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• First environmental surveillance for
SARS-CoV-2 RNA in Japan was
carried out.

• SARS-CoV-2 RNA was detected in a
secondary-treated wastewater
(2.4 × 103 copies/L).

• None of influent and river water sam-
ples tested positive for SARS-CoV-
2 RNA.

• SARS-CoV-2 RNA was detected when
the reported cases in the community
were high.

• Applicability of EMV method for detec-
tion of SARS-CoV-2 in water is
demonstrated.
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Wastewater-based epidemiology
Wastewater-based epidemiology is a powerful tool to understand the actual incidence of coronavirus disease
2019 (COVID-19) in a community because severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
etiological agent of COVID-19, can be shed in the feces of infected individuals regardless of their symptoms.
The present study aimed to assess the presence of SARS-CoV-2 RNA inwastewater and river water in Yamanashi
Prefecture, Japan, using four quantitative and two nested PCR assays. Influent and secondary-treated (before
chlorination) wastewater samples and river water samples were collected five times from a wastewater treat-
ment plant and three times from a river, respectively, between March 17 and May 7, 2020. The wastewater
and river water samples (200–5000 mL) were processed by using two different methods: the electronegative
membrane-vortex (EMV) method and the membrane adsorption-direct RNA extraction method. Based on the
observed concentrations of indigenous pepper mild mottle virus RNA, the EMV method was found superior to
the membrane adsorption-direct RNA extraction method. SARS-CoV-2 RNA was successfully detected in one of
five secondary-treated wastewater samples with a concentration of 2.4 × 103 copies/L by N_Sarbeco qPCR
assay following the EMV method, with sequence confirmation of the qPCR product, whereas all the influent
samples were tested negative for SARS-CoV-2 RNA. This result could be attributed to higher limit of detection
for influent (4.0 × 103–8.2 × 104 copies/L) with a lower filtration volume (200 mL) compared to that for
secondary-treated wastewater (1.4 × 102–2.5 × 103 copies/L) with a higher filtration volume of 5000 mL.
None of the river water samples tested positive for SARS-CoV-2 RNA. Comparison with the reported COVID-19
River Basin Environment, University of Yamanashi, 4-3-11 Takeda, Kofu, Yamanashi 400-8511, Japan.
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cases in Yamanashi Prefecture showed that SARS-CoV-2 RNAwas detected in the secondary-treated wastewater
sample when the cases peaked in the community. This is the first study reporting the detection of SARS-CoV-2
RNA in wastewater in Japan.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
etiological agent of the ongoing global pandemic of coronavirus disease
2019 (COVID-19), was first identified in Wuhan, China, in December
2019 (World Health Organization, 2020a). SARS-CoV-2 has spread to
216 countries, areas, or territories with more than 8,006,427 cases and
436,899 deaths worldwide as of June 17, 2020 (World Health
Organization, 2020b). A significant amount of infectious SARS-CoV-2
particleswere successfully cultured in enterocytes of human small intes-
tinal organoids, where the cellular receptor of SARS-CoV-2, angiotensin-
converting enzyme 2 (ACE2), is expressed (Lamers et al., 2020). This re-
port suggests that SARS-CoV-2 actively replicates in enterocytes of
human intestine and the virus is subsequently shed in feces. The brush
border of intestinal enterocytes is the region where the highest expres-
sion of ACE2 can be observed in the humanbody (Qi et al., 2020). Recent
studies reported the detection of SARS-CoV-2 in feces (Wölfel et al.,
2020) and urine of COVID-19 patients (Sun et al., 2020; Wu et al.,
2020) at an early onset of infection (Chen et al., 2020; Holshue et al.,
2020). A previous study investigating a total of 4243 COVID-19 patients
reported that 17.6% of the patients exhibited gastrointestinal symptoms
andSARS-CoV-2 RNAwas detected in stool samples fromhigher propor-
tion (48.1%) of the patients (Cheung et al., 2020). This result indicated
that the virus could be shed in feces of infected individuals without gas-
trointestinal symptoms in addition to patients with diarrhea. The re-
ported proportion of asymptomatic infection of COVID-19 ranges from
18% to 31% (Mizumoto et al., 2020; Nishiura et al., 2020; Treibel et al.,
2020), and 21% of COVID-19 patients showed diarrheal symptoms
(Wan et al., 2020), which means a large number of symptomatic and
asymptomatic individuals shed the virus in stool, which ultimately
reaches a wastewater treatment plant (WWTP) through sewage pipes.
Even after a patient recovers from the respiratory symptoms, viruses
can still be shed in feces for several days (Wu et al., 2020).

A recent study reported that SARS-CoV-2RNAcouldbedetected for lon-
ger duration in feces (median, 22 days) than in respiratory airways
(18 days) and in serum samples (16 days) (Zheng et al., 2020). While the
persistence of SARS-CoV-2 in wastewater has yet not been studied, the
time to achieve 99.9% die-off at 23 °C for other coronaviruses (feline infec-
tious peritonitis virus and human coronavirus 229E) was reported to be
2–3 days in sewage (Gundy et al., 2008), while the other coronaviruses
persisted for longer duration at low temperature (Casanova et al., 2009).
All these pieces of evidence suggested that SARS-CoV-2 can be detected
fromwastewater and the data can be utilized for wastewater-based epide-
miology (WBE). The detection of the SARS-CoV-2 RNA in wastewater in a
low COVID-19 prevalence area and detection even before COVID-19 cases
was reported by the local authority highlights the importance of wastewa-
ter surveillance tomonitor the prevalence of the virus (Kitajima et al., 2020;
Medema et al., 2020; Randazzo et al., 2020). These recent reports suggested
thatWBE could provide an earlywarning sign of possible disease outbreaks
in a community (Orive et al., 2020; Xagoraraki and O'Brien, 2020). Such
WBE is of particular importance to analyze the data retrospectively in esti-
mating the probable population affected by the virus, because asymptom-
atic patients who are underdiagnosed by clinical surveillance may also
shed the virus in feces.

SARS-CoV-2 RNA has been detected inwastewater in Australia, Italy,
Spain, and the Netherlands (Ahmed et al., 2020a; La Rosa et al., 2020b;
Medema et al., 2020; Randazzo et al., 2020). The first case of COVID-19
in Japan was reported on January 16, 2020, followed by the first re-
ported case in Yamanashi Prefecture on March 6, 2020. Yamanashi
Prefecture is located in the suburbs of Tokyo, and the total cumulative
cases of COVID-19 in Tokyo Prefecture reached 5249 and 64 in
Yamanashi Prefecture as of June 1, 2020 (Ministry of Health, Labour
and Welfare, 2020). Considering the neighboring prefectures and fre-
quent movement of people between these two prefectures, there is a
possibility of the spread of COVID-19 cases in Yamanashi Prefecture,
which is currently considered a low prevalence area of COVID-19.

Based on this background, this study aimed to assess the presence of
SARS-CoV-2 RNA in wastewater and river water in Yamanashi Prefec-
ture using selected currently available quantitative polymerase chain
reaction (qPCR) and nested PCR assays. This is the first study reporting
the detection of SARS-CoV-2 RNA in a wastewater in Japan.

2. Materials and methods

2.1. Collection of water samples

A total of thirteen grab water samples, including five samples each
from influent and secondary-treated wastewater before chlorination
at a WWTP, which utilized conventional activated sludge process, and
three river water samples from a river in Yamanashi Prefecture, were
collected on five and three different occasions, respectively, between
March 17 and May 7, 2020. Secondary-treated wastewater was further
treated by chlorination before discharge to the environment; however,
thefinal effluent sampleswere not collected in this study. Sampleswere
collected in sterilized 1-L plastic bottles taking precautionary measures
and transported to the laboratory on ice and processed within 6 h of
collection.

2.2. Enumeration of Escherichia coli

E. coli in wastewater samples was enumerated by a culture-based
method using a CHROMagar ECC (Kanto Chemical, Tokyo, Japan),
while both the CHROMagar ECC method and a most probable number
(MPN) method using a Colilert 18 reagent (IDEXX Laboratories,
Westbrook, CA, USA) were used for river water samples, according to
the manufacturers' instructions.

2.3. Virus concentration, RNA extraction, and reverse transcription (RT)

Concentration of viruses andRNAextractionwere performed by using
two methods. In one method, viruses in environmental water samples
were concentrated using the electronegative membrane-vortex (EMV)
method (Haramoto et al., 2011, 2012) with slight modifications as de-
scribed previously (Malla et al., 2019). Briefly, 2 mL and 50 mL of 2.5 M
MgCl2 were added to 200 mL of influent wastewater and 5000 mL of
secondary-treated wastewater samples, respectively, prior to the filtra-
tion. For the river water samples, 50 mL of 2.5 M MgCl2 was added to
5000 mL of water samples, which was filtered through a membrane
until the membrane clogged. The wastewater and river water samples
were filtered through a mixed cellulose-ester membrane (pore size,
0.8 μm; diameter, 90 mm; Merck Millipore, Billerica, MA, USA). Subse-
quently, 10mLof an elution buffer containing 0.2 g/L sodiumdiphosphate
decahydrate (Na4P2O7 10H2O), 0.3 g/L ethylenediaminetetraacetic acid
trisodium salt trihydrate (C10H13N2O8Na3 3H2O), and 0.1 mL/L Tween
80 (polyoxyethylene (20) sorbitanmonooleate) was added in a 50-mL
plastic tube containing the membrane. The elution step was performed
by vigorous vortexing of the membrane with a football-shaped stirring
bar. This procedure was repeated using an additional 5 mL of the elution
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buffer to obtain a final volume of approx. 15 mL. This was followed by a
centrifugation step at 2000 ×g for 10 min at 4 °C to obtain the superna-
tant. A disposable membrane filter unit (pore size, 0.45 μm; diameter,
25 mm; Advantec, Tokyo, Japan) was used for the filtration of the super-
natant. The filtrate was subsequently concentrated using a Centriprep
YM-50 ultrafiltration device (Merck Millipore) to obtain a virus concen-
trate. One hundred and forty microliters of the virus concentrate was
used for viral RNA extraction with a QIAamp Viral RNA Mini Kit (Qiagen,
Hilden, Germany) in a QIAcube automated platform (Qiagen) to obtain a
60-μL RNA extract.

In the secondmethod, which is termed here as the adsorption-direct
RNA extraction method, the environmental water samples with 25mM
MgCl2 were filtered through a mixed cellulose-ester membrane (pore
size, 0.8 μm; diameter, 90mm;MerckMillipore) andRNAwas extracted
directly from 1/4 of the membrane that was inserted in a 5-mL
PowerWater bead tube of an RNeasy PowerWater Kit (Qiagen). Finally,
50-μL RNA extract was obtained according to the manufacturer's
instruction.

A High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA) was used to obtain a 60-μL cDNA
from a 30 μL of viral RNA for both methods, following the manufactur-
er's protocol.

As recommended previously (Haramoto et al., 2018), coliphageMS2
(ATCC 15597-B1) was added to the sample prior to RNA extraction as a
molecular process control. In the case of the EMV method, 1 μL of coli-
phage MS2 was added to 140 μL each of the virus concentrates and a
non-inhibitory control (NIC) sample (PCR-grade water). For the
adsorption-direct RNA extraction method, 1 μL of coliphage MS2 was
added in a 5-mL PowerWater bead tube containing the filter membrane
and 1mLof the Solution PM1 from the RNeasy PowerWater kit (Qiagen)
and β-mercaptoethanol. The concentration of coliphage MS2 in a sam-
ple and NIC tubes were determined using qPCR (Friedman et al.,
2011) and the extraction-RT-qPCR efficiencies were calculated as the
ratio of the concentration of cDNA in a sample qPCR tube to that in an
NIC tube.

The calculated extraction-RT-qPCR efficiencies were 71.6 ± 25.2%
(n = 13) and 8.5 ± 3.7% (n = 11) for the EMV and the adsorption-
direct RNA extraction methods, respectively, indicating that there was
no substantial loss and/or inhibition in the environmental water sam-
ples during RNA extraction, RT, and qPCR. The resultant low
extraction-RT-qPCR efficiency of the adsorption-direct RNA extraction
method could be due to an assumption that there was a 100% recovery
of virus by the EMV method.
Table 1
Primers and probes of qPCR assays used in this study.

Assay Function Name Sequence (

N_Sarbeco Forward primer N_Sarbeco_F1 CACATTGG
Reverse primer N_Sarbeco_R1 GAGGAAC
TaqMan probe N_Sarbeco_P1 FAM-ACTT

NIID_2019-nCOV_N Forward primer NIID_2019-nCOV_N_F2 AAATTTTG
Reverse primer NIID_2019-nCOV_N_R2ver3 TGGCACCT
TaqMan probe NIID_2019-nCOV_N_P2 FAM-ATGT

CDC-N1 Forward primer 2019-nCoV_N1-F GACCCCAA
Reverse primer 2019-nCoV_N1-R TCTGGTTA
TaqMan probe 2019-nCoV_N1-P FAM-ACCC

CDC-N2 Forward primer 2019-nCoV_N2-F TTACAAAC
Reverse primer 2019-nCoV_N2-R GCGCGACA
TaqMan probe 2019-nCoV_N2-P FAM-ACAA

PMMoVb Forward primer PMMV-FP1 GAGTGGTT
Reverse primer PMMV-FP1-rev TTGTCGGT
TaqMan MGB probe PMMV-Probe1 FAM-CCTA

Coliphage MS2 Forward primer Not available ATCCATTT
Reverse primer Not available TGCAATCT
TaqMan MGB probe Not available FAM-TAGG

a FAM, 6-carboxyfluorescein; MGB, minor groove binder; NFQ, nonfluorescent quencher; BH
b PMMoV, pepper mild mottle virus.
2.4. qPCR and nested PCR assays

As shown in Tables 1 and 2, a total of six recently published assays,
including four qPCR assays (N_Sarbeco, NIID_2019-nCOV_N, CDC-N1,
and CDC-N2 assays) (Centers for Disease Control and Prevention,
2020; Corman et al., 2020; Shirato et al., 2020) and two nested PCR as-
says (ORF1a and S protein assays) (Shirato et al., 2020), were applied for
the detection of SARS-CoV-2 RNA in the wastewater and river water
samples. In addition, an RT-qPCR assay targeting pepper mild mottle
virus (PMMoV), a plant virus originating from pepper products, which
is considered as a potential viral indicator of human fecal contamina-
tion, was tested (Rosario et al., 2009; Hamza et al., 2011; Kuroda et al.,
2014; Kitajima et al., 2018; Symonds et al., 2018).

RT-qPCR assays for SARS-CoV-2 were performed in 25-μL qPCR
reaction volume containing 12.5 μL of Probe qPCR Mix with UNG
(Takara Bio, Kusatsu, Japan), 0.1 μL each of 100 μM forward and re-
verse primers, 0.05 μL of 100 μM TaqMan probe, and 2.5 μL of tem-
plate cDNA. Nested PCR assays for SARS-CoV-2 were performed in a
50-μL reaction mixture. First PCR amplification reaction mixture
contained 25 μL of Premix Ex Taq Hot Start Version (Takara Bio),
0.15 μL each of 100 μM forward and reverse primers, and 5.0 μL of
template cDNA, while in second PCR amplification, 2 μL of first PCR
product was used in a total volume of 50 μL. The thermal cycling con-
ditions of the qPCR assays were as follows: initial incubation at 25 °C
for 10 min and initial denaturation at 95 °C for 30 s, followed by
45 cycles of denaturation at 95 °C for 5 s and primer annealing and
extension reaction at 60 °C for 60 s (for N_Sarbeco, NIID_2019-
nCOV_N, and PMMoV), or at 60 °C for 30 s (for CDC-N1 and CDC-
N2). The thermal cycling conditions for both first and second rounds
of nested PCR assays were as follows: initial denaturation at 95 °C for
2 min, followed by 35 cycles of denaturation at 94 °C for 30 s and
primer annealing at 56 °C for 30 s, and extension reaction at 72 °C
for 60 s, and a final extension at 72 °C for 7 min.

A Thermal Cycler Dice Real Time System TP800 (Takara Bio) was
used for thequantification for the qPCR assays, while gel electrophoresis
was performed in 2% agarose gel to visualize the nested PCR products
under ultraviolet light. Five to six 10-fold serial dilutions of gBlocks
gene fragments containing the amplification region sequences of the
qPCR assays (Integrated DNA Technologies, Coralville, IA, USA) were
used to generate a standard curve. Negative and positive controls
were included in every qPCR run, and all samples were tested with du-
plicated qPCR reactions. For thenested PCR assays, onenegative and one
positive control (gBlocks) was included in each gel electrophoresis run.
5′–3′)a Product length (bp) Reference

CACCCGCAATC 128 Corman et al., 2020
GAGAAGAGGCTTG
CCTCAAGGAACAACATTGCCA-BHQ1
GGGACCAGGAAC 158 Shirato et al., 2020
GTGTAGGTCAAC
CGCGCATTGGCATGGA-BHQ1
AATCAGCGAAAT 72 CDC, 2020
CTGCCAGTTGAATCTG
CGCATTACGTTTGGTGGACC-BHQ1
ATTGGCCGCAAA 67 CDC, 2020
TTCCGAAGAA
TTTGCCCCCAGCGCTTCAG-BHQ1
TGACCTTAACGTTTGA 68 Zhang et al., 2006
TGCAATGCAAGT Haramoto et al., 2013
CCGAAGCAAATG-NFQ-MGB Zhang et al., 2006
TGGTAACGCCG 68 Friedman et al., 2011
CACTGGGACATAT
CATCTACGGGGACGA-NFQ -MGB

Q1, black hole quencher 1.



Table 2
Primers and probes of nested PCR assays used in this study.

Assay PCR Function Name Sequence (5′–3′) Product length (bp) Reference

ORF1a First Forward primer NIID_WH-1_F501 TTCGGATGCTCGAACTGCACC 413 Shirato et al., 2020
Reverse primer NIID_WH-1_R913 CTTTACCAGCACGTGCTAGAAGG

Second Forward primer NIID_WH-1_F509 CTCGAACTGCACCTCATGG 346
Reverse primer NIID_WH-1_R854 CAGAAGTTGTTATCGACATAGC

S protein First Forward primer WuhanCoV-spk1-f TTGGCAAAATTCAAGACTCACTTT 547 Shirato et al., 2020
Reverse primer WuhanCoV-spk2-r TGTGGTTCATAAAAATTCCTT

TGTG
Second Forward primer NIID_WH-1_F24381 TCAAGACTCACTTTCTTCCAC 493

Reverse primer NIID_WH-1_R24873 ATTTGAAACAAAGACACCTTCAC
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2.5. Statistical analysis

The paired t-test was used to compare the performance of the two
different concentration-RNA extraction methods. One-tenth of the
lower limit of detection (LOD) value of PMMoV (1.0 × 101 copies/L)
was used for the negative sample for the statistical analysis, as described
previously (Malla et al., 2018). Microsoft Office Excel 2013 (Microsoft
Corporation, Redmond, WA, USA) was used to perform the statistical
analysis, and a significant value was set at 0.05.

3. Results

3.1. Detection of E. coli and PMMoV in wastewater and river water samples

The influent and secondary-treated wastewater samples (n = 5
each) were tested to determine the reduction efficiency of E. coli, a con-
ventional fecal indicator bacterium, and PMMoV, the most abundant
virus in wastewater (Kitajima et al., 2014) and proposed as an indicator
of virus reduction (Kitajima et al., 2018; Symonds et al., 2018; Tandukar
et al., 2020). The geometric mean concentrations of E. coli and PMMoV
RNA in the influent samples were 3.7 × 104 colony forming-units
(CFU)/mL (range, 1.8 × 104–6.7 × 104 CFU/mL; n = 5) and 4.8 × 107

copies/L (range, 3.2 × 107–9.4 × 107 copies/L; n = 5), respectively.
The log10 reduction ratios (mean ± standard deviation (SD)) of E. coli
and PMMoV RNA based on their concentrations in influent and
secondary-treated wastewater samples were 2.7 ± 0.3 log10 (n = 5)
and 1.8 ± 0.2 log10 (n = 5), respectively. E. coli was detected in all
river water samples (n = 3) by the CHROMagar ECC method and the
MPN method with geometric mean concentrations of 1.2 CFU/mL
Table 3
Comparison of virus concentration-RNA extraction methods.

Sample ID Date of sample
collection
(mm/dd/yyyy)

PMMoV RNA (copies/L)

EMV
methoda

Adsorption-direct
RNA
extraction methodb

Influent 4/14/2020 3.2 × 107 2.7 × 105

4/22/2020 5.0 × 107 5.3 × 105

4/30/2020 4.8 × 107 7.0 × 105

5/7/2020 1.0 × 108 1.3 × 106

Secondary-treated
wastewater

4/14/2020 3.8 × 105 3.1 × 104

4/22/2020 1.2 × 106 7.0 × 103

4/30/2020 4.8 × 105 1.3 × 104

5/7/2020 1.3 × 106 1.6 × 103

River water 4/22/2020 1.8 × 105 b1.0 × 101

4/30/2020 2.6 × 105 1.2 × 102

5/7/2020 4.0 × 105 2.5 × 103

a Water sample concentrated by the electronegativemembrane-vortex (EMV)method,
followed by RNA extraction using the QIAamp Viral RNA Mini Kit (Qiagen).

b Pretreated water samples filtered using a mixed cellulose-ester membrane and RNA
was extracted directly from the filter membrane using the RNeasy PowerWater Kit
(Qiagen).
(range, 0.2–5.0 CFU/mL) and 0.8 MPN/100 mL (range, 0.1–5.1 MPN/
mL), respectively. PMMoV RNA was detected with a geometric mean
concentration of 2.7 × 105 copies/L (range, 1.8 × 105–4.3 × 105 copies/
L; n = 3) in the river water samples.

3.2. Comparison of concentration-RNA extraction methods

Table 3 summarizes the comparison of the two concentration-RNA
extraction methods, based on the observed concentrations of indige-
nous PMMoV RNA. Using the EMV method, PMMoV RNA was detected
in 100% (13/13) of wastewater and river water samples, while using
an adsorption-direct RNA extraction method, it was detected in 91%
(10/11) of the samples. The geometric mean concentration of PMMoV
RNA using the EMV method (2.6 × 106 copies/L; range, 1.8 × 105–
1.0 × 108 copies/L; n = 11) was significantly higher than that using
the adsorption-direct RNA extraction method (1.3 × 104 copies/L;
range, b1.0 × 101–1.3 × 106 copies/L; n = 11) (paired t-test; p b 0.05).
Assuming the concentration-RNA extraction-RT-qPCR efficiency of
PMMoV by the EMV method as 100%, the efficiency by adsorption-
direct RNA extraction method was 1.5 ± 2.3% (n = 11).

3.3. Detection of SARS-CoV-2 RNA in wastewater and river water samples

The collected wastewater (n= 10) and river water samples (n= 3)
were processed with both the EMV and the adsorption-direct RNA ex-
tractionmethods and tested for SARS-CoV-2 RNAusing six qPCR/nested
PCR assays. As summarized in Fig. 1 and Table 4, SARS-CoV-2 RNA was
detected in one (20%) secondary-treated wastewater sample, which
had been collected on April 14, 2020 and concentrated by the EMV
Fig. 1. COVID-19 cases and SARS-CoV-2 RNA detection in wastewater and river water in
Yamanashi Prefecture, Japan. Squares, circles, and triangles denote sampling dates of
river water, influent and secondary-treated wastewater samples, respectively. The closed
triangle denotes SARS-CoV-2 RNA detection, grey bars denote new COVID-19 cases on
each day, and black thread line with white diamonds denotes COVID-19 cumulative
cases in Yamanashi Prefecture.
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method, using the N_Sarbeco qPCR assay. Meanwhile, SARS-CoV-2 RNA
was not detected in any of the influent (n= 5) and river water samples
(n = 3) using six qPCR/nested PCR assays by the EMV and the
adsorption-direct RNA extraction methods.

The threshold cycle (Ct) of the positive secondary-treatedwastewa-
ter sample was 39.96, which corresponds to 2.4 × 103 copies/L in the
original water sample. This result was further confirmed to check for
any accidental contamination of the sample with the gBlocks positive
control by using a VIC-labeled check probe (5′-VIC-AGCTAGCGCAT
TGGATCTCG-NFQ-MGB-3′) (Shirato et al., 2020), where the VIC fluores-
cent signal was detected from the positive control containing the check
probe sequence but not detected from the positive sample. Further-
more, the positive qPCR product was purified using a QIAquick PCR Pu-
rification Kit (Qiagen), followed by direct nucleotide sequencing using
the Sanger method, where forward and reverse sequences matched to
SARS-CoV-2 genomes available in the GenBank database (data not
shown). In addition, the obtained nucleotide sequences did not match
with the check probe sequence, which denied the possibility of contam-
ination of the positive control DNA.

The cumulative COVID-19 cases in Yamanashi Prefecture was 36 on
April 14, 2020, when a positive signal from the secondary-treated
wastewater sample was obtained (Fig. 1).

4. Discussion

In the current study, two different methods (EMV and
adsorption-direct RNA extraction methods) were applied for
concentration-RNA extraction of SARS-CoV-2. For this purpose,
PMMoV was selected as an indicator virus, considering its extremely
high abundance in wastewater (Kitajima et al., 2018). The EMV
method outperformed the adsorption-direct RNA extraction method
with 2.4-log10 higher observed concentrations of indigenous PMMoV
RNA in the samples. The adsorption-direct RNA extraction method
was expected to work well as the recovery of murine hepatitis
virus (MHV) was high in a recent comparison study, although a
0.45-μm pore-size membrane filter was used (Ahmed et al., 2020b),
while a 0.8-μm pore-size membrane fileter was used in the current
study. However, unlike SARS-CoV-2, PMMoV is a non-enveloped
RNA virus. Thus, the recovery of an enveloped surrogate virus with
a similar structure to SARS-CoV-2, such as MHV, transmissible gas-
troenteritis virus, and Pseudomonas phage Φ6, should be evaluated
in future studies (Kitajima et al., 2020).

Of the ten wastewater samples tested, SARS-CoV-2 RNA was de-
tected only in 20% (1/5) of secondary-treated wastewater samples by
N_Sarbeco qPCR assay following the EMVmethod, which had been col-
lected on April 14, 2020. SARS-CoV-2 RNA has been detected in waste-
water in Australia by N_Sarbeco assay (Ahmed et al., 2020a), in Italy
by assays targeting RdRp, ORF1ab, and Spike genes (La Rosa et al.,
2020b), in the Netherlands by CDC-N1, CDC-N2, CDC-N3, and E_Sarbeco
assays (Medema et al., 2020), and in Spain by CDC-N1, CDC-N2, and
CDC-N3 assays (Randazzo et al., 2020).

None of the river water samples tested positive for SARS-CoV-2 RNA
using six qPCR/nested PCR assays, following the EMV and the
adsorption-direct RNA extraction methods. The possible reason for
this could be a low prevalence of COVID-19 infections in the studied
region.

In the present study, despite the detection of SARS-CoV-2 RNA in the
secondary-treatedwastewater sample, it was not detected in any of the
influent samples tested following the same procedure. This discrepancy
in the results could be due to the difference in the initial volume of en-
vironmental water samples used for concentration. The volume of
secondary-treated wastewater samples (5000 mL) filtered was 25
times greater than that of the influent samples (200 mL), which leads
to higher LOD for the influent samples (4.0 × 103–8.2 × 104 copies/L)
as compared to LOD for the secondary-treated wastewater samples
(1.4 × 102–2.5 × 103 copies/L). In addition, hydraulic retention time
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for the wastewater treatment process was not considered while
collecting the samples (i.e., both influent and secondary-treated waste-
water samples were collected almost at the same time, without taking
into account hydraulic retention time in the treatment process). The
SARS-CoV-2 RNA concentration in the positive secondary-treated
wastewater sample was two orders of magnitude lower (2.4 × 103 cop-
ies/L; Ct of 39.96 in only one of two PCR wells) than that reported in a
previous study in Spain (2.5 × 105 copies/L) (Randazzo et al., 2020).
Randazzo et al. (2020) reported comparable level of SARS-CoV-2 RNA
concentrations between influent and treated wastewater samples in
Spain (both approx. 2.5 × 105 copies/L). Thus, there is a necessity to per-
form further studies on reduction of SARS-CoV-2 by wastewater treat-
ment processes.

Out of five sampling dates of this study, SARS-CoV-2 was not de-
tected in four dates (March 17, April 22, 30, and May 7) and detected
only on April 14. Before March 17, the reported cumulative cases of
COVID-19 in Yamanashi Prefecture was only 2. As of April 14, when
SARS-CoV-2 RNA was detected in the current study, 36 cumulative
cases had been reported, corresponding to 4.4 cumulative cases per
100,000 inhabitants. The curve of cumulative cases started to rise after
March 30. The highest daily new reported cases (5 cases/day) were re-
corded on April 7 and 11 after which the daily new cases reduced no-
ticeably. The curve of cumulative COVID-19 cases started to flatten
after April 16. Thus, we could observe the correspondence between
the time of detection of the virus in our samples and the time of the
highest peak in the number of daily cases of COVID-19 infection in the
prefecture.

As of June 1, Yamanashi Prefecture has been one of the prefectures
with relatively lowCOVID-19prevalence in Japan. Lower infection prev-
alence could be responsible for the lower detection ratio of SARS-CoV-2
RNA in wastewater samples in this study. Nevertheless, detection of
SARS-CoV-2 RNA (even in low concentration) that corresponded to
the peak of daily new cases of infection provided an assurance that
even in the areas of low prevalence, WBE can be used as tracking or
warning tools for monitoring the status of COVID-19 prevalence in a
community. SARS-CoV-2 RNA detection in wastewater has been re-
ported from a country with a low prevalence of COVID-19 cases, and
even prior to COVID-19 cases had been reported (Randazzo et al.,
2020). WBE could be an effective and economical tool to monitor the
status of SARS-CoV-2 circulating within a community to reduce the
risk of future outbreaks (Ahmed et al., 2020a; Hart and Halden, 2020;
Kitajima et al., 2020; Medema et al., 2020; Orive et al., 2020;
Xagoraraki and O'Brien, 2020). More in-depth investigations on the
spread of the virus through wastewater and on ascertaining the role of
water and sanitation interventions to prevent waterborne transmission
have been suggested (Heller et al., 2020; Núñez-Delgado, 2020).

Considering the low concentrations of SARS-CoV-2 in wastewater,
further studies to explore a more effective concentration-RNA extrac-
tion method is recommended. Detection of SARS-CoV-2 RNA in waste-
water can be affected by many factors, including concentration-RNA
extractionmethods, RT-qPCR assay, and the prevalence of COVID-19 in-
fections in the community. Besides these determinants, some country-
specific factors, such as differences in per-capita water use or the
sewer systems channeling domestic sewage and stormwater to
WWTPs (e.g., combined or separate sewer), might influence the con-
centration of viral RNA in wastewater reaching a WWTP.

Despite the successful detection of SARS-CoV-2 RNA in secondary-
treated wastewater, it is uncertain if the detected viral RNA was infec-
tious at the time of sampling. Besides, secondary-treated wastewater
is further chlorinated before being discharged to an open water body.
Coronaviruses are generally known to be sensitive to chlorine and
inactivated relatively faster in water compared to non-enveloped vi-
ruses, such as PMMoV (La Rosa et al., 2020a). Wang et al. (2005) re-
ported a complete inactivation of SARS-CoV in wastewater with
chlorine (10 mg/L for 10 min; free residual chlorine, 0.4 mg/L) or chlo-
rine dioxide (40 mg/L for 30 min; free residual chlorine, 2.19 mg/L).
Chlorine-based disinfectants, such as household bleach, chloroxylenol,
chlorhexidine, and benzalkonium chloride, were found effective for in-
activation of SARS-CoV-2 (Chin et al., 2020). Furthermore, comparable
levels of reductions of E. coli and PMMoV between the current study
and a previous study (Tandukar et al., 2020) supported that these path-
ogens are removed substantially at the WWTP and the treatment sys-
tems are functioning appropriately. However, unfortunately, in the
current study, SARS-CoV-2 RNA reduction could not be calculated be-
cause it was not detected in the influent samples.

There are other cities in Japan that have low reported cases of
COVID-19. Because asymptomatic cases are less likely to be reported
to public health officials, WBE could be an effective disease surveillance
tool for such cities. In addition, WBE could serve as a large scale,
population-wide surveillance in near real-time (Sims and Kasprzyk-
Hordern, 2020), especially in resource-limited regions and to alert
emergency response teams for preparedness. A unified platform, such
as ‘COVID-19 WBE Collaborative’ consisting of scientists from multiple
discipline that aims to facilitate timely and high-impact WBE studies
for public benefit, is required to fight against the ongoing COVID-19
pandemic (Bivins et al., 2020).

5. Conclusions

• SARS-CoV-2 RNA was detected in one of five secondary-treated
wastewater samples collected from a WWTP (2.4 × 103 copies/L) by
N_Sarbeco qPCR assay following the EMV method, which serves as
the first case of detection in wastewater in Japan.

• SARS-CoV-2 RNAwasnot detected in any of thefive influent and three
river water samples tested using four qPCR (N_Sarbeco, NIID_2019-
nCOV_N, CDC-N1, and CDC-N2) and two nested PCR (ORF1a and S
protein) assays.

• Even when the number of reported COVID-19 cases was low (4.4 cu-
mulative cases per 100,000 inhabitants), SARS-CoV-2 RNA was de-
tected in a secondary-treated wastewater sample when the weekly
reported cases in the community were high.

• Based on the observed concentrations of indigenous PMMoV RNA, the
EMVmethod followed by RNA extraction using the QIAamp Viral RNA
Mini Kit performed better than the adsorption-direct RNA extraction
method followed by RNA extraction using the RNeasy PowerWater
Kit, suggesting the applicability of the EMV method for detection of
SARS-CoV-2 RNA in wastewater.

CRediT authorship contribution statement

Eiji Haramoto: Conceptualization, Funding acquisition, Investiga-
tion, Resources, Supervision, Writing - review & editing, Formal analy-
sis. Bikash Malla: Investigation, Writing - original draft, Formal
analysis, Resources. Ocean Thakali: Investigation, Writing - review &
editing, Formal analysis, Resources. Masaaki Kitajima: Conceptualiza-
tion, Investigation, Resources, Writing - review & editing, Formal
analysis.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This study was partially supported by the Japan Society for the Pro-
motion of Science (JSPS) through Grant-in-Aid for Scientific Research
(B) (grant number JP20H02284). The authors acknowledge the staffs
of theWWTP for their support and permission onwastewater sampling.



7E. Haramoto et al. / Science of the Total Environment 737 (2020) 140405
References

Ahmed, W., Angel, N., Edson, J., et al., 2020a. First confirmed detection of SARS-CoV-2 in
untreatedwastewater in Australia: a proof of concept for the wastewater surveillance
of COVID-19 in the community. Sci. Total Environ. https://doi.org/10.1016/j.
scitotenv.2020.138764.

Ahmed, W., Bertsch, P.M., Bivins, A., Bibby, K., Farkas, K., Gathercole, A., Haramoto, E.,
Gyawali, P., Korajkic, A., McMinn, B.R., Mueller, J.F., Simpson, S.L., Smith, W.J.M.,
Symonds, E.M., Thomas, K.V., Verhagen, R., Kitajima, M., 2020b. Comparison of virus
concentration methods for the RT-qPCR-based recovery of murine hepatitis virus, a
surrogate for SARS-CoV-2 from untreated wastewater. Sci. Total Environ. 739,
139960. https://doi.org/10.1016/j.scitotenv.2020.139960.

Bivins, A., North, D., Ahmad, A., et al., 2020. Wastewater-based epidemiology: global col-
laborative to maximize contributions in the fight against COVID-19. Environ. Sci.
Technol. https://doi.org/10.1021/acs.est.0c02388 in press.

Casanova, L.M., Rutala, W.A., Weber, D.J., Sobsey, M.D., 2009. Survival of surrogate
coronaviruses in water. Water Res. 43 (7), 1893–1898.

Centers for Disease Control and Prevention, 2020. 2019-novel coronavirus (2019-nCoV)
real-time rRT-PCR panel primers and probes. Centers for Disease Control and
Preventionhttps://www.cdc.gov/coronavirus/2019-ncov/downloads/rt-pcr-panel-
primer-probes.pdf.

Chen, N., Zhou, M., Dong, X., Qu, J., Gong, F., Han, Y., Qiu, Y., Wang, J., Liu, Y., Wei, Y., Xia, J.,
Yu, T., Zhang, X., Zhang, L., 2020. Epidemiological and clinical characteristics of 99
cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive study.
Lancet 395 (10223), 507–513. https://doi.org/10.1016/S0140-6736(20)30211-7
(Epub 2020 Jan 30).

Cheung, K.S., Hung, I.F., Chan, P.P., Lung, K., Tso, E., Liu, R., Ng, Y., Chu, M.Y., Chung, T.W.,
Tam, A.R., Yip, C.C., Leung, K.-H., Yim-Fong Fung, A., Zhang, R.R., Lin, Y., Cheng, H.M.,
Zhang, A.J., To, K.K., Chan, K.-H., Yuen, K.-Y., Leung, W.K., 2020. Gastrointestinal man-
ifestations of SARS-CoV-2 infection and virus load in fecal samples from the Hong
Kong cohort and systematic review and meta-analysis. Gastroenterology https://
doi.org/10.1053/j.gastro.2020.03.065.

Chin, A.W.H., Chu, J.T.S., Perera, M.R.A., Hui, K.P.Y., Yen, H., Chan, M.C.W., Peiris, M., Poon,
L.L.M., 2020. Stability of SARS-CoV-2 in different environmental conditions. Lancet
Microbe https://doi.org/10.1016/S2666-5247(20)30003-3.

Corman, V.M., Landt, O., Kaiser, M., Molenkamp, R., Meijer, A., Chu, D.K., et al., 2020. De-
tection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR. Euro Surveil-
lance: Euro Surveill 25 (3). https://doi.org/10.2807/1560-7917.
ES.2020.25.3.2000045.

Friedman, S.D., Cooper, E.M., Calci, K.R., Genthner, F.J., 2011. Design and assessment of a
real time reverse transcription-PCR method to genotype single-stranded RNA male-
specific coliphages (Family Leviviridae). J. Virol. Methods 173, 196–202.

Gundy, P.M., Gerba, C.P., Pepper, I.L., 2008. Survival of coronaviruses in water and waste-
water. Food Environ. Virol. 1, 10. https://doi.org/10.1007/s12560-008-9001-421 6.

Hamza, I.A., Jurzik, L., Uberla, K., Wilhelm, M., 2011. Evaluation of pepper mild mottle
virus, human picobirnavirus and Torque teno virus as indicators of fecal contamina-
tion in river water. Water Res. 45 (3), 1358–1368. https://doi.org/10.1016/j.
watres.2010.10.021.

Haramoto, E., Yamada, K., Nishida, K., 2011. Prevalence of protozoa, viruses, coliphages
and indicator bacteria in groundwater and river water in the Kathmandu Valley,
Nepal. Trans. R. Soc. Trop. Med. Hyg. 105 (12), 711–716. https://doi.org/10.1016/j.
trstmh.2011.08.004.

Haramoto, E., Katayama, H., Asami, M., Akiba, M., 2012. Development of a novel method
for simultaneous concentration of viruses and protozoa from a single water sample.
J. Virol. Methods 182, 62–69. https://doi.org/10.1016/j.jviromet.2012.03.011.

Haramoto, E., Kitajima,M., Kishida, N., Konno, Y., Katayama, H., Asami, M., Akiba, M., 2013.
Occurrence of pepper mild mottle virus in drinking water sources in Japan. App. En-
viron. Microbiol. 79 (23), 7413–7418. https://doi.org/10.1128/AEM.02354-13.

Haramoto, E., Kitajima, M., Hata, A., Torrey, J.R., Masago, Y., Sano, D., Katayama, H., 2018. A
review on recent progress in the detectionmethods and prevalence of human enteric
viruses in water. Water Res. 135, 168–186. https://doi.org/10.1016/j.watres.-
2018.02.004.

Hart, O.E., Halden, R.U., 2020. Computational analysis of SARSCoV-2/COVID-19 surveil-
lance by wastewater-based epidemiology locally and globally: feasibility, economy,
opportunities and challenges. Sci. Total Environ. https://doi.org/10.1016/j.
scitotenv.2020.138875.

Heller, L., Mota, C.R., Greco, D.B., 2020. COVID-19 faecal-oral transmission: are we asking
the right questions? Sci. Total Environ. 729, 138919. https://doi.org/10.1016/j.
scitotenv.2020.138919.

Holshue, M.L., DeBolt, C., Lindquist, S., Lofy, K.H., Wiesman, J., Bruce, H., Spitters, C.,
Ericson, K., Wilkerson, S., Tural, A., Diaz, G., Cohn, A., Fox, L., Patel, A., Gerber, S.I.,
Kim, L., Tong, S., Lu, X., Lindstrom, S., Pallansch, M.A., Weldon, W.C., Biggs, H.M.,
Uyeki, T.M., Pillai, S.K., 2020. First case of 2019 novel coronavirus in the United
States. N. Engl. J. Med. 382 (10), 929–936. https://doi.org/10.1056/NEJMoa2001191
(Epub 2020 Jan 31).

Kitajima, M., Iker, B.C., Pepper, I.L., Gerba, C.P., 2014. Relative abundance and treatment
reduction of viruses during wastewater treatment processes — identification of po-
tential viral indicators. Sci. Total Environ. 488–489, 290–296. https://doi.org/
10.1016/j.scitotenv.2014.04.087.

Kitajima, M., Sassi, H.P., Torrey, J.R., 2018. Pepper mild mottle virus as a water quality in-
dicator. Npj Clean Water. 1 (19). https://doi.org/10.1038/s41545-018-0019-5.

Kitajima, M., Ahmed, W., Bibby, K., Carducci, A., Gerba, C.P., Hamilton, K.A., Haramoto, E.,
Rose, J.B., 2020. SARS-CoV-2 in wastewater: state of the knowledge and research
needs. Sci. Total Environ. https://doi.org/10.1016/j.scitotenv.2020.139076.

Kuroda, K., Nakada, N., Hanamoto, S., Inaba, M., Katayama, H., Do, A.T., Nga, T.T.V., Oguma,
K., Hayashi, T., Takizawa, S., 2014. Pepper mild mottle virus as an indicator and a
tracer of fecal pollution in water environments: comparative evaluation with
wastewater-tracer pharmaceuticals in Hanoi, Vietnam. Sci. Total Environ. 506–507,
287–298. https://doi.org/10.1016/j.scitotenv.2014.11.021.

La Rosa, G., Bonadonna, L., Lucentini, L., Kenmoe, S., Suffredini, E., 2020a. Coronavirus in
water environments: occurrence, persistence and concentration methods - a scoping
review. Water Res. https://doi.org/10.1016/j.watres.2020.115899.

La Rosa, G., Iaconelli, M., Mancini, A., Bonanno, F., Veneri, Bonadonn, L., Lucentini
Suffredini, E., 2020b. First detection of SARS-CoV-2 in untreated wastewaters in
Italy. Sci. Total Environ. 736, 139652. https://doi.org/10.1016/j.
scitotenv.2020.139652.

Lamers, M.M., Beumer, J., van der Vaart, J., Knoops, K., Puschhof, J., Breugen, T.I., Ravelli,
R.B.G., van Schayck, P., Mykytyn, A.Z., Duimel, H.Q., van Donselaar, E., Riesebosh, S.,
Kuijpers, H.J.H., Schippers, D., van de Wetering, W., de Graaf, M., Koopmans, M.,
Cuppen, E., Peters, P.J., Haagmans, B.L., Clevers, H., 2020. SARS-CoV-2 productively in-
fects human gut enterocytes. Science, eabc1669 https://doi.org/10.1126/science.
abc1669.

Malla, B., Ghaju Shrestha, R., Tandukar, S., Bhandari, D., Inoue, D., Sei, K., Tanaka, Y.,
Sherchand, J.B., Haramoto, E., 2018. Identification of human and animal fecal contam-
ination in drinking water sources in the Kathmandu Valley, Nepal, using host-
associated Bacteroidales quantitative PCR assays. Water 10 (12), 1796. https://doi.
org/10.3390/w10121796.

Malla, B., Ghaju Shrestha, R., Tandukar, S., Sherchand, J.B., Haramoto, E., 2019. Perfor-
mance evaluation of human-specific viral markers and application of pepper mild
mottle virus and crAssphage to environmental water samples as fecal pollution
markers in the Kathmandu Valley, Nepal. Food Environ. Virol. 11 (3), 274–287.
https://doi.org/10.1007/s12560-019-09389-x.

Medema, G., Heijnen, L., Elsinga, G., Italiaander, R., Brouwer, A., 2020. Presence of SARS-
Coronavirus-2 RNA in sewage and correlation with reported COVID-19 prevalence
in the early stage of the epidemic in the Netherlands. Environ. Sci. Technol. Lett.
https://doi.org/10.1021/acs.estlett.0c00357.

Ministry of Health, Labour and Welfare, 2020. About coronavirus disease 2019 (COVID-
19). https://www.mhlw.go.jp/stf/seisakunitsuite/bunya/newpage_00032.html.

Mizumoto, K., Kagaya, K., Zarebski, A., Chowell, G., 2020. Estimating the asymptomatic
proportion of coronavirus disease 2019 (COVID-19) cases on board the diamond
princes cruise ship, Yokohama, Japan, 2020. Euro Surveill. 25 (10), 2000180.
https://doi.org/10.2807/1560-7917.

Nishiura, H., Kobayashi, T., Miyama, T., Suzuki, A., Jung, S., Hayashi, K., Kinoshita, R., Yang,
Y., Yuan, B., Akhmetzhanov, A.R., Linton, N.M., 2020. Estimation of the asymptomatic
ratio of novel coronavirus infections (COVID-19). Int. J. Infect. Dis. 94, 154–155.
https://doi.org/10.1016/j.ijid.2020.03.020.

Núñez-Delgado, A., 2020.What dowe know about the SARS-CoV-2 coronavirus in the en-
vironment? Sci. Total Environ. 727, 138647. https://doi.org/10.1016/j.
scitotenv.2020.138647.

Orive, G., Unax Lertxundi, U., Barcelo, D., 2020. Early SARS-CoV-2 outbreak detection by
sewage-based epidemiology. Sci. Total Environ. https://doi.org/10.1016/j.
scitotenv.2020.139298.

Qi, F., Qian, S., Zhang, S., Zhang, Z., 2020. Single cell RNA sequencing of 13 human tissues
identify cell types and receptors of human coronaviruses. Biochem. Biophys. Res.
Commun. 526, 135–140. https://doi.org/10.1016/j.bbrc.2020.03.044Medicine.

Randazzo, W., Truchado, P., Cuevas-Ferrando, E., Simón, P., Allende, A., Sánchez, G., 2020.
SARS-CoV-2 RNA in wastewater anticipated COVID-19 occurrence in a low preva-
lence area. Water Res. https://doi.org/10.1016/j.watres.2020.115942.

Rosario, K., Symonds, E.M., Sinigalliano, C., Stewart, J., Breitbart, M., 2009. Pepper mild
mottle virus as an indicator of fecal pollution. Appl. Environ. Microbiol. 75 (22),
7261–7267. https://doi.org/10.1128/AEM.00410-09.

Shirato, K., Nao, N., Katano, H., Takayama, I., Saito, S., Kato, F., Katoh, H., Sakata, M.,
Nakatsu, Y., Mori, Y., Kageyama, T., Matsuyama, S., Takeda, M., 2020. Development
of genetic diagnostic methods for novel coronavirus 2019 (nCoV-2019) in Japan.
Jpn. J. Infect. Dis. https://doi.org/10.7883/yoken.JJID.2020.061.

Sims, N., Kasprzyk-Hordern, B., 2020. Future perspectives of wastewater-based epidemi-
ology: monitoring infectious disease spread and resistance to the community level.
Environ. Intl. 139, 105689. https://doi.org/10.1016/j.envint.2020.105689.

Sun, J., Zhu, A., Li, H., Zheng, K., Zhuang, Z., Chen, Z., Shi, Y., Zhang, Z., Chen, S., Liu, X., Dai, J.,
Li, X., Huang, S., Huang, X., Luo, L., Wen, L., Zhuo, J., Li, Y., Wang, Y., Zhang, L., Zhang, Y.,
Li, F., Feng, L., Chen, X., Zhong, N., Yang, Z., Huang, J., Zhao, J., Li, Y., 2020. Isolation of
infectious SARS-CoV-2 from urine of a COVID-19 patient. Emerg Microbes Infect 9
(1), 991–993. https://doi.org/10.1080/22221751.2020.1760144.

Symonds, E.M., Nguyen, K.H., Harwood, V.J., Breitbart, M., 2018. Pepper mild mottle virus:
a plant pathogen with a greater purpose in (waste) water treatment development
and public health management. Water Res. 144, 1–12. https://doi.org/10.1016/j.
watres.2018.06.066.

Tandukar, S., Sherchan, S.P., Haramoto, H., 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, 3616. https://doi.org/10.1038/s41598-
020-60547-9.

Treibel, T.A., Manisty, C., Burton, M., McKnight Lambourne, J., Augusto, J.B., Couto-Parada,
X., Cutino-Moguel, T., Noursadeghi, M., Moon, J.C., 2020. COVID-19: PCR screening of
asymptomatic health-care workers at London hospital. Lancet 395 (10237),
1608–1610. https://doi.org/10.1016/S0140-6736(20)31100.

Wan, Y., Li, J., Shen, L., Zou, Y., Hou, L., Zhu, L., Faden, S.H., Tang, Z., Shi, M., Jiao, N., Li, Y.,
Cheng, S., Huang, Y.,Wu, D., Xu, Z., Pan, L., Zhu, J., Yan, G., Xhu, R., Lan, P., 2020. Enteric
involvement in hospitalized patients with COVID-19 outside Wuhan. Lancet
Gastroenterol. Hepatol. 5 (6), 534–535. https://doi.org/10.1016/S2468-1253(20)
30118-7.

Wang, X.W., Li, J.S., Jin, M., Zhen, B., Kong, Q.X., Song, N., Xiao, W.J., Yin, J., Wei, W., Wang,
G.J., Si, B.Y., Guo, B.Z., Liu, C., Ou, G.R., Wang, M.N., Fang, T.Y., Chao, F.H., Li, J.W., 2005.

https://doi.org/10.1016/j. scitotenv.2020.138764
https://doi.org/10.1016/j. scitotenv.2020.138764
https://doi.org/10.1016/j.scitotenv.2020.139960
https://doi.org/10.1021/acs.est.0c02388
http://refhub.elsevier.com/S0048-9697(20)33927-9/rf0015
http://refhub.elsevier.com/S0048-9697(20)33927-9/rf0015
https://www.cdc.gov/coronavirus/2019-ncov/downloads/rt-pcr-panel-primer-probes.pdf
https://www.cdc.gov/coronavirus/2019-ncov/downloads/rt-pcr-panel-primer-probes.pdf
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1053/j.gastro.2020.03.065
https://doi.org/10.1053/j.gastro.2020.03.065
https://doi.org/10.1016/S2666-5247(20)30003-3
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
http://refhub.elsevier.com/S0048-9697(20)33927-9/rf0045
http://refhub.elsevier.com/S0048-9697(20)33927-9/rf0045
http://refhub.elsevier.com/S0048-9697(20)33927-9/rf0045
https://doi.org/10.1007/s12560-008-9001-421 6
https://doi.org/10.1016/j.watres.2010.10.021
https://doi.org/10.1016/j.watres.2010.10.021
https://doi.org/10.1016/j.trstmh.2011.08.004
https://doi.org/10.1016/j.trstmh.2011.08.004
https://doi.org/10.1016/j.jviromet.2012.03.011
https://doi.org/10.1128/AEM.02354-13
https://doi.org/10.1016/j.watres.- 2018.02.004
https://doi.org/10.1016/j.watres.- 2018.02.004
https://doi.org/10.1016/j.scitotenv.2020.138875
https://doi.org/10.1016/j.scitotenv.2020.138875
https://doi.org/10.1016/j.scitotenv.2020.138919
https://doi.org/10.1016/j.scitotenv.2020.138919
https://doi.org/10.1056/NEJMoa2001191
https://doi.org/10.1016/j.scitotenv.2014.04.087
https://doi.org/10.1016/j.scitotenv.2014.04.087
https://doi.org/10.1038/s41545-018-0019-5
https://doi.org/10.1016/j.scitotenv.2020.139076
https://doi.org/10.1016/j.scitotenv.2014.11.021
https://doi.org/10.1016/j.watres.2020.115899
https://doi.org/10.1016/j.scitotenv.2020.139652
https://doi.org/10.1016/j.scitotenv.2020.139652
https://doi.org/10.1126/science.abc1669
https://doi.org/10.1126/science.abc1669
https://doi.org/10.3390/w10121796
https://doi.org/10.3390/w10121796
https://doi.org/10.1007/s12560-019-09389-x
https://doi.org/10.1021/acs.estlett.0c00357
https://www.mhlw.go.jp/stf/seisakunitsuite/bunya/newpage_00032.html
https://doi.org/10.2807/1560-7917
https://doi.org/10.1016/j.ijid.2020.03.020
https://doi.org/10.1016/j.scitotenv.2020.138647
https://doi.org/10.1016/j.scitotenv.2020.138647
https://doi.org/10.1016/j.scitotenv.2020.139298
https://doi.org/10.1016/j.scitotenv.2020.139298
https://doi.org/10.1016/j.bbrc.2020.03.044Medicine
https://doi.org/10.1016/j.watres.2020.115942
https://doi.org/10.1128/AEM.00410-09
https://doi.org/10.7883/yoken.JJID.2020.061
https://doi.org/10.1016/j.envint.2020.105689
https://doi.org/10.1080/22221751.2020.1760144
https://doi.org/10.1016/j.watres.2018.06.066
https://doi.org/10.1016/j.watres.2018.06.066
https://doi.org/10.1038/s41598-020-60547-9
https://doi.org/10.1038/s41598-020-60547-9
https://doi.org/10.1016/S0140-6736(20)31100
https://doi.org/10.1016/S2468-1253(20)30118-7
https://doi.org/10.1016/S2468-1253(20)30118-7


8 E. Haramoto et al. / Science of the Total Environment 737 (2020) 140405
Study on the resistance of severe acute respiratory syndrome-associated coronavirus.
J. Virol. Methods 126, 171–177. https://doi.org/10.1016/j.jviromet.2005.02.005.

Wölfel, R., Corman, V.M., Guggemos, W., Seilmaier, M., Zange, S., Müller, M.A., Niemeyer,
D., Jones, T.C., Vollmar, P., Rothe, C., Hoelscher, M., Bleicker, T., Brünink, S., Schneider,
J., Ehmann, R., Zwirglmaier, K., Drosten, C., Wendtner, C., 2020. Virological assessment
of hospitalized patients with COVID-2019. Nature, 1–10 https://doi.org/10.1038/
s41586-020-2196x.

World Health Organization, 2020a. . Retrieved on 31/05/2020 from. https://www.who.
int/emergencies/diseases/novel-coronavirus-2019.

World Health Organization, 2020b. WHO coronavirus disease (COVID-19) dashboard. Re-
trieved on 17/06/2020 from. https://covid19.who.int.

Wu, Y., Guo, C., Tang, L., Hong, Z., et al., 2020. Prolonged presence of SARS-CoV-2 viral RNA
in faecal samples. Lancet Gastroenterol. Hepatol. 5, 434–435. https://doi.org/10.1016/
S2468-1253(20)30083-2.
Xagoraraki, I., O’Brien, E., 2020. Wastewater-based epidemiology for early detection of
viral outbreaks. In: O’Bannon, D. (Ed.), Women in Water Quality, Women in Engi-
neering and Science. Springer Nature Switzerland, pp. 75–97.

Zhang, T., Breitbart, M., Lee, W.H., Run, J.Q., Wei, C.L., Soh, S.W., Hibberd, M.L., Liu, E.T.,
Rohwer, F., Ruan, Y., 2006. RNA viral community in human feces: prevalence of
plant pathogenic viruses. PLoS Biol. 4 (1), 0108–0118. https://doi.org/10.1371/jour-
nal.pbio.0040003.

Zheng, S., Fan, J., 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, m1443. https://doi.org/10.1136/bmj.m1443.

https://doi.org/10.1016/j.jviromet.2005.02.005
https://doi.org/10.1038/s41586-020-2196x
https://doi.org/10.1038/s41586-020-2196x
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://covid19.who.int
https://doi.org/10.1016/S2468-1253(20)30083-2
https://doi.org/10.1016/S2468-1253(20)30083-2
http://refhub.elsevier.com/S0048-9697(20)33927-9/rf0250
http://refhub.elsevier.com/S0048-9697(20)33927-9/rf0250
http://refhub.elsevier.com/S0048-9697(20)33927-9/rf0250
https://doi.org/10.1371/journal.pbio.0040003
https://doi.org/10.1371/journal.pbio.0040003
https://doi.org/10.1136/bmj.m1443

	First environmental surveillance for the presence of SARS-�CoV-�2 RNA in wastewater and river water in Japan
	1. Introduction
	2. Materials and methods
	2.1. Collection of water samples
	2.2. Enumeration of Escherichia coli
	2.3. Virus concentration, RNA extraction, and reverse transcription (RT)
	2.4. qPCR and nested PCR assays
	2.5. Statistical analysis

	3. Results
	3.1. Detection of E. coli and PMMoV in wastewater and river water samples
	3.2. Comparison of concentration-RNA extraction methods
	3.3. Detection of SARS-CoV-2 RNA in wastewater and river water samples

	4. Discussion
	5. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References




