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• Suitable options to investigate coronavi-
rus in tap water, seawater and surface
water were assessed.

• DEUF coupled with PEG-precipitation
and SENS-kit better recovered PEDV in
tap water.

• High and low centrifugation speeds do
not differ in recovering PEDV and
mengovirus from seawater.

• Co-concentration of inhibitory sub-
stances may occur in seawater and sur-
face water.
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The need for monitoring tools to better control the ongoing coronavirus disease (COVID-19) pandemic is ex-
tremely urgent and the contamination of water resources by excreted viral particles poses alarming questions
to be answered. As a first step to overcome technical limitations in monitoring SARS-CoV-2 along the water
cycle, we assessed the analytical performance of a dead end hollow fiber ultrafiltration coupled to different op-
tions for secondary concentrations to concentrate viral particles from large volume of spiked tapwater, seawater
and surface water together with two quantitative RT-qPCR detection kits. Spiking the porcine epidemic diarrhea
virus (PEDV), an enveloped virus surrogate for SARS-CoV-2, together with the mengovirus, we demonstrated
that PEG-precipitation and SENS-kit better recovered PEDV (13.10± 0.66%) from tapwater, while centrifugal fil-
tration resulted the best option to recover mengovirus regardless of the detection kit used. No statistical signifi-
cant differences were found when comparing high (10,000 ×g) and low (3500 ×g) centrifugation speeds for the
secondary PEG- based concentration of spiked seawater, while considerable inhibition was observed for both vi-
ruses detected by NoInh-kit assay. Similarly, the co-concentration of PCR inhibitors and viral particles was ob-
served in surface waters detected with either SENS-kit or NoInh-kit and RNA dilution was needed to achieve
acceptable recoveries at the expenses of the overall sensitivity of the method. These methodologies represent
suitable options to investigate SARS-CoV-2 occurrence in different water resources and allow to conduct on
site sampling of large volume of water.
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Fig. 1.Median recoveries (%) and standard deviations of spiked porcine epidemic diarrhea
virus (PEDV) and mengovirus (MgV) in tap water primary concentrated by dead end
hollow fiber ultrafiltration followed by a secondary concentration procedure based on a
centrifuge filtration or, alternatively, on a polyethylene glycol (PEG) precipitation.
Letters denote homogeneous groups according to the analysis of variance (ANOVA) and
Tukey's HSD post hoc test (p < 0.05).
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1. Introduction

The access to safe and cleanwater is a universal human right (United
Nations, 2010), that has been further questioned by the ongoing corona-
virus disease (COVID-19) pandemic. While severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), the etiological agent of COVID-
19, is mainly a respiratory pathogen, the detection of virus particles in
stool supports the hypothesis that fecal-oral transmission may occur
(Yeo et al., 2020). Despite this conjecture has not been elucidated yet,
wastewater-based epidemiology (WBE) has been implemented world-
wide for tracking the pandemic within a given community and for
gaining preparedness for future SARS-CoV-2 local outbreaks (Bivins
et al., 2020; Farkas et al., 2020; Haramoto et al., 2020; La Rosa et al.,
2020; Medema et al., 2020; Randazzo et al., 2020a; Westhaus et al.,
2021; WHO, 2020a). Special interests have been also given to the pres-
ence of SARS-CoV-2 in effluent wastewater and recreational waters
such as river water and seawater to assess public health risks (Cahill
andMorris, 2020; Guerrero-Latorre et al., 2020; Liu et al., 2020). A colos-
sal number of laboratories have been involved in wastewater monitor-
ing programs worldwide, being the lack of standard methods the main
bottleneck for implementing WBE nation- and world-wide. In this
sense, it has been imperative to assess the analytical performances of
concentration methods for SARS-CoV-2 in different types of water, as
protocols validated for common viral human pathogens such as enteric
viruses may not succeed in well-recovering enveloped viruses (Ahmed
et al., 2020; Randazzo et al., 2020b). To a larger extent, the controversial
debate on the fate of SARS-CoV-2 along the water cycle brought to light
the need for the development of robust methods for concentrating
enveloped viruses from large volume of water in order to investigate
natural water resources such as tap, reclaimed, surface, drinking and
sea-waters. In fact, current methods used to concentrate viruses from
wastewater are not feasible for larger volumes because of (i) the low
viral titers; (ii) the co-concentration of PCR inhibitors (e.g., salt); (iii)
the presence of suspended solids, and (iv) the logistics and costs of de-
livering water samples to laboratories. However, whether the existing
methods already validated for concentrating enteric viruses from large
volumes are also suitable for enveloped viruses, and therefore used to
investigate SARS-CoV-2 contamination in water resources, is unknown.

2. Methods

We assessed the analytical performance of a Dead End Hollow Fiber
Ultrafiltration (DEUF) concentration and two quantitative RT-qPCR de-
tection kits with the final aim of developing a tool of interest for study-
ing the potential SARS-CoV-2 contamination of different types of water.

To this end, we concentrated tap, surface and seawaters spiked with
porcine epidemic diarrhea virus (PEDV, strain CV777), an enveloped
virus member of the Coronaviridae family, and mengovirus (CECT
100000, strain vMC0), a non-enveloped member of the Picornaviridae,
used as process controls to evaluate the procedures for concentrating
large volume of water. PEDV andmengovirus viral stockswere obtained
from Vero and HeLa cells culture infected suspensions, respectively
(Puente et al., 2020).

All water samples used in this study were of blinded origin and col-
lected in April–May2020. Specifically, a large volume (20L) of tapwater
(n=2), seawater (n= 2) and surface water (n= 2) was collected as a
simple grab sample and transferred to the laboratory within 6 h to be
subsequently processed. All water samples were spiked with 107

PEDV genomic copies (gc) and 108 mengovirus gc and primary concen-
trated by DEUF as detailed by Cuevas-Ferrando et al. (2020). Different
options were evaluated for secondary concentrations depending on
the type of water: (i) a polyethylene glycol (PEG) precipitation and a
centrifuge filtrationwith Centricon Plus-70 devices with a 30 kDa cutoff
NMWL membrane (Merck Millipore Ltd.) for tap water; (ii) a PEG pre-
cipitation at 10,000 ×g or 3500 ×g for seawater; (iii) a PEG precipitation
at 3500 ×g for secondary concentrating surface waters. RNA extraction
2

from concentrates was carried out using the NucleoSpin RNA virus kit
(Macherey-Nagel GmbH & Co.), including a purification step with
Plant RNA Isolation Aid (Ambion). For RNA detection, two commercially
available kits were compared. Specifically, One Step PrimeScript™ RT-
PCR Kit (Perfect Real Time) (Takara Bio, USA) (referred as SENS-kit)
and One Step PrimeScript™ III RT-PCR Kit (Takara Bio, USA) (referred
as NoInh-kit) were used. The first kit is claimed to provide a sensitive
detection of very small amounts of RNA, while the latter is highly resis-
tant to a wide variety of inhibitory substances. For all assays, undiluted,
10- and 50-fold diluted RNA were tested to check for RT-qPCR inhibi-
tors. Details on RT-qPCR and quantification have been reported by
Randazzo et al. (2020a, 2020b). The percent virus recovery (r) was cal-
culated as follows:

r ¼ concentrated viral titer
spiked viral titer

� 100

The effects of the variables considered in this study (concentration
method, RT-qPCR kit, virus, dilution) were separately tested for each
type of water sample (tapwater, seawater, surface water) by the analy-
sis of variance (ANOVA) followed by the Tukey's HSD as post hoc test to
obtain homogenous groups. A P value <0.05 was deemed significant.

3. Results

We defined PEDV and mengovirus recovery yields as the perfor-
mance characteristic for the viral concentration of spiked tapwater, sea-
water and surface water (Figs. 1-3). Different modifications for the
concentration method specific for each type of water were assessed
along with two RT-qPCR quantification assays.

In tap water, significant differences were observed between centrif-
ugal filtration and PEG precipitation, but not between the SENS-kit and
theNoInh-kit. PEDV showed higher recoverieswhen secondary concen-
trated by PEG-precipitation and detected by SENS-kit (13.10 ± 0.66%),
while lower recoveries of 3.94 ± 0.28% were yielded by NoInh-kit. On



Fig. 2.Median recoveries (%) and standard deviations of spiked porcine epidemic diarrhea virus (PEDV) and mengovirus (MgV) in seawater primary concentrated by dead end hollow
fiber ultrafiltration followed by a secondary concentration procedure based on polyethylene glycol (PEG) precipitation using a high- (10,000 ×g) or low- (3500 ×g) speed centrifugation.
Letters denote homogeneous groups according to the analysis of variance (ANOVA) and Tukey's HSD post hoc test (p < 0.05).
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the contrary, mengovirus was better recovered with centrifugal filtra-
tion regardless of the detection kit used, being the recovery rates of
17.95 ± 2.50% for SENS-kit and 17.76 ± 1.52 for NoInh-kit (Fig. 1). As
it could be expected, no significant PCR inhibitions were detected for
both PEDV and mengovirus by using either SENS-kit or NoInh-kit in
concentrated tap water.

The options evaluated for the secondary concentration of spiked
seawater samples showed no statistical significant differences between
the centrifugation speeds (10,000 ×g and 3500 ×g), while considerable
inhibitionwas observed for both viruses detected byNoInh-kit assay. Spe-
cifically, centrifugation at high (10,000 ×g) and low (3500 ×g) speed re-
covered 3.36 ± 0.10% and 2.98 ± 0.05% of PEDV, and 10.19 ± 0.19%
and 9.45 ± 0.12% of mengovirus, respectively, detecting undiluted RNA
with SENS-kit (Fig. 2). On the contrary, when viral detection was carried
out by NoInh-kit on undiluted RNAs, recoveries of 0.76 ± 0.00%
and 0.84 ± 0.03% for PEDV, and 0.81 ± 0.07% and 1.52 ± 0.17% for
mengovirus were yielded at high and low speed, respectively. This indi-
cates the presence of PCR inhibitions thatwas confirmed by the higher re-
covery rates achieved by diluting the RNAs by 10-fold and 50-fold (Fig. 2).

Similarly, the co-concentration of inhibitors and viral particles was
observed in surface waters detected either with SENS-kit or NoInh-kit.
The recovery rates of undiluted RNA resulted as low as 0.82 ± 0.06%
and 0.51 ± 0.12% for PEDV and 0.29 ± 0.05% and 0.22 ± 0.02% for
mengovirus with SENS-kit or NoInh-kit, respectively. Again, by diluting
viral RNA by 10-fold and 50-fold, the recoveries rates resulted higher
than 2.89% in all cases (Fig. 3).

4. Discussion

SARS-CoV-2 has been detected in effluent waters from wastewater
treatments plants (Randazzo et al., 2020b), and in surface water polluted
3

with wastewater (Guerrero-Latorre et al., 2020; Rimoldi et al., 2020),
highlighting the need for protocols to non-sewage testing (Cahill and
Morris, 2020; WHO, 2020a).

The present study reports the analytical performances of several
modifications of a DEUF method to concentrate viruses from large vol-
umes of tap water, seawater and surface waters of interest for studying
the potential contamination ofwater resources by SARS-CoV-2. Until re-
cently, studies to assess the efficiency of concentration methods in
watermatricesmostly involved nonenveloped virus, such as human en-
teric viruses (reviewed byBofill-Mas andRusiñol, 2020;Haramoto et al.,
2018; Ikner et al., 2012; Matrajt et al., 2018), even the need to investi-
gate enveloped viruses along the water cycle was already raised follow-
ing SARS,MERS, Ebola and avian influenzas outbreaks (Wigginton et al.,
2015). This farseeing call for validated analytical tools lays its reason on
the structural and biochemical differences between nonenveloped and
enveloped viruses questioning that methods developed for the former
would not fit for concentrating the latter. Interestingly, PEG precipitation
has been applied as a secondary concentration step to recover enveloped
viruses from large volume of water (reviewed by Bofill-Mas and Rusiñol,
2020), and an optimized procedure based on glass wool primary concen-
tration detected naturally occurring alphacoronavirus in surface water in
Saudi Arabia (Blanco et al., 2019).

Moreover, to assess the sensitivity of RT-qPCR assays to inhibitors, we
compared two quantitative detection kits: one claimed to be optimized
for lowRNAamounts (SENS-kit) and a second specified to be highly resis-
tant to awide variety of inhibitory substances (NoInh-kit). Despite theuse
of a contaminants/inhibitors removal product before RNA extraction
(Plant RNA Isolation Aid), we observed a different sensitivity of RT-qPCR
assays to co-concentrated inhibitory substances, being the SENS-kit less
prone to such limiting factor. Nucleic acid dilution is a well-known ap-
proach to evaluate the presence of inhibitors in complex matrices (ISO



Fig. 3.Median recoveries (%) and standard deviations of spiked porcine epidemic diarrhea virus (PEDV) andmengovirus (MgV) in surfacewater primary concentrated by dead end hollow
fiber ultrafiltration followed by a secondary concentration procedure based on polyethylene glycol (PEG) precipitation using a low- (3500 ×g) speed centrifugation.
#, negative.
Letters denote homogeneous groups according to the analysis of variance (ANOVA) and Tukey's HSD post hoc test (p < 0.05).
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15216-1:2017; McKee et al., 2015), however, the sensitivity of the assay
decreases according to the dilution factor applied. In our study, we had
to dilute up to 50-fold the RNA concentrated from surface water and sea-
water samples to overcome PCR inhibition effects. This resulted in ex-
ceeding the detection limit of the assay in some cases (Fig. 3). Recent
studies aimed to detect SARS-CoV-2 in river water reported none tomin-
imal inhibitors carryover in samples concentrated from1 to 5 l (Guerrero-
Latorre et al., 2020; Haramoto et al., 2020; Rimoldi et al., 2020).

Despite the approaches applied to evaluate possible RT-qPCR inhibi-
tions (e.g., RNA dilution, internal or external amplification controls), the
concentration methods used and the nature of water sampled, the fea-
sibility of a given method finally relies on its sensitivity. This latter is
mostly correlated to the volume of the concentrated sample but also
to the co-concentration of inhibitors. These factors could explain the
reason of the divergent proneness to inhibition found in our study, in
which large volumes of water samples (20l) were concentrated.

Assessing a secondary concentration method for tap water, we
found that PEG-precipitation resulted the best option for concentrating
PEDV, an enveloped virus suggested as SARS-CoV-2 surrogate, while the
centrifugal filtration was observed to better recover mengovirus, a non-
enveloped virus included in the ISO 15216-1:2017 as process control to
detect human enteric viruses. In contrast, high and low centrifugation
speeds did not significantly differ in recovering both spiked viruses
from seawater. These findings are of importance because of the shortage
of provision of the centrifugal filtration units currently occurring in
European market, which are linked to the current pandemic situation.
Similarly, by using either high or low centrifugation speeds, a larger
number of laboratories could be involved in seawater monitoring
programmes, even those equipped with simple bench centrifuges.

In general, data on water reservoirs contaminated by human enteric
viruses are limited (Haramoto et al., 2018), and to date, no evidences of
4

SARS-CoV-2 occurrence in natural water resources have been reported.
In line, WHO and CDC agree in defining the risk associated with
contracting SARS-CoV-2 via water sources as low (CDC, 2020; WHO,
2020b). However, in the midst of the current pandemic, chances of
SARS-CoV-2 transmission routes cannot be excluded, especially in
densely populated areas with poor sanitization systems or when over-
flows occur (Bhowmick et al., 2020; Heller et al., 2020).

Further research is required for monitoring the potential SARS-
CoV-2 contamination of downstream waters used for irrigation or
recreational purposes, as well as drinking water resources in settings
with limited availability of water, sanitation and hygiene (Street
et al., 2020).

To this end, large volume of water has to be sampled and concentra-
tionmethods need to be validated by either using SARS-CoV-2 spiked or
naturally contaminated waters, along with the determination of the
limit of detection. Meanwhile, the assessed methodologies represent
suitable options to investigate SARS-CoV-2 occurrence in different
water resources and allow to conduct on site sampling of large volume
of water.
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