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a b s t r a c t 

COVID-19 patients can excrete viable SARS-CoV-2 virus via urine and faeces, which has raised concerns 

over the possibility of COVID-19 transmission via aerosolized contaminated water or via the faecal-oral 

route. These concerns are especially exacerbated in many low- and middle-income countries, where un- 

treated sewage is frequently discharged to surface waters. SARS-CoV-2 RNA has been detected in river 

water (RW) and raw wastewater (WW) samples. However, little is known about SARS-CoV-2 viability in 

these environmental matrices. Determining the persistence of SARS-CoV-2 in water under different envi- 

ronmental conditions is of great importance for basic assumptions in quantitative microbial risk assess- 

ment (QMRA). In this study, the persistence of SARS-CoV-2 was assessed using plaque assays following 

spiking of RW and WW samples with infectious SARS-CoV-2 that was previously isolated from a COVID- 

19 patient. These assays were carried out on autoclaved RW and WW samples, filtered (0.22 μm) and 

unfiltered, at 4 °C and 24 °C. Linear and nonlinear regression models were adjusted to the data. The 

Weibull regression model achieved the lowest root mean square error (RMSE) and was hence chosen to 

estimate T 90 and T 99 (time required for 1 log and 2 log reductions, respectively). SARS-CoV-2 remained 

viable longer in filtered compared with unfiltered samples. RW and WW showed T 90 values of 1.9 and 

1.2 day and T 99 values of 6.4 and 4.0 days, respectively. When samples were filtered through 0.22 μm 

pore size membranes, T 90 values increased to 3.3 and 1.5 days, and T 99 increased to 8.5 and 4.5 days, 

for RW and WW samples, respectively. Remarkable increases in SARS-CoV-2 persistence were observed 

in assays at 4 °C, which showed T 90 values of 7.7 and 5.5 days, and T 99 values of 18.7 and 17.5 days for 

RW and WW, respectively. These results highlight the variability of SARS-CoV-2 persistence in water and 

wastewater matrices and can be highly relevant to effort s aimed at quantifying water-related risks, which 

could be valuable for understanding and controlling the pandemic. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

The ongoing COVID-19 pandemic has already led to more 

han 2.6 million reported deaths globally by February 2021. A 

ovel coronavirus, severe acute respiratory syndrome coronavirus 2 
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SARS-CoV-2), has been identified as the etiologic agent of COVID- 

9. Coronaviruses are enveloped RNA viruses broadly distributed 

mong humans, other mammals, and birds, causing acute and per- 

istent infectious ( Knipe and Howley, 2013 ). It has been hypoth- 

sized that the disease origin could be associated with spillover 

ransmission phenomena from a wild animal reservoir, such as 

angolins ( Lam et al. 2020 ), bats ( Zhou et al. 2020 ), to humans. 

Although COVID-19 is a respiratory disease, large amounts of 

ARS-CoV-2 RNA have been detected in stools ( Wu et al. 2020 ) 

https://doi.org/10.1016/j.watres.2021.117002
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Table 1 

Physicochemical parameters for river water (RW) and raw wastewater 

(WW), filtered (RWF and WWF) and unfiltered. 

Parameters WW RW WWF RWF 

TS (mg/L) 455 ± 16 34 ± 2 NA NA 

VS (mg/L) 255 ± 11 10 ± 5 NA NA 

TSS (mg/L) 267 ± 17 8 ± 0 NA NA 

VSS (mg/L) 227 ± 24 2 ± 1 NA NA 

VS/TS 0.56 0.29 NA NA 

Turbidity (NTU) 274 ± 2 10 ± 1 6 ± 0 1 ± 0 

COD (mg/L) 334 ± 19 < 5 53 ± 3 < 5 

Ammonia (mg/L) 30.21 0.58 25.79 0.23 

Orthophosphate (mg/L) 3.1 < 0.001 2.3 < 0.001 

pH 7.50 5.50 7.50 5.50 

NA: not applicable. 
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f patients, and subsequently in raw sewage ( Ahmed et al. 2020 ; 

hernicharo et al. 2020 ; Fongaro et al. 2020 ; La Rosa 

t al. 2021 ; Medema et al. 2020 ; Mota et al. 2021 ), sewage

ludge ( Peccia et al. 2020 ), and surface water ( Guerrero- 

atorre et al. 2020 ). Viable SARS-CoV-2 has been isolated 

rom urine ( Sun et al. 2020 ) and faeces ( Wang et al. 2020 ,

hang et al. 2020 , Xiao et al. 2020 ) of patients, which raises

oncerns over the possibility of the faecal-oral or faecal-nasal 

ransmission routes for COVID-19. Kang et al. (2020) have recently 

eported circumstantial evidence of SARS-CoV-2 transmission by 

erosolized wastewater in a residential building in Guangzhou, 

hina. The presence of viable SARS-CoV-2 in water and wastew- 

ter may have far-reaching consequences for public health and 

andemic control strategies ( Heller et al. 2020 ), especially in 

eveloping countries with inadequate access to sanitation and 

afe water. Currently, there is no evidence that COVID-19 can be 

ransmitted via contaminated water ( La Rosa et al., 2020 ). Never- 

heless, the World Health Organization has highlighted the need 

or research concerning SARS-CoV-2 persistence on environmental 

atrices, such as surface water and wastewater ( WHO, 2020 ). 

Determining the persistence of SARS-CoV-2 in river water under 

ifferent environmental conditions is of great importance for basic 

ssumptions in quantitative microbial risk assessment (QMRA). En- 

ironmental conditions can have a strong effect on viral viability, 

ncluding seasonal or temperature variations, turbidity, extent of 

iver water contamination with wastewater, etc. In addition, virus 

ype can affect virus survival in the environment ( John and Rose 

005 ). Virus structure has a significant influence on virus persis- 

ence in environmental matrices, depending on whether its exter- 

al layer remains intact ( Mitchell and Akram, 2019 ). For this rea- 

on, enveloped virus such as coronaviruses, with their fragile lipid 

xternal layer, are usually much less persistent than non-enveloped 

iruses in water, remaining viable for a few days, as opposed to 

onths, as is the case for the latter ( Kutz and Gerba, 1988 ). 

Due to the high risks of infection, biosafety-level 3 laboratories 

re required for propagation methods involving viable SARS-CoV-2. 

or this reason, different studies have used alternative viruses as 

urrogates to predict the behavior of coronavirus in environmen- 

al matrices ( Aquino De Carvalho et al. 2017 ; Casanova et al. 2009 ,

undy et al. 2009 ). However, the effects of different matrices and 

nvironmental parameters on the inactivation of viruses are com- 

lex and yield highly variable results, depending on the viral strain 

sed as surrogate ( Carraturo et al. 2020 ). Although studies based 

n surrogate viruses are highly relevant, surrogate viruses can re- 

pond differently to environmental stresses when compared with 

arget pathogen viruses, emphasizing the need for tests using the 

ctual pathogen of concern. 

Bivins et al. (2020) have recently assessed how SARS-CoV-2 per- 

istence in water and wastewater is affected by warm tempera- 

ures. They showed that at 50 °C and 70 °C, T 90 values in wastew-

ter were 15 and 2 minutes, respectively, whereas at room tem- 

erature (20 °C), T 90 was 1.7 day, for the same matrix. Similarly, 

ARS-CoV-2 RNA showed T 90 values ranging from 8.04 to 27.8 days 

n wastewater and from 9.4 to 58.6 days in tap water for temper- 

tures of 37 °C and 4 °C, respectively ( Ahmed et al., 2020b ). Vi-

ble SARS-CoV-2 persistence in water and wastewater at low tem- 

eratures (4 °C) remains unknown. Determining the persistence of 

ARS-CoV-2 in water and wastewater at high and low tempera- 

ures is of great importance to the planning and implementing of 

andemic control strategies. 

In this study, we evaluated the persistence of SARS-CoV-2 in 

iver water and wastewater samples under different, simulated en- 

ironmental conditions by using plaque assay in Vero cells. Virus 

ersistence assays were carried out at 4 °C and 24 °C, to simu- 

ate different seasons in the year, and with filtered and unfiltered 

amples, to simulate water matrices with different solids content 
2 
nd turbidity. Virus persistence data generated with unfiltered raw 

astewater samples could be used to simulate sewer networks and 

ivers that are heavily impacted by raw sewage discharges. Filtered 

iver water samples could be used to simulate river water matrices 

ith extremely low turbity. 

. Material and methods 

.1. Sampling 

The environmental matrices used in this study were river wa- 

er (RW) and raw wastewater (WW). RW was collected at Rio das 

elhas, in the municipality of Nova Lima, Minas Gerais State, Brazil 

20 °00 ′ 33.9"S 43 °49 ′ 50.6"W), whereas WW was collected from Ar- 

udas Wastewater Treatment Plant (19 °53 ′ 46.9"S 43 °52 ′ 41.4"W). 

.2. Environmental conditions 

The persistence of SARS-CoV-2 in RW and WW was assessed 

t 4 °C and 24 °C for 15 days to determine the influence of sea-

onal temperature variations (cold and hot weather). Filtered and 

nfiltered RW and WW samples were used to simulate water ma- 

rices with different solids content and turbidity, going from sewer 

etworks and rivers that are heavily impacted by raw sewage dis- 

harges (unfiltered raw WW) to river water matrices with ex- 

remely low turbidity (Filtered RW, RWF). Filtered samples were 

repared by consecutively filtering through nitrate cellulose mem- 

ranes with 0.45 μm and 0.22 μm pore sizes (RWF and WWF). All 

amples (1 L each) were autoclaved at 121 °C for 15 minutes to 

liminate the effect of pathogens other than SARS-CoV-2 that could 

e present in the original samples. Autoclaved samples were stored 

t 4 °C until the cell culture infectivity assay. All assays were per- 

ormed in triplicate. 

.3. Physicochemical parameters 

Samples were characterized by typical water and wastewa- 

er physicochemical parameters, such as total solids (TS), volatile 

olids (VS), total solids suspended (TSS), Chemical Oxygen Demand 

COD), nitrogen (ammonia), and orthophosphate, all measured ac- 

ording to APHA (2017) . Additional parameters characterized in to- 

al and filtered samples are presented in Table 1 . 

.4. SARS-CoV-2 cell culture infectivity assays 

All SARS-CoV-2 persistence tests were performed in a high- 

ontainment, biosafety level 4 facility (OIE BSL-4 – World Or- 

anization for Animal Health) at Laboratório Federal de De- 

esa Agropecuária, LFDA-MG, located in Pedro Leopoldo, MG, 

razil, by inoculating infectious SARS-CoV-2 in autoclaved wa- 

er and wastewater samples. SARS-CoV-2 isolate SP02/BRA 
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SARS.CoV2/SP02.2020.HIAE.Br) was kindly provided by Dr. Edi- 

on Luiz Durigon (Department of Microbiology, Institute of 

iomedical Sciences, University of São Paulo, São Paulo, Brazil) 

 Araujo et al. 2020 ). 

SARS-CoV-2 virus stock was prepared after infection of Vero 

CL-81 cells and stored at -80 °C until further use in spiking tests. 

ARS-CoV-2 titers were determined with plaque assay in 24 wells 

lates seeded with Vero CCL-81 cells at a concentration of 1 × 10 5 

ells/well. After reaching a confluence of 80-90%, ten-fold dilu- 

ions of virus suspensions in DMEM-2% FBS were transferred (100 

L/well) to the seeded plates. After 1 h adsorption, the wells were 

overed with an overlay of DMEM-2% FBS containing 1% (w/v) car- 

oxymethyl cellulose (CMC). Plates were incubated at 37 °C in 5% 

O 2 for 72 hours, fixed in 10% formalin solution and stained with a 

.5% Crystal Violet solution. Plaque forming units (PFU) were man- 

ally enumerated and registered as PFU/mL. 

.5. Sample inoculation with SARS-CoV-2 

Virus persistence in each of the environmental matrices inocu- 

ated in triplicates with SARS-CoV-2 was also determined through 

laque assay. Briefly, a 4.8 mL aliquot of each different water sam- 

le was transferred to a sterile 15 mL polypropylene conical tube. 

hen, 1 × 10 5 PFU of stock SARS-CoV-2 in 200 μL was added to 

ach tube (Vf = 5mL; SARS-CoV-2 designed initial titer = 2 × 10 4 

FU/mL). Inoculated water matrices were either kept at 24 °C or 

tored at 4 °C, according to the experimental design. After expo- 

ure, infectious SARS-CoV-2 in suspension were tested for infectiv- 

ty in Vero CCL-81 cells at time points 0, 6, 24, 48, 72, 96, 120,

40 and 360 hours post-inoculation. At each time point, including 

mmediately following inoculation, 50 μL of each sample was col- 

ected and added to 450 μL of DMEM-2% FBS in a 1.5 mL micro- 

entrifuge tube. Negative controls consisting of 50 μL of uninoc- 

lated wastewater added to 450 μL of DMEM-2% FBS were also 

repared at each time point. 

.6. Statistical analyses 

In addition to the log-linear model ( Equation 1 ), nonlinear 

odels were applied to describe the decay patterns and obtained 

y nonlinear least square ( nls ) method, including exponential- 

ls ( Equation 2 ), exponential biphasic (exp-biphasic, Equation 3 ), 

eibull ( Equation 4 ), and Gompertz ( Equation 5 ) models. 

og 

(
C t 

C 0 

)
= −k · t (1) 

C t 

C 0 

)
= a · exp ( −b · t ) (2) 

C t 

C 0 

)
= a 1 · exp ( −exp ( b 1 · t ) ) + a 2 · exp ( −exp ( b 2 · t ) ) (3) 

C t 

C 0 

)
= Asym 1 − Drop1 · exp 

(
exp ( lrc1 · t ) 

pwr1 
)

(4) 

C t 

C 0 

)
= Asym 2 ∗exp (−b 3 b 4 

t 
) (5) 

Where k is the slope and first-order decay constant, C t is the 

oncentration of the virus at time t, and C 0 is the starting virus 

oncentration at t = 0. The exponential biphasic decay consisted of 

nitial and final, fast and slow decay periods, in which b 1 and b 2 
orrespond to the fast and slow decay constants, whereas a 1 and 

 2 represent the decay of the virus at the start of the fast and slow

ecay periods, respectively ( Bivins et al. 2020 ). The Weibull model 

s described by Asym1, which represents the horizontal asymptote 

n the right side, Drop is a numeric parameter representing the 
3 
hange from Asym to the y-intercept, lrc1 is a numeric parame- 

er representing the natural logarithm of the rate constant, pwr is 

 numeric parameter representing the power to which t is raised. 

n the Gompertz model, Asym2 represents the asymptote, b 3 is re- 

ated to the value of the function at t = 0 and b 4 is a numeric pa-

ameter related to the scale of the x-axis. 

All regressions and statistical analyses were performed using 

he pharmacokinetic (PK) nlstools packages in CRAN and Rstudio 

 Team, 2020 ). Linear regressions were assessed by R 

2 values and 

y checking the normality and variance homogeneity assumptions 

n the Q-Q and residuals vs fitted values plots. A Shapiro-Wilk test 

as performed to complementarily assess the assumption of nor- 

ality, whereas a skew ratio (the ratio between skewness value 

nd standard error of skewness) greater than 2 was used as a refer- 

nce to regard the data as having unignorable skewness ( Yan et al., 

016 ). The skew ratio was determined using the Skwelmm pack- 

ge. The occurrence of significant differences between first-decay 

onstants was assessed using ANOVA ( stats package). For nonlinear 

egressions, the start parameters of the exponential (exponential- 

ls ), exponential biphasic (exp-biphasic), Weibull, and Gompertz 

ts were estimated using the self-start models. The fit of the mod- 

ls to the observed data was assessed using an extra sum-of- 

quares F. The Bayesian information criterion (BIC) test and the 

oot-mean-square errors (RMSE) were used to compare the fits 

 stats package). Models with low BIC and RMSE were preferred 

ver fits with high values. When similar values were obtained, the 

ess complex model was considered as the best fit ( Kauppinen and 

iettinen, 2017 ). For the decay rate comparison, T 90 and T 99 (the 

ime to achieve 90% and 99% reductions from the initial titer) were 

etermined using the best fitting model. Spearman correlations be- 

ween T 90 and T 99 values and physicochemical parameters were 

lso assessed using Rstudio ( stats package). 

. Results and Discussion 

.1. First-Order Decay Rate Constants 

First-order log-linear models were fit to experimental data for 

reliminary assessment of SARS-CoV-2 decay ( Table 2 ). On Fig. 1 , 

ach inset shows the linear regressions performed for the original 

xperimental data from triplicate assays (black dots). First-order 

ecay rates for unfiltered samples were -0.37 d 

−1 and -0.83 d 

−1 

or RW-24 °C and WW-24 °C, respectively. Samples filtered through 

.22 μm-pore size membranes presented slightly lower decay rates 

f -0.32 d 

−1 and -0.80 d 

−1 for RWF-24 °C and WWF-24 °C, whereas 

he first-order decay rates in samples at 4 °C presented even lower 

alues of 0.16 d 

−1 (RW-4 °C) and 0.19 d 

−1 (WW-4 °C). ANOVA and 

airwise comparisons of the decay rates showed that RW-4 °C and 

W-4 °C exhibited significantly lower (p < 0.05) values than the 

ther decay rates, indicating a significant increase in viral persis- 

ence at low temperature. 

Arrhenius equation parameters were established in order to de- 

ermine reaction coefficients for different temperatures (4 °C and 

4 °C) (Supplementary material – Equation S1 and Figure S.7). The 

rst-order decay constants followed Arrhenius relationship with 

ctivation energies of 22.8 and 50.4 KJ mol −1 for RW and WW, 

espectively, indicating that SARS-CoV-2 decay in WW was more 

ensitive to temperature than in RW. Similar energies of 39 kJ 

ol −1 have been reported for the inactivation of poliovirus type 

 during thermophilic (51 to 56 °C) anaerobic digestion of sludge 

 Popat et al. 2010 ) and 59.8 kJ mol −1 for poliovirus 2 inactivation

y Chloramine-T in water (5 to 35 °C, Gowda et al. 1981 ). Fur-

hermore, MHV (Murine coronavirus) inactivation in stainless steel 

howed values between 30 and 100 kJ mol −1 ( Casanova et al. 2010 ;

oos, 2020 ). 
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Table 2 

Models with the lowest RMSE and BIC values compared to log-linear regressions. 

Sample Model Decay rate (d −1 ) RMSE BIC 

River water 

(RW-24 °C) 

Log-linear (R 2 = 0.649) m = -0.37 0.8017 67.0 

Exponential- nls b = -1.55 0.0559 -69.1 

Exp-biphasic b 1 = -2.82 0.0478 71.1 

b 2 = -0.66 

Gompertz b 3 = 0.98 0.0490 -72.8 

Weibull e −lcr1 = -4.1 0.0486 70.19 

Filtered river water 

(RWF-24 °C) 

Log-linear (R 2 = 0.821) m = -0.32 0.4525 39.6 

Exponential- nls b = -0.98 0.0795 -50.2 

Exp-biphasic b 1 = -5.40 0.0633 -55.9 

b 2 = -0.63 

Gompertz N/A - - 

Weibull e −lcr1 = -6.6 0.0665 -53.2 

River water at 4 °C 
(RW-4 °C) 

Log-linear (R 2 = 0.761) m = -0.16 0.4049 37.69 

Exponential- nls b = -0.43 0.0827 -48.0 

Exp-biphasic b 1 = -0.96 0.0633 -56.8 

b 2 = -0.17 

Gompertz b 3 = 0.99 0.0728 -51.7 

Weibull e −lcr1 = -2.2 0.0636 -55.7 

Wastewater 

(WW-24 °C) 

Log-linear (R 2 = 0.791) m = -0.83 0.7350 55.8 

Exponential- nls b = 1.98 0.0767 -118 

Exp-biphasic b 1 = -2.30 0.0213 -115 

b 2 = -0.85 

Gompertz b 3 = 0.99 0.0214 -118 

Weibull e −lcr1 = -2.5 0.0224 -112 

Filtered 

wastewater 

(WWF-24 °C) 

Log-linear (R 2 = 0.796) m = -0.80 0.6959 53.5 

Exponential- nls b = 1.29 0.0827 -52.1 

Exp-biphasic N/A 

Gompertz N/A 

Weibull e −lcr1 = -0.5 0.052 -66.5 

Wastewater at 4 °C 
(WW-4 °C) 

Log-linear (R 2 = 0.752) m = -0.19 0.5094 50.08 

Exponential- nls b = -0.65 0.0867 -49.4 

Exp-biphasic b 1 = -1.71 0.0622 -56.8 

b 2 = -0.20 

Gompertz b 3 = 0.98 0.0679 -55.4 

Weibull e −lcr1 = -4.8 0.0619 -57.1 
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.2. Nonlinear Regressions 

Log-linear regressions were a poor fit to the experimental data, 

s indicated by RMSE values ( Table 2 ). Four nonlinear models were 

ested: exponential- nls , exponential biphasic, Weibull, and Gom- 

ertz. The regression parameters calculated for each model are 

resented in Table S1 (Supplementary materials). All nonlinear 

odels showed better fits compared to linear models, as evidenced 

y the lower RSME values compared to those found for linear re- 

ressions. Overall, the Weibull model was a better fit for the com- 

lete dataset. 

Although linear first-order kinetics is a classical model of virus 

ecay in water and wastewater, including enveloped and non- 

nveloped viruses, in some cases, its fitting is not carefully as- 

essed, hampering the ability to identify factors that can affect 

nactivation kinetics or determine the actual patterns of decay 

 Dean et al. 2020 ). In this study, the lack of accuracy of the log-

inear model was the consequence of possible outliers and the vi- 

lation of the assumptions of normality and variance homogene- 

ty. The violation of the assumption of normality (Shapiro-Wilk test 

nd Q-Q plots, Figure S1 to S6 – Supplementary material) occurred 

or all of log-normal regressions. The assessment of the skew ratio 

howed high skewness in all cases (except for WW-24 °C and WW- 

 °C). Also, several matrices showed violations of the assumption 

f variance homogeneity ( i.e., RW-4 °C, WWF-24 °C and WW-4 °C), 
4 
ncreasing uncertainty in linear regressions (Figure S1 to S6 – Sup- 

lementary material). 

Exponential models representing a "flat tail" have been reported 

s providers of better representation of the decay of pathogens, 

ncluding viruses. For instance, biphasic dynamics can arise as a 

onsequence of pathogens population heterogeneity or hardening 

ff ( Brouwer et al. 2017 ). Similarly, biphasic inactivation kinetics 

as also been observed for non-enveloped viruses, which was at- 

ributed to subpopulations of viruses with varied susceptibilities to 

olution chemistry or temperature ( Ye et al. 2016 ). Kauppinen and 

iettinen (2017) found that Weibull and Double-Weibull mod- 

ls presented the best fittings for Norovirus GII genome inacti- 

ation in wastewater (3 °C) and drinking water (21 °C), respec- 

ively, which showed a high tailing effect describing the long 

ersistence of the virus. The tailing effect represented by the 

eibull model has been reported as providing a better descrip- 

ion of inactivation of foot-and-mouth disease virus clones sub- 

ected to 50 plaque-to-plaque transfers since small differences in 

he virus replication, which are amplified during the course of 

eplication, resulted in larger fluctuations and the "flat tail" in 

he probability distribution, which eventually develops a stretched 

xponential Weibull shape ( Lázaro et al. 2003 ). The experimen- 

al data shown in the current study indicated higher fluctua- 

ions in SARS-CoV-2 survival at low viral titer and mainly at low 

emperature. 
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Fig. 1. Log-linear and nonlinear regressions for A) river water (RW-24 °C); B) filtered river water (RWF-24 °C); C) river water at 4 °C (RW-4 °C); D) wastewater (WW-24 °C); E) 

filtered wastewater (WWF-24 °C); F) wastewater at 4 °C (WW-4 °C). Log-linear model (red), exponential- nls model (blue), exp-biphasic model (green), Weibull model (purple), 

Gompertz model (orange). 

Table 3 

Weibull regression parameters, estimated T 90 and T 99 for each of the samples. 

Sample Weibull regression Parameters 

Asym Drop Lrc1 Pwr T 90 (days) T 99 (days) 

River water (RW-24 °C) 0.995 1.031 1.758 -0.981 1.9 6.4 

Filtered river water (RWF-24 °C) 0.998 1.102 1.295 -0.660 3.3 8.5 

River water at 4 °C (RW-4 °C) 1.013 1.105 2.397 -0.779 7.7 18.7 

Wastewater (WW-24 °C) 0.997 1.015 2.258 -1.300 1.2 4.0 

Filtered wastewater (WWF-24 °C) 0.999 1.010 3.796 -1.636 1.5 4.5 

Wastewater at 4 °C (WW-4 °C) 1.001 1.071 1.618 -0.691 5.5 17.5 
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.3. SARS-CoV-2 T 90 and T 99 in water and wastewater 

T 90 and T 99 values were calculated for SARS-CoV-2 survival in 

ll samples using the Weibull model ( Table 3 ). RW-24 °C and WW-

4 °C showed T 90 values of 1.9 and 1.2 day and T 99 values of 6.4

nd 4.0 days, respectively. These T 90 values were within the same 

ange of those reported by Bivins et al. (2020) , which were 2.0 

nd 1.6 days for tap water and wastewater samples, respectively. 

owever, these T 99 values (at 24 °C) are slightly higher than those 

eported by Bivins et al. (2020) , at 3.9 days and 3.2 days for tap

ater and wastewater, respectively. The differences at longer sur- 

ival times could potentially be due to the differences in the re- 

ression models used (Weibull in the current study, versus Log- 
5 
inear). When samples were filtered through 0.22 μm pore size 

embranes, T 90 values increased to 3.3 and 1.5 days, and T 99 in- 

reased to 8.5 and 4.5 days, for RW-24 °C and WW-24 °C samples, 

espectively. Remarkable increases in SARS-CoV-2 survival times 

ere observed in essays at 4 °C, which showed T 90 values of 7.7 

nd 5.5 days, and T 99 values of 18.7 and 17.5 days for river water 

nd wastewater samples, respectively. 

Temperature is recognized as having a strong effect on virus 

ersistence. High persistence at low temperatures has been pre- 

iously reported for other coronaviruses ( Casanova et al. 2009 ; 

undy et al. 2009 ; Bertrand et al. 2012 ). SARS-CoV-2 viability has 

ot yet been confirmed in real wastewater or natural river water. 

owever, assessing the effect of temperature on SARS-CoV-2 per- 
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Table 4 

Best fitting models and T 90 estimates for SARS-CoV-2, other coronaviruses, surrogate coronaviruses and other viruses in water 

matrices. 

Reference Virus Matrix Temp Best-fitting model RMSE T 90 (days) 

This work SARS-CoV-2 RW 

∗ 24 °C Weibull 0.0486 1.9 

RW 

∗ 4 °C Weibull 0.0636 7.7 

RWF ∗ 24 °C Weibull 0.0665 3.3 

WW 

∗ 24 °C Weibull 0.0224 1.2 

WW 

∗ 4 °C Weibull 0.0619 5.5 

WWF ∗ 24 °C Weibull 0.0520 1.5 

Ahmed et al. (2020b) SARS-CoV-2 RNA WW 37 °C First-order 1.10 0.74 

WW 25 °C First-order 0.67 12.6 

WW 15 °C First-order 0.59 20.4 

WW 4 °C First-order 0.37 27.8 

WW 

∗ 37 °C First-order 0.59 5.71 

WW 

∗ 25 °C First-order 0.48 13.5 

WW 

∗ 15 °C First-order 0.32 29.9 

WW 

∗ 4 °C First-order 0.14 43.2 

TW-D 37 °C First-order 0.86 9.40 

TW-D 25 °C First-order 0.68 15.2 

TW-D 15 °C First-order 0.33 51.2 

TW-D 4 °C First-order 0.17 58.6 

Bivins et al. (2020) SARS-CoV-2 WW 20 °C Log-linear 1.8 1.6 

TW 20 °C Log-linear 1.2 2.0 

WW 50 °C Log-linear 1.4 15 min 

WW 70 °C Log-linear 1.9 2.2 min 

Kauppinen and Miettinen (2017) Norovirus GII_A RNA WW 3 °C Double Weibull 0.11 38 

WW 21 °C Log-linear 0.03 58 

WW 36 °C Log-linear 0.11 58 

DW 21 °C Weibull 0.09 230 

DW 36 °C Log-linear 0.31 58 

Gundy et al. (2009) HCoV TP 23 °C Log-linear N/D 8.1 

TP-F 23 °C Log-linear N/D 6.8 

TP-F 4 °C Log-linear N/D 392 

WW 23 °C Log-linear N/D 2.4 

WW-F 23 °C Log-linear N/D 1.6 

SE 23 °C Log-linear N/D 1.9 

FIPV TW 23 °C Log-linear N/D 8.3 

TW-F 23 °C Log-linear N/D 6.8 

TW-F 4 °C Log-linear N/D 87.0 

WW 23 °C Log-linear N/D 1.7 

WW-F 23 °C Log-linear N/D 1.6 

SE 23 °C Log-linear N/D 1.8 

PV-1 TW 23 °C Log-linear N/D 47.5 

TW-F 23 °C Log-linear N/D 43.3 

TW-F 4 °C Log-linear N/D 135 

WW 23 °C Log-linear N/D 7.3 

WW-F 23 °C Log-linear N/D 23.6 

SE 23 °C Log-linear N/D 3.8 

Casanova et al. (2009) ∗ TGEV W 4 °C Log-linear N/D 110 

W 25 °C Log-linear N/D 11 

WW 

∗ 4 °C Log-linear N/D 24 

WW 

∗ 25 °C Log-linear N/D 4 

MVH W 4 °C Log-linear N/D > 365 

W 25 °C Log-linear N/D 9 

WW 

∗ 4 °C Log-linear N/D 35 

WW 

∗ 25 °C Log-linear N/D 3 

Bibby et al. 2015 ∗ Ebola WW 

∗ 20 °C Log-linear N/D < 1 d 

Matrices abbreviations- TP-D: Dechlorinated Tap Water; AWW; Autoclaved Wastewater; DW: Drinking Water; RW: River Wa- 

ter, RW-F: River Water-Filtered; SE: secondary effluent (treated wastewater); TW: Tap Water; TW-F: Tap Water-Filtered WW: 

Wastewater; WW-F: Wastewater – Filtered; Viruses abbreviations- FIPV: Feline infectious peritonitis virus. HCoV: Human coron- 

avirus 229E; MHV: mouse hepatitis; PV-1: Poliovirus 1 LSc-2ab. TGEV: transmissible gastroenteritis. ( ∗) Autoclaved or pasteurized 

samples. 
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istence in water matrices could be highly relevant for quantify- 

ng risks related to exposure to SARS-CoV-2 contaminated water, 

ince several countries are currently experiencing peaks of COVID- 

9 transmissions, which coincide with the boreal winter. Low sea- 

onal temperatures may increase the water-related risk of SARS- 

oV-2 transmission, raising concerns over the risk of COVID-19 

ransmission by aerosolized contaminated water and wastewater, 

r via the fecal-oral transmission. 

Solids content and composition were likely a secondary fac- 

or affecting SARS-CoV-2 persistence in the water and wastewater 

amples tested. Longer SARS-CoV-2 survival times were observed 
6 
n river water compared to wastewater, and in filtered samples 

ompared to unfiltered samples. Although no significant correla- 

ions were observed for T 90 or T 99 values and physicochemical pa- 

ameters (Table S.2 – supplementary material), solids composition 

nd pH can affect SARS-CoV-2 persistence. In RW-24 °C, the lower 

H may have stimulated higher electrostatic interactions and vi- 

al adsorption to the solids, which presented a more mineral com- 

osition (volatile solids/total solids ratio of 0.3) compared to the 

olids present in wastewater samples (volatile solids/total solids 

atio of 0.5). These results agree with the effect of matrix com- 

osition previously described in the literature, with a faster virus 
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nactivation in complex rather than in simpler matrices ( Bertrand 

t al. 2012 ). On the same note, viral persistence in non-sterile wa- 

er and wastewater should be lower compared to viral persistence 

n autoclaved samples (determined in the current study), as also 

erified for SARS-CoV-2 RNA by Ahmed et al. (2020b) . pH and 

rganic and inorganic solids can play important roles in the for- 

ation of pH-dependent electrically charged surfaces ( Michen and 

raule, 2009 ; Scheller et al. 2020 ) by producing significant alter- 

tions in the virus structure proteins due to changes in its iso- 

lectric point (IEP). A hypothetical explanation for faster inactiva- 

ion in unfiltered compared to filtered river water samples is the 

resence of inorganic clays, due to their highly adsorptive prop- 

rties, which could potentially act as SARS-CoV-2 inhibitors (Sahel 

 Abduljauwad et al. 2020 ). Table 4 shows a comparison of the 

ARS-CoV-2 T 90 values determined in the current study with T 90 

alues previously reported for other coronaviruses, surrogate coro- 

aviruses and other viruses. 

. Conclusion 

Knowing how long SARS-CoV-2 can remain viable in water and 

astewater is essential for assessing the risks to public health as- 

ociated with contaminated water. Our data showed that tempera- 

ure had a strong effect on SARS-CoV-2 persistence, with T 90 val- 

es at 4 °C of 7.7 and 5.5 days for RW and WW (respectively),

hich are 4 to 4.5 times T 90 values determined at 24 °C for the

ame samples. It is important to note that faecal-oral transmis- 

ion of COVID-19 has not yet been confirmed. Nevertheless, these 

esults could be highly relevant for quantitative microbial risk as- 

essment (QMRA) related to exposure to SARS-CoV-2 contaminated 

ater, since several countries are currently experiencing the high- 

st peaks to date in new COVID-19 cases. In places where ade- 

uate sanitation infrastructure is not in place, high SARS-CoV-2 

oads could be reaching water bodies and remain active for rela- 

ively long periods. Low seasonal temperatures may increase the 

isk of water-related SARS-CoV-2 transmission, raising concerns 

ver COVID-19 transmission via aerosolized contaminated water 

nd wastewater. One important limitation of this study is the fact 

hat persistence assays were carried out on sterile samples, spiked 

ith infective SARS-CoV-2. Therefore, actual survival times in non- 

terile, naturally complex environmental samples could likely be 

horter. 
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