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• Alkaline pH is an effective treatment to
inactivate SARS-CoV-2.

• Heat is an effective treatment to inacti-
vate SARS-CoV-2.

• Somatic coliphages are conservative in-
dicators for SARS-CoV-2 survival.
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High concentrations of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) genome have been de-
scribed in wastewater and sewage sludge. It raises the question of the security of land sludge disposal practices
during a pandemic. This study aimed to compare SARS-CoV-2's resistance to the main inactivating factors in
sludge treatments, pH and heat, to that of native wastewater somatic coliphages. The latest can be easily used
as an indicator of treatment efficiency in the field. The effects of heat treatment and pH on the survival of
SARS-CoV-2 and somatic coliphages were investigated in simple media. The T90 value (time required for a 90%
reduction in the virus or a 1 × log10 decline) at 50 °C was about 4 min for infectious SARS-CoV-2, and around
133 min for infectious somatic coliphages, with no decrease in SARS-CoV-2 genome. For infectious SARS-CoV-
2, a slight decrease (<1 log10 unit) was observed at pH 9 or 10 for 10 min; the decrease was over 5 log10 units
at pH 11. However, both SARS-CoV-2 genome and infectious somatic coliphages decreased by less than 1 log10
unit at pH 12. All thermal or pH-based treatments that can remove or significantly reduce infectious somatic co-
liphages (>4 log10) can be considered efficient treatments for infectious SARS-CoV-2.We concluded that somatic
coliphages can be considered highly conservative and easy to use indicators of the inactivation of SARS-CoV-2
during treatments based on heat and alkaline pH.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Wastewater treatment plants produce large quantities of sewage
sludge. The sludge may be incinerated or reused in agricultural applica-
tions as a fertiliser. However, raw sludge contains a high quantity of
highly diverse pathogenic microorganisms including parasites, bacteria,
and viruses (Viau et al., 2011). The main antiviral treatments usually
target enteric viruses because of their high degree of resistance to this
environment. Enteric viruses are small viruses (20–90 nm in diameter)
whose genome is protected only by a proteic capsid. They replicate in
the human gut, causing various pathologies (e.g. gastroenteritis, hepati-
tis, meningitis, heart damage, etc.).

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
which is responsible for the (Covid-19) coronavirus pandemic that has
been raging since December 2019, is an enveloped virus, with a helical
nucleocapsid surrounded by lipids. This virus is 60–140 nm in size and
its genome is composed of a single RNA-positive strand of around
30 kb (Foladori et al., 2020). SARS-CoV-2 provokes acute pneumonia
(cough, fever, rhinorrhoea, dyspnoea) and multiple extra-respiratory
signs and, importantly, has also been demonstrated to cause gastroin-
testinal symptoms (Gu et al., 2020; Pan et al., 2020; Yeo et al., 2020;
Zhou et al., 2020). SARS-CoV-2 can productively replicate in human
gut enterocytes (Lamers et al., 2020) and the SARS-CoV-2 genome has
frequently been detected in the stools of both symptomatic and asymp-
tomatic patients (Wang et al., 2020; Wölfel et al., 2020; Xu et al., 2020;
Zhang et al., 2020). It is therefore unsurprising to find high concentra-
tions (until 3 × 103 copies/mL) of the SARS-CoV-2 genome in wastewa-
ter (Ahmed et al., 2020; Foladori et al., 2020; Medema et al., 2020;
Randazzo et al., 2020; Wu et al., 2020; Wurtzer et al., 2020) and even
higher concentrations in sludge (Graham et al., 2021). This suggests
the need for a risk assessment of land sludge disposal practices during
a pandemic. Yang et al. (2020) separated the risk due to the land dis-
posal of sludge into 3 transmission factors: direct contact, aerosol, and
ecological transmission (Yang et al., 2020). Given that aerosols are one
of the main modes of transmission (Viau et al., 2011), caution should
clearly be taken with SARS-CoV-2, which is a respiratory virus.

Sludge is usually treated using several processes that allow for the
complete removal of infectious forms of pathogenic microorganisms
(class A biosolids) or their partial removal (class B biosolids) (Viau
et al., 2011). Themain treatments that inactivate the virus are primarily
based on heat and pH (Yang et al., 2020). Temperatures applied dur-
ing sludge treatments can vary widely depending on treatment type:
35–40 °C in mesophilic digestion, almost 50–55 °C in thermophilic
digestion, over 55–65 °C in composting, and up to 70 °C in pasteuri-
zation (Alkarimiah and Suja, 2019; Viau et al., 2011). Lime
stabilisation leads to a huge increase in pH: it usually raises the pH
to higher than 11 and ideally to 12 (Parmar et al., 2001). Viau et al.
(2011) have emphasised that a rigorous biosolid pathogen process
is the key to reducing pathogen exposure and the risk of infection.
Foladori et al. (2020) have reported on the lack of studies on how
SARS-CoV-2 behaves in sludge.

The direct detection of SARS-CoV-2 genomes in sludge is not an ap-
propriate way of evaluating treatment efficiency. The presence of the
genome does not prove the presence of the infectious virus, since ge-
nomes can persist after the virus is no longer infectious. This has been
demonstrated to be true of a wide spectrum of viruses and treatments
(Gassilloud et al., 2003; Hartard et al., 2018). The presence of viral ge-
nome in biosolids may not be a reliable indicator of the presence of
the infectious pathogen (Viau et al., 2011). There have been reports of
very high concentrations of SARS-CoV-2 genome in stool andwastewa-
ter samples, although very few studies have demonstrated the presence
of infectious particles (Foladori et al., 2020). However, the absence of
the SARS-CoV-2 genome does not prove the absence of contamination
because there is no standardised method for quantifying such viruses
in sludge and the very small volumes used for detection purposes result
in a high detection threshold.
2

The gold standard for the evaluation of the efficacy of a virucidal treat-
ment is cell culture. SARS-CoV-2 is easily cultured on different cell lines
(Park et al., 2020), but culture conditions in level 3 biosafety labs (BSL-
3) and the complexity of the environmental matrix make this an inade-
quate approach for evaluating sludge treatments. There is an urgent
need for SARS-CoV-2 inactivation data, to allow us to evaluate the trans-
mission risk posed by wastewater treatment plants (Yang et al., 2020).

Bacteriophages have been used as viral indicators of the efficiency of
water and sludge treatments for years (Martín-Díaz et al., 2020). Quan-
tifying infectious phages is rapid (24 h) and easy. Coliphages (e.g. so-
matic coliphages or F-specific RNA phages) are most frequently used
as their behaviour is representative of pathogenic enteric viruses. So-
matic coliphages represent a structurally diverse group that is highly re-
sistant to treatments and to heat and pH in particular. F-specific RNA
phages are a homogeneous structural group similar to enteric viruses
but slightly less resistant to heat and pH, as well as more resistant to
other factors, such as UV light (Simonet and Gantzer, 2006). Coliphages
are naturally present in wastewater worldwide (Lucena et al., 2004) at
concentrations higher than those observed for SARS-CoV-2 at the height
of the pandemic (Bertrand et al., 2021). Coliphages are found in primary
sludge at concentrations of 105–107.5 plaque-forming units (PFU)/g of
dry matter (Martín-Díaz et al., 2020). Coliphages may therefore be
used as a field indicator to evaluate the virological risk associated with
the reuse of sludge in agriculture in the context of the SARS-CoV-2 pan-
demic. However, there is a lack of comparative data on their resistance
to sludge treatments.

This studywas designed to assess the relative resistance of infectious
SARS-CoV-2 and native somatic coliphages in wastewater to the main
inactivating factors observed in sludge treatments: pH and heat. Native
somatic coliphages were used to reflect their wide diversity. They were
compared using the same medium for both viruses.

2. Methods

2.1. Wastewater samples

Wastewater samples were collected at a wastewater treatment
plant (WWTP) located in the French “Grand Est” region. The average
volume of influent treated in this WWTP was ~88,000 m3/day
(~250,000 inhabitants). Average daily samples were taken by an auto-
mated sampler following either an initial screening step to separate
large solids from liquid (i.e. screened wastewater) or a sedimentation
step (settled wastewater). Samplingwas based on flow rate and started
at 7 am on day 1, finishing at 7 am on day 2. Samples were stored in a
refrigerated polyethylene tank at 5 °C. The final volume collected was
between 15 and 20 L depending on the flow rate of the entrance of
the treatment plant. Samples were then homogenised and allowed to
settle into 1 L glass bottles. Upon arrival at the laboratory, thewastewa-
ter sampleswere centrifuged at 6000×g for 20min and the supernatant
was filtered through 0.45 μm and 0.22 μm filters (Minisart® Sartorius
France S.A.S., Aubagne, France) to remove microorganisms that could
interfere with cell culture infectivity assays of coronaviruses.

2.2. Viral SARS-CoV-2 samples

The two different SARS-CoV-2 isolates used in this study were ob-
tained from diagnosed patients, whose samples were investigated at
the local university hospital (CHRU Brabois, Nancy, France) in compli-
ance with ethical standards and requirements, i.e. informed consent.
The nasopharyngeal samples collected in a universal transport medium
(UTM) containing 1mL of viral transportmedia (Copan Diagnostics Inc.,
Murrieta, CA, USA) were tested using reverse transcription - quantita-
tive polymerase chain reaction (RT-qPCR) by the laboratory at the
local university hospital and found to be positive for SARS-CoV-2 RNA.
The purity of the viral isolates was confirmed bymultiplex PCR respira-
tory panel 2.1 plus (RP2.1 plus) (bioMérieux, Craponne, France).
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Vero E6 cells (Merck, France) were kindly supplied by the Institut de
Recherche en Infectiologie de Montpellier, France (IRIM, UMR 9004 CNRS
Université de Montpellier). The cells were cultured in Dulbecco's Mod-
ified Eagle's Medium (DMEM, D6046, Sigma-Merck, Saint Quentin,
France) supplemented with 1% penicillin, streptomycin, amphotericin
(Gibco, Thermo Fischer Scientific, Illkirch Graffenstaden, France) and
10% foetal calf serum (FCS, CVFSVF00-01, Eurobio, Les Ulis, France)
(i.e. growth medium) at 37 °C in 5% CO2 and were used to grow stock
virus and titrate viral infectivity.

All work with infectious SARS-CoV-2 was conducted in the high-
containment laboratory (BSL-3) at the local university hospital. Conflu-
entmonolayers of Vero E6 cells were inoculatedwith the virus, in flasks
treatedwith T-175 cell culture (Corning,Wiesbaden, Germany) at 37 °C
in 5% CO2 for 7 days. Seven days after the Vero E6 cells had been inocu-
lated with the virus, distinct cytopathic effects (CPE) consisting of the
rounding and detachment of cells were observed throughout the T-
175 flasks. Infected cells were centrifuged at 1200 ×g for 5 min to re-
move cell debris and the culture supernatant was aliquoted and stored
at −80 °C until further use.

2.3. Titration of infectious SARS-CoV-2

The infectivity of the viral samples was titrated in triplicate on 96-
well microtiter plates containing 100 μL of confluent Vero E6 cells.
One hundred μL of serial 10-fold dilutions of the virus from 10−1 to
10−8 in DMEM medium with 2% FCS (i.e. maintenance medium) was
added to Vero E6 cells. The infected cells were incubated at 37 °C in
5% CO2 for 7 days. The appearance of CPE was recorded daily. The tissue
culture infectious dose (50%) (TCID50), defined as the dilution of the
virus required to infect 50% of the cell culture, was determined using
the Reed and Muench (1938) method and expressed as TCID50/mL. Ti-
trations were performed in triplicate.

2.4. SARS-CoV-2 genome quantification

Nucleic acid extraction was performed using NucliSENS® reagents
(bioMérieux). Two volumes of NucliSENS® lysis buffer were added to
each volume of liquid sample. Following 10 min of incubation at room
temperature, nucleic acid extraction was performed using 70 μL of mag-
netic silica beads and theNucliSENS® easyMAG™ platform (bioMérieux).
The extracted nucleic acids were eluted in 100 μL of elution buffer and
stored at−80 °C until needed for SARS-CoV-2 genome quantification.

SARS-CoV-2 RNA quantificationwas performed using E set real-time
RT-PCR, developed by Corman et al. (2020) for the envelope protein
(E) gene. Quantification was performed using an RNA UltraSense™
One-Step Quantitative RT-PCR system (Applied Biosystem™, Thermo
Fischer Scientific) as previously described (Bertrand et al., 2021). The
real-time RT-PCR assayswere performed using 5 μL of nucleic acid sam-
ple in a 25-μL reaction volume to obtain final concentrations of 0.4 μM
for each primer and 0.2 μM for the probe. A CFX96 Touch real-time
PCR detection system (BioRad, Marnes-la-Coquette, France) was used
for the real-time RT-PCR assays. The RT step was performed for
30 min at 50 °C and PCR amplification was performed for 2 min at 95
°C, followed by 45 cycles of 15 s at 95 °C and 30 s at 58 °C. Negative
and positive controls were included in each experiment. The nCoV-
ALL-Control plasmid (Eurofins genomic) quantified using Qubit 4 fluo-
rometer (Invitrogen) was used for the standard curve which ranged
from 1 × 10−1 to 1 × 104 genome copies (gc)/RT-qPCR reaction. The
limit of detection was between 1 and 10 gc/RT-qPCR reaction. The Cq
values obtained at T0 and time x, and the slope of the standard curve
allowed us to determine the loss in genome occurring during time x.

2.5. Titration of somatic coliphages

Somatic coliphages naturally present in the sewage samples were
used in these experiments. They were quantified using the E. coli
3

(WG5) bacterial host strain according to the standard ISO 10705-2
method (International Organization for Standardization, 2000). Con-
centrations were expressed in plaque-forming units (PFU)/mL.

2.6. Effect of heat treatment on the survival of SARS-CoV-2 and somatic
coliphages

SARS-CoV-2 samples (105–106 TCID50/mL) were allowed to settle
into 5 tubes (300 μL per tube). Separately, with the somatic coliphages,
5 mL of settled wastewater was diluted in 45 mL of DMEMwith 2% FCS,
to obtain similar conditions to those used with SARS-CoV-2, and
decanted into 5 tubes (10 mL per tube). The tubes were kept for
30 min at experimental temperatures of 40, 50, 60 and 70 °C, respec-
tively. The control was kept at room temperature. The concentrations
of infectious SARS-CoV-2, SARS-CoV-2 genome and infectious somatic
coliphages before (C0) and after (Cx) heating were determined.

2.7. SARS-CoV-2 and somatic coliphages survival in wastewater at 20 °C

One milliliter of virus stock (105–106 TCID50/mL) was spiked into 9
mL aliquots of freshly settled wastewater. A positive control sample
for measuring the initial virus concentration in DMEM with 2% FCS, as
well as negative control including settled wastewater in DMEM with
2% FCS were included. The samples were held at room temperature
(20 °C) for 7 days, without agitation for the duration of the experiment.
At each time point (day 1 to 7), samples were taken and assayed for
virus infectivity on Vero E6 cell line and expressed in TCID50/mL. In par-
allel, infectious somatic coliphageswere quantified inwastewater every
24 h during storage at room temperature for 7 days.

2.8. Effect of pH on the survival of SARS-CoV-2 and somatic coliphages

Different dilutions of NaOH (1 M) solution in distilled water were
prepared in order to achieve final solutions of pH 9, 10, 11 and 12.
Fifty μL of stock SARS-CoV-2 virus (105–106 TCID50/mL) were added to
450 μL of different dilutions of NaOH and to distilled water as a control.
After 10 min of incubation at room temperature, the dilutions were
neutralised to pH 7.5 usingHCl (0.1M). Separately, with the somatic co-
liphages, settled wastewater was diluted 10-fold in sterile, deionized
water. The initial pHwas 8.0. A NaOH solution (1M)was added to pro-
duce pH values of 9–12, as with SARS-CoV-2. Following 10 min of incu-
bation at room temperature, the solutionwas neutralised by addingHCl
solution (1M) until it reached pH8.Measuring the concentrations of in-
fectious SARS-CoV-2, SARS-CoV-2 genome and infectious somatic coli-
phages before (C0) and after (Cx) pH treatment of the solutions stored
at room temperature allowed us to determine the decay rate of each
parameter.

2.9. Data analysis

The samples were analysed using Excel 2007 (Microsoft Corp., San
Diego, CA). Regression analysis was used to model the survival of
SARS-CoV-2 and somatic coliphages as a function of time. To this end,
simple linear regression models were fitted to experimental data and
used to estimate T90 reduction times (predicted number of days taken
to achieve a 1-log10 reduction). The survival function of each virus
under the given experimental conditions (i.e., temperature or pH) was
modelled as follows:

log10
Cx

C0

� �
¼ at

where Cx (C0) is viral density at time x (or 0, respectively), expressed in
days (t). The slopes (a) calculated for the different viruses under consid-
eration express the corresponding concentration decreases in log10
units per time unit.



Fig. 1.Decrease in infectious SARS-CoV-2 (black bars), SARS-CoV-2 genome (white bars) and infectious coliphages (crosshatched bars) following 30minheat treatments (at 40, 50, 60 and
70 °C). The experiments were performed in triplicate. Thewhite arrows indicate that the decrease in infectious SARS-CoV-2 was greater than shown, though our estimationswere limited
by the low initial concentrations.
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3. Results

3.1. Survival of SARS-CoV-2 and coliphages during heat treatment

Heat treatment was applied to SARS-CoV-2 and somatic coliphages
in triplicate. Temperatures of 40, 50, 60 and 70 °C were applied for
30 min to reflect the range of temperatures usually obtained during
the treatment of sludge (Fig. 1). The infectivity of SARS-CoV-2, somatic
coliphages and SARS-CoV-2 genome before and after heat treatment
was estimated. A 30 min exposure to 40 °C produced almost no effect
on SARS-CoV-2 or somatic coliphages that could be detected using cell
culture or RT-qPCR methods. At 50 °C, inactivation of 5.5 log10 units
was observed with infectious SARS-CoV-2, whereas SARS-CoV-2
Fig. 2. Decrease in infectious SARS-CoV-2 (blank circles), SARS-CoV-2 genome (filled-in circl
performed in triplicate. The white arrows indicate that the decrease in infectious SARS-Co
concentrations.

4

genome and infectious somatic coliphages remained stable. Due to the
initial concentrations of infectious SARS-CoV-2 in our 3 experiments, as-
sessment of inactivation was limited to a maximum of 5.5 log10 units
and this level was also reached at 60 and 70 °C. At 70 °C, some inactiva-
tion of somatic coliphages was also observed, ranging between 0.9 and
1.6 log10 units (n=3). A decrease in SARS-CoV-2 genomewas only ob-
served at 70 °C: its mean value was 1.5 log10 units.

Other experiments were performed by exposing SARS-CoV-2 and
somatic coliphages to 50 °C for 10–60min (Fig. 2). The decrease in infec-
tivity observed in SARS-CoV-2 and somatic coliphages allowed us to de-
termine their respective T90 values (time required for a 90% reduction in
the virus or a decline of 1 × log10) at this temperature. At 50 °C, infec-
tious SARS-CoV-2 had a T90 value of about 4 min, compared with
es) and infectious coliphages (blank triangles) at 50 °C over time. The experiments were
V-2 was greater than shown, though our estimations were limited by the low initial



Fig. 3. Decrease in infectious SARS-CoV-2 (blank circles) and infectious coliphages (blank triangles) in wastewater at 20 °C over time. The experiments were performed in triplicate. The
white arrows indicate that the decrease in infectious SARS-CoV-2 was greater than shown, though our estimations were limited by the low initial concentrations.
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133 min for infectious somatic coliphages. No decrease in SARS-CoV-2
genome was observed at this temperature.

The infectivity of SARS-CoV-2 and somatic coliphages was alsomon-
itored in wastewater maintained at 20 °C for 7 days (Fig. 3). A constant
decrease in infectivity was observed for SARS-CoV-2 and it reached at
day 5 the maximum of 5.0 log10 allowed by the initial concentration.
From the decrease observed the first four days, it was possible to deter-
mine that the T90 value was about 18 h. In accordance with the results
previously obtainedwith higher temperatures, the infectivity of somatic
coliphages remained stable during the 7 days of the experiments.

3.2. The pH-dependent survival of SARS-CoV-2 and coliphages

A pH range of 9–12 was applied to SARS-CoV-2 and somatic coli-
phages for 10min (Fig. 4). A slight decrease (<1 log10 unit) in infectious
SARS-CoV-2 was observed at pH 9 or 10. There was a decrease of
Fig. 4.Decrease in SARS-CoV-2 (infectious: black bars; genome:white bars) and coliphages (infe
performed in triplicate. The white arrows indicate that the decrease in infectious SARS-CoV-2 w

5

approximately 5.5 log10 units at pH 11. The decrease was much smaller
across all other parameters. There were decreases in SARS-CoV-2 ge-
nome and somatic coliphages of less than 1 log10 unit at pH 12.

Increasing the exposure time at pH 9 or 10 from 10 to 60min did not
affect the inactivation of infectious SARS-CoV-2 (data not shown).

4. Discussion

We compared the inactivation of SARS-CoV-2 and somatic coli-
phages following thermal and alkaline treatments. The objective was
to ascertain whether these bacteriophages are a useful tool for evaluat-
ing the effectiveness of SARS-CoV-2 sludge treatments.

The probability that infectious SARS-CoV-2 is present in raw waste-
water is still hotly debated. Many studies have demonstrated the pres-
ence of SARS-CoV-2 genome in stools and wastewater. A review by
Foladori et al. (2020) estimated that SARS-CoV-2 is present in 3.8–80%
ctious: crosshatched bars) at different pHvalues applied for 10min. The experimentswere
as greater than shown, but our estimationswere limited by the low initial concentrations.



M. Varbanov, I. Bertrand, S. Philippot et al. Science of the Total Environment 797 (2021) 149112
of stool samples. Viral concentration in the stools of patients, with and
without diarrhea, ranged from 5 × 103–107.6 genome copies (gc)/mL
(Cheung et al., 2020; Foladori et al., 2020). Themaximum concentration
in raw wastewater was almost 107 genome copies/L (Wurtzer et al.,
2020). Despite these very high genome concentrations, there is very lit-
tle evidence that infectious SARS-CoV-2 is present in stools or wastewa-
ter. Some studies describe the presence of infectious SARS-CoV-2 in
stool without providing any details about the procedure used to obtain
these results (Wang et al., 2020; Xiao et al., 2020). Zhang et al. (2020)
used electron microscopy to obtain an image of the virus after inoculat-
ing Vero cells with stool samples, but failed to provide any quantitative
data. Environmental studies by Rimoldi et al. (2020) and Wölfel et al.
(2020) have not found infectious SARS-CoV-2 in wastewater or stools,
despite very high genome concentrations. This evidence, together
with our results, clearly shows that, in the case of several different vi-
ruses, the presence of viral genome is not proof of infectivity and that
an evaluation based only on the detection of SARS-CoV-2 genome can
lead to a significant and systematic overestimation of the presence of in-
fectious SARS-CoV-2. The worst case estimates of 107 gc/L SARS-CoV-2
inwastewater at the peak of the first epidemicwave in France therefore
suggests a much lower concentration of infectious SARS-CoV-2.

Infectious somatic coliphages are relatively stable in rawwastewater
over time. Their concentration in raw wastewater has been shown to
vary between 107 and 108 PFU/L worldwide (Lucena et al., 2004). Be-
cause of the rich diversity of these phages, the concentration of corre-
sponding genome copies cannot be estimated. Nevertheless, the
concentrations are surely much higher than the concentration of infec-
tious SARS-CoV-2, even in the worst-case scenario.

Together, these data suggest that the concentration of infectious
SARS-CoV-2 in raw wastewater may be considerably lower than the
concentration of SARS-CoV-2 genome or of infectious somatic coli-
phages. However, although the survival rate of infectious virus may be
low, we cannot completely rule out the presence of infectious SARS-
CoV-2 in raw wastewater given the current state of our knowledge.
We may therefore assume that infectious SARS-CoV-2 can be present
in primary sludge.

The prevalence of SARS-CoV-2 in sludge has been less well described.
Graham et al. (2021) found a higher concentration in sludge than in
wastewater, but the concentration in sludge was still less than 104 gc/g.
Again, we can assume that genome analysis alone will lead to a huge
overestimation of the presence of infectious virus. Infectious somatic coli-
phages have been estimated to be present in primary sludge at concentra-
tions of 105.2–107.5 PFU/g of dry weight (Martín-Díaz et al., 2020). Once
again, these concentration values greatly exceed those of SARS-CoV-2,
even when our estimates are based on the presence of viral genome.

Sludge treatments usually rely primarily on heat and alkaline pH to
reduce microbiological contamination. The data obtained by our study
provide a very clear picture of the impact of such treatments on SARS-
CoV-2 and somatic coliphages. There is a 30-fold difference in the sur-
vival times of native infectious somatic coliphages and infectious
SARS-CoV-2 under the same thermal conditions. The T90 values at 50
°C were almost 4 min and 133 min for SARS-CoV-2 and somatic coli-
phages, respectively. T90 values ranging from14 to 17minhave been re-
cently obtained for SARS-CoV-2 inoculated in wastewater stored at 50
°C (Bivins et al., 2020). These data support the hypothesis that
coronaviruses are less resistant to such treatments than non-
enveloped viruses. Berne virus, TGEV (transmissible gastroenteritis
virus),MHV (murine hepatitis virus), SARS-CoV andMERS-CoV all dem-
onstrated less thermal resistance compared to the model provided by
Bertrand et al. (2012) for non-enveloped viruses (Quist-Rybachuk
et al., 2015; Leclercq et al., 2014; Darnell et al., 2004; Rabenau et al.,
2005; Casanova et al., 2010; Casanova et al., 2009; Laude, 1981; Weiss
and Horzinek, 1986). This is also true of other enveloped viruses, such
as Phi 6 phage and filovirus (Casanova and Weaver, 2015; Bibby et al.,
2015; Piercy et al., 2010).Mesophilic and thermophilic anaerobic sludge
treatments produce inactivations of around 2 and 4 log10 respectively
6

after 21 days, but lead to an over 6 log10 inactivation of Phi 6 phage in
both cases (Pepper et al., 2010; Sassi et al., 2018).

The same significant difference between SARS-CoV-2 and somatic
coliphageswas observed in pH treatments. At a pH of below11, little in-
activation was observed within 10 min of exposure at room tempera-
ture, as previously demonstrated with other coronaviruses, such as
PEDV (porcine epidemic diarrhea virus) (Hofmann and Wyler, 1989;
Quist-Rybachuk et al., 2015). Nevertheless, at a pH of 11 and above, de-
creases of 1-log10 and over 5-log10were observed in somatic coliphages
and SARS-CoV-2, respectively.

Synergistic effects between pH and temperature can be observed
(Hofmann and Wyler, 1989). For example, at pH 9, PEDV had a T90
value of about 27 min at 40 °C, 18 min at 44 °C and 4 min at 48 °C
(Quist-Rybachuk et al., 2015). At pH 10.2, the T90 values were around
14, 8 and 1 min, respectively (Quist-Rybachuk et al., 2015). Some irre-
versible conformational changes to the viral envelope proteins that pre-
vent cell receptor recognition may occur at an alkaline pH, as described
with MHV (Weismiller et al., 1990).

Together, our results allowus to draw important conclusions regard-
ing sludge storage and treatments in the context of land disposal. Taking
into account the rapid loss of infectivity of SARS-CoV-2 in wastewater
within a few days at 20 °C, and the necessarily long periods of storage
of sludge before land spreading, ranging from a few weeks to several
months, the presence of infectious SARS-CoV-2 in stored sludge seems
very unlikely. Additionally, our results demonstrate that the methods
usually applied for sludge hygienization, consisting of heat or pH treat-
ment, will be very efficient in eliminating infectious SARS-CoV-2 parti-
cles, if any is still present in sludge. Somatic coliphages are clearly
highly conservative indicators of SARS-CoV-2 inactivation. All thermal
and pH-based treatments that can remove or significantly reduce so-
matic coliphages (e.g. ≥6 log10 for a class A reclaimed water (Alcalde-
Sanz and Gawlik, 2017)) should be viewed as effective SARS-CoV-2
treatments. Consequently, somatic coliphages constitute a simple,
easy-to-implement and cost-effective surrogate to validate the effec-
tiveness of SARS-CoV-2 treatments.
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