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ARTICLE INFO ABSTRACT

Keywords: The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is shed in the feces of infected people. As a
SARS-CoV-2 consequence, genomic RNA of the virus can be detected in wastewater. Although the presence of viral RNA does
COVID-19

not inform on the infectivity of the virus, this presence of genetic material raised the question of the effectiveness
of treatment processes in reducing the virus in wastewater and sludge. In this work, treatment lines of 16
wastewater treatment plants were monitored to evaluate the removal of SARS-CoV-2 RNA in raw, processed
waters and sludge, from March to May 2020. Viral RNA copies were enumerated using reverse transcriptase
quantitative polymerase chain reaction (RT-qPCR) in 5 different laboratories. These laboratories participated in
proficiency testing scheme and their results demonstrated the reliability and comparability of the results ob-
tained for each one. SARS-CoV-2 RNA was found in 50.5% of the 101 influent wastewater samples characterized.
Positive results were detected more frequently in those regions with a COVID-19 incidence higher than 100 cases
per 100,000 inhabitants. Wastewater treatment plants (WWTPs) significantly reduced the occurrence of virus
RNA along the water treatment lines. Secondary treatment effluents showed an occurrence of SARS-CoV-2 RNA
in 23.3% of the samples and no positive results were found after MBR and chlorination. Non-treated sludge (from
primary and secondary treatments) presented a higher occurrence of SARS-CoV-2 RNA than the corresponding
water samples, demonstrating the affinity of virus particles for solids. Furthermore, SARS-CoV-2 RNA was
detected in treated sludge after thickening and anaerobic digestion, whereas viral RNA was completely elimi-
nated from sludge only when thermal hydrolysis was applied. Finally, co-analysis of SARS-CoV-2 and F-specific
RNA bacteriophages was done in the same water and sludge samples in order to investigate the potential use of
these bacteriophages as indicators of SARS-CoV-2 fate and reduction along the wastewater treatment.

Wastewater
WWTP
Sludge

1. Introduction responsible for the COVID-19 disease, a pandemic declared by the World
Health Organization (WHO) in March 2020. SARS-CoV-2 belongs to the
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), is Coronaviridae family. Coronaviruses are enveloped, RNA single-stranded
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and positively charged viruses (at neutral pH). This family includes
other human pathogenic viruses, such as SARS-CoV and MERS-CoV.

COVID-19 induces respiratory symptoms leading to a critical disease
such as pneumonia in 14-17% of the cases (Jones et al., 2020). Besides,
other symptoms include fever, cough, dyspnea and gastrointestinal
symptoms (nausea, vomit, diarrhea). Accordingly, SARS-CoV-2 RNA has
been detected in the respiratory tract, blood and feces of infected people
(Jones et al., 2020). SARS-CoV-2 shedding by infected people has been
observed in asymptomatic individuals (Park et al., 2020), patients dur-
ing clinical symptomatology and after patient’s recovery for a mean of
12.5 days and up to 33 days after respiratory samples reported negative
results (van Doorn et al., 2020). However, the viral infectivity in these
samples is still not well understood. For instance, Wolfel et al., (2020),
suggested that no infective viral particles can be found in patients feces
while they were present in the respiratory tract. In addition, Zang et al.
(2020) demonstrated that SARS-CoV-2 released into the intestinal lumen
were inactivated by simulated human colonic fluid, and infectious virus
was not recovered from the stool specimens of COVID-19 patients. On
the contrary, (Wang et al., 2020) and (Xiao et al., 2020) recovered in-
fectious virus from stool samples tested positive for SARS-CoV-2 RNA.

The shedding of SARS-CoV-2 RNA in COVID-19 patients feces leads
to the occurrence of viral genetic material in wastewater. The presence
of SARS-CoV-2 RNA in untreated wastewater has been observed in
different studies worldwide (Medema et al., 2020; Wurtzer et al., 2020;
La Rosa et al., 2020; Nemudryi et al., 2020; Chavarria-Mir6 et al., 2021;
Ahmed et al.,, 2020a)). The measurement of SARS-CoV-2 RNA in
wastewater may provide helpful information regarding the COVID-19
epidemic trends in particular areas (Lodder and De Roda-Husman,
2020), through the approach named wastewater-based epidemiology,
whose application has been suggested for surveillance of previous virus
outbreak such as poliovirus (Bancroft, 1957; Wiley, 1962). A good
correlation between SARS-CoV-2 RNA occurrence in wastewater and the
reported COVID-19 incidence has been shown in different areas
(Medema et al., 2020; Weidhaas et al. 2021; Peccia et al. 2020; Zahedi
et al. 2020). Furthermore, SARS-CoV-2 RNA in wastewater has been
detected in areas with low COVID-19 incidence (Randazzo et al., 2020)
or in wastewater samples collected before the first cases were reported
(Chavarria-Mir¢ et al., 2021; Medema et al., 2020), highlighting the
potential SARS-CoV-2 sewer surveillance as an early warning system
(Peccia et al., 2020).

Although preliminary studies performed by Westhaus et al., (2021)
suggest that wastewater is unlikely to be a major route of transmission
for SARS-CoV-2 to humans, fecal transmission of SARS-CoV-2 has been
suggested by two epidemiological studies (Kang et al., 2020; Yuan et al.,
2020). However, the body of evidence is still low and to the best of the
authors’ knowledge, there is to date no reported excess risk of
SARS-CoV-2 infection in sewage workers. Improving the knowledge on
the fate of SARS-CoV-2 genetic material in WWTPs would be useful to
better characterize the risk related with discharges to the environment
or wastewater reuse (Lesimple et al., 2020). The effectiveness of
wastewater treatment technologies in reducing viruses has been previ-
ously documented (Oakley and Mihelcic, 2019), but information on the
reduction of specific virus types such as SARS-CoV-2 is still scarce.
Randazzo et al., (2020) determined the occurrence of SARS-CoV-2 RNA
after secondary treatment, but it was not detected after tertiary treat-
ment. Similarly, other authors highlighted the efficiency of disinfection
treatment such as chlorination in the inactivation of SARS-CoV-2 (Col-
livignarelli et al., 2020).

Considerably less information is available concerning SARS-CoV-2
RNA presence in sludge. Few studies reported the occurrence of SARS-
CoV-2 RNA in primary sludge (Balboa et al., 2021; Peccia et al.,
2020). Besides, SARS-CoV-2 RNA has been also detected in both, pri-
mary and activated sludge in different WWTPs from Turkey (Alpaslan
Kocamemi et al., 2020).

Given the widespread detection of SARS-CoV-2 RNA in raw waste-
waters, there is the need for comprehensive studies to understand the
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role of wastewater treatment in the elimination of SARS-CoV-2 RNA and
the protection of water bodies receiving the treated effluents. The pre-
sent work reports the occurrence and quantification of SARS-CoV-2 RNA
along the treatment lines of 16 WWTPs in Spain and France receiving
wastewaters from populations presenting different COVID-19 incidence
rates. Data are provided on the efficiency of different water treatment
technologies in eliminating SARS-CoV-2 RNA, also the fate of SARS-
CoV-2 RNA in sludge lines is discussed.

2. Material and methods
2.1. Sample collection

Sixteen WWTPs (8 wastewater treatment facilities in France and 8 in
Spain) were sampled. Considering all WWTPs jointly, their water
treatment capacity is higher than 10 million population equivalents.
Samples were taken from mid-March until the end of May 2020, at
different steps of the water treatment process. The characteristics of the
monitored WWTPs are specified in the supporting information; Table S1
specifies the water and sludge treatment technology for each monitored
WWTP as well as the samples collected at each site. Overall, considering
all WWTPs investigated in the study, 164 water samples were analyzed
including 101 non-treated and 63 treated wastewater samples, origi-
nating from primary, secondary and tertiary effluents. In addition, 107
sludge samples were analyzed, including 56 non-treated sludge and 51
treated sludge samples (thickened sludge, digested sludge and digested
sludge plus thermal hydrolysis).

For water analysis, 0.5 L was collected from the WWTP influents and
primary and secondary treatment effluents, whereas 20 L were obtained
from tertiary treatment effluents. Influent water was collected with
automatic samplers as 24 h integrated samples, and the rest of the water
samples were collected using grab sampling techniques. Regarding
sludge, 0.4 L was sampled from primary, secondary and mixed sludge,
whereas 100 g were collected for solid sludge analysis. Both, water and
sludge samples were transported under refrigerated conditions and
stored at 5 + 3°C until sample processing. Samples were processed
within 24-48 hours after collection.

2.2. Sample processing

Sample concentration and RNA extraction were performed in five
different laboratories depending on the sample’s origin. The samples
obtained from the WWTPs located in France were analyzed at the
LCPME (CNRS and University of Lorraine, Nancy, France) and the
CIRSEE (Suez, Le Pecq, France) laboratories while those from Spanish
plants were analyzed in three different laboratories, i) University of
Barcelona (Spain) for samples from the Barcelona area; ii) University of
Santiago de Compostela (Spain), for samples from Ourense and iii)
Labaqua (Alicante, Spain) for samples from Alicante, Sabadell and
Murcia regions.

Slightly different protocols were followed for water and liquid sludge
concentration, depending on the laboratory. Wastewater and liquid
sludge samples from the French WWTPs were processed according to the
paper by Bertrand et al. (2021), Spanish samples (except Ourense) were
processed according to Hjelmsg et al., (2017). Finally, Ourense samples
were processed as reported in Balboa et al., (2021). Details on the
different processing protocols for wastewater, liquid and solid sludge are
reported as supporting information.

RNA extraction from concentrated wastewater and sludge samples
was performed in each laboratory according to the corresponding
equipment manufacturer’s instructions. Briefly, RNA extraction was
done using NucliSENS® (BioMérieux) kit for those water samples ob-
tained from French WWTPs. The RNA extraction from the Barcelona
area WWTPs samples was done using a Maxwell ® RSC PureFood GMO
and Authentication kit (Promega). For the rest of Spanish water samples
RNA was extracted using QIAmp Viral RNA mini kit by (QIAGEN),
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except for Ourense WWTP samples that were extracted using STARMag
96 x 4 Universal Cartridge Kit (Seegene, Seoul, South Korea).

2.3. RT-qPCR analysis

SARS-CoV-2 detection and quantification was done through RT-
gPCR analysis at the five different laboratories depending on samples
origin (as mentioned in section 2.2).

For the French WWTPs, viral RNA samples were processed with the
RNA UltraSense™ One-Step Quantitative RT-PCR System kit (invi-
trogen) and the SuperScript III One-Step RT-PCR System (Invitrogen) on
a Stratagene MX 3005P real time PCR system (Agilent). The used SARS-
CoV-2-related genes primer set included, “E” set developed by Corman
et al. (2020) targeting the envelope protein E and “RdRp-IP4” set tar-
geting part of the ORFlab developed by Pasteur Institute (Paris, France;
WHO, 2020). Both genes were quantified according to the method
described in Bertrand et al. (2021). Samples from the WWTPs at the
Barcelona area were analyzed using the IP4, E and N1 targets with the
RNA UltraSense™ One-Step Quantitative RT-PCR System kit (Invi-
trogen). Samples obtained from Murcia, Sabadell and Alicante WWTPs
were processed by an Applied Biosystems 7500 PCR system using the
reaction mix Tagman Virus 1-step Master Mix (ThermoFisher; 4444436)
combined with TagMan 2019-nCoV Kit (ThermoFisher; A47532) for the
analysis of three target genes, ORFlab (RNApol), S gene, N gene.
Finally, samples obtained from Ourense WWTP were characterized for
viral RNA determination by a one-step multiplex RT-qPCR Allplex sys-
tem™ 2019-nCoV (Seegene, Seoul, South Korea); the target genes were
RdRP, N gene and E gene. The specificity of the target genes used in each
laboratory has been previously reported in bibliography (references are
described at table 1 for each target gene). All target genes had a high
specificity for SARS-CoV-2, except for E gene that is specific for
SARS-Coronavirus (Barra et al., 2020). Therefore, to minimize the risk of
false positives results, a minimum of two out of all target genes used in
each laboratory should give positive results to consider the sample as
positive. For quantification purposes of SARS-CoV-2 genomic copies,
ten-fold serial dilutions of a quantified SARS-CoV-2 RNA reference

Table 1
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material (Twist synthetic SARS-CoV-2 RNA control 2 (MN908947.3;
Ref.: 102024; Twist biosience) was used to prepare the standard curves
to compare the Cycle threshold (Ct) values obtained in the analyzed
samples. The highest concentration detected from the different targeted
genes was reported for each positive sample.

To account for role of potential inhibitors blocking amplification,
Amplification Controls, internal (IAC) or external (EAC) were included
in each sample. Briefly, in the case of Labaqua samples a fragment of the
human RNase P was amplified simultaneously with each specific RNA
target (TagManTM 2019nCoV Assay Kit v1). A mean value for RNase P
was obtained by analyzing at least 30 negative samples. Then an
acceptation interval was stablished as the media value of +/-3 times the
standard deviation. Samples with RNase P outside this interval were
considered inhibited (ISO 22174 2005). Regarding the University of
Santiago de Compostela, internal control provided by the RT-qPCR kit
(Allplex 2019-nCoV Assay test) was used in raw and diluted samples. In
the University of Barcelona laboratory, TGV virus was used, as well as
logarithmic dilutions (1/10). For French samples the estimation of
RT-qPCR inhibition in the wastewater samples was based on the con-
centrations of F-specific RNA phages of genogroup II (FRNAPH GGII)
detected by using the primers set “VTB4-F-GII” published by (Wolf et al.,
2010). For raw wastewater, logarithmic dilutions (1/10 and 1,/100)
were performed in PCR grade water following viral RNA extraction. The
RT-qPCR assay was then carried out on both undiluted and diluted RNA
extracts. The percentage of inhibition was estimated for undiluted and
1/10 samples by taking the concentration obtained from the 1/100
samples as a reference, due to the high dilution of potential inhibitors.
For sludges, values of concentrations of FRNAPH GGII phages were used
as quality control to take in account role of potential inhibitors of the
sample matrix.

In addition to SARS-CoV-2 RNA, F-specific bacteriophages RNA was
characterized in some samples. Briefly, for the FRNAPH GGII genome,
the VTB4-Fph GII set published by Wolf et al. (2010) was used with the
SuperScript III One-Step RT-PCR System with 1 pM of each primer,
0.275 uM of probe in 20 pl final reaction volume with 2ul of RNA and 0,
75 pl of Superscript III RT/Platinum Taq mix. On the Stratagene system,

Analytical performance parameters from the five laboratories involved in the study. Recoveries, detection and quantification limits, standard curves R? and efficiency

are reported as mean values per laboratory.

Laboratory Target genes Standard Inhibition Recovery Reference material Detection limit
(reference) curvesSlope assessment (%) complete
process

Labaqua ORFlab (Lue -3.22 Human 11-55% Accuplex SARS-CoV-2 Reference material kit 7,2 x 102 ge/L

et al., 2020) -3.13 RNasaP (n=158)
S gene (Lu et al., -3.49

2020)

N gene (Lue et al.,

2020)

University of RdRp IP4, -3.40 Dilution 2.53% + SARS-CoV-2 synthetic RNA (MN908947.3, Twist Bioscience) 1 x 102 ge/L for

Barcelona (Institut Pasteur, -3.44 analysis* 0.17% 1P4, E and N1
Paris) -3.51 (n=70) genes.
E (Charité, Berlin)
N1 gene (CDC,
Atlanta)

LCPME RdRp IP4 (Pasteur  -3.61 FRNAPH GII 55.8-64.0 % RARP-IP4: RNA extracted from tested positive patients 2 x10%-2 x 10°
(University of Institute, Paris, -3.28 (n=4) Gene E: eurofins genomics for RdRp IP4
Lorraine) France) genes.

E gene (Corman 2 x 102 ge/L for
et al., 2020) E genes.

CIRSEE RdRp IP4 (Pasteur  -3.21 FRNAPH GII 12-116% RdRp -IP4 and E amplicons in genscript plasmid from in vitro 2x10%2-2 x 10°

Institute, Paris, -3.47 (n=7) transcribed RNA derived from strain for RdRp IP4
France) BetaCov_Wuhan_WIV04_2019 (NC_004718.3) (Pasteur institute genes.

E gene (Corman donation). (Pezzi et al., 2020) 2 x 102 ge/L for
et al., 2020) E genes.

Univ. Santiago E, RdRp and N -3.24 33.3% + RT-qPCR Allplex system™ 2019-nCoV Reference material kit, 1 x 10°% ge/L
de (not provided by 15.6%.

Compostela kit) (n=50)

" Testing two replicates of the direct sample and two replicates of the one tenth dilution
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the RT was conducted at 55°C during 20 min followed by an initial
denaturation at 94°C during 3 min and 45 cycles including denaturation
step at 94°C during 15s, hybridization step at 58°C during 30s. Final
cooling is done at 40°C during 30s.

2.4. Proficiency testing scheme

To evaluate the performance of the laboratories involved in the
present work and to assess the reliability of the different methods used, a
Proficiency Testing (PT) scheme was performed. The test was coordi-
nated by ielab, a company accredited by Entidad Nacional de Acre-
ditacion (ENAC) for organizing PT schemes based on ISO/IEC17043
standard and the (CGA-ENAC-PPI 2020) guide. In order to perform the
test, the supplied material included two homogeneous and stable sam-
ples in liquid format (1 mL vial each) containing natural SARS-CoV-2
and one plastic bottle containing the matrix (500 mL of secondary
wastewater effluent). Regarding the analysis of the provided sample
vials, one of them (vial A) had to be analyzed directly, to evaluate RNA
extraction and RT-qPCR steps, while the other vial (B) had to be used to
inoculate the provided matrix. In this case, the evaluation comprised the
concentration of the inoculated sample matrix, RNA extraction and
RT-qPCR steps.

All laboratories analyzed the two materials in triplicate providing
qualitative and quantitative results. The PT scheme data pre-treatment
was performed according to Murtula et al., 2012, including, (i) elimi-
nate laboratories reporting false positive or negative results; (ii) make a
logarithmic conversion (log10) of the results, which allows obtaining a
Gaussian distribution (normal), and (iii) detect the outlier laboratories.
The performance of the laboratories was assessed through a Z-score
approach, as required by the (ISO 13528 2015) standard. The z-scores
were calculated from the laboratory results as follows:

x—X

Opi

where x is the average of the logarithmic values of the results of a lab-
oratory; X is the assigned value; and o)y is the Standard Deviation for
Proficiency Assessment (SDPA). To establish the assigned value the
participant’s PT results were used (Murtula et al., 2012). SDPA defines
the acceptable range variation of the laboratories on each assay. In this
PT scheme, the SDPA value has been fixed to 0.75 Log by ielab Steering
Committee to adequate it as much as possible to the fitness for purpose.
This value was determined considering the standard deviation that is
found in the concentration step and in the RT-qPCR/RT-PCR step.

The Z-score indicates how far away the score of each participant is
from the mean in units of standard deviations and in which direction
(positive or negative). The interpretation of the z-score is the following: |
Z | < 2 = satisfactory results; 2 <| Z | < 3 = questionable results; and | Z
|> 3 = unsatisfactory results (ISO 13528:2015).

2.5. Data treatment

Log removal values were calculated as follows:

Influent concentration

Log removal = log10
§ s Effluent concentration

Influent concentration refers to the SARS-CoV-2 genetic copies / L in the
influent of each WWTP. Only those samples showing positive results for
SARS-CoV-2 RNA in the influent were considered for the log removal
calculation. Effluent concentration refers to SARS-CoV-2 genetic copies
/ L in the effluent of each corresponding treatment step. For solid sludge
samples, the RNA concentration was expressed in genetic copies / Kg.
Log removal was calculated for each day of analysis and the values are
presented as mean + standard deviation for each treatment analyzed.
When virus RNA was not detected at the effluent of a given treatment, a
value of 2 logs was used for log removal calculation corresponding to the
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average limit of quantification of all methods.
3. Results and discussion
3.1. Quantitative detection of SARS-CoV-2 in wastewater samples

The performance of the different RT-qPCR methodologies applied in
the study is reported in Table 1. All methodologies provided good per-
formance in terms of the slope of the standards, recoveries and detection
limits.

3.2. Proficiency testing for the quantification of virus RNA in wastewater

The PT scheme included a total of 36 laboratories using a variety of
different SARS-CoV-2 RNA detection and quantification RT-qPCR
methods. The 5 laboratories participating in the present work,
correctly reported qualitative results (positive/negative) values. Be-
sides, from the 36 laboratories participating in the PT scheme, 19 re-
ported quantitative results. In order to evaluate the performance of the
participants regarding the quantified results reported, the Z-score was
estimated. The obtained absolute Z-score value for all the laboratories
involved in the present work was lower than 2 for vial A, which is
intended to evaluate the RNA extraction and RT-qPCR steps. The same
result (a Z-score lower than 2) was obtained also for all the laboratories
participating in the present work when analyzing and quantifying vial B,
which evaluates the concentration process, RNA extraction and RT-
gPCR analysis. Therefore, the reliability of the results obtained for all
the laboratories and the suitability of their analytical methods for SARS-
CoV-2 RNA quantification in wastewater was confirmed as established
in the (ISO 13528 2015) standard.

3.3. SARS-CoV-2 RNA in untreated wastewater and relationship with
COVID-19 cases

The occurrence and concentration of SARS-CoV-2 RNA in waste-
water are expected to be related with the COVID-19 incidence rate in the
corresponding area. It is hypothesized that the amount of SARS-CoV-2
RNA in wastewater is depending on the viral load shed in the corre-
sponding area due to both, symptomatic and asymptomatic cases.
Figure 1 shows all the influent wastewater samples collected from the
different WWTPs in which SARS-CoV-2 RNA was either detected (filled
dots) or not detected (empty dots) and the Y-axis indicates COVID-19
prevalence rate in the corresponding area at the time of sampling. Be-
sides, Figure S1 shows the evolution of SARS-CoV-2 RNA quantification
at the influent of each WWTP over time with the changes in the reported
COVID-19 incidence values.

From the 101 wastewater influent samples collected, half of them
(50.5%) showed positive results for SARS-CoV-2 RNA occurrence. Most
of the wastewater influent samples (89.5%) collected from WWTPs
located in areas with a COVID-19 incidence higher than 100 cases per
100,000 inhabitants presented positive results of SARS-CoV-2 RNA. The
number of positive samples from regions with a COVID-19 incidence
higher than 100 cases per 100,000 inhabitants was significantly higher
than the ones reporting lower COVID-19 incidence, between 1 to 100
cases per 100,000 inhabitants (p-value < 0.05, Chi-squared test). Sam-
ples collected in these areas (COVID-19 incidence rate between 1 to 100
cases per 100,000 inhabitants) showed high variability, being about half
of the samples collected positive for SARS-CoV-2 RNA. Finally, no pos-
itive samples were obtained when the incidence was lower than 1 case
per 100,000 inhabitants, however only three samples were character-
ized under this COVID-19 prevalence.

The evolution of SARS-CoV-2 RNA concentration at the influent is
represented for each WWTP with the corresponding incidence value at
supporting information, Figure S1. Most of the plants showed a
decreasing number of SARS-CoV-2 RNA copies along the sampling time.
This decreasing trend could be related in most cases with a decrease in
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Fig. 1. Influent wastewater samples from the different targeted WWTP. Y-axis represents the COVID-19 prevalence rate in the corresponding area at the time of
sampling. Filled dots represent SARS-CoV-2 RNA positive samples whereas empty dots represent no SARS-CoV-2 RNA occurrence.

the reported COVID-19 cases in the corresponding regions along the
sampling period. However, this trend did not apply to all target sites. It is
important to note that the testing capacity to report the COVID-19
incidence, was more limited at the beginning of the pandemic (when
samples were taken in France and Spain for the present study) than in
the later months. For instance, the reported COVID-19 cases in French
regions are explained at the department level, which in some cases, the
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disease trend may not be representative of the local variation of the
WWTP sanitation area. Besides, some factors could provoke variability
in the reported SARS-CoV-2 RNA concentration in wastewater. For
instance, in a thorough assessment of uncertainty in SARS-CoV-2 prev-
alence estimation by wastewater-based epidemiology, Li et al (2021)
pinpointed precipitation and the decay in sewers as major obstacles to
prevent higher accuracy. Correlation between higher COVID-19
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Fig. 2. The graph shows integrated results of all WWTPs monitored. Primary (n=5), secondary (n=30), tertiary (n=2). A) Percentage of positive and negative
samples for SARS-CoV-2 RNA occurrence in each water treatment step and B) SARS-CoV-2 RNA log removal in each treatment step comparing influent and effluent

concentration in each treatment.



A. Serra-Compte et al.

incidence and positive samples in wastewater has been observed in
previous studies, although high variability in detection has been re-
ported. Hart and Halden (2020) performed a detailed computational
analysis, showing that the detection limits would range from 1 in 114
individuals to 1 in 2,000,000 individuals (spanning 5 orders of magni-
tude). Despite the fact that wastewater based epidemiology is out of the
scope of this study, the obtained results are in line with previous works
that indicated an association between health data and viral RNA quan-
tification in wastewater (Medema et al., 2020; Randazzo et al., 2020;
(Weidhaas, 2021)).

To further evaluate the evolution of SARS-CoV-2 RNA in wastewater
treatment, only those WWTPs showing positive results in the influent
were considered in the following sections.

3.4. SARS-CoV-2 RNA in WWTP water lines

In order to evaluate the removal of SARS-CoV-2 RNA in WWTPs
water lines, samples were taken at the effluent of different WWTPs
secondary treatment (which considers the removal of primary plus
secondary treatment) as it is the most common configuration for WWTPs
worldwide. Besides, to understand the role of each treatment step, few
samples were obtained after primary treatment only, whereas some of
them were obtained after tertiary treatment (which considers primary,
secondary and tertiary treatment). Figure 2 shows the occurrence of
SARS-CoV-2 RNA at the different wastewater treatment steps, as well as
the log removal.

The common configuration of WWTPs, primary plus secondary
treatment, eliminated SARS-CoV-2 RNA from the 76,7% of the positive
samples occurring at the influent (only 7 out of the 30 secondary
treatment samples analyzed showed positive results) with a virus RNA
removal up to 1.50 + 0.80 logs (Figure 2, table S2). From this removal, a
significant part might correspond to the primary treatment which
allowed to eliminate SARS-CoV-2 RNA from the 60% of the positive
samples analyzed (only 2 out of the 5 samples analyzed showed presence
of SARS-CoV-2 RNA) with a mean log removal of 0.48 + 1.17 log of
magnitude (figure 2, table S2). Finally, no occurrence of virus RNA was
determined after tertiary treatments (2 samples analyzed) achieving
more than 1.97 =+ 0.08 logs of reduction.

SARS-CoV-2 RNA occurrence was significantly reduced after the
water treatment steps. However, our study showed that about 23% of
the effluent samples from secondary treatments were tested positive for
SARS-CoV-2 RNA. Previous studies also reported positive samples of
SARS-CoV-2 RNA after secondary treatments, including two WWTPs
from Israel (Abu Ali et al., 2020), two WWTPs in Spain (Randazzo et al.,
2020) and one WWTP in Japan (Haramoto et al., 2020). On the contrary,
other studies reported no occurrence of SARS-CoV-2 RNA after sec-
ondary treatment, despite positive samples measured in the inflow
(Kumar et al., 2020; Sherchan et al., 2020). These results suggest that
secondary treatments are not able to eliminate SARS-CoV-2 RNA in all
cases. However, virus detection after treatment can be strongly influ-
enced by the influent viral concentration, as well as by the nature of the
secondary treatment applied. Abu Ali et al, (2020) detected
SARS-CoV-2 RNA at the effluent of secondary treatment when the virus
influent concentration was close to 6 log copies / L. A similar influent
concentration was reported in one WWTP in Spain when positive sam-
ples for SARS-CoV-2 RNA in the effluent were detected. However, an
additional positive effluent sample was reported in Spain when the
influent concentration was lower than 2 log copies / L (Randazzo et al.,
2020). Therefore, the presence of RNA in effluent from secondary
treatment has been reported in the literature at various levels of RNA
concentration at the influent (between 2 and 6 log copies / L). It is likely
that the secondary treatment plays an important role in the final
SARS-CoV-2 RNA elimination rate. However, the scarcity of reported
data on secondary treatment inlet/outlet measurements hinders a more
accurate analysis of the fate of SARS-CoV-2 RNA in this section, which
would be needed to cope with the potential variability due to the
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different analytical methods applied or the variation of the wastewater
characteristics from the different studies.

In order to evaluate potential differences in the elimination of SARS-
CoV-2 RNA within different secondary treatments, the three secondary
treatment technologies covered in the study, namely activated sludge,
activated sludge plus nutrient removal and membrane bioreactor (MBR)
were compared. For each of them, the detection occurrence and the log
removal of SARS-CoV-2 RNA are shown in Figure 3.

SARS-CoV-2 RNA was not detected in 63.6% of the samples after
activated sludge followed by clarification (4 out of the 11 activated
sludge effluent samples showed positive results). Detection in the
effluent was less frequent in activated sludge plus nutrient removal
followed by clarification where SARS-CoV-2 RNA was not detected in
81% of the samples analyzed after this treatment (2 out of the 11 acti-
vated sludge plus nutrient removal effluent samples showed positive
results). Finally, there were no SARS-CoV-2 RNA positive samples in the
effluent from the MBR treatment (8 samples analyzed) (Figure 3A). The
same trend was observed when the log removals were calculated for
each treatment; samples obtained after activated sludge and clarifica-
tion, showed a mean value of 1.03 + 0.59, followed by activated sludge
plus nutrient removal and clarification, with 1.37 + 0.72 and the highest
log removal was obtained after MBR treatment being more than 1.97 +
0.93 log (Figure 3, Table S2). Our results suggested MBR as the most
effective secondary treatment in the elimination of SARS-CoV-2 RNA
from the water line. However, a high variability was observed in the
measures (presented as standard deviation) which may difficult to
determine significant differences concerning the efficiency in the elim-
ination of SARS-CoV-2 RNA within the different treatments.

Scarce information is available regarding the efficiency of water
treatment technologies in the elimination of SARS-CoV-2. For instance,
positive samples of SARS-CoV-2 RNA were observed after conventional
activated sludge treatment in three WWTPs from Germany (Westhaus
et al., 2021). Primary settling followed by activated sludge treatment
provided an elimination rate close to 2 logs for SARS-CoV-2 (Abu Ali
et al., 2020), which is slightly higher than the one reported in the pre-
sent work. Previous studies showed a higher efficiency of MBR treatment
compared to activated sludge process in the elimination of adenovirus
(Amoah et al. 2020). Removal for different types of viruses including
adenovirus, norovirus and F+ coliphages during MBR treatment has
been reported as being between 2 and 7 logs (Amoah et al. 2020). These
results of other viruses’ elimination rate agree with the ones found for
SARS-CoV-2 removal in the present work; MBR treatment has been
shown to be more effective than conventional sludge with a log reduc-
tion for SARS-CoV-2 in a similar range than the ones reported for other
type of viruses. Secondary treatments including activated sludge and
MBR can be effective in reducing SARS-CoV-2 and other type of viruses
from the water line, due to the adverse conditions that viruses are
exposed to in these treatments (Lesimple et al., 2020) and because of
virus sorption to organic particles and further elimination by settling
(Bogler et al., 2020). Further virus removal can be achieved by MBR
through virus particle retention by membrane and cake layer (Bhatt
et al. 2020).

In addition to the secondary treatment evaluation, our study pro-
vided insights on the role of primary treatment only in the removal of
SARS-CoV-2 RNA, as well as the addition of a tertiary process in the
water line. The obtained results on the primary treatment SARS-CoV-2
RNA removal of 0.48 + 1.17 log are in the range of previously re-
ported elimination for WWTPs primary treatment (Abu Ali et al. 2021)
that observed an elimination close to 1 log. Whereas no detection of
SARS-CoV-2 RNA was determined after the addition of chlorination,
applied as tertiary treatment. There is a general agreement that tertiary
treatments are effective in the elimination of SARS-CoV-2 from the
water lines (Bogler et al., 2020; Lesimple et al., 2020; Randazzo et al.,
2020). Specifically, chlorination has been previously determined as an
effective treatment for the elimination of SARS-CoV-2 (Abu Ali et al.,
2020). Nevertheless, further characterization of SARS-CoV-2 RNA
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process comparing influent and effluent concentrations after each treatment.

occurrence after primary treatment only and the addition of a tertiary
treatment should be performed to confirm the insight provided in the
present work.

3.5. SARS-CoV-2 RNA in WWTP sludge lines

Sludge samples were obtained from those WWTPs showing SARS-
CoV-2 RNA positive results in the water influent samples. Firstly, non-
treated sludge was obtained from primary and secondary treatments
and secondly, treated sludge was collected after sludge thickening,
anaerobic digestion and anaerobic digestion plus thermal hydrolysis
(Figure 4).

Non-treated sludge samples presented a high percentage of SARS-
CoV-2 RNA occurrence, being 83% of the samples positive. However,
a small percentage of positive samples at the influent were negative for
SARS-CoV-2 RNA occurrence in primary sludge, that might be related to
heavy rainfall and low solids content in the influent, as no inhibition was
detected in those samples. In the case of secondary sludge, the 57% of
the samples were positive (Figure 4A). These percentages of occurrence
are consistent with the elimination observed in water treatments (with a
detection in only 40% of the effluents after primary treatment and 23%
after secondary treatment). This can be explained by the fact that virus
particles can adsorb to solids and colloidal material because of the lipid
bilayer surrounding the SARS-CoV-2 protein capsid (Balboa et al.,
2021). In accordance, previous studies have already reported an
important occurrence of SARS-CoV-2 RNA in primary and secondary
sludge (Alpaslan-Kocamemi et al., 2020; Balboa et al., 2021; Peccia
etal., 2020), and in some cases with concentrations higher than in water
samples, which highlights SARS-CoV-2 affinity for solids.

Similarly to non-treated sludge, thickened and digested sludge also
presented a high percentage of SARS-CoV-2 RNA positive samples, being

69% and 71%, respectively. In both, thickened and digested sludge, the
reported viral log removal was negative, being mean values of -0.47 +
1.20 and -0.17 + 0.89, respectively (table S2). A negative log removal
indicates higher viral RNA concentration after the treatment when
compared to the entrance. The elimination of water at these steps
certainly contributes to the increase in viral RNA concentration in these
matrices. Previous studies reported an important occurrence of SARS-
CoV-2 in thickened sludge and pinpointed it as a hotspot of virus RNA
in the plant (Balboa et al., 2021). Besides, digested sludge showed an
occurrence of virus RNA in a similar proportion than thickened sludge.
To the best of the authors’ knowledge, no previous information
regarding SARS-CoV-2 RNA in digested sludge is available. Previous
studies with other human coronaviruses showed the occurrence of these
types of viruses in sludge samples after anaerobic digestion (Bibby et al.,
2011; Bibby and Peccia, 2013). These results pinpoint that human
coronavirus genome can be found after digestive phases, in line with the
results of the present work with SARS-CoV-2.

The only group of sludge samples with no detection of SARS-CoV-2
RNA was after anaerobic digestion followed by thermal hydrolysis.
The high temperatures applied during this treatment (150-160°C satu-
rated steam) allowed the complete elimination of viral RNA with a log
removal higher than 1.69 + 0.27. Therefore, sludge thermal hydrolysis
enabled a complete inactivation of SARS-CoV-2 and guarantees sludge
safeness if it is applied for agricultural purposes.

3.6. SARS-CoV-2 and F-specific RNA bacteriophages load along WWTP
processes

Bacteriophages are commonly used as viral indicators to determine
the efficiency of water treatments and guaranty safe water use and reuse
(Withey et al., 2005). Figure 5 shows the concentration of genome of



A. Serra-Compte et al.

>

Water Research 202 (2021) 117435

100 16.7
< .
Z 9% 30.8 28.6
~ 80
E g 70
2 g— 60
L5 50
52 a0 83.3 69.2 714
=]
$HZ 30
8 a
c 20
9]
2 10
9]
o 0
Primary sludge Secondary sludge Thickned sludge Digested sludge Digested plus thermal
hydrolisis sludge
Non-treated sludge Treated sludge
B Positive M Negative
3,0
20 . —
s
o 1,0 [}
£
e
w 0,0
o
i
-1,0
-2,0
-3,0

Thickened sludge

Digested sludge

Digested sludge plus
termal hydrolisis

Fig. 4. The graph shows integrated results of all WWTPs monitored. Primary sludge (n=6), secondary sludge (n=14), thickened sludge (n=13), digested sludge
(n=7), digested sludge plus thermal hydrolysis (n=5) A) Percentage of positive and negative samples for SARS-CoV-2 RNA in sludge samples and B) Boxplot showing
first and third quartiles and the median value of SARS-CoV-2 RNA log removal in each sludge matrix comparing influent and effluent samples after each treatment.

Log (copies/L)

O P N W Dh U1 O N O O

n.d.

Inflow Secondary sludge Secondary effluent

M Bacteriophages SARS-CoV-2

Fig. 5. SARS-CoV-2 RNA and F-specific RNA bacteriophages concentration Log
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both, SARS-CoV-2 and F-specific RNA bacteriophages in the WWTP14.
This WWTP has a secondary treatment based on activated sludge. Water
was sampled in the influent of the plant and in the effluent (after acti-
vated sludge and clarification). Secondary sludge was collected from the
activated sludge process (Figure 5). Paired samples were taken from 4
different days in the WWTP target processes.

The concentration of bacteriophages in the influent of the WWTP
was higher than the concentration of SARS-CoV-2, with mean values of
7.80 + 0.26 log copies/L and 4.26 + 0.56 log copies/L, respectively.
Bacteriophages presented also a higher concentrations than SARS-CoV-2

in activated sludge, although the difference in concentration between
both viruses was reduced at this step, bacteriophages and SARS-CoV-2
presenting respectively a mean concentration of 4.19 + 1.9 log
copies/L and 3.23 + 0.46 log copies/L in this matrix (Figure 5, Table S3).
At the effluent of the plant (after activated sludge and clarification),
SARS-CoV-2 RNA was not detected in any of the samples characterized,
whereas bacteriophages were still detected in all of them with a mean
concentration of 2.94 + 1.52 log copies/L. The wastewater treatment
line was able to eliminate SARS-CoV-2 down to below detection limits,
but not bacteriophages. However, bacteriophages presented an initial
concentration about three orders of magnitude higher than SARS-CoV-2.
F-specific RNA bacteriophages may be valid indicators of viral elimi-
nation in water treatment due to its high initial amounts and measurable
concentrations after the treatment process. Nevertheless, further studies
would be needed to determine the sensitivity of both virus along the
wastewater treatment process; considering if possible, higher concen-
trations of SARS-CoV-2 in the influent, enabling a detection of the virus
also in the effluent, in order to compare more precisely the reduction of
both viruses in the same conditions.

4. Conclusions

WWTPs significantly reduced the occurrence and concentration of
SARS-CoV-2 RNA in the water lines. However, a complete removal was
not observed in all cases in this study after secondary treatment, and
viral RNA could be still detected after activated sludge and activated
sludge plus nutrient removal followed by clarification. On the contrary,
SARS-CoV-2 RNA was not detected after MBR and chlorination applied
as a tertiary treatment.
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SARS-CoV-2 RNA was detected in large proportions of all types of
sludge, including sludge from primary and secondary treatments and
treated sludge after thickening and anaerobic digestion. These results
highlight that these treatments are not effective in eliminating SARS-
CoV-2 RNA from sludge, while, only after applying thermal hydrolysis
SARS-CoV-2 RNA was not detected.

The presence of virus RNA in the analyzed samples (wastewater and
sludge) does not imply infectivity nor integrity. Further studies are
required to estimate the infectious state of the virus in the effluents from
secondary treatments and after sludge thickening and digestion to verify
whether additional treatments are needed to protect the receiving
environments.

Finally, F-specific RNA bacteriophages presented high concentra-
tions at the influent which makes these viruses suitable viral indicators
to determine its reduction along treatment processes. However, further
research should be done in order to determine the potential of bacte-
riophages as indicators of SARS-CoV-2 elimination in water and sludge
treatments.
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