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• Gamma-irradiated SARS-CoV-2 was
used to assess method performance.

• Different methods were compared for
SARS-CoV-2 WBE surveillance.

• Tested methods showed no significant
differences for SARS-CoV-2 recovery
from wastewater.

• Automated nucleic acid extraction
showed lower LoD95% than column
based method.

• Different sensitivity of RT-qPCR assays
was observed.
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Wastewater based epidemiology (WBE) has emerged as a reliable strategy to assess the coronavirus disease 2019
(COVID-19) pandemic. Recent publications suggest that SARS-CoV-2 detection inwastewater is technically feasible;
however,many different protocols are available andmost of themethods applied have not been properly validated.
To this end, different procedures to concentrate and extract inactivated SARS-CoV-2 and surrogates were initially
evaluated. Urban wastewater seeded with gamma-irradiated SARS-CoV-2, porcine epidemic diarrhea virus
(PEDV), and mengovirus (MgV) was used to test the concentration efficiency of an aluminum-based adsorption-
precipitation method and a polyethylene glycol (PEG) precipitation protocol. Moreover, two different RNA extrac-
tionmethods were compared in this study: a commercial manual spin column centrifugation kit and an automated
protocol based on magnetic silica beads. Overall, the evaluated concentration methods did not impact the recovery
of gamma-irradiated SARS-CoV-2 nor MgV, while extraction methods showed significant differences for PEDV.
Mean recovery rates of 42.9 ± 9.5%, 27.5 ± 14.3% and 9.0 ± 2.2% were obtained for gamma-irradiated SARS-CoV-
2, PEDV and MgV, respectively. Limits of detection (LoD95%) for five genomic SARS-CoV-2 targets (N1, N2, gene E,
IP2 and IP4) ranged from 1.56 log genome equivalents (ge)/mL (N1) to 2.22 log ge/mL (IP4) when automated sys-
temwas used; while values ranging between 2.08 (N1) and 2.34 (E) log ge/mLwere observedwhen using column-
based extractionmethod. Different targets were also evaluated in naturally contaminatedwastewater sampleswith
91.2%, 85.3%, 70.6%, 79.4% and 73.5% positivity, for N1, N2, E, IP2 and IP4, respectively. Our benchmarked comparison
study suggests that the aluminumprecipitationmethod coupledwith the automated nucleic extraction represents a
method of acceptable sensitivity to provide readily results of interest for SARS-CoV-2 WBE surveillance.

© 2020 Elsevier B.V. All rights reserved.
C, European Commission; MgV, Mengovirus; PEDV, Porcine Epidemic Diarrhea virus; PEG, polyethylene glycol; SARS-CoV-2,
wastewater-based epidemiology; WHO, World Health Organization.
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1. Introduction

The use of wastewater as a tool for epidemiology tracking, known as
wastewater-based epidemiology (WBE), has a long history of use in
public health, particularly for human enteric viruses (Asghar et al.,
2014; Cuevas-Ferrando et al., 2020; Hellmér et al., 2014; Miura et al.,
2016; Prevost et al., 2015; Santiso-Bellón et al., 2020). In the midst of
the ongoing COVID-19 pandemic, WBE is being implemented globally
for the detection of SARS-CoV-2 RNA shed into wastewater, sewers,
and sludge (Ahmed et al., 2020a; Bivins et al., 2020; Guerrero-Latorre
et al., 2020; Haramoto et al., 2020; Kumar et al., 2020; La Rosa et al.,
2020; Lodder and de Roda Husman, 2020; Medema et al., 2020; Prado
et al., 2020; Randazzo et al., 2020a, 2020b; Rimoldi et al., 2020;
Sherchan et al., 2020;Wang et al., 2020;Wu et al., 2020). All these stud-
ies have been implemented in research contexts; nevertheless, different
countries are currently implementing wastewater surveillance into
their national or regional COVID-19 monitoring programs for early
warning of SARS-CoV-2 community spread and disease outbreaks
(WHO, 2020). Additionally, WBE has the potential to be applied in
high-risk settings such as nursing homes and hospital or in low-
resource settings (WHO, 2020). As recently stated by WHO, WBE re-
search should be seen as an important public health objective to ad-
vance knowledge about COVID-19, however, many technical issues
still need to be addressed (Ahmed et al., 2020b; Polo et al., 2020;
Rusiñol et al., 2020; WHO, 2020). In an attempt to coordinate current
knowledge and data gaps, the European Commission (EC) created a
Pan-European Umbrella Study to better understand the limitations
and challenges of this approach including the development of a
roadmap for a systemic rollout of complementing ongoing national
and regional surveillances in a unique approach (EC, 2020). One of the
problems highlighted by these collaborative studies is the need of stan-
dardized procedures, spanning from sampling to data analysis. In this
sense, viral concentration and nucleic acid extraction methods are two
critical steps for the analysis of viruses in wastewater and quality con-
trols must be accurately defined. To our knowledge, three studies have
compared different concentration methods using SARS-CoV-2 surro-
gates (Ahmed et al., 2020c; Jafferali et al., 2020; Rusiñol et al., 2020).
However, the analytical performances of SARS-CoV-2 concentration, ex-
traction, and detection procedures tested alongside are not yet charac-
terized for wastewater samples. Thus, the aim of this work was to
evaluate different concentration methods, nucleic acid extraction pro-
cedures, and quantitative RT-qPCR assays to efficiently detect SARS-
CoV-2 in wastewater using gamma-irradiated SARS-CoV-2, porcine ep-
idemic diarrhea virus (PEDV) as coronavirus model, and mengovirus as
non-enveloped counterpart. Importantly, limits of detection were
established using gamma-irradiated SARS-CoV-2 particles and five dif-
ferent RT-qPCR assays targeting various genetic fragments. We finally
validate the selected RT-qPCR assays in wastewater samples collected
during the COVID-19 pandemic in different regions of Spain.

2. Materials and methods

2.1. Concentration methods

An aluminum-based adsorption-precipitation and a polyethylene-
glycol (PEG) precipitation methods were compared to assess their ana-
lytical performance and thus their suitability in concentrating SARS-
CoV-2 fromwastewater. To this end, 200mLof grabwastewater samples
(n=8) that previously tested negative for SARS-CoV-2 (Randazzo et al.,
2020a) were inoculated with 105 genome equivalents (ge) gamma-
irradiated (5 × 106 RADs) SARS-CoV-2 (Bei Resources; NR-52287), 106

PCR units (PCRU) PEDV strain CV777, an enveloped virus member of
the Coronaviridae family and surrogate for SARS-CoV-2; and, 106 PCRU
mengovirus (MgV) vMC0 (CECT 100000), a non-enveloped member of
the Picornaviridae designated in the ISO 15216-1:2017 standardmethod
as process control. The PEDV cytopathogenic CV777 strain (Friedrich-
2

Loeffler-Insitut, Greifswald, Germany) and MgV vMC0 were propagated
in Vero andHeLa cellmonolayers, respectively (Puente et al., 2020). Two
hundredmilliliters of seededwastewater samples (n=4)were concen-
trated through aluminum-based adsorption-precipitation (Randazzo
et al., 2019, 2020a, 2020b). A final concentrate was then formed by cen-
trifugation at 1900 ×g for 30 min and the resulting pellet was resus-
pended in 1 mL of PBS, pH 7.4. Alternatively, 200 mL of seeded
wastewater samples (n = 4) were concentrated through precipitation
with 20% polyethylene glycol (PEG) 8000 (PanReac, Spain) and resus-
pended in 1mL of PBS, pH 7.4. Briefly, 25mL of Tris Glycine-Beef Extract
buffer (TGEB) pH 9.5 were added to each sample and incubated in agita-
tion at 300 rpm for 2 h at 4 °C. After incubation, samples were centri-
fuged at 2500 ×g for 10 min at 4 °C. Supernatant was adjusted to
pH 7.0–7.2. PEG and NaCl were added to a final concentration of 20%
and 0.3 M, respectively, and mixed gently. Sample was incubated in ag-
itation overnight at 4 °C and then centrifuged at 3500 ×g for 30 min at
4 °C. Pellet was resuspended in 1 mL of PBS and concentrated samples
stored at −80 °C for further analysis.

For both concentration methods, recovery controls were prepared
by spiking each virus at the concentration detailed above in 1 mL of
PBS. For each sample, the percentage recovery was calculated dividing
the viral titer of concentrated sample by the titer of the recovery control.

2.2. Viral extraction, detection and quantification

2.2.1. Nucleic acid extraction
Viral extraction fromwastewater concentrates was carried out com-

paring a manual column-based commercial kit and an automated in-
strument relying on magnetic beads for nucleic acid purification.

Manual nucleic acid extraction was performed from 150 μL of con-
centrated sample using the Nucleospin RNA virus Kit (referred as MN)
(Macherey-Nagel GmbH & Co., Germany) following the manufacturer's
protocol together with an initial pre-treatment step with Plant RNA Iso-
lation Aid (Ambion, USA) (Cuevas-Ferrando et al., 2020; Randazzo et al.,
2020a, 2020b). In parallel, Maxwell® RSC Instrument (Promega, Spain)
was used for automated nucleic acid isolation using the Maxwell RSC
Pure Food GMO and authentication kit (Promega) (referred as Max).
Somemodifications of the original provider's protocol were established
based on preliminary laboratory results during a method optimization
step (data not shown). Finally, 400 μL of cetyltrimethyl ammonium bro-
mide (CTAB) and 40 μL of proteinase K solution (both providedwith the
kit) were added to 300 μL of concentrated water samples, the mix was
then incubated at 60 °C for 10 min and centrifuged for 10 min at
16,000 ×g. Then, the supernatant was transferred to the loading car-
tridge along with 300 μL of lysis buffer. The cartridge was loaded in
the Maxwell® RSC Instrument and the extraction performed by
selecting the “Maxwell RSC Viral total Nucleic Acid” running program
in the instrument software. For both manual and automated extrac-
tions, RNA was finally eluted in 100 μL nuclease-free water. Negative
controls constituted by nuclease-free water instead of concentrated
sample were included in both extraction methods.

2.2.2. Viral detection and quantification
Viral detection of SARS-CoV-2, PEDV, and MgV was performed by

RT-qPCR using One Step PrimeScript™ RT-PCR Kit (Perfect Real Time)
(Takara Bio, USA). SARS-CoV-2 detection was performed targeting N1
region of the nucleocapsid gene (CDC, 2020) while membrane gene
(M) specific primers were used for PEDV detection as described by
Puente et al., 2020. For mengovirus, detection was carried out using
primers and probe described in ISO 15216-1:2017. Reaction mixes,
thermal cycling conditions and sequences for primers and probes are
shown in Tables S1, S2 and S3, respectively. All RT-qPCR assays were
performed in duplicate on a LightCycler 480 instrument (Roche Diag-
nostics, Germany). Positive (genomic RNA) and negative (nuclease-
free water) controls were always included. Standard curves for PEDV,
MgV and SARS-CoV-2 quantifications were performed using the



A. Pérez-Cataluña, E. Cuevas-Ferrando, W. Randazzo et al. Science of the Total Environment 758 (2021) 143870
genomic RNA of each virus with serial 10-fold dilutions in triplicate.
Differences between methods were statistically analyzed using
Saphiro test for normal distribution and T-student for mean compar-
ison (p < 0.05). Influence of concentration and extraction methods
was analyzed using multifactorial ANOVA for each virus (p < 0.05).

2.3. SARS-CoV-2 detection limit in wastewater

The limits of detection at 95% and 50% confidence intervals
(LoD95% and LoD50%, respectively) were obtained by detecting
gamma-irradiated SARS-CoV-2 (Bei Resources, NR-52287) ten-fold
serially diluted from 1.7 × 103 to 1.7 ge/mL and seeded in 200 mL
of wastewater samples tested negative for SARS-CoV-2. Samples
were also spiked with PEDV (107 gc/mL) as process control. Viral
particles were concentrated by the aluminum-based adsorption-
precipitation method and RNA extracted using both RNA extraction
protocols as described above. Experiments were performed in tripli-
cate by concentrating three independent samples for each inocula-
tion level. LoD95% and LoD50% were calculated according to Wilrich
and Wilrich (2009).

To determine SARS-CoV-2 detection limits, five different targets
were used: N1 and N2 regions of the nucleocapsid gene, the enve-
lope gene (E), and regions IP2 and IP4 of the RNA-dependent RNA
polymerase gene (RdRp). The amplification of the N1 region was
conducted as previously described. Region N2 detection was ful-
filled using primers and probes available at the diagnostic panel as-
says 2019-nCoV RUO Kit from the US CDC (CDC, 2020). Detection of
gene E was performed using primers and probes described by
Corman et al. (2020) (Table S1 and S2). To amplify and quantify
IP2 target, One Step PrimeScript™ III RT-PCR kit (Takara Bio)
was used.

2.4. RT-qPCR comparison in naturally contaminated wastewater samples

A total of 34 influent wastewater samples collected in different
regions of Spain were analyzed for the detection and quantification
of SARS-CoV-2. Samples were concentrated using the aluminum-
based adsorption-precipitation method as described before. Detec-
tion of SARS-CoV-2 was conducted through the analysis of five
aforementioned SARS-CoV-2 genome targets (Tables S1, S2, and
S3). Each reaction was performed in duplicate. Genomic RNA of
SARS-CoV-2 (ATCC VR-1986D) and nuclease free water were used
as positive and negative controls, respectively. Viral quantifica-
tions were calculated by using two different standard curves for
N1, N2 and E genes. The standard curves were built by using N1, N2
(2019-nCoV_N_Positive Control from CDC, IDT Catalog No. 10006625)
and E gene (2019-nCoV_E Positive Control from Charité/Berlin, IDT Cat-
alog No. 10006896) plasmids and a complete genomic RNA of SARS-
CoV-2 (ATCC VR-1986D).
Fig. 1. Virus recovery (%) in wastewater samples using the aluminum-based adsorption-precip
assays (MNandMax). SARS-CoV-2detectionwasperformedusingN1 target. Abbreviations:MN
p < 0.05 in comparison with the Al-MN protocol.

3

3. Results and discussion

3.1. Concentration and extraction method comparison

Fig. 1 shows the viral recovery rates of eight wastewater samples
tested negative for SARS-CoV-2 spiked with gamma-irradiated SARS-
CoV-2, PEDV and MgV, subjected to two different concentration and
two nucleic acid extractionmethods (Fig. 1). To determine the presence
of potential inhibitors, a 10-fold dilution of each sample was also
analyzed by RT-qPCR for the three targeted viruses. RT-qPCR results
showed that no significant inhibitions occurred (data not shown).

SARS-CoV-2mean recoveries ranged from 30.2± 17.7% (Al-Max) to
52.8 ± 18.2% (PEG-MN). In the case of MgV, mean recoveries were
lower and showed less variability than those obtained for SARS-CoV-2,
ranging from 6.8 ± 4.8% (Al-Max) to 11.1 ± 4.9% (PEG-MN). Despite
the observed differences, mean recoveries of SARS-CoV-2 and MgV
were not significantly different among the tested concentration and ex-
tractionmethods. In light of those results, recoveries of SARS-CoV-2 and
MgV would not be significantly affected by any combination of concen-
tration and extraction methods tested in this study (Fig. 1).

PEDV showed a global mean recovery of 27.5 ± 14.3%, with values
ranging from 2.6% (PEG-Max) to 73% (PEG-MN). Results obtained with
PEG concentration showed high variability (coefficient of variation (CV)
of 82.99%) in comparisonwith the aluminummethod (CV of 44.16%). Sig-
nificant differences (p< 0.05) were observed for Al-MNwith Al-Max (p-
value = 0.012) and PEG-Max (p-value = 0.043) (Fig. 1). These results
highlight the suitability of tested methods for the analysis of enveloped
viruses in wastewater.

Ahmed et al. (2020c) recently reported similar mean recoveries
ranging from 26.7 to 65.7% using murine hepatitis virus as surrogate
for SARS-CoV-2 concentrated from wastewater by ultracentrifugation,
filtration and flocculation methods. Interestingly, the authors report
mean recovery of 44.0 ± 27.7% for PEG flocculation that is similar to
the recovery 43.5 ± 22.8% obtained for PEDV using PEG and MN in
this study. In the study of Gonzalez et al. (2020), recovery percentages
of bovine coronavirus were 5.5% and 4.8% when using InnovaPrep and
electronegative filtration methods for viral concentration. These recov-
ery values were more in concordance with the ones obtained in our
study for the non-enveloped MgV. From what we know, this is the
first study that used gamma-irradiated SARS-CoV-2 formethods assess-
ment and comparison. However, taking into account that these proto-
cols are intended to be used for early SARS-CoV-2 monitoring, in
which the readily availability of results is crucial to set a timely public
health response up, the choice of a suitable analytical method should
be based on the bench work time needed for each procedure, alongside
its sensitivity. Since the PEG protocol includes an overnight incubation
step, unlike the aluminum-based adsorption-precipitation method
(total time less than 2 h), we selected the aluminumprotocol for further
comparisons.
itation (Al) and polyethylene glycol (PEG) precipitation methods and two RNA extraction
, NucleoSpinRNAvirus kit (Macherey-Nagel GmbH&Co.);Max,Maxwell RSC (Promega). *



Table 1
Detection ratio and limit of detection (LoD95% and LoD50%) of gamma-irradiated SARS-
CoV-2 viral particles in wastewater using the aluminum-precipitation protocol. Viral
RNA was extracted using two different nucleic acid extraction protocols and detected by
targeting N1, N2, E, IP2 and IP4 genomic fragments. Abbreviations: MN, NucleoSpin RNA
virus kit (Macherey-Nagel GmbH & Co.); Max, Maxwell RSC (Promega).

Method Target Levels of inoculated
gamma-irradiated
SARS-CoV-2 (ge/mL)

LoD95% (ge/mL)a LoD50% (ge/mL)a

1700 170 17 1.7

MN N1 6/6 6/6 2/6 0/6 2.08 1.44
N2 6/6 6/6 2/6 0/6 2.08 1.44
E 6/6 6/6 0/6 0/6 2.34 1.71
IP2 6/6 6/6 1/6 0/6 2.22 1.58
IP4 6/6 6/6 1/6 0/6 2.22 1.58

Max N1 6/6 6/6 5/6 0/6 1.56 0.92
N2 6/6 6/6 4/6 0/6 1.74 1.10
E 6/6 6/6 3/6 0/6 1.91 1.28
IP2 6/6 6/6 4/6 0/6 1.74 1.10
IP4 6/6 6/6 1/6 0/6 2.22 1.58

a Calculated according to Wilrich and Wilrich (2009).
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3.2. SARS-CoV-2 detection limit in wastewater

Detection limits of five SARS-CoV-2 genome targets in wastewater
were evaluated through the analysis of serial diluted spiked samples.
For the detection of IP2 target, no amplification was obtained when
using the One Step PrimeScript™ RT-PCR Kit (Perfect Real Time)
(RR064) due to the presence of inhibitors. Therefore, the One Step
PrimeScript™ III RT-PCR kit (RR600) was used since is claimed to be
highly resistant to a wide variety of inhibitory substances. Limit of detec-
tion values (LoD95% and LoD50%) obtained for each gene target processed
with the two extraction protocols analyzed in this study are shown in
Table 1. LoD95% values for MN protocol ranged from 2.08 to 2.34 log ge/
mL; while Max protocol showed values between 1.56 and 2.22 log ge/
mL. These results suggest that Maxwell RSC instrument coupled
with Maxwell RSC Pure Food GMO and authentication kit are slight
more sensitive than the MN protocol. However, given the large de-
mand for commercial RNA extraction kits and the shortages of provi-
sions, different suitable alternatives are worthy to further evaluate.

Validation of the two extractions methods was performed in waste-
water samples naturally contaminated with SARS-CoV-2 using N1 target.
As occurred with spiked samples, slightly better results were obtained
when automated systemwas used (Supplementary Table S4). Regarding
the LoD95% values, E gene with MN (2.34 log ge/mL) and IP4 gene with
Max (2.22 log ge/mL) showed the highest detection values. Randazzo
et al. (2020a) established the theoretical LoD95% as 1.45 and 1.91 log gc/
mL for N1 and N2, respectively. By spiking gamma-irradiated SARS-
CoV-2 we are now able to establish rigorous LoD95% values for N1 and
Fig. 2. Distribution of cycle threshold values for N1, N2, E, IP2 and IP4 genomic
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N2, being of 2.08 log ge/mL with MN for both genes, and 1.56 for N1
and 1.74 log ge/mL for N2 with Max. In line, Cuevas-Ferrando et al.
(2020), applying the aluminum concentration method combined with
the MN extraction, reported LoD95% of 2.46 log gc/mL for HEV in
wastewater.

3.3. Bias of RT-qPCR assays for SARS-CoV-2 detection in wastewater
samples

Naturally contaminated wastewater samples were analyzed by
targeting five different SARS-CoV-2 genomic fragments (N1, N2, E, IP2
and IP4) to evaluate the sensitivity of each RT-qPCR assay. As shown
in Fig. 2, several differences were found in the detection of SARS-CoV-
2 depending on the target used. The percentage of positive samples
for each target resulted as 91.2%, 85.3%, 70.6%, 79.4% and 73.5%, for N1,
N2, E, IP2 and IP4, respectively. These results evidenced the variability
that can be obtained in positive samples depending on the primer set
used. Additionally, reproducibility of SARS-CoV-2 detection varied
within each genomic target. For example, for 10 out of 24 samples
that tested positive for gene E, no fluorescence was detected in any of
its technical replicates. In this sense, N1 was the target with the highest
percentage of positive replicates (77%) in line of results previously re-
ported (Muenchhoff et al., 2020). The lower sensitivity to detect
gamma-irradiated SARS-CoV-2 by targeting gene E could be due to the
presence of mutations in the primer binding site that would hamper
amplification and, therefore, its detection (Artesi et al., 2020).

For viral quantification of N1, N2 and gene E, standard curves were
built using complete genomic RNA of SARS-CoV-2 (ATCC VR-1986D)
and synthetic plasmids developed for genes N and E (Supp. Fig. S1).
Fig. 3 shows the difference in the logarithm of gc/L obtained with each
standard curve for each gene. Mean values of these differences were
1.27 ± 0.01, 0.27 ± 0.03, and 1.61 ± 0.01 log (gc/L) for N1, N2, and E,
respectively. This overestimation was produced by the plasmid quanti-
fication as described previously (Lin et al., 2011). Quantification bias
was observed depending on the reference material used, which is very
important when comparing quantification data from different studies.
Thus, the use of genomic RNA of SARS-CoV-2 as standard material
should be recommended. Moreover, given the final WBE aim, that is
the estimation of the number of infected people in a given community,
this bias needs to be accurately assessed before the introduction of the
quantification values into predictive epidemiological models.

4. Conclusions

The introduction of SARS-CoV-2 and its spread to the pandemic status
have put all countries on alert andWBE has been readily implemented as
an early warning tool for outbreaks. In most of the countries, wastewater
surveillance for monitoring COVID-19 started very hastily, even before
targets of SARS-CoV-2 detected in wastewater samples (n = 34 samples).



Fig. 3. Differences in SARS-CoV-2 RNA concentrations (log10 gc/L) in wastewaters (n =
34) calculated according to standard curves generated by using genomic RNA (ATCC VR-
1986D) and synthetic plasmids (IDT 10006625 for N1 and N2; IDT 10006896 for E gene).
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the scientific community could have robust data on the optimal method-
ologies. In fact, procedures used for viral detection have been little studied
and standardization is still needed. This study benchmarked two concen-
tration methods and two nucleic acid extraction methods widely used in
environmental virology. Results obtained in this study reveal the variabil-
ity obtained depending on the surrogate used as process control to vali-
date the analyses, the extraction method, and the molecular target used
for SARS-CoV-2 detection. These are critical decision which will affect
the sensitivity of the analyses. On the other hand, despite the difference
on sample processing time, both aluminum and PEG concentration
methods can be indiscriminately used, as they did not show significant
differences. However, the reduced time needed for the concentration of
the samples using the aluminum-based adsorption-precipitationmethod,
makes it the preferred method for this step. In contrast, a different sensi-
tivity of the RT-qPCR assay has been observed suggesting that the selec-
tion of the molecular target for detection is crucial. The findings of this
study expand the knowledge on the analytical procedures and its efficien-
cies for SARS-CoV-2 detection in wastewater constituting a step forward
for the global implementation of COVID-19 WBE.
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