S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Water Research 195 (2021) 117002

Contents lists available at ScienceDirect

WATER
) RESEARCH

Water Research

journal homepage: www.elsevier.com/locate/watres

Viability of SARS-CoV-2 in river water and wastewater at different n

temperatures and solids content

Check for
updates

Leonardo Camilo de Oliveira?® Andrés Felipe Torres-Franco®, Bruna Coelho Lopes®,
Beatriz Senra Alvares da Silva Santos¢, Erica Azevedo Costa¢, Michelle S. Costa¢,
Marcus Tulius P. Reis¢, Marilia C. Melo', Rodrigo Bicalho Polizzi®,

Mauro Martins Teixeira®* César Rossas Mota"*

aBiochemistry and Immunology Department, Federal University of Minas Gerais (UFMG), Belo Horizonte, Minas Gerais, Brazil
b Deparment of Sanitary and Environmental Engineering Department, Federal University of Minas Gerais (UFMG), Belo Horizonte, Minas Gerais, Brazil
¢ Veterinary School, Federal University of Minas Gerais (UFMG), Belo Horizonte, Minas Gerais, Brazil.

d Minas Gerais State Health Authority (SES)
¢ Sanitation Company for Minas Gerais (COPASA)
fMinas Gerais Institute for Water Management (IGAM)

& Regulatory Agency for Water Supply and Sewage Services of the State of Minas Gerais (ARSAE)

ARTICLE INFO

Article history:

Received 21 December 2020
Revised 1 March 2021
Accepted 2 March 2021
Available online 3 March 2021

Keywords:
SARS-CoV-2
viability
persistence
water
wastewater
temperature

ABSTRACT

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 pm) 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 Tgg and Tgg (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 Tgyy values of 1.9 and
1.2 day and Tog values of 6.4 and 4.0 days, respectively. When samples were filtered through 0.22 pm
pore size membranes, Tgy values increased to 3.3 and 1.5 days, and Ty 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 Tg values of 7.7 and 5.5 days, and Tg9 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 efforts aimed at quantifying water-related risks, which
could be valuable for understanding and controlling the pandemic.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

(SARS-CoV-2), has been identified as the etiologic agent of COVID-
19. Coronaviruses are enveloped RNA viruses broadly distributed

The ongoing COVID-19 pandemic has already led to more
than 2.6 million reported deaths globally by February 2021. A
novel coronavirus, severe acute respiratory syndrome coronavirus 2
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among humans, other mammals, and birds, causing acute and per-
sistent infectious (Knipe and Howley, 2013). It has been hypoth-
esized that the disease origin could be associated with spillover
transmission phenomena from a wild animal reservoir, such as
pangolins (Lam et al. 2020), bats (Zhou et al. 2020), to humans.
Although COVID-19 is a respiratory disease, large amounts of
SARS-CoV-2 RNA have been detected in stools (Wu et al. 2020)
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of patients, and subsequently in raw sewage (Ahmed et al. 2020;
Chernicharo et al. 2020; Fongaro et al. 2020; La Rosa
et al. 2021; Medema et al. 2020; Mota et al. 2021), sewage
sludge (Peccia et al. 2020), and surface water (Guerrero-
Latorre et al. 2020). Viable SARS-CoV-2 has been isolated
from urine (Sun et al. 2020) and faeces (Wang et al. 2020,
Zhang et al. 2020, Xiao et al. 2020) of patients, which raises
concerns over the possibility of the faecal-oral or faecal-nasal
transmission routes for COVID-19. Kang et al. (2020) have recently
reported circumstantial evidence of SARS-CoV-2 transmission by
aerosolized wastewater in a residential building in Guangzhou,
China. The presence of viable SARS-CoV-2 in water and wastew-
ater may have far-reaching consequences for public health and
pandemic control strategies (Heller et al. 2020), especially in
developing countries with inadequate access to sanitation and
safe water. Currently, there is no evidence that COVID-19 can be
transmitted via contaminated water (La Rosa et al., 2020). Never-
theless, the World Health Organization has highlighted the need
for research concerning SARS-CoV-2 persistence on environmental
matrices, such as surface water and wastewater (WHO, 2020).

Determining the persistence of SARS-CoV-2 in river water under
different environmental conditions is of great importance for basic
assumptions in quantitative microbial risk assessment (QMRA). En-
vironmental conditions can have a strong effect on viral viability,
including seasonal or temperature variations, turbidity, extent of
river water contamination with wastewater, etc. In addition, virus
type can affect virus survival in the environment (John and Rose
2005). Virus structure has a significant influence on virus persis-
tence in environmental matrices, depending on whether its exter-
nal layer remains intact (Mitchell and Akram, 2019). For this rea-
son, enveloped virus such as coronaviruses, with their fragile lipid
external layer, are usually much less persistent than non-enveloped
viruses in water, remaining viable for a few days, as opposed to
months, as is the case for the latter (Kutz and Gerba, 1988).

Due to the high risks of infection, biosafety-level 3 laboratories
are required for propagation methods involving viable SARS-CoV-2.
For this reason, different studies have used alternative viruses as
surrogates to predict the behavior of coronavirus in environmen-
tal matrices (Aquino De Carvalho et al. 2017; Casanova et al. 2009,
Gundy et al. 2009). However, the effects of different matrices and
environmental parameters on the inactivation of viruses are com-
plex and yield highly variable results, depending on the viral strain
used as surrogate (Carraturo et al. 2020). Although studies based
on surrogate viruses are highly relevant, surrogate viruses can re-
spond differently to environmental stresses when compared with
target pathogen viruses, emphasizing the need for tests using the
actual pathogen of concern.

Bivins et al. (2020) have recently assessed how SARS-CoV-2 per-
sistence in water and wastewater is affected by warm tempera-
tures. They showed that at 50 °C and 70 °C, Tgy values in wastew-
ater were 15 and 2 minutes, respectively, whereas at room tem-
perature (20 °C), Tgp was 1.7 day, for the same matrix. Similarly,
SARS-CoV-2 RNA showed Tqyg values ranging from 8.04 to 27.8 days
in wastewater and from 9.4 to 58.6 days in tap water for temper-
atures of 37 °C and 4 °C, respectively (Ahmed et al., 2020b). Vi-
able SARS-CoV-2 persistence in water and wastewater at low tem-
peratures (4 °C) remains unknown. Determining the persistence of
SARS-CoV-2 in water and wastewater at high and low tempera-
tures is of great importance to the planning and implementing of
pandemic control strategies.

In this study, we evaluated the persistence of SARS-CoV-2 in
river water and wastewater samples under different, simulated en-
vironmental conditions by using plaque assay in Vero cells. Virus
persistence assays were carried out at 4 °C and 24 °C, to simu-
late different seasons in the year, and with filtered and unfiltered
samples, to simulate water matrices with different solids content
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Table 1
Physicochemical parameters for river water (RW) and raw wastewater
(WW), filtered (RWF and WWF) and unfiltered.

Parameters wWw 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.

and turbidity. Virus persistence data generated with unfiltered raw
wastewater samples could be used to simulate sewer networks and
rivers that are heavily impacted by raw sewage discharges. Filtered
river water samples could be used to simulate river water matrices
with extremely low turbity.

2. Material and methods
2.1. Sampling

The environmental matrices used in this study were river wa-
ter (RW) and raw wastewater (WW). RW was collected at Rio das
Velhas, 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-
rudas Wastewater Treatment Plant (19°53/46.9"S 43°52/41.4"W).

2.2. Environmental conditions

The persistence of SARS-CoV-2 in RW and WW was assessed
at 4 °C and 24 °C for 15 days to determine the influence of sea-
sonal temperature variations (cold and hot weather). Filtered and
unfiltered RW and WW samples were used to simulate water ma-
trices with different solids content and turbidity, going from sewer
networks and rivers that are heavily impacted by raw sewage dis-
charges (unfiltered raw WW) to river water matrices with ex-
tremely low turbidity (Filtered RW, RWF). Filtered samples were
prepared by consecutively filtering through nitrate cellulose mem-
branes with 0.45 pm and 0.22 pm pore sizes (RWF and WWE). All
samples (1 L each) were autoclaved at 121 °C for 15 minutes to
eliminate the effect of pathogens other than SARS-CoV-2 that could
be present in the original samples. Autoclaved samples were stored
at 4 °C until the cell culture infectivity assay. All assays were per-
formed in triplicate.

2.3. Physicochemical parameters

Samples were characterized by typical water and wastewa-
ter physicochemical parameters, such as total solids (TS), volatile
solids (VS), total solids suspended (TSS), Chemical Oxygen Demand
(COD), nitrogen (ammonia), and orthophosphate, all measured ac-
cording to APHA (2017). Additional parameters characterized in to-
tal and filtered samples are presented in Table 1.

2.4. SARS-CoV-2 cell culture infectivity assays

All SARS-CoV-2 persistence tests were performed in a high-
containment, biosafety level 4 facility (OIE BSL-4 - World Or-
ganization for Animal Health) at Laboratério Federal de De-
fesa Agropecudria, LFDA-MG, located in Pedro Leopoldo, MG,
Brazil, by inoculating infectious SARS-CoV-2 in autoclaved wa-
ter 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-
son Luiz Durigon (Department of Microbiology, Institute of
Biomedical Sciences, University of Sdo Paulo, Sdo Paulo, Brazil)
(Araujo et al. 2020).

SARS-CoV-2 virus stock was prepared after infection of Vero
CCL-81 cells and stored at -80 °C until further use in spiking tests.
SARS-CoV-2 titers were determined with plaque assay in 24 wells
plates seeded with Vero CCL-81 cells at a concentration of 1 x 10°
cells/well. After reaching a confluence of 80-90%, ten-fold dilu-
tions of virus suspensions in DMEM-2% FBS were transferred (100
uLjwell) to the seeded plates. After 1 h adsorption, the wells were
covered with an overlay of DMEM-2% FBS containing 1% (w/v) car-
boxymethyl cellulose (CMC). Plates were incubated at 37 °C in 5%
CO, for 72 hours, fixed in 10% formalin solution and stained with a
0.5% Crystal Violet solution. Plaque forming units (PFU) were man-
ually enumerated and registered as PFU/mL.

2.5. Sample inoculation with SARS-CoV-2

Virus persistence in each of the environmental matrices inocu-
lated in triplicates with SARS-CoV-2 was also determined through
plaque assay. Briefly, a 4.8 mL aliquot of each different water sam-
ple was transferred to a sterile 15 mL polypropylene conical tube.
Then, 1 x 10° PFU of stock SARS-CoV-2 in 200 pL was added to
each tube (Vf= 5mL; SARS-CoV-2 designed initial titer = 2 x 104
PFU/mL). Inoculated water matrices were either kept at 24 °C or
stored at 4 °C, according to the experimental design. After expo-
sure, infectious SARS-CoV-2 in suspension were tested for infectiv-
ity in Vero CCL-81 cells at time points 0, 6, 24, 48, 72, 96, 120,
240 and 360 hours post-inoculation. At each time point, including
immediately following inoculation, 50 L of each sample was col-
lected and added to 450 L of DMEM-2% FBS in a 1.5 mL micro-
centrifuge tube. Negative controls consisting of 50 wL of uninoc-
ulated wastewater added to 450 nL of DMEM-2% FBS were also
prepared at each time point.

2.6. Statistical analyses

In addition to the log-linear model (Equation 1), nonlinear
models were applied to describe the decay patterns and obtained
by nonlinear least square (nls) method, including exponential-
nls (Equation 2), exponential biphasic (exp-biphasic, Equation 3),
Weibull (Equation 4), and Gompertz (Equation 5) models.

log(%) — (1)
(%) = a-exp(-b-t) (2)
(%) = a; - exp(—exp(by - 1)) + a - exp(—exp(bs - 1)) (3)
(%) — Asym1 — Drop1 - exp(exp (Irc1 - £)™"") (4)
(%) — Asym2«exp(—bsbs) (5)

Where k is the slope and first-order decay constant, C; is the
concentration of the virus at time t, and C; is the starting virus
concentration at t= 0. The exponential biphasic decay consisted of
initial and final, fast and slow decay periods, in which b; and b,
correspond to the fast and slow decay constants, whereas a; and
a, represent the decay of the virus at the start of the fast and slow
decay periods, respectively (Bivins et al. 2020). The Weibull model
is described by Asym1, which represents the horizontal asymptote
on the right side, Drop is a numeric parameter representing the
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change from Asym to the y-intercept, Irc1 is a numeric parame-
ter representing the natural logarithm of the rate constant, pwr is
a numeric parameter representing the power to which t is raised.
In the Gompertz model, Asym2 represents the asymptote, b3 is re-
lated to the value of the function at t= 0 and b, is a numeric pa-
rameter related to the scale of the x-axis.

All regressions and statistical analyses were performed using
the pharmacokinetic (PK) nistools packages in CRAN and Rstudio
(Team, 2020). Linear regressions were assessed by R? values and
by checking the normality and variance homogeneity assumptions
in the Q-Q and residuals vs fitted values plots. A Shapiro-Wilk test
was performed to complementarily assess the assumption of nor-
mality, whereas a skew ratio (the ratio between skewness value
and standard error of skewness) greater than 2 was used as a refer-
ence to regard the data as having unignorable skewness (Yan et al.,
2016). The skew ratio was determined using the Skwelmm pack-
age. The occurrence of significant differences between first-decay
constants was assessed using ANOVA (stats package). For nonlinear
regressions, the start parameters of the exponential (exponential-
nls), exponential biphasic (exp-biphasic), Weibull, and Gompertz
fits were estimated using the self-start models. The fit of the mod-
els to the observed data was assessed using an extra sum-of-
squares F. The Bayesian information criterion (BIC) test and the
root-mean-square errors (RMSE) were used to compare the fits
(stats package). Models with low BIC and RMSE were preferred
over fits with high values. When similar values were obtained, the
less complex model was considered as the best fit (Kauppinen and
Miettinen, 2017). For the decay rate comparison, Tgy and Tgg (the
time to achieve 90% and 99% reductions from the initial titer) were
determined using the best fitting model. Spearman correlations be-
tween Tgg and Tgg values and physicochemical parameters were
also assessed using Rstudio (stats package).

3. Results and Discussion
3.1. First-Order Decay Rate Constants

First-order log-linear models were fit to experimental data for
preliminary assessment of SARS-CoV-2 decay (Table 2). On Fig. 1,
each inset shows the linear regressions performed for the original
experimental data from triplicate assays (black dots). First-order
decay rates for unfiltered samples were -0.37 d~! and -0.83 d-!
for RW-24°C and WW-24°C, respectively. Samples filtered through
0.22 nm-pore size membranes presented slightly lower decay rates
of -0.32 d~! and -0.80 d~! for RWF-24°C and WWF-24°C, whereas
the first-order decay rates in samples at 4 °C presented even lower
values of 0.16 d=! (RW-4°C) and 0.19 d~! (WW-4°C). ANOVA and
pairwise comparisons of the decay rates showed that RW-4°C and
WW-4°C exhibited significantly lower (p < 0.05) values than the
other decay rates, indicating a significant increase in viral persis-
tence at low temperature.

Arrhenius equation parameters were established in order to de-
termine reaction coefficients for different temperatures (4 °C and
24 °C) (Supplementary material - Equation S1 and Figure S.7). The
first-order decay constants followed Arrhenius relationship with
activation energies of 22.8 and 50.4 K] mol-! for RW and WW,
respectively, indicating that SARS-CoV-2 decay in WW was more
sensitive to temperature than in RW. Similar energies of 39 k]
mol~! have been reported for the inactivation of poliovirus type
1 during thermophilic (51 to 56 °C) anaerobic digestion of sludge
(Popat et al. 2010) and 59.8 k] mol~! for poliovirus 2 inactivation
by Chloramine-T in water (5 to 35 °C, Gowda et al. 1981). Fur-
thermore, MHV (Murine coronavirus) inactivation in stainless steel
showed values between 30 and 100 k] mol~! (Casanova et al. 2010;
Roos, 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') RMSE BIC
River water Log-linear (R2= 0.649) m= -0.37 0.8017 67.0
(RW-24°C)
Exponential-nis b=-1.55 0.0559 -69.1
Exp-biphasic b; = -2.82 0.0478 711
b, = -0.66
Gompertz bsz= 0.98 0.0490 -72.8
Weibull elorl= 41 0.0486 70.19
Filtered river water Log-linear (R2= 0.821) m= -0.32 0.4525 39.6
(RWF-24°C)
Exponential-nis b= -0.98 0.0795 -50.2
Exp-biphasic b; =-5.40 0.0633 -55.9
b, = -0.63
Gompertz N/A - -
Weibull elrl= 6.6 0.0665 -53.2
River water at 4 °C Log-linear (R?= 0.761) m= -0.16 0.4049 37.69
(RW-4°C)
Exponential-nls b= -0.43 0.0827 -48.0
Exp-biphasic b; = -0.96 0.0633 -56.8
b, = -0.17
Gompertz b;=0.99 0.0728 -51.7
Weibull elorl= 22 0.0636 -55.7
Wastewater Log-linear (R2= 0.791) m= -0.83 0.7350 55.8
(WW-24°C)
Exponential-nls b= 1.98 0.0767 -118
Exp-biphasic b; =-2.30 0.0213 -115
b, =-0.85
Gompertz bs;=0.99 0.0214 -118
Weibull elrl= 25 0.0224 -112
Filtered Log-linear (R?= 0.796) m= -0.80 0.6959 53.5
wastewater
(WWEF-24°C)
Exponential-nls b= 1.29 0.0827 -52.1
Exp-biphasic N/A
Gompertz N/A
Weibull elrl= 0.5 0.052 -66.5
Wastewater at 4 °C Log-linear (R?= 0.752) m= -0.19 0.5094 50.08
(WW-4°C)
Exponential-nis b= -0.65 0.0867 -49.4
Exp-biphasic b; =-1.71 0.0622 -56.8
b, =-0.20
Gompertz bs= 0.98 0.0679 -55.4
Weibull el =48 0.0619 -57.1

3.2. Nonlinear Regressions

Log-linear regressions were a poor fit to the experimental data,
as indicated by RMSE values (Table 2). Four nonlinear models were
tested: exponential-nls, exponential biphasic, Weibull, and Gom-
pertz. The regression parameters calculated for each model are
presented in Table S1 (Supplementary materials). All nonlinear
models showed better fits compared to linear models, as evidenced
by the lower RSME values compared to those found for linear re-
gressions. Overall, the Weibull model was a better fit for the com-
plete dataset.

Although linear first-order kinetics is a classical model of virus
decay in water and wastewater, including enveloped and non-
enveloped viruses, in some cases, its fitting is not carefully as-
sessed, hampering the ability to identify factors that can affect
inactivation kinetics or determine the actual patterns of decay
(Dean et al. 2020). In this study, the lack of accuracy of the log-
linear model was the consequence of possible outliers and the vi-
olation of the assumptions of normality and variance homogene-
ity. The violation of the assumption of normality (Shapiro-Wilk test
and Q-Q plots, Figure S1 to S6 — Supplementary material) occurred
for all of log-normal regressions. The assessment of the skew ratio
showed high skewness in all cases (except for WW-24°C and WW-
4°C). Also, several matrices showed violations of the assumption
of variance homogeneity (i.e., RW-4°C, WWF-24°C and WW-4°C),

increasing uncertainty in linear regressions (Figure S1 to S6 - Sup-
plementary material).

Exponential models representing a "flat tail" have been reported
as providers of better representation of the decay of pathogens,
including viruses. For instance, biphasic dynamics can arise as a
consequence of pathogens population heterogeneity or hardening
off (Brouwer et al. 2017). Similarly, biphasic inactivation kinetics
has also been observed for non-enveloped viruses, which was at-
tributed to subpopulations of viruses with varied susceptibilities to
solution chemistry or temperature (Ye et al. 2016). Kauppinen and
Miettinen (2017) found that Weibull and Double-Weibull mod-
els presented the best fittings for Norovirus GII genome inacti-
vation in wastewater (3 °C) and drinking water (21 °C), respec-
tively, which showed a high tailing effect describing the long
persistence of the virus. The tailing effect represented by the
Weibull model has been reported as providing a better descrip-
tion of inactivation of foot-and-mouth disease virus clones sub-
jected to 50 plaque-to-plaque transfers since small differences in
the virus replication, which are amplified during the course of
replication, resulted in larger fluctuations and the "flat tail" in
the probability distribution, which eventually develops a stretched
exponential Weibull shape (Lazaro et al. 2003). The experimen-
tal data shown in the current study indicated higher fluctua-
tions in SARS-CoV-2 survival at low viral titer and mainly at low
temperature.
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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 Toy and Teg for each of the samples.

Sample Weibull regression Parameters
Asym Drop Lrcl Pwr Tgo (days)  Tog (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 33 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

3.3. SARS-CoV-2 Tqy and Tqg in water and wastewater

Tgp and Tgg values were calculated for SARS-CoV-2 survival in
all samples using the Weibull model (Table 3). RW-24°C and WW-
24°C showed Tgq values of 1.9 and 1.2 day and Tgg values of 6.4
and 4.0 days, respectively. These Tgg values were within the same
range of those reported by Bivins et al. (2020), which were 2.0
and 1.6 days for tap water and wastewater samples, respectively.
However, these Tog values (at 24 °C) are slightly higher than those
reported by Bivins et al. (2020), at 3.9 days and 3.2 days for tap
water and wastewater, respectively. The differences at longer sur-
vival times could potentially be due to the differences in the re-
gression models used (Weibull in the current study, versus Log-

linear). When samples were filtered through 0.22 pm pore size
membranes, Tqy values increased to 3.3 and 1.5 days, and Tgg in-
creased to 8.5 and 4.5 days, for RW-24°C and WW-24°C samples,
respectively. Remarkable increases in SARS-CoV-2 survival times
were observed in essays at 4 °C, which showed Tgq values of 7.7
and 5.5 days, and Tgeg values of 18.7 and 17.5 days for river water
and wastewater samples, respectively.

Temperature is recognized as having a strong effect on virus
persistence. High persistence at low temperatures has been pre-
viously reported for other coronaviruses (Casanova et al. 2009;
Gundy et al. 2009; Bertrand et al. 2012). SARS-CoV-2 viability has
not yet been confirmed in real wastewater or natural river water.
However, assessing the effect of temperature on SARS-CoV-2 per-
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Table 4
Best fitting models and Tyy estimates for SARS-CoV-2, other coronaviruses, surrogate coronaviruses and other viruses in water
matrices.
Reference Virus Matrix ~ Temp Best-fitting model RMSE Too (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 55
WWEF* 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
Wwr 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
™ 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 GI_LA 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
wWw 23 °C  Log-linear N/D 24
WW-F  23°C  Log-linear N/D 1.6
SE 23 °C  Log-linear N/D 1.9
FIPV ™ 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 ™ 23 °C  Log-linear N/D 475
TW-F 23 °C  Log-linear N/D 433
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
WwH 4 °C Log-linear N/D 24
Wwr 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
Wwr 25°C  Log-linear N/D 3
Bibby et al. 2015* Ebola Ww* 20 °C  Log-linear N/D <1d

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.

sistence in water matrices could be highly relevant for quantify-
ing risks related to exposure to SARS-CoV-2 contaminated water,
since several countries are currently experiencing peaks of COVID-
19 transmissions, which coincide with the boreal winter. Low sea-
sonal temperatures may increase the water-related risk of SARS-
CoV-2 transmission, raising concerns over the risk of COVID-19
transmission by aerosolized contaminated water and wastewater,
or via the fecal-oral transmission.

Solids content and composition were likely a secondary fac-
tor affecting SARS-CoV-2 persistence in the water and wastewater
samples tested. Longer SARS-CoV-2 survival times were observed

in river water compared to wastewater, and in filtered samples
compared to unfiltered samples. Although no significant correla-
tions were observed for Ty or Tgg values and physicochemical pa-
rameters (Table S.2 - supplementary material), solids composition
and pH can affect SARS-CoV-2 persistence. In RW-24°C, the lower
pH may have stimulated higher electrostatic interactions and vi-
ral adsorption to the solids, which presented a more mineral com-
position (volatile solids/total solids ratio of 0.3) compared to the
solids present in wastewater samples (volatile solids/total solids
ratio of 0.5). These results agree with the effect of matrix com-
position previously described in the literature, with a faster virus
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inactivation in complex rather than in simpler matrices (Bertrand
et al. 2012). On the same note, viral persistence in non-sterile wa-
ter and wastewater should be lower compared to viral persistence
in autoclaved samples (determined in the current study), as also
verified for SARS-CoV-2 RNA by Ahmed et al. (2020b). pH and
organic and inorganic solids can play important roles in the for-
mation of pH-dependent electrically charged surfaces (Michen and
Graule, 2009; Scheller et al. 2020) by producing significant alter-
ations in the virus structure proteins due to changes in its iso-
electric point (IEP). A hypothetical explanation for faster inactiva-
tion in unfiltered compared to filtered river water samples is the
presence of inorganic clays, due to their highly adsorptive prop-
erties, which could potentially act as SARS-CoV-2 inhibitors (Sahel
N Abduljauwad et al. 2020). Table 4 shows a comparison of the
SARS-CoV-2 Tgg values determined in the current study with Tgq
values previously reported for other coronaviruses, surrogate coro-
naviruses and other viruses.

4. Conclusion

Knowing how long SARS-CoV-2 can remain viable in water and
wastewater is essential for assessing the risks to public health as-
sociated with contaminated water. Our data showed that tempera-
ture had a strong effect on SARS-CoV-2 persistence, with Tqg val-
ues at 4 °C of 7.7 and 5.5 days for RW and WW (respectively),
which are 4 to 4.5 times Tqy values determined at 24 °C for the
same samples. It is important to note that faecal-oral transmis-
sion of COVID-19 has not yet been confirmed. Nevertheless, these
results could be highly relevant for quantitative microbial risk as-
sessment (QMRA) related to exposure to SARS-CoV-2 contaminated
water, since several countries are currently experiencing the high-
est peaks to date in new COVID-19 cases. In places where ade-
quate sanitation infrastructure is not in place, high SARS-CoV-2
loads could be reaching water bodies and remain active for rela-
tively long periods. Low seasonal temperatures may increase the
risk of water-related SARS-CoV-2 transmission, raising concerns
over COVID-19 transmission via aerosolized contaminated water
and wastewater. One important limitation of this study is the fact
that persistence assays were carried out on sterile samples, spiked
with infective SARS-CoV-2. Therefore, actual survival times in non-
sterile, naturally complex environmental samples could likely be
shorter.
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