltered 
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samples (Gundy et al., 2008). 
Membrane bioreactors (MBRs) have an important role in the removal 

of particulate matter, including viruses. Enveloped viruses can be 
effectively inactivated in MBRs (Bodzek et al., 2019; Chaudhry et al., 
2015; Jumat et al., 2017; Lv et al., 2006; Simmons et al., 2011). Sus
pended solids and viruses can be retained using membrane filtration in 
the presence of antagonist microorganisms and adverse physicochem
ical conditions (e.g., aeration and chemical dosing) in the MBRs; this 
retention leads to the efficient inactivation of enveloped viruses, such as 
CoVs (Bodzek et al., 2019; Chaudhry et al., 2015; Lv et al., 2006; Naddeo 
et al., 2020). 

5. SARS-CoV-2 in wastewater as an epidemiological tool 

5.1. Wastewater-based epidemiology of SARS-CoV-2: current status 

The concentration of substances stable in wastewater, excreted by 
humans or associable to their activities, can be used to back-estimate 
their initial occurrence in the serviced population. This constitutes the 
basis of the concept of the wastewater-based epidemiology (WBE). WBE 
has been utilized as an instrument for the real-time generation of in
formation on the consumption and abuse of drugs, both legal and illegal, 
in a population (Lorenzo and Picó, 2019; Polo et al., 2020). WBE 
approach can be extended to other challenging purposes, such as the 
determination of the level of exposure of a population to some chemical 
and biological agents, such as pesticides, pollutants and pathogens, or 
even for gaining information on the incidence of specific diseases, such 
as diabetes, allergies and cancer. A consistent epidemiological surveil
lance in WWTPs, even in the time of inconspicuous infections, consti
tutes a sensitive tool for monitoring pathogen circulations in the public. 
This approach has been proposed both for bacteria (Diemert and Yan, 
2019) as well as for viruses (Berchenko et al., 2017). 

Viruses, such as SARS-CoV-2, cannot replicate in wastewater, thus 
their concentrations reflect the number of infected subjects in a popu
lation. Generally, there is a short time (from a few hours to a few days) 
during which the water is detained in the sanitation network. For this, 
the molecular vestiges of SARS-CoV-2 (RNA and proteins) in the 
wastewater arriving at a WWTP provide a snapshot of the number of 
people infected in the population associated with the sanitation system. 

The potential utility of the WBE for SARS-CoV-2 monitoring has been 
demonstrated in a number of studies. The presence of RNA traces of 
SARS-CoV-2 has been detected in sewage in Amersfoort, the Netherlands 
before the emergence of cases with the symptoms of COVID-19 on March 
5, 2020 (Medema et al., 2020a). Wu et al. (2020c) first correlated the 
SARS-CoV-2 titers in raw wastewater with the number of confirmed 
COVID-19 cases in Massachusetts, USA. These results showed that the 
actual concentration of SARS-CoV-2 genomes in wastewater was higher 
than the calculated concentration from the number of positive cases and 
from the rate of shedding of the virus in the fecal matter of the 
virus-positive patients. Wurtzer et al., (2020) also conducted a 
time-course survey of the concentration of SARS-CoV-2 genomes and 
correlated the quantitative data with the progress of the pandemic in 
Paris, France. The reported results showed that SARS-CoV-2 genomes 
were already detected in wastewater prior to the exponential growth of 
positive COVID-19 cases (Wurtzer et al., 2020). Similar results were 
reported in the study by La Rosa et al. (2020b), where the SARS-CoV-2 
genome was detected in wastewater influents in Milan located in Lom
bardy region in Italy during February 2020, a period when there was still 
a limited number of cases in the region. A subsequent in-depth investi
gation by La Rosa et al. (2020c, 2021) on the detection of the 
SARS-CoV-2 in wastewater samples collected between October 2019 and 
February 2020, previously the first reported COVID-19 case in Italy 
detected in February 21, 2020, showed that the virus was likely to be 
circulating in Italy since December 2019. These investigations indicate 
that the wastewater-based epidemiology (WBE) approach can be effec
tively applied for the early revelation of the circulation of CoVs, as well 

as for the detection of asymptomatic infected shedders. 
Randazzo et al. (2020b,c) found that the genome of SARS-CoV-2 was 

detected in wastewaters from some municipalities in the Region of 
Murcia (Spain) 12–16 days prior to the first confirmed COVID-19 case. 
Aside from using raw wastewater, Peccia et al. (2020a,b) proposed the 
use of wastewater sludge as a leading indicator of community outbreak 
dynamics. As already mentioned, enveloped viruses such as SARS-CoV-2 
tend to be adsorbed on or otherwise retained by colloidal and high 
molecular weight fractions of effluent organic matter, notably abundant 
in wastewater. Kitamura et al. (2021) showed that SARS-CoV-2 RNA 
concentrations in the solid fraction were higher than in the corre
sponding supernatant of wastewater samples. The concentration in the 
solid fraction ranged from 1.6 × 102 to 1.3 × 104 gene copies/L, while 
very low concentrations or mostly no detection of the SARS-CoV-2 RNA 
were observed in the supernatant. Similar results were obtained by 
Graham et al. (2021), where the SARS-CoV-2 N1 target and SARS-CoV-2 
N2 target concentrations, on a per mass basis, were higher (N1: ~ 100, 
N2: ~ 1000 times higher) in the primary settled solids than in the cor
responding influent samples of wastewater treatment plants. As dis
cussed in Section 2.2, enveloped viruses were shown to be adsorbed to 
wastewater solids in equilibrium. The tendency of the SARS-CoV-2 to be 
adsorbed to the solid fraction leads to the accumulation of the virus in 
the raw sludge generated in wastewater treatment systems, making 
sludge suitable for monitoring SARS-CoV-2 shed by infected persons in 
the corresponding community. Peccia et al. (2020a) noted that the 
detection of significant SARS-CoV-2 concentrations in primary sludge 
preceded hospitalization reports by 1–4 days and test reports by 
approximately 1 week. The study suggested that this advanced infor
mation can be helpful in communities that experience delays in 
reporting of SARS-CoV-2 tests (in suspected cases) results. Aside from 
the quantitative data, another important information that can be 
gleaned from the presence of SARS-CoV-2 RNA in wastewater is the 
strains of the virus that is circulating in the population. Phylogenetic 
analysis done by Nemudryi et al. (2020a,b), helped determine the 
dominant strains of SARS-CoV-2 present in the wastewater, which re
flects strain circulating in Bozeman, Montana (USA). The virus strains 
were found to be closely related to those circulating in California, USA 
and Victoria, Australia. Rimoldi et al. (2020a,b) sequenced a 
SARS-CoV-2 genome isolated from wastewater in Milan and found that 
the strain of the virus is of the same origin as those strains dominantly 
found in Europe. Crits-Cristoph et al. (2020) demonstrated that genome 
sequencing of SARS-CoV-2 from wastewater can provide evidence of 
viral strains introduced from outside a region before they are detected 
through local patient-based sequencing. These studies show that 
sequencing of the SARS-CoV-2 virus RNA in wastewater can show the 
pattern of spread of the disease regionally and globally. 

The discussed studies demonstrate the potential of WBE-based sur
veillance of SARS-CoV-2 in wastewater or sludge to determine the level 
of circulation of viruses in the corresponding community, and the 
pattern of spread of the disease among communities. WBE also has the 
potential to act as an early warning tool that predicts the emergence or 
re-emergence of a disease outbreak. The detection of higher viral con
centration in wastewater samples as compared to the expected value 
based on the number of confirmed positive cases may also indicate that 
undetected asymptomatic cases are prevalent in the affected area. A 
study recently measured the SARS-CoV-2 concentration in the waste
waters of a commercial passenger aircraft and a cruise ship. The latter 
study suggested that data on the virus RNA concentration in wastewater 
systems can be used not only to determine the viral load of communities 
but also as an additional tool for prioritization of clinical testing and 
contact tracing (Ahmed et al., 2020b). Thus, the knowledge of the 
concentrations of SARS-CoV-2 in wastewater/sanitation systems may be 
utilized as a complementary tool to help in determining decisions 
related to public health. 

However, the estimation of the number of infected persons in a 
community from the viral titers in wastewater involves uncertainties 
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from the assumptions in the calculations. This includes the uncertainties 
in the used rate of viral shedding in the feces of infected persons. Zhang 
et al., (2020a) reported a maximum SARS-CoV-2 shedding rate of 105.8 

copies/mL fecal sample of infected patients. On the other hand, Jeong 
et al. (2020) reported a range of 100.85 to 101.49 SARS-CoV-2 genome 
copies/mL of stool samples from COVID-19 positive patients (Jeong 
et al., 2020). It can be noted that not all stool samples from COVID-19 
patients are positive for SARS-CoV-2, indicating that not all infected 
persons shed the virus in their feces (Wang et al., 2020c). The use of 
information on SARS-CoV-2 viral load in untreated wastewater should 
also consider the flow rate since variations due to rainfall or other 
weather conditions can significantly impact the resulting viral titers 
(Sims and Kasprzyk-Hordern, 2020). The collection of grey and rain
water together with human stools and urine in wastewater sanitation 
network affects the concentration of viruses and, in turn, the potential 
association of the virus concentration with the number of infected per
sons for epidemiological analyses. 

These uncertainties must be accounted for in WBE-based models 
used to correlate the SARS-CoV-2 viral loads in wastewater or in sludge 
and the prevalence of COVD-19 cases in corresponding communities. 
This will ensure that accurate information from WBE, combined with 
clinical testing data, can be used as a tool to help determine approaches 
needed to manage the pandemic. 

5.2. Wastewater-based epidemiology of SARS-CoV-2: limits, challenges 
and perspectives 

The precision of the correlation between the number of infected 
people and the content of viral RNA in wastewater is influenced by 
numerous factors. First of these factors is the correct determination of 
the viral content in wastewater, as extensively discussed in the previous 
sections of this article. In turn, the viral genome content in wastewater 
can be influenced by external factors, such as dilution due to the 
conveyance of rainwater or by seasonal and periodic variations of grey 
and industrial water in the influx. The knowledge of the degree of 
dilution as a result of rainfall and a periodic monitoring of the waste
water flow, followed by a statistical analysis and computer modelling, 
would allow to minimize these effects. Alternatively, it is possible to 
normalize the viral concentration data with respect to an "internal 
standard" in wastewater. Such standard can be a chemical compound, 
resistant in wastewater, whose modality of release is known and, for this 
reason, it can act as an indicative analyte that can be related to the 
concentration of the virus. For this purpose, some molecules present in 
foods, drugs, cosmetics and personal care products, whose consumption 
by the population is well predictable, can be used. Caffeine, nicotine, 
creatinine, cholesterol, coprostanol, cortisol, 5-hydroxyindoleacetic 
acid (metabolite of the serotonin) and androstenedione have been pro
posed as endogenous and exogenous biomarkers for those applications 
(Polo et al., 2020; Sims and Kasprzyk-Hordern, 2020). 

The detection of SARS-CoV-2 in wastewater could be even antici
pated. Gallardo-Escárate et al. (2020) have associated modifications of 
the microbiome in wastewater, preceding the SARS-CoV-2 detection, to 
the early stage of gastrointestinal manifestations in COVID-19 cases. The 
microbiome in wastewater could be applied as an indicator for 
SARS-CoV-2 surveillance. 

Other significant sources of uncertainty on the viral load in waste
water are the titer losses produced during sample acquisition and pro
cessing steps (Ahmed et al., 2020a). Notwithstanding the RNA of 
SARS-CoV-2 was found to be persistent in this media with a known 
decay rate (Ahmed et al., 2020c; Bivins et al., 2020), a study by Ahmed 
et al. (2020c) showed that storage temperature can affect the final 
determination of the loading of the virus in the sample. Hence, the 
storage of the sample at 4 ◦C and the subsequent rapid analysis was 
suggested in order to limit side effects of the decomposition of the virus. 
These aspects should be considered also during the phase of sampling 
and transport to the laboratory for analysis. WWTPs are often equipped 

with automated samplers that allow the withdrawal of aliquots at pre
determined periods for the obtainment of reproducible composite 
specimens with predetermined characteristics. Unfortunately, this 
WWTP equipment is less typically refrigerated with resulting limitation 
of the sample stability. In fact, Hart and Halden (2020), showed that 
seasonal changes in temperature is also a source of uncertainty in the 
detection and quantification of SARS-CoV-2 RNA in wastewater, which 
subsequently affects the calculation of the viral load in the corre
sponding community. 

The most difficult factor to address in the context of WWTP-based 
epidemiological observations is to determine the number of infected 
people associable to the wastewater (Peccia et al., 2020a). In an infected 
population, in addition to the confirmed COVID-19 cases, i.e. persons 
with symptoms of the disease, there is an unknown number of asymp
tomatic infected people. Efforts have been made by the countries 
affected by the pandemic to identify the active cases, but few in
vestigations have established the exact level of circulation of the virus in 
a population, as performed by Lavezzo et al. (2020a,b) via extensive 
investigation of nasopharyngeal swabs of the population exposed to 
SARS-CoV-2 in the municipality of Vo’, a small town in Veneto, Italy. 
The assessment of this parameter is complicated by the number of 
asymptomatic cases infected by the virus, largely excluded from the 
counting of the infected persons. The concentration of SARS-CoV-2 RNA 
in sewage samples therefore has the potential to reflect the actual cir
culation of the virus in the population since even the viruses shed by 
undocumented asymptomatic individuals are measured. Investigations 
on hospital sewages can help to overcome the issue of the association of 
the number of infect people with the SARS-CoV-2 concentration in 
wastewater. The number of COVID-19 cases in a hospital can be known 
with certainty and thus associable to the viral load in the relate sewage. 
However, this correlation needs further refinement for real epidemio
logical applications in a population wider than that of the number of 
cases in a hospital. However, the virus excretion from asymptomatic 
infect people differs from than of COVID-19 active cases and complicates 
the projection of such indicator in a “real” population different from that 
of a hospital (Cardillo et al., 2021; Hasanoglu et al., 2020). 

6. Final remarks  

1. All coronaviruses, including the recently emerged SARS-CoV-2, 
present a limited persistence in water media: 2–5 days in tap 
water and 2–6 days in (frozen and thawed) wastewater were 
found sufficient for 2-log reduction of SARS-CoV-2 titer.  

2. The assay of viable virus particles provides crucial information on 
the potential infectivity of a contaminated specimen. Several 
studies focused the attention exclusively on the presence of mo
lecular vestiges of virus and excluded the investigation on the 
number of viable virus particles in contaminated wastewater; 
that resulted in the increasing perception of the level of risk 
associate. On the contrary, only a few studies have examined the 
infectivity (in terms of viable virions) of SARS-CoV-2 in influents 
and effluents of municipal WWTPs and in hospital wastewater. 
The examination of the infectivity of wastewater contaminated 
with SARS-CoV-2 needs to be further investigated. 

3. An increasing number of studies have demonstrated that coro
naviruses are transmitted primarily via airborne pathways and 
the hazards associated to the possible water-mediated trans
mission of the SARS-CoV-2 appear to be of low epidemiological 
significance. 

4. Transmission of SARS-CoV-2 could be however possible via fo
mites, fecal-oral route and aerosolization of infected sewages 
from urinals, toilets and sewage pipeline. Therefore, the precau
tionary alerts raised by the scientific community since the 
detection of SARS-CoV-2 in water media and in particular in 
wastewater still deserve attention and further detailed 
examinations. 
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5. SARS-CoV-2 is characterized by a fragile structure and is sus
ceptible to conventional disinfection methods that have been 
shown to be highly effective for its inactivation. Ca. 5 min of 
exposure to sodium hypochlorite (1%), ethanol (70%), iodine 
(7.5%), soap solution and other common disinfectants were suf
ficient for affording 7–8-log of SARS-CoV-2 titer reduction. 
Thermal inactivation, like the pasteurization process, is effective 
in SARS-CoV-2 deactivation: 30 min at 56 or 5 min at 70 ◦C were 
sufficient for achieving the complete depletion of the infectivity. 
SARS-CoV-2 is susceptible to sunlight and rapidly inactivated by 
UV radiation. UV-C with wavelength of 254 nm and intensity of 
2.2 mW/cm2 affords 3-log of SARS-CoV-2 titer reduction in less 
than 3 s of irradiation.  

6. Excessive utilization of disinfectants has been associated with 
environmental and human health issues, therefore for SARS-CoV- 
2 disinfection conventional doses of disinfectants are recom
mended for sanitation and for wastewater treatment.  

7. Detection and quantification of virus in wastewater constitutes a 
powerful tool for the wastewater-based epidemiological appli
cations and for the preventive identification of hotspots of virus 
resurgence. Unlike other pathologies, in case of SARS-CoV-2 
outbreak the rapid resurgence of the virus needs a consistent 
routine of online detection (preferably based on a high frequency 
of sampling combined with a rapid detection method) which is 
necessary for the implementation of WBE and generation of 
reliable data with which to track the spread of viruses.  

8. Further studies are necessary to enhance the sensitivity and the 
rapidity in the detection of SARS-CoV-2, to improve the efficiency 
of sample preparation, virus concentration and molecular tech
niques of amplification of the viral genomic material.  

9. The development of a consistent, well documented and tested 
protocol for SARS-CoV-2 quantification in wastewater is needed. 
Various and dissimilar methods of virus concentration and 
detection have been applied worldwide. For the sake of com
parison of the data and for prospective WBE applications, it is 
necessary to adopt a robust quantitative and widely available 
analytical method.  

10. Sampling (e.g. representative site, type of sampling, storage of 
samples) and processing (e.g. concentration and quantification 
methods) affect the measure of the concentration of coronavi
ruses included SARS-CoV-2 in wastewater. This is necessary to 
exploit and implement the significant potential of the WBE as an 
effective tool of surveillance. 24 h composite sampling and 
replicated analyses are recommended for robust and consistent 
results.  

11. Alternative analytical methods, based on technologies different 
from the molecular amplification of the SARS-CoV-2 RNA, are 
currently emerging. These methods could improve the rapidity, 
the cost-efficacy relation and extend the number of rapidly pro
cessable samples.  

12. The WBE-derived correlations between levels of contagion in a 
population and virus loading in the wastewater produced by the 
exposed population should be refined and made more accurate. 
Virus concentrations in wastewater are susceptible to dilution 
effects; thus, the results must be normalized with respect to a 
specific population, opportune bio-markers and networking 
conditions by using numerical models.  

13. The progress that can be reached during this pandemics in the 
WBE-based monitoring can be extended to other applications and 
monitoring of pathologies and diseases, such as diabetes, obesity 
and hypertension. 

14. An accurate knowledge of the behavior of virus in the environ
ment can be implemented in a precise and informative model that 
can also use WBE-derived data. Such model can help to develop 
technological approaches and practical policies needed to miti
gate the consequences on public health and economic caused by 

the ongoing virus epidemics or other potentially possible 
outbreaks. 
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