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Abstract

Severe Acute Respiratory Syndrome CoronaVirus 2 (SARS-CoV-2) is mainly transmitted through the respiratory tract. It can also
be found in faeces leading to its detection in wastewater and potentially in sewage sludge. This one can be used in agriculture as a soil
amendment. In France, the spreading of sludge is controlled in order to limit the dissemination of pathogenic microorganisms including
SARS-CoV-2 since the pandemic. However, the control only concerns the analysis of bacteriophages. The present study was carried out
to assess the presence of the virus in sewage sludge and compare with bacteriophages results. It describes the validation of a method for
the isolation of SARS-CoV-2 RNA for detection by RT-PCR, using a surrogate virus. Two virus concentration methods and three nucleic
acid extraction methods were compared. After validation, the most efficient method was applied to field samples (n=34) from Normand
sewage treatment plants during the pandemic. Then, the results were compared with bacteriophage loads. According to our results, PEG
precipitation followed by a nucleic acid extraction based on cleared lysate with phenol:chloroform:isoamy! alcohol, then concentrated
and purified on anion-exchange column was selected. This process resulted in a yield of 39.6+37.3%. The field study confirmed the
presence of SARS-CoV-2 in both primary and hygienized sludges. The comparative analysis suggested that the study of the effectiveness
of sanitation on bacteriophages does not appear representative of that on SARS-CoV-2. In addition to the bacteriophages test, a direct

search for the SARS-CoV-2 is recommended to evaluate the sanitation of sludge.
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1 Introduction

Since its emergence in Wuhan (China) at the end of 2019,
the Severe Acute Respiratory Syndrome CoronaVirus 2
(SARS-CoV-2) is responsible for the worldwild Coronavirus
disease 2019 (COVID-19) pandemic. SARS-CoV-2 is
classified as a 3-coronavirus and belongs to the Coronaviridae
family under the Cornidovirineae sub-order, the Nidovirales
order and the Orthornavirae kingdom [1]. It is an enveloped,
positive-sense, single-stranded RNA virus, which has an
affinity for epithelial cell and respiratory system [2]. COVID-
19 is a highly contagious respiratory disease spread through
nasal secretion but several studies have highlighted the
presence of the virus in various human samples [3], including
stool samples [4] [5] [6]. Because of their excretion in faeces,
enteric viruses and non-enteric viruses such as SARS-CoV-2
are present in wastewater [7], and consequently found in
sewage treatment plant residues [8] [9]. The treatment of
wastewater involves several steps. First, thickening and
dehydration to reduce their volumes and, in a second time,
hygienization to decrease the concentration of microorganisms.
The treatment leads to the formation of sludge, which is the
main product of wastewater plants. The resulting sludge can be
incinerated, but it also can be used in agriculture. Its abundance
of organic matters and fertilising elements confer it agricultural

benefits [10]. Their release into the environment is a serious
concern and represents a potential health risk due to the
presence of pathogenic microorganisms [11]. In France, the
spreading of sludge from processed wastewater is highly
regulated [12] [13]. There are standardised methods for testing
the viability of enteric viruses (enterovirus) [14], germs
(Escherichia coli) [15] or parasites (worms) [16] in sludge. But
due to the SARS-CoV-2 pandemic, authorities must tighten
controls before their release into the environment. To date, the
only mandatory test to assess the sanitary compliance of sludge
prior to land application with respect to the presence of viruses
is a bacteriophage search. But no analysis for SARS-CoV-2 is
required to assess its presence. As reported in several studies,
SARS-CoV-2 is detected in sewage water [17] [18] [19].
Protocols for viral isolation and detection of SARS-CoV-2 by
reverse transcriptase-polymerase chain reaction (RT-PCR)
from sewage are available [18] [20]. But, at the time of the
study, no detection method and few data concerning the
presence of SARS-CoV-2 in sewage sludge were published, to
our knowledge.

In the current study, two elution processes and three RNA
extraction Kkits were compared in order to detect the virus by
RT-PCR. The most efficient system was validated and used to
test the presence of SARS-CoV-2 in field samples from
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Normand sewage treatment plants during the COVID-19
pandemic. The results were compared to the detection of
bacteriophages from the same sludges.

2 Materials and methods
2.1 Development of a method to detect SARS-CoV-2 in sewage
sludge
2.1.1 Spiking solution

In order to avoid any health risks, the method was
developed using a surrogate virus: the Bovine Coronavirus
(BCoV). Like SARS-CoV-2, BCoV is an enveloped, positive-
sense, single-stranded RNA virus of Coronaviridae family [21].
Its genome is approximatively 31 kb [22] against near 30 kb for
SARS-CoV-2 (NCBI Reference Sequence: NC_045512.2). A
vaccine strain of BCoV (Scourvax® — Pfizer) was grown on
human colon cells (HRT18 - ATCC® CRL-11663™) as
reported in Hogue et al. [23]. The viral strain was titrated with
the Spearman-Karber method [24] at 103'TCID50 (Median
Tissue Culture Infectious Dose)/25 pl. Strain was aliquoted into
single-use volumes and stored at -80°C.

2.1.2 Sewage sludge

From August to November 2020, sludges were collected
from different treatment plants in Normandy (France). For
each, pH and dry matter rate were calculated with conventional
methods. To work with different types of sludge (alkaline/basic
and dry/wet), three of them were selected. The absence of
BCoV in these sludges was confirmed by specific RT-PCR
(described below) and each was artificially inoculated with the
spiking solution, directly into the mass.

2.1.3 Virus elution and concentration

For the elution, 100 mL of a beef extract (Gibco™) with
glycine solution (beef extract 3% w/v, 50 mM glycine) were
added to 10 g of artificially inoculated sludge. The mixture was
homogenized under magnetic stirring after adjustment to pH
9.5 for a minimum of 15 min or until completely dissolved, at
room temperature. From this solution, two concentration
methods were performed: organic flocculation in acid medium
and precipitation with polyethylene glycol 8000 (PEG8000)
with NaCl.

Method 1 (Concentration by organic flocculation in acid
medium): The virus elution mixture was centrifuged at 3,000 x
g for 15 min at room temperature. The supernatant was
collected, acidified to pH 4.0 using a hydrochloric acid solution
(AN HCI) and mixed by magnetic stirring for 45 min at room
temperature. The viral particles were pelleted at 3,500 x g for
45 min at +4+2°C. The supernatant was discarded and the pellet
was re-suspended in 2 mL of sterile purified water. The pH was
adjusted to pH 7.0 using a sodium hydroxide solution (1N
NaOH).

Method 2 (Concentration by precipitation with PEG8000
and NaCl): The virus elution solution was centrifuged at 4,500
x g for 30 min at +4°C2°C and the supernatant was mixed with
10% (w/v) PEG8000 and 2.25% (w/v) NaCl. The mixture was
agitated manually up to disappearance of the flakes and
subsequently centrifuged at 12,000 x g for 2 h at +4 +2°C. The
supernatant was discarded without disturbing the pellet and a
second centrifugation at 12,000 x g was performed for 5 min at
+4 +2°C. The supernatant was carefully removed and the pellet
was resuspended in 2 mL of sterile purified water.

2.1.4 Acid nucleic extraction
After each concentration method, the viral RNA contained
in the pellets was extracted using three kits: the silica column
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(SC) isolation and purification kit (Q1Aamp® Viral RNA Mini
Kit — QIAGEN), the magnetic bead-based viral nucleic acid
(MBB) isolation kit (NucleoMag™ Pathogen kit -
MACHEREY NAGEL™) or the RNA isolation kit from soil
and difficult environmental samples (RNA 1S) (RNeasy®
PowerSoil® Total RNA Kit — QIAGEN). All extractions were
performed following the manufacturer’s recommendations.

To assess the presence of PCR inhibitors and to define the
most optimal process, all the extracts were analysed under three
conditions: pure, diluted in nuclease free water (1:10) and
purified form. The PCR inhibitor clean up kit (OneStep™ PCR
Inhibitor Removal Kit ZYMO RESEARCH - OZYME) was
used for purification following the manufacturer’s instructions.

2.1.5 Amplification

The RNA extracts were amplified by TagMan® real time
RT-PCR. The primers and probe (developed and routinely used
by the diagnostic virology department of LABEO) target a gene
encoding a membrane protein of the Bovine Coronavirus
(GenBank 1D BBM61442.1). The following oligos were used:
forward primer BOCO-1
5’GGTGGAGTTTCAACCCAGAA3’, reverse primer BOCO-
2 5’CGCTTATACGTGAGCAGGTG3’ and TagMan® probe
5S’TCTTTGTCAGATTTGCCAGCS3’ labelled with the 6-FAM
fluorescent tag. The gene amplification was performed in a
total volume of 25 pL composed with 5 pL of the 5x
QuantiTect® Virus master mix (QIAGEN), 0.2 uL of each
primers (20uM), 0.5 pL of probe (5 pM), 0.25 pL of 100x
QuantiTect® Virus RT mix (QIAGEN), 13.85 puL of RNase-
free water (QIAGEN) and 5 pL of RNA extract. Thermal
cycling conditions, using a QuantStudio™ 12K Flex Real-Time
PCR System (Thermofisher Scientific), were as follows:
reverse transcription in 1 cycle of 50°C for 20 min followed by
real-time PCR consisting of 1 cycle of 95°C for 5 min following
by 45 cycles of 95°C for 15 s and 60°C 45 s. Positive (dilution
of the strain extract) and negative (RNase-free water) controls
were systematically included at each run. Data were exploited
on QuantStudio™ 12K Flex System Software.

2.2 Validation of the selected method
2.2.1 Detection limit

The detection limit was determined using one neutral and
one alkaline sludge. Each was artificially inoculated with 150
pL of the BCoV strain at different dilutions: 1:100, 1:500,
1:1000 and 1:5000, i.e. 76, 15, 8 and 2 TCID50 per 150 pL
respectively. Each viral load level was tested in triplicate. After
isolation and purification of the viral RNA a RT-PCR was
performed on extracts using the system described above. The
detection limit of the method was assessed at 100%, i.e. the last
dilution where all triplicates gave positive PCR signals.

2.2.2 Repeatability

A RT-PCR was performed on extracts from four replicates
of a sludge inoculated with 150 pL of a BCoV strain dilution
corresponding to the detection limit. Repeatability was
assessed by the coefficient of variation (CV) of the cycle
threshold (Ct) values obtained.

2.2.3 Performance

The amount of detected virus was calculated from a
standard curve generated from a tenfold serial dilution of an
extract of the pure spiking solution. For each test the yield was
estimated by the ratio of the amount of the virus detected to the
amount initially inoculated.
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2.3 Application in field samples

SARS-CoV-2 was tested using the validated method on
field samples. It was applied to 34 sludges received at the
laboratory during and after different pandemic peaks, from
June 2021 to April 2022. Sludges were collected from several
wastewater treatment plants and had different hygienization
statuses: primary sludge or hygienized sludge (dried or limed).
They were treated within 48 hours of receipt using the current
method. The detection of SARS-CoV-2 was performed with the
ARGENE® SARS-COV-2 R-GENE® kit (BIOMERIEUX)
targeting the N and RdRp genes of SARS-CoV-2.

The analyses were validated using the BCoV strain spiking
solution as a process control allowing a yield to be to calculated
per analyse. Samples were loaded with a 1:10 dilution of the
strain. BCoV specific real time PCR described above, was
performed on extracts from each test to determine the method
performance by calculating the ratio between the amount of
virus detected and the amount of virus inoculated.
Concurrently, the field samples were analysed for the presence
of bacteriophages. Their detection was realized according to the
ministerial decree of April 20, 2021 [12] and the norm NF EN
ISO 10705-2 [25] describing the method of detection and
quantification of somatic coliphages in sludge.

2.4 Statistical analysis

Results of SARS-CoV-2 tests were compared to results of
bacteriophage enumerations. The sensibility (formula a), the
specificity (formula b), and the accuracy (formula c) were
calculated to check the adequation of positive tests, negative
tests and overall respectively, between the two methods. The
kappa index was selected to study the agreement of the two
methods. The interpretation of kappa values is based on the
classification of Landis and Koch [26].

N = number of samples. pos: positive. neg: negative.
Formula a (sensitivity):

_ N pos bacteriophages and SARS — CoV — 2

N pos bacteriophages
Formula b (specificity):

Se x 100

s N neg bacteriophages and SARS — CoV — 2
p= x

N neg bacteriophages
Formula c (accuracy):

Ac =

100

(N pos bacteriophages and SARS — CoV — 2 + N neg bacteriophages and SARS — CoV — 2) 10
x

N total

3 Results
3.1 Development
3.1.1 Virus concentration

The first assay of the development was carried out on an
alkaline sludge (pH 12.20) with a dry matter content of 30.70%
while the second and third assays were carried out on a single
neutral sludge (pH 7.40) with a dry matter content of 3.67%.
The two methods, precipitation by acidification (method 1) and
precipitation in presence of PEG8000 (method 2), showed
distinct results in the majority of cases. Differences in PCR
detection between both methods were observed. Independently
of the extraction kit, detection with method 2 was earlier than
with method 1 in all three trials (Table 1). The Ct values
obtained with the precipitation method were always lower with
ACt value ranging from 0.66 to 4.63, compared to those
obtained with the acidification method. Moreover, method 1
did not allow the detection of the RNA in the second assay with
the MBB Kit.

Table 1: Ct values of diluted extracts as a function of
concentration and extraction method. The Ct values are
inversely proportional to the amount of detected virus. MBB:
magnetic bead-based viral nucleic acid isolation kit. SC: silica
column isolation and purification kit. RNA IS: RNA isolation
kit from soil and difficult environmental samples. n/a: data not
available

Concentration MBB SC RNA IS
1%assay method 1 35.59 35.63 31.83
method 2 30.96 32.87 31.17
2™ assay method 1 Not detected 42.43 27.85
method 2 44.19 38.90 26.55
39assay method 1 n/a nla 35.38
method 2 n/a n/a 34.00

3.1.2 Acid nucleic extraction
Alkaline sludge concentrated by acidification (first assay,
method 1) showed the earliest PCR signal detection with the
RNA IS kit with a ACt value of 3.76 and 3.80 compared to the
two other kits. After concentration by precipitation (first assay,
method 2), the SC kit showed the latest detection, with a ACt
value of 1.91 and 1.70 with the others. The RNA IS and the
MBB kits gave similar results with less than 0.30 Ct difference.
In the second assay, PCR on the MBB kit extract showed no
PCR signal with acidification concentration (method 1) and a
late Ct (44.19) with precipitation concentration (method 2). For
both concentration methods, only an extract with the SC kit
allowed the detection of the RNA virus with a Ct of less than
40. In contrast, the RNA IS kit gave early Ct values: 27.85 for
method 1 and 26.55 for method 2. Ct values between pure,
diluted, and purified extracts were compared (Table2). All
diluted extracts had lower Ct values or similar (less than 1Ct)
than the pure extracts. 66% of the diluted extracts showed better
PCR signals than the purified extracts. While purification of the
extract gave a low Ct value for three samples, it did not allow
the detection of the virus for three other samples, though their
respective diluted extracts were positive.

Table 2. Ct values of pure, diluted and purified extracts for all
tests of the development. MBB: magnetic bead-based viral
nucleic acid isolation kit. SC: silica column isolation and
purification kit. RNA IS: RNA isolation kit from soil and
difficult environmental samples. n/a: data not available. For
each method and extraction kit, the lowest Ct values among
pure, diluted and purified extracts are highlighted (bold)

Concentration Extraction

method it Pure Diluted Purified
31.13 31.83 30.63
RNA IS 33.97 27.85 32.81
42.66 35.38 n/a
method 1 sc Not detected 35.63 Not detected
Not detected 42.43 Not detected
35.26 35.59 33.13
MBB Not detected Not detected n/a
29.85 26.55 29.42
RNA IS 38.45 31.17 n/a
34.98 34.00 n/a
method 2 sC Not detected 32.87 38.26
Not detected 38.90 Not detected
33.30 30.96 29.32
MBB Not detected 44.19 n/a

For the further validation, the system using PEG
precipitation (method 2) followed by the extraction with the
RNA IS kit was chosen because of its better recovery of viral
RNA from the eluate.
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3.2 Validation of the selective method
3.2.1 Method detection limit

The validation of the method was carried out using two
sludges: a neutral sludge (pH 7.40) and a limed sludge (pH
12.20) with dries matters of 3.70% and 30.75%, respectively.
For both sludges, only extracts obtained with 2TCID50/150 L
spiking solution gave negative signals. Triplicates at lower
dilutions were all positive (Table 3).

Table 3: Ct values of diluted extracts from triplicates of sludges
artificially inoculated with different virus loads. CV of
triplicates. Ct: Cycle threshold. CV: coefficient of variation

Load Neutral sludge Limed sludge
oa Ct value Ccv Ct value Ccv

34.22 35.36

Zlf_TC'Dw 10 3440 046  [34.59 1.10
34.11 34.53
35.15 36.33

ﬁTC'Dw 150 3506 080 [36.67 0.95
35.59 35.98
36.52 36.30

8 TCID50/150 uL 36.20 097 |37.56 0.90
35.82 36.38
41.26 Not detected

2 TCID50/150 pL Not detected Not detected
40.16 Not detected

3.2.2 Repeatability

At the detection limit (8 TCID/150 L), diluted extracts of
the four replicates had Ct values between 34.33 and 36.81
(Table 4). SD and CV were 1.02 and 2.86, respectively.
Repeatability was acceptable and this was strengthened by the
Ct values obtained during the estimation of the detection limit
(Table 3). Each triplicate had a CV between 0.46 and 1.10
which confirmed the reliability of the method.

Table 4. Ct values of extracts from four replicates of a sludge
inoculated with 8TCID/150 uL spiking solution. SD and CV
calculated with values of the four replicates. SD: standard
deviation. CV: coefficient of variation

Replicate Ct value
1 35.67

2 35.85

3 34.33

4 36.81
SD 1.02

cv 2.86

3.2.3 Performance method

Yield was calculated on each development test, carried out
with the different sludges and at different virus load levels. It
ranged from 2.3% to 83.5%. The average values were
52.7+£42.7% for neutral sludge and 19.9+12.2% for alkaline
sludge.

3.3 Application

A total of 34 sludge samples (Table 5) were analysed from
June 2021 to April 2022. The 10 first sludges (samples 1 to 10)
were collected from distinct treatment plants in June 2021
which corresponded to a period following a peak of pandemic
in Normandy. Those presented a great variability of dry matter
content, ranging from 0.59% to 84.33%. Yields for these
samples varied from less than 1% to 30.5%. 4 samples out of

238

10 showed a positive signal for SARS-CoV-2 real time PCR
test. Ct values ranged from 35.9 to 38.5. Generally, only one of
the two genes (N gene) targeted by the PCR was amplified in
positive extracts. In a second time, nine unhygienized sludges
(samples 11 to 19) were collected from a single water treatment
plant between August and October 2021, at the rate of one
sample a week. Dry matter contents were relatively similar,
around 20.14+0.56%. As the precedent samples, a sludge
showed a low yield, less than 1%. Others ranged from 5.5% to
25.2%. Four out of nine sludges obtained a positive signal for
SARS-CoV-2. As in the first campaign, only the N gene was
detected in positive extracts with a Ct higher than 36.9.

From October 2021 to November 2022, four primary sludges
were collected (samples 20 to 23) in a single treatment plant.
The same sludges were collected again after hygienization by
drying over two to four months (samples 24 to 27). For primary
sludges, dry matter contents were relatively equivalent for three
out of the four sludges (18.03% to 19.10%), the last sludge was
more liquid with 1.59% dry matter. SARS-CoV-2 RNA was
detected in only one sample with an early Ct (32.8) and yields
ranged from 1.6% to 23.6%. For dried sludges, dry matter
contents ranged from 78.84% to 83.97%, two sludges showed
a positive PCR signal for SARS-CoV-2 but yields were lower
(less than 1% to 3.4%). To complete the data with sludge that
undergone another treatment, seven limed sludges were
analysed (samples 28 to 34). The dry matter content of these
sludges ranged from 4.49% to 28.21%. Yields ranged from less
than 1% to 15.8%. Two were positive for SARS-CoV-2 test
with a late Ct and only the fragment on the N gene was
amplified.

In parallel of the search for SARS-CoV-2, sludges were
analysed for bacteriophage detection and enumeration which is
currently an alternative way of checking the effectiveness of
hygienization against viruses. The primary sludges, with the
exception of sample 10, were all positive for bacteriophages at
widely varying levels, ranging from 1 794 PFU/g MS to almost
189 000 PFU/g MS. In contrast, only six out of these 14 sludges
(samples 10, 11, 12, 14, 17 and 20) were positives for SARS-
CoV-2. The hygienized sludges showed lower bacteriophage
loads, with eight sludges (samples 25 to28 and 30 to 33)
containing less than 10 PFU/g MS. The remaining three sludges
(samples 24, 29 and 34) containing 634 PFU/g MS at most.
SARS-CoV-2 RNA was detected in four sludges (samples 24,
27,32 and 34). The four sludges with the highest bacteriophage
loads (samples 1,2,14 and 20) were also positive for SARS-
CoV-2. By contrast, four other SARS-CoV-2 positive sludges
(samples 9, 10, 27 and 32) were nearly free of bacteriophages.
The bacteriophage kill rate between samples 20 and 24 (same
sludge before and after drying) was 2.47 log. With regard to
SARS-CoV-2, the difference in Ct value between the same
samples showed a decrease of less than 1log (Ct of 32.8 for
sample 20 and 35.2 for sample 24).

3.4 Statistical analysis

Positive samples for both bacteriophages and SARS-CoV-
2 tests represented 37% of the samples (Table 6). The
simultaneous absence of both microorganisms accounted for
60% of the samples. Overall, only 44% of sludges were
concordant for the concomitant presence or absence of both
microorganisms, representing 19 samples out of 34 that did not
match. The kappa index was evaluated below 0, reflecting two
discordant methods.
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Table 5: Type of sludge and results of analysis of dry matter,
SARS-CoV-2 detection and bacteriophages enumeration of
field sludge samples. Yield of process determined on BCoV
virus recovery. PFU/g MS: plaque-forming unit per gram of dry
matter. n/a: data not available. PS: primary sludge. DS: dried

sludge. LM: limed sludge

SARS-CoV-2 Bacteriophages

Sample Hygienisation  Dry matter Yield

PCR result (Ct) (PFU/g MS)
1 n/a 1.32% POSITIVE (35.9) 17.8% 29 635
2 nla 0.59% POSITIVE (38.5) 1.0% 26 895
3 nfa 0.88% negative 4.7% 23810
4 nla 15.47% negative 30.5% 16 156
5 nla 2.00% negative 7.5% 15 496
6 nla 5.72% negative 3.9% 5419
7 nla 4.57% negative 23.7% 1532
8 nla 1.33% negative 2.1% 3752
9 n/a 84.33% POSITIVE (37.7) <1% <10
10 PS 1.86% POSITIVE (38.3) 3.1% <10
11 PS 20.17% POSITIVE (36.9) 6.6% 15371
12 PS 19.91% POSITIVE (38.1) 25.2% 7533
13 PS 19.80% negative 15.1% 12 625
14 PS 19.62% POSITIVE (38.1) 12.6% 48 921
15 PS 19.39% negative 6.8% 10313
16 PS 20.06% negative <1% 6981
17 PS 20.32% POSITIVE (37.2) 5.5% 7383
18 PS 20.78% negative 6.2% 4811
19 PS 21.18% negative 21.2% 1794
20 PS 1.59% POSITIVE (32.8) 23.6% 189119
21 PS 19.10% negative 12.9% 7329
22 PS 18.77% negative 21.4% 5062
23 PS 18.03% negative 1.6% 17 197
24 Ds 78.84% POSITIVE (35.2) 3.4% 634
25 DS 80.20% negative <1% <10
26 DS 83.97% negative 1.7% <10
27 DS 80.30% POSITIVE (39.7) 1.1% <10
28 LS 28.21% negative <1% <10
29 LS 5.38% negative 4.4% 370
30 LS 26.94% negative <1% <10
31 LS 4.49% negative 5.1% <10
32 LS 22.38% POSITIVE (39.5) 2.0% <10
33 LS 15.38% negative 15.8% <10
34 LS 25.57% POSITIVE (38.5) 3.1% 235

Table 6: number of positive and negative sample for
bacteriophages and SARS-CoV-2. Se: Sensitivity. Sp:
Specificity. Ac: Accuracy
Bacteriophage positive Bacteriophage negative
>10 PFU/g MS <10 PFU/g MS

SARS-CoV-2 positive 9 4
SARS-CoV-2 negative 15 6
Se =37% Sp = 60%
Ac = 44%
4 Discussion

The development of an effective method for detecting
SARS-CoV-2 in sludge was the first step to investigate the
presence of the virus in sewage sludge. This enabled field
samples to be monitored to compare the results with the current
analysis used to verify the sludge sanitation. PEG precipitation,
which is commonly use to concentrate viruses from water [9]
[27] [28] [29] and has even been published for SARS-CoV-2
[20] appeared to be a good approach for the concentration of
SARS-CoV-2 from sludge. During development, PEG
precipitation was able to consistently recover more virus than
the acidification method. For extraction, the RNA IS kit was
the only one allowing the detection of viral RNA in the pure,
diluted and purified forms of the extract in all cases. In addition,
more viral RNA was detected with this kit than with the other
two kits. Sludge components, such as metals, detergents or
chemicals [11], can make detection by amplification enzymes
difficult due to the presence of many inhibitory substances [30].
The comparison of Ct values between pure and diluted extracts
confirmed the presence of inhibition of amplification reaction.
Analysis of the purified extracts showed that a 1:10 dilution in
nuclease free water is more effective in reducing inhibition than
purification of the extract with the kit used in the current study.

The technique allowed detection of the virus up to 8 TCID50
in 10 g of sludge, for both neutral and limed sludge with an
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acceptable repeatability. Unfortunately, no quantified genetic
material of the BCoV strain was available at the laboratory to
determine a detection limit in terms of viral genome copy
number. Whatever the physical and chemical composition of
the sludge, the average yield was 39.6%+37.3% during
development and varied from <1% to 30.5% for field samples.
These results were relatively consistent with Barril et al [20]
who recovered from 0 to 26.4% of SARS-CoV-2 from
wastewater. Kocamemi et al [31] tested the concentration of
avian Coronavirus by PEG adsorption from wastewater and
observed a virus loss of 1 to 1.5log equivalent to a yield of
approximately 3 to 10%. Studies performed with the PEG
precipitation method have reported variable recoveries.
D’Aoust et al [32] recovered 8.4+3.6% (post-grit solids) and
9.3+4.9% (primary clarified sludge) of a surrogate virus in
spiking samples while Balboa et al [33] were able to recover up
to 32.1+15.8% of the bacteriophage MS2.

As previously mentioned, SARS-CoV-2 is found in
wastewater but at the time of development, little data on its
presence in sewage sludge were available. In order to confirm
the presence of SARS-CoV-2 in sewage sludge from
Normandy, the developed method was applied to field samples.
Previous works did not detect the virus in digested sludge [33]
[34] but as Serra-Comte et al [35] the current study showed that
SARS-CoV-2 was present in primary and also in hygienized
sludge. The quantities detected were very low, close to the
detection limit. This could explain why, in most of the cases,
only one of the two genes targeted by the RT-PCR gave
positive signal. This observation has already been described
and may be a consequence of the lower detection limit inherent
in multiplex PCR [33]. The bacteriophage test is an alternative
method as indicators of the effectiveness of sludge sanitation
against viruses including SARS-CoV-2 [12]. The two methods
of hygienization, drying and liming, significantly reduced the
bacteriophage load. Bacteriophages and SARS-CoV-2 were not
systematically detected simultaneously. The search for the two
parameters, SARS-CoV-2 and bacteriophages, did not show
similar results on the presence and absence of both
microorganisms. The sensibility and the specificity between
both parameters were low with respectively 37% and 60%.
Moreover, the statistical measure of kappa showed a clear
discordance between the two methods. This, raise the question
of the interest to search bacteriophages in order to judge the
effectiveness of sludges sanitation against SARS-CoV-2.

Based on our results, the presence of bacteriophages and
their quantification did not appear to be representative of the
presence of the SARS-CoV-2 in sludge. The results, with
reference to SARS-CoV-2, did not corroborate previous work
on the link between the presence of bacteriophages and
pathogenic viruses [36] [37]. The kill rates of both
microorganisms before and after sanitation were different
between SARS-CoV-2 and bacteriophages. For example, the
analyse of one sludge showed a higher decrease (two to three
times greater) of bacteriophages than SARS-CoV-2 between
the primary and hygienized sludge. Another sludge highlighted
also a significant decrease of the bacteriophage load. However,
SARS-CoV-2 RNA was not detected in the first sample,
whereas it was detected in the second. The negative result for
SARS-CoV-2 test in the first sample might be due to the small
amount of virus present but also to the small quantity of sludge
tested compared to the large volume of sewage sludge.
However, it should be noted that the virus was still present after
desinfection. The sample 10, a primary sludge that contained a
very low quantity of bacteriophages, was however positive for
SARS-CoV-2. A second check of this sludge after treatment
did not allow a decrease in the bacteriophage level to be
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observed, given their low initial concentration. The
effectiveness of its hygienization cannot therefore be verified
and SARS-CoV-2 could therefore persist in this sludge.
Unfortunately, we were not able to recover the sludge after
hygienization to check for the presence of SARS-CoV-2.

5 Conclusions

Our results showed that the described method allowed the
detection of SARS-CoV-2 in sludge and overcomes difficulties
due to physical and chemical matrix constituents. The most
appropriate method for concentrating coronavirus after an
elution with a beef extract solution and glycine consisted of a
concentration by centrifugation in presence of PEG8000. The
nucleic acid extraction based on cleared lysate with
phenol:chloroform:isoamyl alcohol, concentrated and purified
on an anion-exchange column was most appropriate for
isolating and purifying viral RNA from the concentrate.
However, a 1:10 dilution of the RNA extract was required to
obtain an efficient detection. According to field samples results
and previous study SARS-CoV-2 persists in treated sludge and
further analysis should be carried out to confirm the relevance
of the bacteriophage testing as an indicator of the effectiveness
of sanitation of sludge against SARS-CoV-2. Knowing that the
concentration method was based on the physical characteristics
of the virus, the method allows the recovering of only the
enveloped virus. In spite of all, PCR detection based on DNA
amplification does not allow the viability of the virus to be
determined. In order to conclude on a potential risk to humans
from the handling or spreading the sludge, it might be
interesting to test the infectivity of the SARS-CoV-2 virus
isolated from it.
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