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• Comparison of wastewater viral recovery
using three concentration methods.
• Control experiment looked at effect of turbidity and surfactant on viral recoveries.
• No sig. difference between wastewater
viral recovery methods.
• Sequencing result comparable between
viral concentration methods.
• Solids and surfactant impact viral recovery dependant on concentration method.
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A B S T R A C T

Wastewater-based epidemiology (WBE) has become a complimentary surveillance tool during the SARS-CoV-2 pandemic. Viral concentration methods from wastewater are still being optimised and compared, whilst viral recovery
under different wastewater characteristics and storage temperatures remains poorly understood. Using urban wastewater samples, we tested three viral concentration methods; polyethylene glycol precipitation (PEG), ammonium sulphate precipitation (AS), and CP select™ InnovaPrep® (IP) ultraﬁltration. We found no major difference in SARS-CoV2 and faecal indicator virus (crAssphage) recovery from wastewater samples (n = 46) using these methods, PEG
slightly (albeit non-signiﬁcantly), outperformed AS and IP for SARS-CoV-2 detection, as a higher genome copies per
litre (gc/l) was recorded for a larger proportion of samples. Next generation sequencing of 8 paired samples revealed
non-signiﬁcant differences in the quality of data between AS and IP, though IP data quality was slightly better and less
variable. A controlled experiment assessed the impact of wastewater suspended solids (turbidity; 0–400 NTU), surfactant load (0–200 mg/l), and storage temperature (5–20 °C) on viral recovery using the AS and IP methods. SARS-CoV-2
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recoveries were >20% with AS and <10% with IP in turbid samples, whilst viral recoveries for samples with additional
surfactant were between 0–18% for AS and 0–5% for IP. Turbidity and sample storage temperature combined had no
signiﬁcant effect on SARS-CoV-2 recovery (p > 0.05), whilst surfactant and storage temperature combined were significant negative correlates (p < 0.001 and p < 0.05, respectively). In conclusion, our results show that choice of methodology had small effect on viral recovery of SARS-CoV-2 and crAssphage in wastewater samples within this study. In
contrast, sample turbidity, storage temperature, and surfactant load did affect viral recovery, highlighting the need
for careful consideration of the viral concentration methodology used when working with wastewater samples.

1. Introduction

recovery and PCR inhibition. Internal controls include the use of enveloped
surrogate viruses, such as human coronavirus OC43 (McMinn et al., 2021;
Philo et al., 2021), bovine coronavirus (Jafferali et al., 2021; LaTurner
et al., 2021), murine hepatitis virus (Ahmed et al., 2020c), porcine epidemic diarrhoea virus (Pérez-Cataluña et al., 2021), as well as nonenveloped MS2 bacteriophage (Forés et al., 2021), mengovirus (PérezCataluña et al., 2021) and pepper mild mottle virus (Jafferali et al.,
2021). All these studies report different virus recoveries, and sensitivities
among methods. However, there is consensus in the literature that both ultraﬁltration (Forés et al., 2021; Jafferali et al., 2021; LaTurner et al., 2021)
and absorption-based methods (Ahmed et al., 2020c; Pérez-Cataluña et al.,
2021) have high sensitivity for the detection of SARS-CoV-2.
The efﬁciency of viral recovery from wastewater is likely to be strongly
inﬂuenced by the composition of the wastewater, whilst wastewater which
varies according to its source (e.g., domestic-to-industrial ratio), degree of
groundwater ingress into the sewer system, and prevailing weather conditions (e.g. dilution with rainwater). For example, it is known that high concentrations of suspended solids can negatively affect the recovery of faecal
indicator bacteria and pathogenic organisms (Gedalanga and Olson, 2009;
Medeiros and Daniel, 2015). This is due to the inability to fully desorb organisms either held electrostatically on particle surfaces or embedded in
surface bioﬁlms (Gantzer et al., 2008). Similarly, common domestic
cleaning products and surfactants may also inﬂuence viral recovery from
wastewater (Mousavi and Khodadoost, 2019). In the case of SARS-CoV-2,
surfactants may facilitate desorption from surfaces, however, it may also
promote envelope damage leading to greater exposure and degradation of
its RNA (Jahromi et al., 2020; Shim et al., 2017).
This study aimed to evaluate the inﬂuence of concentration method,
sample turbidity, temperature and surfactant concentration on the recovery
of SARS-CoV-2 and the faecal indicator, crAssphage, from wastewater. We
compared three concentration methods: PEG, ammonium sulphate (AS)
precipitation and the CP select™ InnovaPrep® ﬁltration unit (IP). We hypothesized that high concentrations of suspended solids and surfactants
would reduce SARS-CoV-2 recovery and that high temperatures would
also induce viral decay and the loss of viral RNA. The overall aim was to determine the inﬂuence of virus concentration methodology and wastewater
conditions on the results obtained by national and regional WBE-based
COVID-19 surveillance programmes for both RT-qPCR and next generation
sequencing (NGS) data.

Coronavirus disease 19 (COVID-19) symptoms were ﬁrst reported in
December 2019, by clinicians treating clusters of patients exhibiting
pneumonia-like illness, all originating from the Wuhan district of Hubei
province, China (Wang et al., 2020). The pathogen associated with pneumonia was identiﬁed as a novel coronavirus in January 2020 (Wang
et al., 2020); an enveloped, single-stranded, positive-sense RNA virus in
the family Coronaviridae (Gorbalenya et al., 2020), later named as severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Following the sequencing of SARS-CoV-2, a range of laboratory diagnostics for the virus rapidly emerged, predominantly using reverse transcription quantitative
polymerase chain reaction (RT-qPCR) assays (Corman et al., 2020; Li
et al., 2020). These have been a cornerstone in aiding the understanding
of infection and transmission rates, pathology and identifying potential infectious sources such as; infected tissues (Casagrande et al., 2020; Jiang
et al, n.d.; Vijayan and Humphreys, 2020), urine, faeces (Cheung et al.,
2020; Jeong et al., 2020; Zheng et al., 2020), as well as spill-over events
into animals (Koopmans, 2021; McAloose et al., 2020; Sit et al., 2020;
World Health Organization, 2003). RT-qPCR studies involving hospital patients show that SARS-CoV-2 can be detected at 101 to 108 genome copies
(gc) g−1 in faeces of infected individuals (Cheung et al., 2020; Jeong
et al., 2020; Zheng et al., 2020), whilst viral shedding in urine is uncommon
(Huang et al., 2020; Lo et al., 2020). The presence of SARS-CoV-2 RNA in
faeces has therefore led to the adoption of wastewater-based epidemiology
(WBE) to assess levels and lineages of COVID-19 circulating in the community (Ahmed et al., 2020a, 2020b; Gonzalez et al., 2020; Hillary et al., 2021;
Kumar et al., 2020; La Rosa et al., 2020; Sherchan et al., 2020; Street et al.,
2020; Venugopal et al., 2020; Westhaus et al., 2021). Furthermore, as faecal
shedding of SARS-CoV-2 commences several days before clinical symptoms
appear, it can potentially provide an early warning system for communitylevel COVID-19 outbreaks (Zhu et al., 2021).
In addition to viruses, faecal coliform bacteria and human gutassociated bacteriophages (e.g. CrAssphage) can be detected in wastewater and are used as faecal indicators in WBE programs (Doré et al.,
2003; Vázquez-Salvador et al., 2020). CrAssphage, a group of bacteriophages infecting Bacteroides spp. common in the human gut, are an important human faecal marker as they are regularly detected in
wastewater (Farkas et al., 2019; Tandukar et al., 2020), often in parallel
with human enteric viruses (Crank et al., 2020; Farkas et al., 2019).
When wastewater ﬂow rate is high, due to groundwater inﬁltration
and stormwater runoff, crAssphage concentrations in wastewater are
low, allowing these data to be used to normalise viral data and account
for dilution (Wilder et al., 2021).
The rapid and widespread utilisation of WBE for the monitoring of
SARS-CoV-2 has led to the optimisation and comparison of several methods
for concentrating enveloped viruses from wastewater, including: ultracentrifugation (Ahmed et al., 2020c), ultraﬁltration (Ahmed et al., 2020c;
Forés et al., 2021; Jafferali et al., 2021; LaTurner et al., 2021; McMinn
et al., 2021; Philo et al., 2021; Rusiñol et al., 2020), polyethylene glycol
(PEG) and salt-based precipitation (Ahmed et al., 2020c; LaTurner et al.,
2021; Pérez-Cataluña et al., 2021; Philo et al., 2021), skimmed milk ﬂocculation (Philo et al., 2021; Rusiñol et al., 2020), sludge extraction (Philo
et al., 2021), bag-mediated ﬁltration (Philo et al., 2021), magnesium- and
aluminium-based absorption (Jafferali et al., 2021; Pérez-Cataluña et al.,
2021). The quantiﬁcation of SARS-CoV-2 from wastewater is performed
using reverse-transcriptase quantitative PCR (RT-qPCR); therefore, the addition of internal control viruses to samples is required to assess viral

2. Materials and methods
2.1. Sample collection and storage
A total of 46 untreated wastewater samples (crude inﬂuent) were
collected between October 2020 and February 2021 by United Utilities
and Dŵr Cymru/Welsh Water as part of the UK national SARS-CoV-2
wastewater surveillance programme. At each site, 500 ml of crude inﬂuent was collected by manual grab sampling between 08.00 and 10.00 h.
This reﬂected peak ﬂow and aimed to capture the highest faecal load
(Hillary et al., 2021). The wastewater treatment plants (WWTP) were
located in North Wales (n = 31), Liverpool (n = 12), and Chester
(n = 3). These samples were grouped to the environmental wastewater
group used for method comparison of PEG vs. AS vs. InnovaPrep and
were not seeded with SARS-CoV-2. SARS-CoV-2 detected in these samples is derived from human waste naturally in sewer water. In addition,
20 l of wastewater inﬂuent was collected from Chester on the 13th
January to be used in the controlled laboratory experiments in which
2
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2.4. Concentration method 1: polyethylene glycol (PEG) precipitation

surfactant and suspended solid load (turbidity) were altered. Samples
were transported and stored at 4 °C and concentrated within 24 h of collection. All sample processing was conducted in a Biosafety Level 2
(BSL2) laboratory, adhering to WHO and national biosafety guidelines
(OMS, 2004).

PEG precipitation was based on methods described previously (Farkas
et al., 2021; Lewis and Metcalf, 1988) with modiﬁcations. A 40% PEG solution (PEG8000, Sigma-Aldrich, St. Louis, MO, USA, Cat. No. P5413) with
8% NaCl (Sigma-Aldrich, St. Louis, MO, USA, Cat. No. S7653) was prepared
and autoclaved at 121 °C for 30 min. Wastewater (200 ml, n = 46) and
dH2O negative controls were poured into sterile 250 ml PPCO centrifuge
jars, and centrifuged (15,000g, 4 °C, 10 min). The supernatant (150 ml)
was recovered, transferred to a new sterile 250 ml PPCO bottle and pH adjusted to 7.0–7.5 using 1 M NaOH or 0.5 M HCl. PEG-NaCl (50 ml) was then
added to each sample, the samples mixed, incubated overnight (4 °C) and
then centrifuged (15,000g, 4 °C, 30 min), with the pellet resuspended in
200 μl of phosphate buffer saline (PBS). Concentrates were stored at 4 °C
until nucleic acid extraction.

2.2. Controlled experiment - effect of turbidity, surfactant load and temperature
on the recovery of SARS-CoV-2 from wastewater
The 20 l of inﬂuent collected from Chester on the 13th January was
used in a series of controlled experiments to assess the effect of chemical, physical, and thermal parameters on SARS-CoV-2 recovery. Aliquots of wastewater (200 ml) in 250 ml polypropylene (PPCO) jars,
were centrifuged (10,000g, 4 °C, 10 min) and the solids retained. To
create a range of samples with differing turbidity, the solids were
added back to the supernatant in different amounts within replicate
sterile 50 ml polypropylene centrifuge tubes (n = 2 per treatment).
The turbidity of the samples was adjusted to 25, 50, 100, and 400
Nephelometric units (NTU) using an Orion AQUAfast AQ3010 turbidity meter (Thermo Scientiﬁc, Waltham, MA, USA). This range was chosen to reﬂect the typical range observed in wastewater samples within
the national surveillance programme (Fig. S1). For the surfactant experiment, samples were dosed with different levels of sodium dodecyl
sulphate (SDS; Thermo Scientiﬁc, Waltham, MA, USA, Cat. No. 28364)
at concentrations of 10, 50 and 200 mg/l in sterile 50 ml polypropylene tubes. SDS was chosen as it is present in many household cleaning
and personal hygiene products. The native surfactant load of wastewater samples from the different sites was assessed using the [Co
(III)-(5-Cl-PADAP) 2]+ spectrophotometric method (Yokoyama et al.,
2011) and found to range from 0.05 to 4.43 mg/l (mean 0.45 mg/l),
values typical of urban wastewater (Palmer and Hatley, 2018). In
both the surfactant and turbidity experiments, negative and positive
controls consisted of 50 ml distilled water (dH 2 O). Once samples
were prepared, 1 × 10 8 genome copies (gc) l −1 of heat-inactivated
SARS-CoV-2 (heat at 56 °C for 30 min) provided by Cardiff University,
was added to all experimental treatments, apart from negative controls and environmental wastewater samples. To determine SARSCoV-2 genome copies/μl prior to spiking samples, a concentration of
1 × 108 gc/μl of heat inactivated SARS-CoV-2 was added to deionised
water and extracted as per the nucleic acid extraction method detailed
below. The samples were then placed at 5, 15 or 20 °C on shaking racks
set at 140 rpm, for 24 h. All treatments were performed in quadruplicate. Heat-inactivated SARS-CoV-2 was used to mimic its noninfectious nature in wastewater and its different physical states
(Wurtzer et al., 2021). A sample of the unmodiﬁed and non-seeded
wastewater was analysed to assess background levels of SARS-CoV-2
using the AS method detailed below. In total there were 96 samples;
48 with differing turbidity, 36 adjusted for surfactant, 8 positive controls and 4 negative controls.

2.5. Concentration method 2: ammonium sulphate precipitation
The wastewater (200 ml, n = 46) and dH2O negative controls were
poured into sterile 250 ml PPCO centrifuge jars, and centrifuged
(15,000g, 4 °C, 10 min). The supernatant (150 ml) was transferred to a
new 250 ml PPCO bottle containing 57 g of AS (Sigma-Aldrich, Cat. No.
A4915). After the AS had dissolved, the samples were incubated at 4 °C
for 1 h before centrifuging (15,000g, 4 °C, 30 min) and the supernatant
discarded. The pellet was resuspended in 200 μl of PBS. Concentrates
were stored at 4 °C until nucleic acid extraction.
2.6. Concentration method 3: InnovaPrep concentration pipette select
The wastewater samples (n = 46) wastewater (200 ml, n = 46) and
dH2O negative controls were poured into sterile 250 ml PPCO centrifuge
jars, 2 ml of 5% Tween® 20 (Sigma-Aldrich) was added to the samples
prior to centrifugation (15,000g, 4 °C, 10 min). The CP select™
InnovaPrep® (IP) Concentrating Pipette with 0.05 μM PS hollow ﬁbre ﬁlter
tips (CP Select™, Drexel, MO, USA) was programmed as per the manufacturer's COVID-19 settings (Concentrating Pipette Select Wastewater
Application Note, Revision B.). The IP device was then used to concentrate
the virus from 3 × 50 ml aliquots of the supernatant. The tips were changed
between samples. Samples were eluted at ~200 μl in 25 mM Tris elution
ﬂuid (CP select™, Cat. No. HC08001), which contains 0.075% Tween®
20. Concentrates were stored at 4 °C until nucleic acid extraction.
2.7. Nucleic acid extraction method
Nucleic acids were extracted from concentrates using NucliSens lysis
buffer (BioMerieux, Marcy-lÉtoile, France, Cat No. 280134 or 200292),
NucliSens extraction reagent kit (BioMerieux, Cat. No. 200293) and a Kingﬁsher 96 Flex system (Thermo Scientiﬁc, Waltham, MA, USA). Full extraction details are provided in supplementary materials.

2.3. Process and extraction controls

2.8. RT-qPCR analysis

Wastewater samples were seeded with Murine norovirus (MNV) and
Pseudomonas virus phi6 (phi6), which were used a process and extraction
controls. MNV stock at a concentration of 1 × 106 gc/μl was added to all
samples including the negative control after the initial clariﬁcation step,
with the exception of sampled collected after February and those included
in the control experiment. A 1 × 106 gc/μl phi6 was added to samples collected in February 2021 and the controlled experiment samples. Again, all
samples including the negative control were seeded after the initial clariﬁcation step, which removed suspended solids by centrifugation from the
sample (15,000g, 4 °C, 10 min). The percent recovery was then calculated
from the copy number obtained from RT-qPCR for either MNV or phi6
using the seeded negative control as a baseline for total viral recovery.
Full details of MNV and phi6 propagation are provided in the supplementary materials.

One-step RT-qPCR for the SARS-CoV-2 N1, Phi6 and MNV targets was
performed using an RNA Ultrasense One-step RT-qPCR system (Life
Technologies, Carlsbad, CA, USA, Cat. No. 11732927), on a Quant Studio
Flex 6 (Applied Biosystems Inc., Waltham, MA, USA). Samples collected
as part of the national programme (n = 96) were run on a MicroAmp
optical 96-well reaction plate (Applied Biosystems Inc., Cat. No.
4306737), at a reaction volume of 25 μl. The samples from the turbidity/
surfactant experiment were run on a MicroAmp Endura optical 384 well
clear plate (Applied Biosystems Inc., Cat. No. 4483273), at a reaction
volume of 20 μl. The mastermix for 96 and 384 well plates contained
RNA UltraSense™ 5× Reaction Mix with ROX, 10 pmol of the forward,
20 pmol of the reverse primers and 5 pmol probe, RNA UltraSense™
Enzyme Mix, 16 nmol MgSO4, 1 μg bovine serum albumin (BSA), molecular
grade water and 5 μl (96 well plate) or 2 μl (384 well plate) sample/
3
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standard/control. Samples were run in duplicate, against a ssRNA (NI,
Phi6) or DNA (MNV, CrAssphage) standard curve dilution series of the target sequence in the range of 1–105 copies μl−1 per reaction (see supplementary materials for standard curve RNA synthesis). PCR no template controls
(molecular-grade water) determined the absence of contamination during
the PCR set-up. RT-qPCR settings were: Hold step 55 °C 60 min for reverse
transcription, 95 °C 5 min for reverse transcriptase inactivation, followed
by 45 ampliﬁcation cycles of 95 °C 15 s, 60 °C 1 min, 65 °C 1 min at increments of 1.6 °C/s.
The N1 target standard slope ranged from 3.095 to 3.518, for the MNV
target 3.095 to 3.580, and for Phi6 3.115 to 3.436. The R2 for N1 ranged
between 0.990 and 0.998, for MNV 0.995 to 0.998, and for Phi6 0.982 to
0.994. The efﬁciency (E) for N1 ranged between 91.82% and 106.43%,
for MNV 92% to 110% and for Phi6 95.4% to 109%.
The qPCR for crAssphage was performed using a QuantiFast probe PCR
with ROX mix (Qiagen, Hilden, Germany. Cat No. 204354). Each 20 μl reaction mix contained 1× QuantiFast no ROX, 1× QuantiFast with ROX
with 10 pmol of the forward, 10 pmol of the reverse primers and 5 pmol
probe, 16 nmol MgSO4 and 1 μg bovine serum albumin (BSA) and 5 μl sample/standard/control. Samples were run on a MicroAmp optical 96 well reaction plate, using the Quantstudio Flex 6. The qPCR settings were 98 °C
5 min, followed by 40 cycles at 95 °C 15 s and 60 °C 1 min increments of
1.6 °C/s. Plasmid DNA as described in Farkas et al. (2019) and water for
non-template controls were used for quantiﬁcation and quality control.
The crAssphage standard slope ranged from 3.349 to 3.55. The R2 ranged
between 0.932 and 0.999. The efﬁciency ranged between 91.0 and 98.8%.
Primer sequences have been displayed in Table S1 (supplementary materials).

all return positive results: 1.7 gc/μl of RNA extract of wastewater for N1
(Farkas et al., 2021) and 2 gc/μl crAssphage (Farkas et al., 2019) per
assay. As such, quantities can be detected below this limit but are susceptible to false negatives. The viral load of seeded SARS-CoV-2 was conﬁrmed
by RT-qPCR and this number was used to calculate the percent recovery for
samples in the controlled experiment.

2.9. RT-qPCR data analysis

2.11. Statistical analysis

The RT-qPCR data was converted to gc/l wastewater and gc/μl nucleic
acid extract for statistical analysis. The assay limit of detection (LOD) was
tested using 10 replicate dilutions of N1 and crAssphage genomic RNA/
DNA, and deﬁned as the minimum concentration whereby 10 replicates

Data analysis and statistical tests were carried out in R (R Core Team,
2020), utilising the “lme4” package for linear mixed-effects models,
“dplyr” for data manipulation, and “ggplot2” for visualisations (Bates
et al., 2015; Wickham et al., 2021; Wickham and Sievert, 2016). All data

2.10. SARS-CoV-2 RNA amplicon sequencing
A total of 8 paired AS and IP wastewater RNA extracts from the environmental wastewater sample group containing naturally occurring viruses
only (non-seeded), along with negative and positive controls, were treated
with TURBO DNase (DNA free kit, Invitrogen) and then puriﬁed using
1.8× RNA XP beads (Beckman Coulter) to reduce non-speciﬁc ampliﬁcation. 8 μl of puriﬁed RNA was then reverse transcribed using NEB
LunaScript. cDNA was ampliﬁed using the ARTIC v3 primers (IDT), generating approximately 400 bp amplicons tiling the entire SARS-CoV-2 genome (Tyson et al., 2020). Libraries were generated using the NEBNext
Ultra II DNA Library Prep Kit following the 1/3rd volume protocol and
indexed with unique dual indexes (IDT). Amplicons were pooled and libraries cleaned (0.7× volume, DNA XP Beads, Beckman Coulter), quantiﬁed
(Qubit HS DNA Kit, ThermoFisher) and fragments analysed (HS DNA Kit
Agilent). The ﬁnal library was quantiﬁed using qPCR and then sequenced
on an Illumina MiSeq platform generating 2x250bp paired end reads.
PEG samples formed part of routine lab monitoring, where nucleic acids
were used for other analysis, not enough sample remained for sequencing
comparisons. Full details of bioinformatic and statistical analysis are provided in the supplementary materials.

Fig. 1. a) log10 SARS-CoV-2 N1 genome copies per litre (gc/l) among concentration methods ammonium sulphate (AS), polyethylene glycol (PEG) and InnovaPrep (IP). The
box depicts percentile ranges from 25, 50, and 75 respectively, the whiskers depict ±1.5× IQR, and the outliers are indicated by points. b) log10 crAssphage genome copies
per litre between concentration methods, the dotted line marks the assay LOD for RT-qPCR.
4
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Fig. 2. Summary statistics and sequencing quality indicators for wastewater samples concentrated using IP and AS. a, c, e and i, ANOVA p-value > 0.05. g, Kruskal-Wallis test
p-value 0.05 (Table 1). ns = nonsigniﬁcant (p-value > 0.05).
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Table 1
Summary statistics and sequencing quality indicators for wastewater samples prepared using AS and IP.
Statistic

Method

Mean

SD

Total reads

AS
IP
AS
IP
AS
IP
AS
IP
AS
IP

225,143.20
288,838.20
172,444.50
223,966.00
1134.25
1308.01
72.14
85.01
80.50
119.75

169,966.10
149,035.50
162,617.10
136,171.70
162,617.10
136,171.70
26.70
28.42
64.48
44.64

Mapped reads
Average
coverage
Genome
coverage
SNP count
a

SW
P-value

BT
P-value

ANOVA
P-value

0.422

0.737

0.439

0.394

0.651

0.503

0.463

0.705

0.670

0.000

0.873

0.227a

0.722

0.352

0.179

CV

0.755
0.516
0.943
0.608
0.753
0.563
0.370
0.334
0.554
0.538

Asymptotic
test
statistic

P-value

Pearson
correlation
coefﬁcient

P-value

0.548

0.459

−0.182

0.666

0.593

0.441

−0.034

0.936

0.313

0.576

−0.005

0.991

0.058

0.810

−0.146

0.730

0.004

0.951

−0.013

0.975

Kruskal Wallis Test as non-normal, SD = standard deviation, SW = Shapiro Wilk Test, BT = Bartlett Test, CV = coefﬁcient of variation.

sample t-tests: residual plots of homoscedasticity, prediction accuracy and
normality of residuals and by comparing the Akaike information criterion
(AIC) with alternate LMM without ﬁxed effects.

was checked for normality using the Shapiro-Wilk Test and QQ-plots
(provided in the supplementary materials).
For the environmental wastewater samples (n = 46), a Kruskal-Wallis
test was selected to compare N1 SARS-CoV-2 and crAssphage gene copy
(gc) recovery for each method. Wilcoxon signed rank test with a holm adjustment method was used for post hoc pairwise comparisons. Additionally,
one-sample Wilcoxon signed rank exact tests were used to compare each
method individually with the assay LOD.
The temperature and turbidity datasets for both concentration methods
were visualised using boxplots. In addition, a Welch two sample t-test was
selected to compare SARS-CoV-2 N1 gc between concentration methods.
Again, data for the temperature and surfactant dataset were plotted using
boxplots. In addition, a Wilcoxon rank sum test with continuity corrections
was selected to compare N1 gc recovery between methods. A linear mixedeffects model (LMM) was ﬁtted by maximum likelihood, with turbidity and
temperature or surfactant and temperature, as ﬁxed effects, assessing correlations with N1 gc recovery, both controlling for variation between
methods with random effects. Variables were normalised to a mean of 0
and a standard deviation of 1 to allow comparison of coefﬁcients. The
models and variables were assessed through p-values determined by one

3. Results
3.1. Environmental wastewater experiment; comparison of methods
The method comparisons for environmental wastewater samples was
non-normally distributed (p-value < 0.05; Supplementary materials
Fig. S2). The median SARS-CoV-2 recovery was not signiﬁcantly different
between virus concentration methods (Kruskal-Wallis rank sum test: chisquared 3.23, df 2, p-value 0.20, Fig. 1a), post hoc pairwise Wilcoxon signed
rank comparisons supported this conclusion ﬁnding no signiﬁcant differences between pairs (p-value > 0.60). Furthermore, sample medians were
compared to the assay LOD for each method, which revealed all methods
could be considered different to the LOD for SARS-CoV-2 (Wilcoxon signed
rank exact tests: p-value < 0.001; Fig. 1a). However, a Bartlett test indicated
variances were not homogeneous between groups (K-squared 10.89, df 2,
p-value < 0.01), suggesting that the PEG method has signiﬁcantly reduced

Fig. 3. a) SARS-CoV-2 N1 gene recovery (%) dependent on turbidity (NTU) using the AS and IP method. b) N1 recovery (%) for all samples with adjusted NTU, concentrated
using the AS and IP method. c) N1 recovery (%) dependent on surfactant load using the AS and IP method. d) N1 recovery (%) for all samples with adjusted surfactant load,
concentrated by the AS or IP method.
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3.2. Laboratory controlled experiments on viral recoveries

variance in viral recovery. A comparison of the crAssphage data further indicated no signiﬁcant differences between methods (Kruskal-Wallis rank
sum test: chi-squared 2.53, df 2, p-value 0.28; Fig. 1b).
A comparison of the NGS data for AS and IP methods revealed that for
all summary statistics and sequencing quality indicators IP showed an increase in performance and a reduction in variance when compared to AS
(Fig. 2, Table 1); however, none of the NGS summary statistics had signiﬁcantly different mean values (ANOVA and Kruskal.test; p-value > 0.05,
Table 1) or coefﬁcients of variation (Asymptotic Test p-value > 0.05,
Table 1). Interestingly there was no linear relationship between IP and AS
summary statistics and sequencing quality indicators (Fig. 2, Table 1).

3.2.1. Viral recovery (%) of SARS-CoV-2 in turbid and surfactant-adjusted samples
The viral recoveries of SARS-CoV-2 from seeded samples revealed that
AS precipitation is signiﬁcantly more efﬁcient than IP, in both treatments
containing large amounts of suspended solids and surfactant (turbid samples Wilcoxon rank sum exact test: p-value < 0.001; surfactant samples
Wilcoxon rank sum test with continuity correction: p-value < 0.05;
Fig. 3b & d). Concentration of SARS-CoV-2 N1 in the turbid samples with
AS had median recoveries of 20–40%, whilst IP had median recoveries of

Fig. 4. Median N1 gc/l and percentile ranges between storage temperatures (a) and sample turbidity (b). Comparison of mean N1 gc/l and 95% conﬁdence intervals between
concentration methods (c). Linear mixed model with standardised variables (d).
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for IP they were 9.01 × 106, 5.33 × 106 and 1.15 × 106, respectively
(Fig. 4a). The mean gc/l for samples with an NTU of 25, 50, 100 and 400
for AS were 4.28 × 107, 2.33 × 107, 2.91 × 107 and 2.71 × 107, whilst
for the IP method they were 6.36 × 106, 5.47 × 106, 5.66 × 106, and
3.65 × 106, respectively (Fig. 4b). Prior to statistical analysis a ShapiroWilk test revealed the data followed a normal distribution (p-value > 0.05).
A comparison of the N1 mean gc/l for each concentration method revealed
that the means differ signiﬁcantly between the AS and IP methods (Welch
two sample t-test: t = 7.49, df = 25, p-value < 0.001, Fig. 4c). The results
of the linear mixed model for the effect of temperature and turbidity on
SARS-CoV-2 N1 recovery show that both temperature and turbidity levels

0–10%, suggesting IP efﬁciency reduced considerably for samples with
high turbidites (Fig. 3a & c). Surfactant load had a considerable effect
upon SARS-CoV-2 N1 recovery, with samples in both methods recovering
<20%: median recoveries being 2–13% and 0–6% for AS precipitation
and IP respectively (Fig. 3a & c).
3.2.2. Assessment of turbidity and temperature upon the recovery of SARs-CoV-2
The AS concentration method yielded higher gc/l when compared to
that of the IP method, regardless of sample storage temperature and
suspended solid load (turbidity). The mean gc/l for samples stored at 5,
15, and 20 °C for AS were 2.36 × 107, 4.10 × 107, and 3.22 × 107, whilst

Fig. 5. Median N1 gc/land percentile ranges between storage temperatures (a) and surfactant levels (b). Comparison of median N1 gc/l and percentile ranges between
concentration methods (c). Wilcoxon rank sum test with continuity correction suggest medians are signiﬁcantly different (W = 225, p-value < 0.05). Linear mixed model
with standardised variables (d).
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were not signiﬁcant predictors of gene recovery (ns = p-value > 0.05,
Fig. 4d). Residual plots of homoscedasticity, prediction accuracy and normality of residuals are provided in the supplementary materials (Fig. S3).

large volumes, we favoured this method over PEG or IP (Table 2). Furthermore, the sequencing data shows that AS and IP environmental wastewater
samples, had non-signiﬁcant differences for all quality indicators, meaning
that samples concentrated with AS can be used for further downstream
analysis. However, it is worth noting that the sequencing quality was
slightly better for the IP concentrated samples, a reduction in variance
was also observed (this is due to a reduction in sample handling when
using the IP method, maintaining the integrity of RNA/DNA).
The amount of SARS-CoV-2 recovered from the seeded samples in the
controlled experiment was signiﬁcantly higher for AS than IP. Overall, AS
SAR-CoV-2 viral recoveries were between 5%–58%, and 0%–17%, whereas
for IP they were between 0%–12% and 0%–10% for samples with adjusted
turbidity and surfactant load, respectively. The amount of SARS-CoV-2 recovered from seeded samples with adjusted turbidity differed signiﬁcantly
with AS viral recoveries being ranging between 5%–58% and IP between
0%–10%. The mean viral load of SARS-CoV-2 seeded samples with increased turbidity also signiﬁcantly differed between AS and IP concentration methods, as the AS concentration method yielded higher mean viral
loads at ~1 × 107 than that of the IP method which were ten-fold less at
~1 × 106. SARS-CoV-2 recovery from seeded samples containing high concentrations of SDS were signiﬁcantly lower for AS and IP compared to what
was observed in samples with less SDS. Samples containing SDS at 10 and
50 mg/l concentrated using AS and IP had viral recoveries ranging between
7%–15% and 3%–10%, respectively. Whilst samples with SDS at 200 mg/l
had recoveries of <5% for both methods. Showing that increased surfactant
load, severely reduced viral recovery within the study. One limitation of the
study is that heat-inactivated SARS-CoV-2 may not exactly mimic endogenous SARS-CoV-2 present in wastewater, therefore in the control SARSCoV-2 seeded experiments we cannot account for what effect this may
have on viral recovery. However, the viral recoveries reported within this
study are in line with those reported by other comparative studies with recoveries of no greater than 50% for the majority of samples (Jafferali et al.,
2021; McMinn et al., 2021; Philo et al., 2021). A study comparing IP elution
methods upon the recovery of betacoronavirus strain OC43 from large volumes of autoclaved wastewater (McMinn et al., 2021), showed that viral recovery could be increased from <30% with one elution step, to >40% by
including a second elution step. In our study, only one elution step occurred, therefore, it is possible that viral recovery may have been enhanced
for the IP method by an including an additional elution step. Consequently,
our IP protocol maybe reﬁned in the future. In addition, we recommend
that a comparison of sample matrix (i.e. surfactant loads, turbidity) and extraction method (i.e. bead based, column based) is required for future research to determine the inhibitory effects of the sample upon extraction
method, as all SARS-CoV-2 seeded samples had a 10-fold or greater loss
of virus.
This study was conducted within a temperature range that mimics sample storage at 5 °C and UK sewer temperatures, which span a range from
10 °C to 25 °C, with a yearly average of 17 °C (Ali, 2019). The typical transit
time of wastewater in the UK sewer system is approximately 6–12 h. We

3.2.3. Assessment of surfactant and temperature upon the recovery of SARSCoV-2
The AS concentration method yielded similar gc/l when compared to
that of the IP method, regardless of sample storage temperature and surfactant load, except for 5 °C which had higher viral recovery. The mean gc/l for
samples stored at 5 °C, 15 °C, and 20 °C for AS were 1.34 × 107, 7.37 × 106,
and 6.14 × 106, whilst for the IP method they were 5.95 × 106, 3.04 × 106
and 3.08 × 106, respectively (Fig. 5a). The mean gc/l for samples with surfactant loads of 10, 50, and 200 mg/l for AS were 1.26 × 107, 1.24 × 107,
and 1.95 × 106, whilst for the IP method they were 5.03 × 106,
5.20 × 106, and 1.86 × 106, respectively (Fig. 5b). Prior to statistical
analysis a Shapiro-Wilk test revealed data was not normally distributed
(p-value < 0.05). A signiﬁcant difference between AS and IP recovery
methods occurred between the median SARS-CoV-2 N1 gc (Wilcoxon
rank sum test with continuity correction: W = 225, p-value < 0.05,
Fig. 5c). Furthermore, the mixed effects model revealed that both temperature and surfactant levels were signiﬁcant negative correlates with gene recovery (* = p-value < 0.05; *** = p-value < 0.001, Fig. 5d). Residual plots
of homoscedasticity, prediction accuracy and normality of residuals are
provided in the supplementary materials (Fig. S4).
4. Discussion
As the COVID-19 pandemic continues and WBE surveillance intensiﬁes,
the need for high-throughput sampling and analysis are required. The comparison of different methodologies for concentrating viruses from wastewater shows that there are many considerations when deciding upon a
protocol and trade-offs regarding cost, time, and viral recovery may need
to be made dependant on the overall and downstream application of the
data and samples. Our results show that for the environmental wastewater
samples SARS-CoV-2 and crAssphage recovery was consistent regardless of
concentration method. Nonetheless, PEG slightly (albeit non-signiﬁcantly),
outperformed AS and IP for the detection of SARS-CoV-2, as less variance in
viral load was observed for the SARS-CoV-2 N1 data. This is likely due to
the overnight incubation required for PEG (Farkas et al., 2021), which enhances recovery without degrading the viruses or their genome (Farkas
et al., 2017). The AS and IP methods are signiﬁcantly less time consuming
than PEG precipitation, due to shorter incubation for AS (1 h) and lack of
incubation for IP (Table 2). By examining the literature, we found one
pre-print study that precipitated SARS-CoV-2 using AS (Vatansever et al.,
2020), and despite this method being used to precipitate a range of proteins
and viruses (Park et al., 2008; Safferman et al., 1988; Shields and Farrah,
1986), it is the ﬁrst time that a comparison for the precipitation of SARSCoV-2 has been made available. Due to the simplicity of the method, the
short processing time involved, and availability of AS to be supplied in

Table 2
Details the time, cost, equipment needed, suability for wastewater samples with high turbidity and surfactant loads and false negative rate.
PEG

AS

IP

Time/sample required for
concentration
Bench time/sample required for
concentration
Equipment required for
concentration

18 h

3h

1h

30 min

30 min

30 min

Temperature controlled centrifuge with rotor
for 10,000 ×g speed

Temperature controlled centrifuge with rotor
for 10,000 ×g speed

Consumables costs/sample
Suitable for high turbidity samples
Suitable for samples with high
levels of surfactants
False negative rate

<£1
NA
NA

<£1
Yes
Yes if <200 mg/l

Temperature controlled centrifuge with rotor
for 10,000 ×g speed
CP select™ InnovaPrep® (IP) Concentrating
Pipette
>£10
No
No

6%

11%

10%
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5. Conclusions
Cost, time, and sample chemistry need to be carefully considered when
choosing a concentration method for viral recovery from wastewater. We
show all concentration methods we tested are suitable for extracting and
quantifying SARS-CoV-2 RNA and crAssphage DNA from wastewater samples. In environments where wastewater turbidity and surfactant load are
extremely high it is recommended that a precipitation method rather than
an ultraﬁltration method is employed. Further work on method reﬁnement
should focus on other human viruses that can be detected in wastewater,
such as respiratory syncytial virus (RSV), noroviruses, and inﬂuenza viruses. In addition, research efforts should be conducted to improve viral recovery from wastewater samples, as the controlled experiment had
recoveries of less than 50% for most of the samples. Determining where viruses are lost during the process would be of great beneﬁt, especially in
samples with low virus abundance.

Funding
Funding was provided by the UK Natural Environment Research
Council National under the COVID-19 Wastewater Epidemiology Surveillance Programme (NE/V010441/1) and the Centre for Environmental Biotechnology Project funded though the European Regional Development
Fund (ERDF) by Welsh Government. We particularly thank Tony
Harrington at Dŵr Cymru-Welsh Water and Jo Harrison and Charmian
Abbott at United Utilities PLC alongside staff at the wastewater treatment
facilities for their support in this project. We thank Prof Ian Goodfellow
(University of Cambridge, UK) for providing MNV and BV2 stocks.

CRediT authorship contribution statement
Conceptualisation; JLK, KF, SM, & DJ. Laboratory work; JK, & KF. Data
analysis and curation; JK, KF, CP. Sequencing data and analysis; SP, MRB,
IB & HD. Authorship; JK, DJ & CP. Final suggested edits; KF, CP, JM, SM,
DJ, JW, NE & JP. Funding acquisition; DJ & AS.

Declaration of competing interest
The authors declare that they have no known competing ﬁnancial interests or personal relationships that could have appeared to inﬂuence the
work reported in this paper.
Acknowledgments
We thank Prof Andrew Weightman (Cardiff University, UK) for
providing the inactivated SARS-CoV-2, and Ian Goodfellow (University of
Cambridge, UK) for providing the original MNV stock.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.151916.
10

J.L. Kevill et al.

Science of the Total Environment 808 (2022) 151916
Rusiñol, M., Martínez-Puchol, S., Forés, E., Itarte, M., Girones, R., Boﬁll-Mas, S., 2020. Concentration methods for the quantiﬁcation of coronavirus and other potentially pandemic
enveloped virus from wastewater. Curr. Opin. Environ. Sci. Health https://doi.org/10.
1016/j.coesh.2020.08.002.
Safferman, R.S., Rohr, M.E., Goyke, T., 1988. Assessment of recovery efﬁciency of beef extract
reagents for concentrating viruses from municipal wastewater sludge solids by the organic ﬂocculation procedure. Appl. Environ. Microbiol. 54, 309–316. https://doi.org/
10.1128/aem.54.2.309-316.1988.
Sherchan, S.P., Shahin, S., Ward, L.M., Tandukar, S., Aw, T.G., Schmitz, B., Ahmed, W.,
Kitajima, M., 2020. First detection of SARS-CoV-2 RNA in wastewater in North
America: a study in Louisiana, USA. Sci. Total Environ. 743, 140621. https://doi.org/
10.1016/j.scitotenv.2020.140621.
Shields, P.A., Farrah, S.R., 1986. Concentration of viruses in beef extract by ﬂocculation with
ammonium sulfate. Appl. Environ. Microbiol. 51, 211–213. https://doi.org/10.1128/
aem.51.1.211-213.1986.
Shim, J., Stewart, D.S., Nikolov, A.D., Wasan, D.T., Wang, R., Yan, R., Shieh, Y.C., 2017. Differential MS2 interaction with food contact surfaces determined by atomic force microscopy and virus recovery. Appl. Environ. Microbiol. 83. https://doi.org/10.1128/AEM.
01881-17.
Sit, T.H.C., Brackman, C.J., Ip, S.M., Tam, K.W.S., Law, P.Y.T., To, E.M.W., Yu, V.Y.T., Sims,
L.D., Tsang, D.N.C., Chu, D.K.W., Perera, R.A.P.M., Poon, L.L.M., Peiris, M., 2020. Infection of dogs with SARS-CoV-2. Nature 586, 776–778. https://doi.org/10.1038/s41586020-2334-5.
Street, R., Malema, S., Mahlangeni, N., Mathee, A., 2020. Wastewater surveillance for Covid19: an African perspective. Sci. Total Environ. 743, 140719. https://doi.org/10.1016/j.
scitotenv.2020.140719.
Tandukar, S., Sherchan, S.P., Haramoto, E., 2020. Applicability of crAssphage, pepper mild
mottle virus, and tobacco mosaic virus as indicators of reduction of enteric viruses during
wastewater treatment. Sci. Rep. 10, 1–8. https://doi.org/10.1038/s41598-020-60547-9
2020 101.
Tyson, J., James, P., Stoddart, D., Sparks, N., Wickenhagen, A., Hall, G., et al., 2020. Improvements to the ARTIC multiplex PCR method for SARS-CoV-2 genome sequencing using
nanopore. BioRxiv. https://doi.org/10.1101/2020.09.04.283077 (Submitted for
publication).
Vatansever, E.C., Yang, K., Kratcha, K.C., Drelich, A., Cho, C.C., Mellott, D.M., Xu, S., Tseng,
C.T.K., Liu, W.R., 2020. Bepridil Is Potent Against SARS-CoV-2 in Vitro. bioRxiv
https://doi.org/10.1101/2020.05.23.112235.
Vázquez-Salvador, N., Silva-Magaña, M.A., Tapia-Palacios, M.A., Mora-López, M., FélixArellano, E., Rodríguez-Dozál, S., Riojas-Rodríguez, H., Mazari-Hiriart, M., 2020. Household water quality in areas irrigated with wastewater in the Mezquital Valley,Mexico.
J. Water Health 18, 1098–1109. https://doi.org/10.2166/wh.2020.095.
Venugopal, A., Ganesan, H., Sudalaimuthu Raja, S.S., Govindasamy, V., Arunachalam, M.,
Narayanasamy, A., Sivaprakash, P., Rahman, P.K.S.M., Gopalakrishnan, A.V., Siama, Z.,
Vellingiri, B., 2020. Novel wastewater surveillance strategy for early detection of coronavirus disease 2019 hotspots. Curr. Opin. Environ. Sci. Health https://doi.org/10.1016/j.
coesh.2020.05.003.
Vijayan, A., Humphreys, B.D., 2020. SARS-CoV-2 in the kidney: bystander or culprit? Nat.
Rev. Nephrol. https://doi.org/10.1038/s41581-020-00354-7.
Wang, C., Horby, P.W., Hayden, F.G., Gao, G.F., 2020. A novel coronavirus outbreak of global
health concern. Lancet https://doi.org/10.1016/S0140-6736(20)30185-9.
Westhaus, S., Weber, F.A., Schiwy, S., Linnemann, V., Brinkmann, M., Widera, M., Greve, C.,
Janke, A., Hollert, H., Wintgens, T., Ciesek, S., 2021. Detection of SARS-CoV-2 in raw and
treated wastewater in Germany – suitability for COVID-19 surveillance and potential
transmission risks. Sci. Total Environ. 751, 141750. https://doi.org/10.1016/j.
scitotenv.2020.141750.
Wickham, H., Sievert, C., 2016. ggplot2 elegant graphics for data analysis. Use R!, 2nd ed
Springer International Publishing, New York https://doi.org/10.1007/978-3-31924277-4.
Wickham, H., François, R., Henry, L., Müller, K., 2021. A Grammar of Data Manipulation [R
package dplyr version 1.0.5].
Wilder, M.L., Middleton, F., Larsen, D.A., Du, Q., Fenty, A., Zeng, T., Insaf, T., Kilaru, P.,
Collins, M., Kmush, B., Green, H.C., 2021. Co-quantiﬁcation of crAssphage increases conﬁdence in wastewater-based epidemiology for SARS-CoV-2 in low prevalence areas.
Water Res. X 11, 100100. https://doi.org/10.1016/j.wroa.2021.100100.
World Health Organization, 2003. Consensus Document on the Epidemiology of Severe Acute
Respiratory Syndrome (SARS) Consensus document on the epidemiology of severe acute
respiratory syndrome (SARS).
Wurtzer, S., Waldman, P., Ferrier-Rembert, A., Frenois-Veyrat, G., Mouchel, J.M., Boni,
M., Maday, Y., Marechal, V., Moulin, L., 2021. Several forms of SARS-CoV-2 RNA
can be detected in wastewaters: implication for wastewater-based epidemiology
and risk assessment. Water Res. 198, 117183. https://doi.org/10.1016/j.watres.
2021.117183.
Yokoyama, Y., Tai, E., Sato, H., 2011. Spectrometric determination of anionic surfactants in
environmental waters based on anisole extraction of their bis[2-(5-chloro-2pyridylazo)-5-diethylaminophenolato]cobalt(III) ion pairs. Anal. Sci. 27, 845–849.
https://doi.org/10.2116/analsci.27.845.
Zheng, S., Fan, J., Yu, F., Feng, B., Lou, B., Zou, Q., Xie, G., Lin, S., Wang, R., Yang, X., Chen,
W., Wang, Q., Zhang, D., Liu, Y., Gong, R., Ma, Z., Lu, S., Xiao, Y., Gu, Y., Zhang, J., Yao,
H., Xu, K., Lu, X., Wei, G., Zhou, J., Fang, Q., Cai, H., Qiu, Y., Sheng, J., Chen, Y., Liang, T.,
2020. Viral load dynamics and disease severity in patients infected with SARS-CoV-2 in
Zhejiang province, China, January-March 2020: retrospective cohort study. BMJ 369.
https://doi.org/10.1136/bmj.m1443.
Zhu, Y., Oishi, W., Maruo, C., Saito, M., Chen, R., Kitajima, M., Sano, D., 2021. Early warning
of COVID-19 via wastewater-based epidemiology: potential and bottlenecks. Sci. Total
Environ. https://doi.org/10.1016/j.scitotenv.2021.145124.

severe acute respiratory syndrome-related coronavirus: classifying 2019-nCoV and naming it SARS-CoV-2. Nat. Microbiol. https://doi.org/10.1038/s41564-020-0695-z.
Hillary, L.S., Farkas, K., Maher, K.H., Lucaci, A., Thorpe, J., Distaso, M.A., Gaze, W.H.,
Paterson, S., Burke, T., Connor, T.R., McDonald, J.E., Malham, S.K., Jones, D.L., 2021.
Monitoring SARS-CoV-2 in municipal wastewater to evaluate the success of lockdown
measures for controlling COVID-19 in the UK. Water Res. 200, 117214. https://doi.
org/10.1016/J.WATRES.2021.117214.
Huang, Y., Chen, S., Yang, Z., Guan, W., Liu, D., Lin, Z., Zhang, Y., Xu, Z., Liu, X., Li, Y., 2020.
SARS-CoV-2 viral load in clinical samples from critically ill patients. Am. J. Respir. Crit.
Care Med. https://doi.org/10.1164/rccm.202003-0572LE.
Jafferali, M.H., Khatami, K., Atasoy, M., Birgersson, M., Williams, C., Cetecioglu, Z., 2021.
Benchmarking virus concentration methods for quantiﬁcation of SARS-CoV-2 in raw
wastewater. Sci. Total Environ. 755, 142939. https://doi.org/10.1016/j.scitotenv.2020.
142939.
Jahromi, R., Mogharab, V., Jahromi, H., Avazpour, A., 2020. Synergistic effects of anionic surfactants on coronavirus (SARS-CoV-2) virucidal efﬁciency of sanitizing ﬂuids to ﬁght
COVID-19. Food Chem. Toxicol. 145, 111702. https://doi.org/10.1016/J.FCT.2020.
111702.
Jeong, H.W., Kim, S.M., Kim, H.S., Kim, Y.Il, Kim, J.H., Cho, J.Y., Kim, S.hyung, Kang, H.,
Kim, S.G., Park, S.J., Kim, E.H., Choi, Y.K., 2020. Viable SARS-CoV-2 in various specimens from COVID-19 patients. Clin. Microbiol. Infect. 26, 1520–1524. https://doi.org/
10.1016/j.cmi.2020.07.020.
Jiang et al., n.d. C Jiang Q. Qian L. Fan W. Liu J. Li J. Yue M. Wang X. Ke Y. Yin Q. Chen
Congqing Jiang n.d. Clinical Infectious Diseases Clinical Infectious Diseases ® 2020;XX
(XX):1-6 Direct Evidence of Active SARS-CoV-2 Replication in the Intestine. doi:
10.1093/cid/ciaa925
Koopmans, M., 2021. SARS-CoV-2 and the human-animal interface: outbreaks on mink farms.
Lancet Infect. Dis. https://doi.org/10.1016/S1473-3099(20)30912-9.
Kumar, M., Patel, A.K., Shah, A.V., Raval, J., Rajpara, N., Joshi, M., Joshi, C.G., 2020. First
proof of the capability of wastewater surveillance for COVID-19 in India through detection of genetic material of SARS-CoV-2. Sci. Total Environ. 746, 141326. https://doi.
org/10.1016/j.scitotenv.2020.141326.
La Rosa, G., Iaconelli, M., Mancini, P., Bonanno Ferraro, G., Veneri, C., Bonadonna, L.,
Lucentini, L., Suffredini, E., 2020. First detection of SARS-CoV-2 in untreated wastewaters
in Italy. Sci. Total Environ. 736. https://doi.org/10.1016/j.scitotenv.2020.139652.
LaTurner, Z.W., Zong, D.M., Kalvapalle, P., Gamas, K.R., Terwilliger, A., Crosby, T., Ali, P.,
Avadhanula, V., Santos, H.H., Weesner, K., Hopkins, L., Piedra, P.A., Maresso, A.W.,
Stadler, L.B., 2021. Evaluating recovery, cost, and throughput of different concentration
methods for SARS-CoV-2 wastewater-based epidemiology. Water Res. 197, 117043.
https://doi.org/10.1016/j.watres.2021.117043.
Lewis, G.D., Metcalf, T.G., 1988. Polyethylene glycol precipitation for recovery of pathogenic
viruses, including hepatitis a virus and human rotavirus, from oyster, water, and sediment samples. Appl. Environ. Microbiol. 54, 1983–1988. https://doi.org/10.1128/aem.
54.8.1983-1988.1988.
Li, C., Zhao, C., Bao, J., Tang, B., Wang, Y., Gu, B., 2020. Laboratory diagnosis of coronavirus
disease-2019 (COVID-19). Clin. Chim. Acta https://doi.org/10.1016/j.cca.2020.06.045.
Lo, I.L., Lio, C.F., Cheong, H.H., Lei, C.I., Cheong, T.H., Zhong, X., Tian, Y., Sin, N.N., 2020.
Evaluation of sars-cov-2 rna shedding in clinical specimens and clinical characteristics
of 10 patients with COVID-19 in Macau. Int. J. Biol. Sci. 16, 1698–1707. https://doi.
org/10.7150/ijbs.45357.
McAloose, D., Laverack, M., Wang, L., Killian, M.L., Caserta, L.C., Yuan, F., Mitchell, P.K.,
Queen, K., Mauldin, M.R., Cronk, B.D., Bartlett, S.L., Sykes, J.M., Zec, S., Stokol, T.,
Ingerman, K., Delaney, M.A., Fredrickson, R., Ivančić, M., Jenkins-Moore, M., Mozingo,
K., Franzen, K., Bergeson, N.H., Goodman, L., Wang, H., Fang, Y., Olmstead, C.,
McCann, C., Thomas, P., Goodrich, E., Elvinger, F., Smith, D.C., Tong, S., Slavinski, S.,
Calle, P.P., Terio, K., Torchetti, M.K., Diel, D.G., 2020. From people to panthera: natural
sars-cov-2 infection in tigers and lions at the bronx zoo. MBio 11, 1–13. https://doi.org/
10.1128/mBio.02220-20.
McMinn, B.R., Korajkic, A., Kelleher, J., Herrmann, M.P., Pemberton, A.C., Ahmed, W.,
Villegas, E.N., Oshima, K., 2021. Development of a large volume concentration method
for recovery of coronavirus from wastewater. Sci. Total Environ. 774, 145727. https://
doi.org/10.1016/j.scitotenv.2021.145727.
Medeiros, R.C., Daniel, L.A., 2015. Comparison of selected methods for recovery of Giardia
spp. cysts and Cryptosporidium spp. oocysts in wastewater. J. Water Health 13,
811–818. https://doi.org/10.2166/wh.2015.228.
Mousavi, S.A., Khodadoost, F., 2019. Effects of detergents on natural ecosystems and wastewater treatment processes: a review. Environ. Sci. Pollut. Res. https://doi.org/10.1007/
s11356-019-05802-x.
OMS, 2004. Laboratory Biosafety Manual. 3rd edition. World Health Organization.
Palmer, M., Hatley, H., 2018. The role of surfactants in wastewater treatment: impact, removal and future techniques: a critical review. Water Res. 147, 60–72. https://doi.org/
10.1016/J.WATRES.2018.09.039.
Park, M.A., Kim, Hyoung Jin, Kim, Hong Jin, 2008. Optimum conditions for production and
puriﬁcation of human papillomavirus type 16 L1 protein from Saccharomyces cerevisiae.
Protein Expr. Purif. 59, 175–181. https://doi.org/10.1016/j.pep.2008.01.021.
Pérez-Cataluña, A., Cuevas-Ferrando, E., Randazzo, W., Falcó, I., Allende, A., Sánchez, G.,
2021. Comparing analytical methods to detect SARS-CoV-2 in wastewater. Sci. Total Environ. 758, 143870. https://doi.org/10.1016/j.scitotenv.2020.143870.
Philo, S.E., Keim, E.K., Swanstrom, R., Ong, A.Q.W., Burnor, E.A., Kossik, A.L., Harrison, J.C.,
Demeke, B.A., Zhou, N.A., Beck, N.K., Shirai, J.H., Meschke, J.S., 2021. A comparison of
SARS-CoV-2 wastewater concentration methods for environmental surveillance. Sci.
Total Environ. 760, 144215. https://doi.org/10.1016/j.scitotenv.2020.144215.
R Core Team, 2020. European Environment Agency (EEA) [WWW Document]. n.d. URL
http://www.eea.europa.eu/data-and-maps/indicators/oxygen-consuming-substances-inrivers/r-development-core-team-2006 (accessed 3.24.21).

11

