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ABSTRACT

Wastewater-based epidemiology offers a cost-effective alternative to testing large populations for SARS-CoV-2
virus, and may potentially be used as an early warning system for SARS-CoV-2 pandemic spread. However,
viruses are highly diluted in wastewater, and a validated method for their concentration and further processing,
and suitable reference viruses, are the main needs to be established for reliable SARS-CoV-2 municipal wastewa-
ter detection. For this purpose, we collected wastewater from two European cities during the Covid-19 pandemic
and evaluated the sensitivity of RT-qPCR detection of viral RNA after four concentration methods (two variants of
ultrafiltration-based method and two adsorption and extraction-based methods). Further, we evaluated one ex-
ternal (bovine corona virus) and one internal (pepper mild mottle virus) reference virus. We found a consistently
higher recovery of spiked virus using the modified ultrafiltration-based method. This method also had a signifi-
cantly higher efficiency (p-value <0.01) for wastewater SARS-CoV-2 detection. The ultracentrifugation method
was the only method that detected SARS-CoV-2 in the wastewater of both cities. The pepper mild mottle virus

was found to function as a potentially suitable internal reference standard.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

* Corresponding author.

1. Introduction

The first cases of the current global pandemic of severe acute
respiratory syndrome corona virus 2 (SARS-CoV-2) infections were

reported in December 2019, in China (WHO, 2020). Survival of other
coronaviruses in water and wastewater has been previously confirmed
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(Gundy et al., 2009), making wastewater based epidemiology (WBE) a
possible tool in developing an early warning or surveillance system for
infections or rises of the SARS-CoV-2 virus. WBE has been previously
used as a successful approach to grasp the severity and prevalence of
pathogenic outbreaks in Sweden (Hellmér et al.,, 2014) and Israel
(Kopel et al., 2014). Therefore, several studies have focused on identifi-
cation of SARS-CoV-2 in wastewater during the current pandemic (La
Rosa et al.,, 2020b; Medema et al., 2020; Randazzo et al., 2020).

One of the hurdles is the recovery methods, which are primarily de-
veloped for nonenveloped viruses. However, the novel SARS-CoV-2 be-
longs to the coronaviridae family (Gorbalenya et al., 2020) of enveloped
viruses with single-stranded RNA. Different functional groups on the
outer layer of enveloped and nonenveloped viruses impact wastewater
recovery methods (Ye et al., 2016). Ahmed et al. (2020a, 2020b) have
recently compared the efficiency of seven different concentrations
methods for the recovery of SARS-CoV-2. Nevertheless; recovery
methods of the enveloped viruses, their efficiencies, and internal and
external surrogates (reference viruses) require further research (La
Rosa et al., 2020a) as the existing information indicate different recov-
ery efficiencies for each method (Ahmed et al., 2020b).

In the current study, the sensitivity of four virus concentration
methods were assessed in the perspective of external and internal
reference viruses for wastewater samples from two countries: Sweden
and Italy. The regions of Stockholm and North of Italy were chosen, as
they represented regions with high case numbers of SARS-CoV-2
infection. The four different virus concentration techniques examined
in this study were; 1) ultrafiltration 1.A) modified ultrafiltration
2) adsorption-vacuum filtration and 2.A) centrifugation combined
with adsorption-vacuum filtration. Bovine coronavirus (BCoV), from
betacoronavirus genus, the same genus as SARS-CoV-2 is endemic in cat-
tle. This single-stranded positive-sense enveloped RNA was used as an
external reference virus. Pepper mild mottle virus (PMMoV), a non-
enveloped single-stranded RNA virus, was assessed as internal refer-
ence virus. PMMoV, from the tobamovirus family, is an indicator of
fecal contamination in wastewater as it is found abundantly in various
aquatic environments (Kitajima et al., 2018). Following recovery of
virus, RNA isolation and one-step reverse transcriptase quantitative po-
lymerase chain reaction (RT-qPCR) were conducted to determine the
efficiency of each virus concentration technique.

2. Materials and methods
2.1. Sampling and sample preparation

Untreated municipal wastewaters were sampled from three differ-
ent regions in Stockholm, Sweden, and one region from the North of
Italy in May and June 2020. The Stockholm samples were kept at
+4 °C, and the experiments were performed within 24 h. The North
of Italy samples were kept at —20 °C and delivered to the KTH Lab
(Sweden) on dry ice. Twenty pl of BCoV (stock prepared in human colo-
rectal tumor cell line HRT-18G, ATCC CRL-11663 (Christensen and
Myrmel, 2018)) were spiked to 50 ml of all wastewater samples as an
external reference.

2.2. Concentration methods

In this study, four approaches were tested. Method 1- Ultrafiltration:
wastewater samples were centrifuged at 4600 xg for 30 min at 4 °C in
order to remove large and coarse particles, and the supernatant
(approx. 40-50 ml) was filtered through 10 kDa cut off centrifugal
ultrafilters (Sartorius) at 1500 xg for 15 min (Megastar 1.6R benchtop
centrifuge) (Medema et al., 2020). Method 1.A- Double Ultrafiltration
(Method 1 modified): The obtained concentrate from Method 1 was
centrifuged a second time (10 kDa cut off Sartorius centrifugal
ultrafilters, 1500 xg, 15 min, 4 °C). The obtained concentrate of method
1 and 1.A varied between 3 and 5 ml and 0.5 to 1.5 ml, respectively.
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Method 2- Adsorption-Extraction: MgCl, (final concentration 25 mM)
was added to the wastewater samples, followed by filtration through
0.45-pum pore size electronegative membranes (Supor 450, plain)
(Ahmed et al., 2020b). Method 2.A- Centrifugation combined with
adsorption-extraction (Method 2 modified): Wastewater samples
were centrifuged at 4600 xg for 30 min at 4 °C in order to remove the
large and coarse particles before addition of MgCl, (final concentration
25 mM). The obtained concentrate was then passed through 0.45-pum
pore size electronegative membranes (Supor 450, plain). All concen-
trated samples were stored at —80 °C until further analysis.

2.3. RNA extraction

RNA from Method 1 and 1.A processed municipal wastewater was
extracted by adding three volumes of Trizol LS reagent for liquid
samples (Thermofisher Scientific) to one volume of concentrated
wastewater. For each ml of Trizol-wastewater mixture 0.2 ml of chloro-
form (Sigma-Aldrich) was added, and the aquous phase purified by
miRNeasy Mini Kit (Qiagen, Chatsworth, CA). RNA from filter papers
obtained from Method 2 and 2.A were isolated using RNeasy
PowerMicrobiome Kit (Qiagen, Chatsworth, CA). The RNA was eluated
in 50 pl, and stored at —80 °C.

2.4. Reverse transcriptase quantitative polymerase chain reaction (RT-
qPCR)

Primers targeting the nucleocapsid (N) gene were used to detect the
SARS-COV-2 gene. The specificity of N-gene primer set against human co-
rona viruses and other viruses (respiratory) has been previously reported
by Medema et al. (2020). For the internal municipal wastewater virus ref-
erence, primers targeting PMMoV were used, and for the external (spike)
reference virus, primers targeting BCoV were used. All primers are listed
in Table 1. Preliminary experiments of waste water samples showed
that inhibition of the RT-qPCR reaction was reduced by addition of Bovine
Serum Albumin (BSA) to the reaction mixture. Therefore, in all reaction
2 ul of 4 mg/ml BSA (Sigma-Aldrich) was added. For each reaction either
8 1l (N gene detection) or 2 1l (PMMoV and BCoV detection) of RNA tem-
plate was used. This corresponds to 8 ml initial wastewater volume per
SARS-CoV-2 RT-qPCR reaction, and 2 ml for PMMoV detection. Since the
same initial volume of wastewater sample were used for all samples
and methods (for the same virus), the results are directly comparable.
SYBR Green chemistry was used to detect the expression of genes, and
RNA from inactivated cultured human SARS-CoV-2 (gift from the Public
Health Agency of Sweden) and BCoV were used as positive controls. Neg-
ative controls were included in each qPCR run. The reaction was per-
formed according to the manufacturer's recommendations using iTaq
universal SYBR Green one-step kit (Bio-Rad) and a final reaction volume
of 20 pl (SARS-CoV-2) or 10 pl (PMMoV, BCoV). Thermal cycling (50 °C
10 min, 95 °C 30 s, followed by 40 cycles of 95 °C 10 s, 60 °C for 30 s)
on a CFX96 Touch System (Bio-Rad) machine were performed. Melting

Table 1
Primer sets and targeted genes.

Targeted gene Primer sets References

Nucleocapsid (N) FW: 5'-GGGAGCCTTGAATACACCA (Medema et al., 2020)
gene AAA-3’
RV: 5'-TGTAGCACGATTGCAGCAT
TG-3’
FW: 5'-GAGTGGTTTGACCTTAACG
TTTGA-3'
RV: 5'-TTGTCGGTTGCAATGCAAG
T-3'
BCoV FW: 5'-TGGTGTCTATATTCATTTC
TGCTG-3’
RV: 5'-GGCCACTGCCTAGGAT
ACA-3’

PMMoV (Ahmed et al., 2020a,

2020b)

(Christensen and Myrmel,
2018)
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Table 2

SARS-CoV-2 detection in municipal wastewater (nd: no detection).
Sample name SARS-CoV-2 (N-gene) Cq Cq
Stockholm 1 Positive (single result) 38.15 nd
Stockholm 2 Positive (single result) 37.75 nd
Stockholm 3 Positive (double result) 37.58 35.71
North of Italy 1 Negative nd nd
North of Italy 2 Positive (single result) 36.38 nd

curve detection (65 °C to 95 °C with increment of 0.5 °C for 5 s) were an-
alyzed for all included genes and compared to positive controls, to ensure
specific amplification. Reactions were considered positive if the cycle
threshold (Ct) was below 40 cycles with a single melting peak at correct
temperature.

2.5. RT-qPCR amplification efficiency, limit of detection and inhibition

RNA was extracted from 200 pl of cultured SARS-CoV-2 at 6 x 10°
plaque-forming unit (PFU)/ml, and 80 pl of BCoV at 4.5 x 10° 50%
tissue-culture-infective dose (TCID50)/ml. Ten-fold serial dilutions of
the RNAs were prepared and RT-qPCR performed as described above.
Standard curves were generated from the log-linear regression of Ct
values of replicates, and the amplification efficiencies for SARS-CoV-2
and BCoV were calculated (Nolan et al., 2013). The lowest number of di-
luted standards detected in duplicate assays was considered limit of de-
tection (LOD) for the RT-qPCR assay. The presence of qPCR inhibitor in
the concentrated municipal wastewater RNA sample was subsequently
assessed using the PMMoV qPCR assay. RNA templates were added in se-
ries of 1 pl, 2 pl and 4 pl. The gPCR reaction was set up as described
(Section 2.4). The expression of PMMoV gene was analyzed alongside
non-template controls and corresponding amplification efficacy calcu-
lated (Nolan et al., 2013) and compared to that of RNA from cultured
samples.

2.6. Statistical analysis

Average Ct value and standard deviation (SD) was calculated for
each sampling points. Student's t-test was used for comparison, and p-
value <0.05 was considered statistically significant.
3. Results

3.1. Detection of SARS-CoV-2

First, we investigated if SARS-CoV-2 were present in the collected
samples. Four out of five samples tested positive for SARS-CoV-2

Table 3
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with N-gene primers (Table 2) using Method 1 or 1.A for wastewater
virus concentration. The Ct values for positive samples were be-
tween 35 and 38 (Table 2). The N gene was detected in both repli-
cates of the Stockholm 3 sample, however, for the three remaining
positive samples (Stockholm 1, Stockholm 2 and North of Italy 2) it
was only detected in one of two technical replicates. This suggests
border limit detection in the assay, possibly due to low occurrence
of SARS-CoV-2 in the municipal wastewater during the sample col-
lection week or indicative of varying presence of inhibitors. To be
noted, in quantitative gene expression analysis, SYBR Green and
TagMan are the two commonly used methods. The one used here,
SYBR Green, is cheaper and does not require additional probes
(Valasek and Repa, 2005). These are benefits during the pandemic,
as there was less shortage of these reagents. This method can be
less accurate, but by including melting curve analysis and positive
controls, accuracy can be ensured.

3.2. Evaluation of the concentration methods

Next, we compared the detection sensitivity taken the different con-
centration methods into account. We evaluated three viruses, PMMoV,
the spiked BCoV, and SARS-CoV-2. As presented in Table 3 and Fig. 1,
the detection of virus was highly dependent on the concentration
methods used. PMMoV, a well-known potential viral indicator in mu-
nicipal wastewater (Rosario et al., 2009), was readily detected in all
samples and all replicates using Method 1 or 1.A (Ct 20-29, Table 3,
Fig. 1A). Method 2 and 2.A detected significantly lower levels of
PMMoV in all samples (Fig. 1A). The average Ct values for PMMoV de-
tection were 24.6 + 2 by Method 1.A; 26.4 + 2 by Method 1,32.8 + 3
by Method 2.A and 34.0 + 2 by Method 2, as determined by five sam-
pling points. Thus, Method 1.A was the most sensitive method for
PMMoV detection. The external reference virus spiked into the munici-
pal wastewater (BCoV) was positive in all replicates using Method 1 and
1.A (Ct 22-27, Table 3). Again, the adsorption and extraction methods 2
(33.5 + 2) and 2.A (34.0 £ 2) presented lower detection efficiencies.
The recovery rate of the spiked virus was further calculated, by compar-
ing the RT-qPCR detection of RNA extracted from equivalent amount of
spiked virus. The recovery rate was substantially higher for Method 1
and 1.A, compared to method 2 and 2.A (Fig. 1B). Of note is that the re-
covery was low (less than 10% in most samples) also by Method 1 and 1.
A. The p values of the comparison of each method were calculated and
the results showed that method 1 and 1.A have significantly higher effi-
ciency (p-value <0.01) than Method 2 and 2.A for all wastewater vi-
ruses. SARS-CoV-2 (N gene) was detected by Method 1 in one sample
(Ct: 36.4) and by Method 1.A in three samples (average Ct: 37.5 £+
0.8), whereas detection could not be obtained by Method 2 or 2.A

Mean amplification cycles of targeted genes for four different methods (Method 1: Ultrafiltration; Method 2- Double Ultrafiltration (Method 1 was mod-
ified); Method 3- Adsorption-Extraction; Method 4- Centrifugation combined with adsorption-extraction (Method 3 was modified). White boxes show

not tested samples and ND: not detected.

Method/sample Stockholm 1 Stockholm 2 Stockholm 3 | North of Italy 1 = North of Italy 2
Method 1 ND ND ND ND 36,38
SARS-CoV-2 Method 1.A 38,15 37,75 36,64 ND ND
Method 2 ND ND ND ND ND
Method 2.A — ND ND ND ND
Method 1 25,65 24,44 25,35 28,82 27,81
PMMoV Method 1.A 25,73 26,86 25,33 23,92
Method 2 35,56 35,67 30,73 34,26 33,73
Method 2.A — 28,30 34,59 34,23 34,15
Method 1 24,09 24,22 25,84 27,54 25,44
Bovine-CoV Method 1.A 22,42 24,49 27,61 27,12 25,13
Method 2 ND 35,67 31,13 33,97 33,33
Method 2.A - 31,25 ND 36,19 34,44
Ct scale:

[2i7 22 23 24 25 26 27 28 29

30 31 32 33 34 35 36 37 38 39 40
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Fig. 1. RT-qPCR detection of SARS-CoV2, PMMoV, and BCoV in wastewater sample concentrated by different methods. Method 1 or 1.A performed significantly better than method 2 and 2.
Afor all samples. Fold change values were generated for RT-qPCR wastewater samples concentrated by four different methods from Stockholm and North of Italy using the 272 method,
and normalized to input (RNA extracted from corresponding 8 ml wastewater) with Stockholm 1 sample and Method 1.A set at value 1. A. SARS-CoV-2 N gene B.nPMMoV C. Recovery rate

of spiked BCoV. Error bars: SD. Student's t-test were used to calculate statistical significance, and is indicated for comparison between Method 1 and 2, and 1A and 2A. (*p < 0.05, **p > 0.01,
**p < 0.001).
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(Fig. 1C). Thus, the centrifugal ultrafilter methods, Method 1 and 1.A,
enabled higher recovery rate and virus detection ability.

3.3. Evaluation of RT-qPCR inhibitors

As we concluded that Method 1 and 1.A were more sensitive in
regards to detection of all three viruses, but still did not detect
SARS-CoV-2 in all replicates, we were interested in whether inhibi-
tors affected the detection. We had already added BSA to counter
inhibition, but in order to investigate remaining inhibition we calcu-
lated qPCR amplification efficiencies for the SARS-CoV-2 and BCoV
virus primers used in this set up. We first calculated amplification ef-
ficiency using RNA purified from cultured viruses. With a theoretical
optimal doubling of DNA molecules for each replication cycle, the
amplification efficiency should be 100%. Desired amplification effi-
ciencies range from 90% to 110%. Our calculations showed that
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amplification of pure SARS-CoV-2 and BCoV virus RNA (not from
waste water) resulted in the desired range of 90% and 99.6%, respec-
tively (Fig. 2A). Further, the limit of detection (LOD) for SARS-CoV2
was found to be 0.12 PFU/reaction and for BCoV 0.045 TCIDsq/reac-
tion. It has to be noted that PFU represent the number of infectious
virus particle capable of lysing the host cell and TCIDsq represent
the dose that infects 50% of the cells (Dulbecco and Vogt, 1954;
Khatib et al., 1980), and they do not directly indicate virus copy num-
ber. Next, we calculated amplification efficiencies for PMMoV in two
municipal wastewater RNA samples (Stockholm 3 and North of Italy
1) following three virus concentration methods (Method 1, 1.A and
2). This yielded amplification efficiencies of 67% to 116% (Fig. 2).
An efficiency below 90% is indicative of non-optimal conditions,
such as presence of inhibitors. Method 1 (single ultracentrifugation)
or Method 1.A (double centrifugation) generated samples with the
highest qPCR efficiencies, whereas the filter paper concentration

BCoV
40 -
f
30 - ! i
- .. B=99.5%
3 ».. ’
20 | v
?
10 , : ,
-1.5 0.5 2.5 4.5
Log TCIDsy/ml
10 North of Italy 1
® E:85.9 00
34 ® Method 1
&) ® Method 1.A
o Method 2
‘I\\E:m:{)
29 -
| E=116.3 %
24 , )
0.00 0.40 0.80

Log input (pl)

Fig. 2. RT-qPCR efficiency in wastewater sample concentrated by different methods. A. RT-qPCR standard curves for cultured SARS-CoV-2 and BCoV RNA. B. Standard curves for RT-qPCR
efficiency determination of PMMoV in Stockholm 3 and North of Italy 1 wastewater samples, concentrated by three different methods (as indicated). E refers to the qPCR efficiency. Sam-
ples generated by Method 1 and Method 1.A had the most efficient amplification, indicative of little qPCR inhibition. Error bar: SD.
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(Method 2) had the lowest efficiency for both the Stockholm (67.3%)
and Italian (85.9%) samples. We conclude that inhibitors appear to
impact the amplification using the adsorption - extraction method,
which likely contributes to the markedly higher Ct values and
resulting lower sensitivity.
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3.4. Internal or external calibrators

BCoV, which belongs to the Coronavirus genus in the Coronaviridae
family, order Nidovirales, has similar genetic and serological properties
as well as host range with other mammalian coronaviruses (Valarcher
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Fig. 3. Internal and external references for comparing virus levels between methods and samples. A. PMMoV detection normalized to input and recovery rate of spiked BCoV. B. SARS-CoV-
2 N gene detection normalized to input and internal PMMoV reference. C. SARS-CoV-2 N gene detection normalized to input and recovery rate of spiked BCoV. Student's t-test were used to

calculate statistical significance (*p < 0.05, **p > 0.01, ***p < 0.001).
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and Hagglund, 2010). Therefore, BCoV is classified in the same group of
other mammalian coronaviruses, such as rat coronavirus, human en-
teric coronavirus, and human coronaviruses (Valarcher and Hagglund,
2010). In the current study, BCoV was selected as surrogate to calculate
the recovery rate during sample processing and filtration, based on the
similar properties. By adding a known amount of BCoV before filtration,
we could estimate loss during filtration, RNA extraction, and RT-qPCR
analysis. Furthermore, PMMOoV is an indicator for fecal contamination
in the water sources owing to its global distribution and its presence
in various water sources in greater abundance than human pathogenic
viruses, without substantial seasonal fluctuations (Kitajima et al.,
2018). PMMoV has been used for the detection of pathogenic enteric vi-
ruses because of increased concentrations of PMMoV tend to be corre-
lated with increased fecal contamination (Kitajima et al., 2018). In the
current study, PMMoV was selected for normalization of external fac-
tors such as flow rate of the wastewater, which is changed based on
wet and dry season/periods. Such fluctuation would affect the concen-
tration of both PMMoV and SARS-CoV-2 in the samples.

After concluding that the methods exhibited varying recovery rates
for the spiked BCoV, and that they varied significantly in their detection
of PMMoV and SARS-CoV-2 detection, we explored whether the inter-
nal or external reference viruses were suitable as calibrators in order
to compare virus levels between samples. First, we plotted the level of
PMMoV detection in relation to BCoV recovery (Fig. 3A). This showed
that normalizing to the spike recovery rate can adjust the comparison
to some extent, but not completely. A perfect callibration would result
in equal levels of PMMoV in relation to the spike, but this was not
achieved. Next, we normalized SARS-CoV-2 detection to PMMoV
(Fig. 3B) or BCoV recovery rate (Fig. 3C). Both normalizations indicate
that Stockholm 3 had higher levels of SARS-CoV-2 than Stockholm 1
and 2. However, the two normalization strategies rendered different
relative values for the Italian sample (higher level in North of Italy 2
than the Stockholm 3 in relation to PMMoV, but lower when normaliz-
ing to spike recovery only).

3.5. Concluding remarks and recommendations

Since March 2020, there are many ongoing studies relating to the de-
tection of SARS-CoV-2 in municipal wastewater (Ahmed et al., 2020a;
Daughton, 2020; Nghiem et al., 2020). However, there is no standard-
ized method. The most important need in wastewater-based epidemiol-
ogy is to develop or improve and evaluate a standardized and sensitive
method for the detection (Kitajima et al,, 2020).

Ahmed et al. (2020a, 2020b) compared seven concentration
methods by using murine hepatitis virus as external reference (surro-
gate) and found that the best recovery was obtained from MgCl, ad-
sorption and vacuum filtration (Method 2 in the current study), in
wastewater samples from Australia. This approach is cheaper and eas-
ier. However municipal wastewater characteristics might change across
different countries, regions, etc. (Pons et al., 2004). The methods may
also perform differently depending on type of virus (Lu et al., 2020).

In our study, municipal wastewater samples and SARS-CoV-2 from
two different countries (Sweden and Italy) were tested using four dif-
ferent approaches in order to find out the best applicable and sensitive
virus concentration method for these conditions. We also tested two
reference viruses: 1) PMMoV which naturally exist in municipal waste-
water, and 2) spiked animal pathogen BCoV which belongs to same
genus as SARS-CoV-2. In the light of our findings:

1- Ultrafiltration and modified ultrafiltration (Method 1 and 1.A) had
higher recovery efficiencies than adsorption and extraction methods
(Method 2 and 2.A). The latter two appeared to accumulate more
PCR inhibitors. Thus, in opposition to the results obtained by
Ahmed et al. (20204, 2020b), the current study showed a better per-
formance of the ultracentrifuge-based methods in terms of recovery
efficiency and capacity for viral detection.
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2- Double ultrafiltration (Method 1.A) provides a reduced volume of
water as starting material for the RNA isolation step, making RNA ex-
traction less laborious and time consuming. Furthermore, detection
of both SARS-CoV-2 and PMMoV were generally better with this
method.

Internal reference virus (PMMoV) was found to be a sensitive and
representative standard, and adding external surrogate (BCoV) did
not add meaningful additional information. We conclude that
PMMoV internal standard is sufficient to inform of relative recovery
and to normalize between samples.
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