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HIGHLIGHTS

Presence of SARS-CoV-2 RNA in waste-
water was studied in two prefectures
in Japan.

At the start of the study, no cases of
COVID-19 had been reported in the
study area.

SARS-CoV-2 detection frequency in-
creased along with the number of re-
ported cases.

SARS-CoV-2 was detected even when
the number of cases was <1.0 per
100,000 people.

The detection frequency remained high
even after increase in the cases stopped.
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ABSTRACT

The presence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in wastewater samples has been
documented in several countries. Wastewater-based epidemiology (WBE) is potentially effective for early warn-
ing of a COVID-19 outbreak. In this study, presence of SARS-CoV-2 RNA in wastewater samples was investigated
and was compared with the number of the confirmed COVID-19 cases in the study area during COVID-19 out-
break in Japan. In total, 45 influent wastewater samples were collected from five wastewater treatment plants
in Ishikawa and Toyama prefectures in Japan. During the study period, the numbers of confirmed COVID-19
cases in these prefectures increased from 0.3 and 0 to >20 per 100,000 people. SARS-CoV-2 ribonucleic acid
(RNA) in the samples was detected using several PCR-based assays. Of the 45 samples, 21 were positive for
SARS-CoV-2 according to at least one of the three quantitative RT-PCR assays. The detection frequency increased
when the number of total confirmed SARS-CoV-2 cases in 100,000 people exceeded 10 in each prefecture; how-
ever, SARS-CoV-2 could also be detected at a low frequency even when the number was below 1.0. SARS-CoV-2 in
wastewater could be detected in the early stage of the epidemic, even if the number of confirmed cases poten-
tially underestimates the actual numbers of cases. This suggests that WBE approach can potentially act as an
early warning of COVID-19 outbreaks in Japan.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

The recent novel coronavirus disease (COVID-19) pandemic, caused
by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection, has led to more than 40 million confirmed cases and more
than one million deaths worldwide, as of October 23, 2020 (WHO,
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2020). In some countries, COVID-19 cases are still increasing after occa-
sional lifting of lockdowns and reopening of businesses Wastewater-
based epidemiology (WBE) is surveillance of epidemiological informa-
tion of people in a sewer catchment by monitoring the pathogen in
wastewater. WBE is regarded as an effective approach for providing a
snapshot of the epidemic situation in an entire catchment area and
has been applied to enteric viruses such as norovirus and enteroviruses
(Choi et al., 2018; Yang et al., 2015). WBE could provide an early warn-
ing of possible re-outbreaks and seasonal outbreaks in the future.

Recently, detection of SARS-CoV-2 in wastewater was reported in
the Netherlands, Australia, the United States (US), China, Italy, Spain,
India, and Japan (Ahmed et al., 2020a; Haramoto et al., 2020; Kumar
et al,, 2020; La Rosa et al., 2020; Medema et al., 2020; Nemudryi et al.,
2020; Randazzo et al., 2020; Rimoldi et al., 2020; Sherchan et al.,
2020). SARS-CoV-2 was present in wastewater, because it is shed, not
only in respiratory secretions, but in the feces of patients (Tang et al.,
2020; Wolfel et al., 2020; Zhang et al., 2020a; Zhang et al., 2020b). Im-
portantly, pre-symptomatic and asymptomatic patients, as well as
symptomatic patients, were shown to have a viral load in feces (Tang
et al,, 2020; Wolfel et al.,, 2020; Zhang et al., 2020b). The proportion of
asymptomatic infection was reportedly as 18-50% (Mizumoto et al.,
2020; Nishiura et al., 2020; Buitrago-Garcia et al., 2020; Lavezzo et al.,
2020; White et al., 2020). These people with mild or no symptoms
may not be included in clinical surveillance, because most of them do
not visit clinics or hospitals. Much larger population of asymptomatic
and mildly symptomatic infections have been implied by a surveillance
of antibodies to SARS-CoV-2 in 10 sites in the United States, in which the
estimated number of infections were 6 to 24 times greater than that of
confirmed cases (Havers et al., 2020). In addition, the number of re-
ported COVID-19 cases may be biased by the condition of medical ser-
vices in each country (e.g. access to medical services, capacity to carry
out PCR tests, stay-at-home policies for mildly symptomatic patients,
responses to medical collapse, and similar). Transmission by such undi-
agnosed patients can adversely affect the initial containment of COVID-
19. Some studies have argued that the number of cases is
underestimated in Japan, because of its low capacity to conduct PCR
tests (Omori et al., 2020). SARS-CoV-2 excreted from asymptomatic
and pre-symptomatic individuals can be present in wastewater and
therefore, WBE is potentially predict the overall epidemic status, with-
out the risk of such biases. This implies that WBE could be a more sen-
sitive early epidemic predictor than clinical surveillance and effective
in verifying the coverage of clinical surveillance in various medical situ-
ations. To assess the application of WBE as an early warning tool for
COVID-19 outbreaks, it is necessary to verify correlations between the
occurrence of SARS-CoV-2 in wastewater and the number of COVID-
19 cases in each country.

Some studies reported the presence of SARS-CoV-2 RNA in wastewa-
ter even before the identification of the first COVID-19 case in the study
area (Medema et al., 2020; Randazzo et al., 2020). The sensitivity of
WABE depends on the viral load in the feces of infected people. Detection
of SARS-CoV-2 in wastewater could be less sensitive than that of
norovirus, because the viral load of SARS-CoV-2 in feces is reportedly
1-2 log,o lower than that of norovirus (Hata and Honda, 2020). In the
early stage of the epidemic, SARS-CoV-2 in wastewater should be, if
present, highly diluted by wastes from the vast majority of uninfected
individuals. SARS-CoV-2 is an enveloped virus, while typical viral path-
ogens in water, such as noroviruses, are non-enveloped viruses. Com-
monly used methods for concentrating viruses in water are developed
for non-enveloped viruses and might not be effective for SARS-CoV-2
(Kitajima et al., 2020). Several RT-PCR assays for SARS-CoV-2 are now
available, but their applicability to wastewater samples has not been
properly determined. These factors indicate that the detection of
SARS-CoV-2 in wastewater is more challenging than that of norovirus
and other enteric viruses. At this time, verifying the effectiveness of con-
centration methods and downstream RT-PCR assays is necessary to en-
sure WBE's reliability.
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The objective of this study was to verify the WBE approach for
COVID-19 by comparing the detected concentration of SARS-CoV-2 in
wastewater with the COVID-19 cases reported by the clinical surveil-
lance. The detected concentrations of SARS-CoV-2 RNA in wastewater
would reflect true prevalence of COVID-19 infection in the sewer catch-
ment including clinically undiagnosed patients, while the number of
clinically reported cases covers only diagnosed patients and also de-
pends on the number of PCR diagnosis. In this study, wastewater sam-
ples were taken in two prefectures, Ishikawa and Toyama in Japan,
which had the highest number of reported COVID-19 cases per popula-
tion, with the exception of the Tokyo Metropolitan district. Multiple
qRT-PCR assays for detection of SARS-CoV-2 RNA were comparatively
applied. At the beginning of the study period, the numbers of confirmed
COVID-19 cases in Ishikawa and Toyama prefectures were only 0.3 and
0 per 100,000 people (4 and no confirmed cases), respectively. Since the
number of PCR diagnosis was limited in the early stage of outbreak in
Japan, SARS-CoV-2 RNA could be detectable in wastewater earlier than
clinical reports. Moreover, the viral RNA concentration possibly in-
creases along with the increase of clinically reported COVID-19 cases.
This enabled us to examine the sensitivity of WBE for COVID-19 relative
to the reported COVID-19 cases per population in the target areas.

2. Material and methods
2.1. Sample collection

Influent wastewater samples were collected at five wastewater
treatment plants (WWTPs): WWTPs A, B, and Cin Ishikawa prefecture,
and D and E in Toyama prefecture. These WWTPs were built to treat
maximum volumes of 12,800; 53,300; 156,000; 82,500; and
143,500 m3/day of wastewater in total and serve populations of
31,501; 112,396; 150,223; 169,400; and 233,480, respectively (see
Table S1 in the Supplementary Material). Physico-chemical characteris-
tics (water temperature, pH, SS, and COD, measured by each WWTP) of
the influent wastewater in each WWTP during the study period are
summarized in Table S2 in the Supplementary Material. At each
WWTP, 100 mL grab samples were collected in the morning (between
9:00 and 10:00), weekly or biweekly from March 5 to May 29, 2020.
At WWTP C, the sample collection was conducted until April 21. At
WWTP E, the sample collection started on May 15. Consequently, a
total of 45 samples were obtained. Among them, four samples collected
during March 6 and 27 were kept frozen at —80 °C, while the other sam-
ple were kept on ice until the analysis, which took place within three
days of the collection. Sample storage in frozen form and on ice are re-
ported to be similarly effective for a couple of days (Olson et al.,
2004). Each sample was split into 80 mL and 20 mL subsamples,
which were then subjected to a virus concentration process and quanti-
fication of F-phages to estimate the efficiency of the virus concentration
process, respectively (see Fig. 1).

At the beginning of the sampling period, there were only four and
zero COVID-19 confirmed cases in Ishikawa and Toyama prefectures, re-
spectively. The reported cases increased during the study period to
reach 21.9 and 18.1 cases per 100,000 people in Ishikawa and Toyama
prefectures, respectively, by the end of April. The numbers of reported
cases per population in Ishikawa and Toyama prefectures were ranked
as the second and third in Japan, respectively, following the Tokyo Met-
ropolitan area (see Fig. 2). The reported cases per 100,000 people in To-
yama reached 21.6 on May 19 and did not increase thereafter, while the
number in Ishikawa gradually increased to 26.0 by the end of the study
period on May 29.

2.2. Virus concentration by polyethylene glycol precipitation (PEG
precipitation)

Polyethylene glycol precipitation described by Jones and Johns (2009)
was applied for concentrating viruses in the wastewater samples with
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Fig. 1. Flow diagram of the sample processing for confirming the presence of SARS-CoV-2
in wastewater using qRT-PCR assays and for assessing the virus detection efficiency with
process controls.

some modifications. PEG precipitation has been suggested to be effective
for enveloped viruses in wastewater and surface water samples (Ahmed
et al., 2020b; Deboosere et al., 2011; Honjo et al., 2010; Torii et al.,
2020). Prior to the virus concentration, the 80 mL subsamples were cen-
trifuged at 3000 xg for 5 min. The supernatant was recovered and mixed
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with 8.0 g of PEG8000 and 4.7 g of sodium chloride to final concentrations
of 10% and 1 M, respectively. The mixture was incubated overnight on a
shaker at 4 °C. Subsequently, the mixture was centrifuged at 10,000 xg
for 30 min. The supernatant was discarded and the resulting pellets
were resuspended in 500 pL of phosphate buffer as a virus concentrate.

2.3. RNA extraction

Murine norovirus was used as a molecular process control to moni-
tor the efficiencies of the RNA extraction-RT-qPCR processes. Briefly,
140 L of the virus concentrate was spiked with 1.7 x 10 copies (2 pL
of a viral stock) of MNV and subjected to RNA extraction using a
QIAamp® Viral RNA mini kit (Qiagen Company, Hilden, Germany) to
obtain 60 pL of RNA extract, in accordance with the manufacturer's in-
structions. The RNA extract was then subjected to qRT-PCR assays for
detection of SARS-CoV-2 and the spiked MNV.

2.4. qRT-PCR assays

TagMan-based qRT-PCR assays for the quantitative detection of SARS-
CoV-2 and spiked MNV were performed with a qTOWER3 (Analytik Jena
AG, Jena, Germany). For quantification of the MNV RNA, a primer and
TagMan probe set described by Kitajima et al. (2008) was utilized
(Table 1). For the quantification of SARS-CoV-2, two and one primer
and TagMan probe sets, described by Centers for Disease Control and Pre-
vention (CDC) in the USA (Centers for Disease Control and Prevention,

r1 r'l I"I
WWTP A JG IR GGG » O
ri r'l ri ' r
WWTPB <} - ;{} < ;{}Q‘G <
ra :
WWTP C v'\, W \; 4 L
rm rhn r 1
PD % “Uf {} "\’ "’ JD O@G Q&
y WWTP E ; ‘! L - \,
5 30.0
®
o
f=
T 25.0 +
)
02
e & 2001
°3
°
[T =]
ES 1504
s o
c o
8%
s e 10.0 +
23
s 5.0 | Nl
S
o Sseel
2 N
E 0.0 oo 7 ; ; ; ; bl
4 19-Feb-20 5-Mar-20 20-Mar-20 4-Apr20 19-Apr-20  4-May-20 19-May-20  3-Jun-20
in Ishikawa | in Toyama
r1 ra
Not detected “\ “\’

<1.0x 10" copies/reaction

>1.0x 10" copies/reaction

Number of total confirmed cases

| |4l

Number of inpatient

Fig. 2. Temporal relationships between the number of SARS-CoV-2 infection cases and the presence of SARS-CoV-2 in wastewater samples in Ishikawa and Toyama prefectures. Arrows
indicate the date and WWTP of the sample collection and occurrence of SARS-CoV-2 in the sample: arrows surrounded by a dashed line indicate that SARS-CoV-2 was not detected in the
sample; white arrows indicate SARS-CoV-2 was detected but was not quantifiable (1.0 x 10°-1.0 x 10" copies/reaction); colored arrows indicate SARS-CoV-2 was detected with
quantifiable levels (1.2 x 10*-3.5 x 10 copies/L). For samples deemed positive by multiple qRT-PCR assays, the assay showing the highest detected concentration was selected. Solid
line and dashed lines indicate the number of confirmed cases and inpatients, respectively, in each prefecture.

3


Image of Fig. 1
Image of Fig. 2

A. Hata, H. Hara-Yamamura, Y. Meuchi et al.

Science of the Total Environment 758 (2021) 143578

Table 1
Primer and TagMan probe sequences used for the detection of SARS-CoV-2 in this study.
Assay Name Function Sequence (5" — 3/)*" Location Temperature for Reference
annealing/extension
2019-nCoV_N2 CDCN2-F Forward primer TTACAAACATTGGCCGCAAA 29,164-29,183 55 °C CDC (2020)
CDCN2-R Reverse primer GCGCGACATTCCGAAGAA 29,213-29,230
CDCN2-P TagMan Probe ACAATTTGCCCCCAGCGCTTCAG- 29,188-29,210
2019-nCoV_N3 CDCN3-F Forward primer GGGAGCCTTGAATACACCAAAA 28,681-28,702 55 °C CDC (2020)
CDCN3-R Reverse primer TGTAGCACGATTGCAGCATTG 28,732-28,752
CDCN3-P TagMan Probe AYCACATTGGCACCCGCAATCCTG- 28,704-28,727
NIID_2019-nCoV_N NIID-F Forward primer AAATTTTGGGGACCAGGAAC 29,125-29,144 60 °C Shirato et al. (2020)
NIID-R Reverse primer TGGCACCTGTGTAGGTCAAC 29,263-29,282
NIID-P TagMan Probe ATGTCGCGCATTGGCATGGA 29,222-29,241
MNV MKMNVF Forward primer CGGTGAAGTGCTTCTGAGGTT 6330-6350 56 °C Kitajima et al. (2008)
MKMNVR Reverse primer GCAGCGTCAGTGCTGTCAA 6371-6389
MKMNVP TagMan Probe CGAACCTACATGCGTCAG 6352-6369

2 All TagMan probes were labeled with 5’-FAM and 3’-TAMRA.

b The corresponding nucleotide positions of SARS-CoV-2 Wuhan-Hu-1 strain and MNV strain S7-PP3 (GenBank acc. No. MN908947.3 and AB435515.1, respectively).

2020) (CDCN2 and CDCN3 assays, which were originally denoted as
2019-nCoV_N2 and 2019-nCoV_N3, respectively) and Shirato et al.
(2020) (NIID assay, which was originally denoted as NIID_2019-
nCoV_N), respectively, were used separately (see Table 1). Shirato et al.
(2020) described two reverse primers for NIID assay. In this study, one
of them (NIID_2019-nCoV_N_R2ver3, denoted as NIID-R in Table 1) was
used, because it does not mismatch with reference strains (for example,
Wuhan-Hu-1 strain, GenBank accession # MN908947.3). A reaction mix-
ture (20 pL) was prepared using a One Step PrimeScript™ RT-PCR Kit
(Perfect Real Time) (TaKaRa). Briefly, 20 pL of a reaction mixture was pre-
pared by mixing 5 pL of RNA extract with 10 pL of a 2 x OneStep RT-PCR
Buffer III, 0.4 pL of a TaKaRa Ex Taq HS, 0.4 pL of a PrimeScript™ RT en-
zyme Mix II, 400 nM each of forward- and reverse primers, 100 nM of a
TagMan probe, and nuclease-free water. qRT-PCR was performed under
the following thermal cycling conditions: RT reaction at 42 °C for 5 min,
initial denaturation and inactivation of the RT enzyme at 95 °C for 10's,
followed by 50 cycles of amplification with denaturation at 95 °C for 5 s,
and annealing and extension at specific temperatures for each assay
(see Table 1) for 30 s.

To obtain a calibration curve, a 10-fold serial dilution (concentrations
0f 1.0 x 10° to 1.0 x 106 copies/reaction) of a standard DNA (plasmid DNA
or oligo DNA) containing the target sequence was amplified. If the resul-
tant Ct value from a sample corresponded to >1.0 copy/reaction, the sam-
ple was determined to be positive for SARS-CoV-2. Considering the
sample volume reduction during the concentration and RNA extraction
processes, 1.0 copy/reaction (5 pL RNA extract) is equivalent to approxi-
mately 1.0 x 10% copies/L in the original sample. SARS-CoV-2 in samples
detected at <1.0 x 10! copy/reaction was not considered to be quantifi-
able. Absence of the positive signal in the no-template control was con-
firmed in every qRT-PCR run to exclude the potential contamination of
the template into the reagents.

2.5. Amplicon sequencing

Positive qRT-PCR products obtained from the samples collected until
April 24 (9 products from 7 samples) were subjected to amplicon se-
quencing. The products were separated by electrophoresis in a 1.5% aga-
rose gel. PCR products of the expected size (67 bp, 72 bp, and 158 bp
for CDCN2, CDCN3, and NIID assays, respectively) were excised from the
gel and purified with a NucleoSpin® Gel and PCR Clean-up (TaKaRa).
Both strands of the purified products were sequenced by the conventional
Sanger sequencing,.

2.6. Determining the efficiencies of the virus concentrations and RNA
extraction-qRT-PCR

F-phages in the samples, before and after the concentration process,
were quantified using a plate counting assay employing Salmonella

typhimurium WG49 as a host strain, as described previously (Mooijman
et al,, 2002). The efficiency of the virus concentration process was esti-
mated by comparing the F-phage concentration in each sample before
the concentration process with that after the concentration process.

The efficiency of the RNA extraction qRT-PCR was estimated by com-
paring the observed gene concentration of the spiked MNV in nuclease-
free water with that in the concentrate.

Of note, F-phages and MNV are not enveloped viruses, while SARS-
CoV-2 is an enveloped virus. Therefore, efficiencies determined by
these controls are not necessarily correlate with those of SARS-CoV-2.
These controls were used for the purpose to check a manipulation fail-
ure, which possibly causes substantial loss of SARS-CoV-2.

2.7. Collection of data on clinical surveillance

The reported numbers of COVID-19 cases in Ishikawa and Toyama
prefectures were derived from a database maintained by the Ministry
of Health, Labor and Welfare in Japan (https://www.mhlw.go.jp/stf/
seisakunitsuite/bunya/0000121431_00086.html). The numbers of inpa-
tients in each prefecture were calculated by subtracting the numbers of
discharged and dead from the number of total confirmed cases.

2.8. Statistical analysis

The correlations between the determined SARS-CoV-2 concentra-
tions in the wastewater samples and the reported numbers of COVID-
19 cases were determined by Spearman rank correlation test using R
software version 3.6.1.

3. Results
3.1. Efficiency of the virus detection

The recovery efficiency for F-phages during the concentration pro-
cess was 45% geometric mean with 2.1 geometric standard deviation
and always exceeded 10% (n = 45). In this study, 4 samples were kept
frozen, while other 41 samples were kept on ice until the analysis. All
the 4 frozen samples were collected during March. The geometric
mean F-phages concentration in the frozen samples was 2.1 x 10°
PFU/mL with 1.1 geometric standard deviation (n = 4), which was
not substantially different from those in other samples collected in
March (3.6 x 10? PFU/mL with 1.4 geometric standard deviation, n =
9). This indicates that the difference in the sample storage did not sub-
stantially affect virus quantification in this study. The RNA extraction-
gRT-PCR efficiency, determined with the spiked MNV, was 83% geomet-
ric mean with 2.0 geometric standard deviation and always exceeded
10% (n = 45). Some samples resulted in >100% the efficiency in the
concentration and RNA extraction-qRT-PCR. This might be attributed


https://www.mhlw.go.jp/stf/seisakunitsuite/bunya/0000121431_00086.html
https://www.mhlw.go.jp/stf/seisakunitsuite/bunya/0000121431_00086.html

A. Hata, H. Hara-Yamamura, Y. Meuchi et al.

by low plaque counts, even though they were always >10 PFU/plate,
and relatively low extraction efficiency for the positive control, respec-
tively. Presumptive virus detection efficiency, which could be estimated
by multiplying these efficiencies, was 38% geometric mean with 2.9 geo-
metric standard deviation and below 10% for 6 out of 45 samples (3.7%
was the lowest).

3.2. Detection of SARS-CoV-2 using qRT-PCR assays

In this study, three qRT-PCR assays (CDCN2, CDCN3, and NIID as-
says) were applied separately. Of the 45 tested samples, 21 were posi-
tive according to at least one of the assays (see Table 2 and Fig. 3).
Among them, 8 were positive for more than one assay. The CDCN3
assay showed the highest detection frequency (16 positive out of 45
samples), which was followed by CDCN2 assay (12 positive out of 45
samples). The NIID assay resulted in a lower detection frequency (4 pos-
itive out of 45 samples). N3 assay also tended to show higher detected
concentration. However, even with N3 assay, only 3 samples, which
were collected during April 30 to May 15 at WWTP A, B, and E, exceeded
the detected concentration of 1.0 x 10" copies/reaction. Additionally, a
sample collected on May 7 at WWTP A exceeded the detected concen-
tration of 1.0 x 10! copies/reaction by N2 assay. Concentrations of
SARS-CoV-2 in these four samples could be calculated as 1.2 x 10%-
3.5 x 10* copies/L. The amplicons were verified with their size by gel
electrophoresis and Sanger direct sequencing. The sequence from the
amplicon by CDCN3 assay for WWTP D on April 3 and by NIID assay
for WWTP D on April 24 (Table 2 and Fig. 3) were partially identical to
a reference sequence of SARS-CoV-2 Wuhan-Hu-1 strain (GenBank ac-
cession number: MN908947) (Fig. S1). Other sequence reads had partial
match with primer sequences but no matches with GenBank database.

The detection frequency seemed to be higher when the number of
total confirmed SARS-CoV-2 cases per 100,000 people exceeded 10 in
each prefecture (after April 14 and 21 in Ishikawa and Toyama prefec-
tures, respectively) (see Fig. 2 and Table 2). The SARS-CoV-2 detection
frequency was 15% (3 positive out of 20 samples) before the number be-
came >10, whereas it increased to 75% (18 positive out of 25 samples)
after the number became >10. Until April 24, the samples tended to
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be positive according to any one of the qRT-PCR assays, but thereafter,
each sample was positive according to multiple qRT-PCR assays (mostly
the CDCN2 and CDCN3 assays). Concurrently, the observed concentra-
tion tended to be higher and sporadically exceeded 1.0 x 10" copies/re-
action, as mentioned above. Correlations between the number of
confirmed cases and determined SARS-CoV-2 concentration in the sam-
ples were further evaluated by Spearman rank correlation test (Table 3).
In Ishikawa prefecture, the concentration determined by CDCN2 assay
revealed a weak correlation (p = 0.39, p<0.05), which was improved
to be a moderate correlation (p = 0.45, p<0.01) by applying the highest
concentration in the three assays. The data obtained in Toyama prefec-
ture did not show any significant relationship. When the data in
Ishikawa and Toyama prefectures were mixed, CDCN2 and CDCN3 as-
says revealed weak correlations (p = 0.38 and 0.39, respectively,
p<0.05). Again, the correlations were improved by applying the highest
concentration in the three methods (p = 0.51, p<0.01).

4. Discussion

4.1. Efficacy of PEG precipitation for detecting SARS-CoV-2 in wastewater
samples

Most of previous studies investigated pathogenic and indicator vi-
ruses in water, targeting non-enveloped viruses (Haramoto et al.,
2018). Consequently, retrospective virus concentration methods were
optimized for non-enveloped viruses and may be less effective for
enveloped viruses like SARS-CoV-2; for instance, adsorption-elution
methods, using an electropositive or electronegative microfilter and
glass wool, were definitely effective for non-enveloped viruses
(Cashdollar and Wymer, 2013), but resulted in inefficient recovery
(around 10% or lower) for at least some enveloped viruses (Blanco
et al., 2019; Deboosere et al., 2011; Francy et al., 2013; Haramoto
etal.,, 2009; Honjo et al., 2010). Notably, recent studies compared the ef-
ficiencies of virus concentration methods using spiked murine hepatitis
virus (MHV), which is regarded as a human CoV surrogate, and indi-
cated that some methods using an electronegative microfilter can effi-
ciently recover SARS-CoV-2 (Ahmed et al., 2020b). A size-exclusive

Table 2
Summary of samples deemed positive for SARS-CoV-2 by qRT-PCR assays.

Date WWTP? Total confirmed cases Efficiency of the detection process qRT-PCR

per 100,000 people

Ishikawa Toyama Concentration RNA extraction Total CDCN2 CDCN3 NIID

qRT-PCR
% % % copies/L”

March 19 A 0.4 0.0 260 72 190 Neg. Pos. Neg.
March 27 B 0.5 0.0 76 50 38 Neg. Pos. Neg.
April 3 D 14 0.8 130 100 130 Pos. Pos. Pos.
April 16 B 12.2 5.1 10 49 49 Pos. Neg. Neg.
April 21 C 15.7 10.9 88 41 36 Neg. Pos. Neg.
April 23 B 174 11.0 36 50 18 Neg. Pos. Neg.
April 24 D 18.9 14.3 52 31 16 Neg. Neg. Pos.
April 30 A 219 18.1 41 190 76 Pos. 1.2 x 10* 1.3 x 10*
April 30 B 219 18.1 43 190 82 Pos. 1.2 x 10% Neg.
May 1 D 22.0 19.2 49 120 60 Pos. Pos. Neg.
May 7 A 23.7 209 45 120 52 1.8 x 10* Neg. Neg.
May 7 B 237 209 110 110 120 Pos. Pos. Pos.
May 8 D 24.1 21.0 170 190 310 Pos. Neg. Neg.
May 14 A 24.8 211 17 130 22 Pos. Pos. Neg.
May 15 D 24.8 213 40 170 67 Pos. Neg. Neg.
May 15 E 24.8 213 42 130 57 Neg. 35 x 10* Neg.
May 21 B 254 21.6 31 130 40 Neg. Pos. Neg.
May 22 D 25.5 21.6 25 170 42 Pos. Pos. Neg.
May 22 E 25.5 21.6 33 130 44 Pos. Pos. Neg.
May 28 A 259 21.6 27 120 31 Neg. Pos. Neg.
May 29 D 26.0 21.6 26 56 14 Neg. Pos. Neg.

¢ WWTPs A, B, and C were located in Ishikawa prefecture, while D and E were located in Toyama prefecture.
b Quantification was done only if the detected SARS-CoV-2 RNA concentration was >1.0 x 10! copies/reaction. Pos.: Positive with a detected concentration of 1.0 x 10°~1.0 x 10" copies/

reaction; Neg.: Negative.
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CDC-N2assay CDC-N3assay NIID assay
(12 positives) (16 positives) (4 positives)

A 19-Mar
B 26-Mar
D 3-Apr
B 16-Apr
C 21-Apr
B 23-Apr
D 24-Apr
A 30-Apr 0 0
B 30-Apr 0
D 1-May
A 7-May 0
B 7-May
D 8-May

LA
A 14-May (LT
D 15-May

E 15-May 9 %10
B 21-May |
D 22-May
E 22-May
A 28-May
D 29-May

WWTP and Date of Sample Collection

1 Not detected
E=] Detected in <1.0 X 10" copies/reaction
Il Detected in > 1.0 X 10 copies/reaction

Fig. 3. Comparison of the qRT-PCR assays applied for detection of SARS-CoV-2 in the
wastewater samples. Each column indicates the sample, which was determined to be
positive by at least one of the assays, and the assay. White, vertically striped, and black
columns indicate that SARS-CoV-2 was not detected, was detected in <1.0 x 10" copies/
reaction, and was detected in >1.0 x 10! copies/reaction, respectively. Numbers shown
on black columns indicate SARS-CoV-2 concentrations determined by the assay (copies/
reaction).

method using ultrafiltration is also widely applied for concentrating vi-
ruses, including enveloped viruses like influenza-A virus and SARS-CoV-
2 (Ahmed et al., 2020a; Heijnen and Medema, 2011; Medema et al.,
2020; Nemudryi et al., 2020). One of the drawbacks of the
ultrafiltration-based method is the cost of the ultrafiltration unit; for ex-
ample, Centricon® Plus-70, which can process up to 70 mL samples,
costs approximately 50 USD per unit and may not be suitable for fre-
quent use. Additionally, a recent study suggested that Centricon®
Plus-70 is not effective for recovering SARS-CoV-2 (Ahmed et al.,
2020b). By contrast, PEG precipitation is one of the most cost-effective
methods for concentrating viruses at low water sample volumes
(around 100 mL; Lewis and Metcalf, 1988). The technique is effective
for variety of proteins (Atha and Ingham, 1981); therefore, it might be
effective for detecting SARS-CoV-2, even though only a limited number

Table 3

Spearman rank correlations between detected SARS-CoV-2 in the wastewater samples
and the numbers of reported COVID-19 cases in Ishikawa and Toyama prefectures. Only
significant correlations at the p<0.05 and p<0.01 are shown.

Prefecture qRT-PCR assay
N2 N3 NIID All assays”
Ishikawa 0.39* - - 0.45*
Toyama - - - -
Both 0.38** 0.39** - 0.51**
@ : The highest detected concentration among the three assays was selected for the
analysis.
* 10.01<p<0.05.
** 1 p<0.01.

Science of the Total Environment 758 (2021) 143578

of studies have applied the technique to enveloped viruses in wastewa-
ter and surface water (Ahmed et al., 2020b; Deboosere et al., 2011;
Honjo et al., 2010). Of these, Ahmed et al. (2020b) revealed that the re-
covery efficiency of MHV spiked in wastewater was 44.0 + 27.7%. Other
two studies (Deboosere et al., 2011; Honjo et al., 2010) successfully de-
tected enveloped viruses (Influenza A virus and Cyprinid Herpesvirus
3) from lake water samples by adsorption-elution methods and follow-
ing PEG precipitation, even though their recovery efficiencies by PEG
precipitation were not clearly shown. For PEG precipitation, several
conditions (i.e., concentrations of PEG and NaCl) have been applied
(Jones and Johns, 2009). Of these, we selected relatively high concentra-
tions of PEG and NaCl (10% and 1.0 M), in accordance with Jones and
Johns (2009). As expected, the recovery efficiency of F-phages in this
study, 45% geometric mean and always above 10%, can be considered
to be sufficiently high and stable (Haramoto et al., 2018). In this study,
F-phages were selected because they are abundantly present in waste-
water and are easily enumerated by a simple plate counting assay. F-
phages are non-enveloped viruses and their recovery efficiency is not
necessarily correlate with SARS-CoV-2. As mentioned above, previous
studies have suggested that PEG precipitation is effective for enveloped
viruses in wastewater samples (Ahmed et al., 2020b; Deboosere et al.,
2011; Honjo et al., 2010). The stably sufficient recovery efficiency of F-
phages observed in this study can indicate that a substantial loss of
SARS-CoV-2 during the PEG precipitation did not occur. However, an ef-
ficient method for recovering SARS-CoV-2 in wastewater, and an appro-
priate recovery control to ascertain the efficient recovery of SARS-CoV-
2, should be identified in the future.

Wastewater samples after virus concentration processes can result
in inefficient nucleic acid extraction and RT-PCR (Haramoto et al.,
2018). In this study, to see the efficiency of the extraction and RT-PCR
processes, MNV, a non-enveloped virus, was used. No notable loss of
RNA or inhibitory effect, which reduce the detection efficiency of MNV
to less than 10%, was observed in this study. The structural difference
between MNV and SARS-CoV-2 might affect the efficiency of RNA ex-
traction process, by which envelope and capsid are denatured. Our re-
sults, the sufficiently high detection efficiencies for the spiked MNV,
does not necessarily indicate those for SARS-CoV-2. Enveloped viruses
such as MHV and phi 6 phage may work better than MNV as the control.
However, even with MNV, a manipulation failure, which also affects the
SARS-CoV-2 detection, can be identified.

4.2. Comparison of the qRT-PCR assays for detection of SARS-CoV-2 RNA

Several molecular assays have been designed for detection of SARS-
CoV-2 (CDC, 2020; Chu et al., 2020; Corman et al., 2020; Shirato et al.,
2020). Although some studies evaluated the effectiveness of these assays
comparatively (Jung et al., 2020; Medema et al., 2020; Nalla et al., 2020;
Nemudryi et al., 2020; Randazzo et al,, 2020; Vogels et al., 2020), a gold
standard method has not yet been determined. In this study, three qRT-
PCR assays were comparatively applied. Across the 45 samples tested,
the CDCN3 assay resulted in the highest detection frequency and tended
to show higher detected concentrations; the NIID assay resulted in a far
lower detection frequency and seemed to be inefficient. Some samples
that were negative according to the CDCN3 assay were positive according
to the CDCN2 assay. These inconsistent results among the assays may be
because some assays failed to amplify genes of specific SARS-CoV-2
strains. Similarly, inconsistent results among with different target genes
have been observed in previous studies (Medema et al, 2020;
Randazzo et al., 2020). Considering that most of the SARS-CoV-2 positive
samples resulted in low detected concentrations (<1.0 x 10! copies/reac-
tion), it is also possible that the target gene was occasionally absent in the
reaction mixture. Spearman rank correlation test revealed that the de-
tected SARS-CoV-2 concentration was better correlated to the number
of reported cases when all the assays were taken into account. This im-
plies the assays complement each other. The possibility of false positives
also needs to be considered. In this study, no positive signal was observed
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from the negative control, which was included in all the qRT-PCR runs.
Gel electrophoresis and amplicon sequencing can also be applied to ex-
clude the possibility of false positives (Ahmed et al., 2020a). In this
study, sequences of two out of nine amplicons were partially identical
to a reference SARS-CoV-2 sequence. However, others had only partial
matches with primer sequences. This is probably because Sanger se-
quencing is not reliable for short amplicons (<100 bp). Application of
cloning-sequencing or next generation sequencing would be better to
confirm positive results by qRT-PCR.

4.3. Relationship between the occurrence of SARS-CoV-2 in wastewater and
the number of COVID-19 cases

The detection frequency of SARS-CoV-2 in investigated wastewater
samples seemed to accord with the numbers of confirmed cases and
with those of inpatients in both prefectures, even though the number of
confirmed cases probably underestimates the actual number. The detec-
tion frequency appeared to be higher when the number of confirmed
cases exceeded 10 per 100,000 people (Fig. 2 and Table 2); moreover,
no positive results were obtained for the samples collected in Toyama
prefecture during March, when no confirmed SARS-CoV-2 infection
cases were reported there. Notably, SARS-CoV-2 in wastewater samples
could be detected even when the number of cases were supposed to be
low (<1.0 confirmed cases per 100,000 people), although the detection
frequency decreased (see Fig. 2 and Table 2). In this study, grab samples
were collected. Compared with a 24-hours composite sample, SARS-CoV-
2 concentration in a grab sample is expected to be variable. Especially
when the number of infected individuals is low and the contamination
of SARS-CoV-2 in wastewater occurs intermittently at a level close to
the limit of detection, a grab sample can provide more chances for detect-
ing SARS-CoV-2. On the contrary, the concentration of SARS-CoV-2 in a
composite sample is supposed to be averaged and more representative.
Therefore, to see a correlation between the number of COVID-19 cases
and the concentration of SARS-CoV-2 in wastewater, employing compos-
ite samples might be better. For better characterization of grab sample
and composite sample, comparing these two sampling approaches
would be necessary. One SARS-CoV-2 positive sample collected during
March was collected at WWTP A. This positive result might also be attrib-
utable to the relatively small population served by the WWTP (31,501
people), since small WWTPs have a limited dilution effect and may be
more sensitive to the presence of infected individuals. The estimated
number of inpatients in Ishikawa and Toyama prefectures began to de-
crease on May 7 and 9, respectively; furthermore, in Toyama prefecture,
the number of reported cases stopped increasing on May 19. Thereafter,
the concentration and/or detection frequency of SARS-CoV-2 in the sam-
ples was expected to decrease, but such a tendency was not clearly ob-
served. In some cases, SARS-CoV-2 has been reported to be shed from
stools, even after it has become undetectable in the respiratory tract
(Wu et al., 2020; Wdlfel et al., 2020), for which SARS-CoV-2 shed from
discharged individuals may be an explanation. Presence of undiagnosed
or asymptomatic infection may also be an explanation. For better applica-
tion of WBE, further studies are necessary regarding the presence of
SARS-CoV-2 in wastewater when its prevalence is decreasing. Addition-
ally, stability of SARS-CoV-2 and its RNA in wastewater also needs to be
studied further. A recent study revealed that the temperature is one of
the most important factors on the decay of SARS-CoV-2 RNA (Ahmed
et al., 2020c). As have been pointed, effects of other factors such as level
of organic matter, pH, and light availability also needs to be evaluated
(Wartecki and Rzymski, 2020).

4.4. Implications for WBE

Previous studies have suggested that the concentration of SARS-
CoV-2 in wastewater is affected by the number of infected people in
the catchment area (Ahmed et al.,, 2020a; Medema et al., 2020); how-
ever, there seems to be a discrepancy in the observed relationships
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between the concentrations in wastewater and the numbers of infected
people. Ahmed et al. (2020a) could not identify SARS-CoV-2 in a waste-
water sample in Queensland until the number of confirmed cases
reached around 100 cases per 100,000 people, and the observed con-
centration was below the limit of quantification at that time. By con-
trast, Medema et al. (2020) and Randazzo et al. (2020) obtained
positive results before the first confirmed case in the study areas. This
is, at least partly, because the number of the confirmed cases did not
necessarily reflect the actual prevalence of the infection at a given
time point, which might be better correlated to the concentration of
SARS-CoV-2 in the wastewater. In Japan, it took a few days to confirm
a case by clinical surveillance after the symptoms first appear or a per-
son becomes infected; there may also be unconfirmed asymptomatic
cases. Another possible reason is that sewer catchment areas cover
only sections of prefectures. Since COVID-19 cases were reported on a
prefecture basis in Japan, the sampled area included the number of
cases reported outside the sewer catchment of the target WWTP. Even
if it was detected once due to the presence of patients in the catchment
area, it would no longer be detected if the patients moved outside that
area for hospitalization. The difference in the methods applied also
needs to be concerned: the collection of composite samples or grab
samples, as discussed above, and the methods of sample concentration,
nucleic acid extraction, and qRT-PCR. In the context of WBE, further data
regarding the relationship between the numbers of cases and the con-
centrations of SARS-CoV-2 in wastewater needs to be accumulated.

5. Conclusions

The presence of SARS-CoV-2 in wastewater samples collected from
five WWTPs in two prefectures in Japan was investigated. SARS-CoV-2
is more likely to be detected when COVID-19 is prevalent in the catch-
ment area, although SARS-CoV-2 was detectable even before the num-
ber of cases reaches <1.0 per 100,000 people. The detection frequency
remained high even after increase in the number of cases stopped, pre-
sumably due to shedding from discharged or undiagnosed individuals.
Applying multiple qRT-PCR assays is recommendable because they
may work complementary. Grab samples, which seem to be less repre-
sentative than composite samples, were collected in this study. Testing
composite sample can potentially show better correlation between
SARS-CoV-2 in the sample and the number of cases. The observed
SARS-CoV-2 concentrations in most of the samples were low,
<1.0 x 10" copies/reaction. Controls used in this study were non-
enveloped viruses, but it would be better to use enveloped viruses to as-
sess the assay reliability. To improve the applicability of WBE, validation
of the way of sample collection, improvement of the assay sensitivity,
and identification of suitable controls are necessary.
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