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• SARS-CoV-2 was efficiently detected from
both liquid and solid fractions of wastewa-
ter.

• Detection efficiency of SARS-CoV-2 mainly
depended on selection of extraction kits.

• PMMoV is widely applicable as process
control for the detection of SARS-CoV-2.

• F-phage and MNV were also applicable to
most of the cases.

• ϕ6 was often undetected or have low effi-
ciency even when SARS-CoV-2 was de-
tected.
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Since SARS-CoV-2 RNA in wastewater is often present at low concentration or under detection limit, ensuring the re-
liability of detection processes using appropriate process controls is essential. The objective of this study was to eval-
uate applicability and limitations of candidate surrogate viruses as process controls under combinations of different
virus concentration and RNA extraction methods. Detection efficiency of SARS-CoV-2 spiked in wastewater was com-
pared with those of candidate surrogate viruses of bacteriophage ϕ6, pepper mild mottle virus (PMMoV), F-specific
coliphage (F-phage), and murine norovirus (MNV). After inactivated SARS-CoV-2 andϕ6 were spiked in two different
wastewaters, the viruses in solid and liquid fractions of wastewater were concentrated by centrifuge and polyethylene
glycol (PEG) precipitation, respectively. Viral RNA was extracted by using QIAamp Viral RNA Mini Kit and 3 other
commercially available extraction kits, then quantified by reverse transcription-quantitative PCR using CDCN1
assay. Regardless of extraction kits, SARS-CoV-2 was consistently detected with good efficiency from both liquid
(11–200%) and solid fractions (7.1–93%). Among the candidate process controls, PMMoV was widely detected at
good efficiencies from both liquid and solid fractions regardless of selection of RNA extraction kits. F-phage and
MNV also showed good detection efficiencies in most combinations of wastewater fractions and RNA extraction
kits. An enveloped virus ɸ6 was found often undetected or to have very low detection efficiency (0.1–4.2%) even
when SARS-CoV-2 spiked in wastewater was detected with good efficiency. Consequently, PMMoV is widely applica-
ble as process control for detection of SARS-CoV-2 either in liquid fractions concentrated by PEG precipitation, or in
solid fractions concentrated by centrifuge.
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1. Introduction

The coronavirus infectious disease 2019 (COVID-19) pandemic since
2020 caused by the severe acute respiratory syndrome coronavirus 2

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2022.153737&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2022.153737
rhonda@se.kanazawa-u.ac.jp
http://dx.doi.org/10.1016/j.scitotenv.2022.153737
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


M. Alamin et al. Science of the Total Environment 823 (2022) 153737
(SARS-CoV-2) has enormous damage to global health and world econom-
ics.Wastewater-based epidemiology (WBE) is considered as an efficient ap-
proach for early warning of COVID-19 outbreak in the sewershed (Medema
et al., 2020; Peccia et al., 2020). Recently, detection of SARS-CoV-2 RNA in
wastewater has been reported in many countries (Kumar et al., 2020;
Ahmed et al., 2020a; Medema et al., 2020; Peccia et al., 2020; Randazzo
et al., 2020; Tomasino et al., 2021; Haramoto et al., 2020; Hata et al.,
2021; Wannigama et al., 2021; F. Ahmed et al., 2021). For detection of
SARS-CoV-2 RNA in wastewater, concentration of the virus is applied be-
fore viral RNA extraction and detection by reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) assay. The typical detec-
tion limit for SARS-CoV-2 RNA in wastewater by the currently available
methodology is 103 to 104 copies/L. However, concentrations of SARS-
CoV-2 RNA in wastewater are reportedly often under the detection limit
or only at 104 to 106 copies/L even at the maximum (Kumar et al., 2021,
Wurtzer et al., 2020; F. Wu et al., 2020). Therefore, introduction of process
control is also important for viruses present in a high concentration, espe-
cially when its quantification is aimed. The purpose of the process control
is to identify potential underestimation and false negative due to loss of vi-
rion and its RNA, and/or inefficient RT-qPCR. For process control, effi-
ciency of concentration, nucleotide extraction and detection by RT-qPCR
are checked by using surrogate viruses and nucleic acid (Haramoto et al.,
2018). Murine norovirus (MNV), poliovirus (PV) and MS2 coliphage are
often used as process controls in detection of enteric viruses in wastewater,
e.g. norovirus, human adenovirus, enteroviruses including PV, etc.
(Kazama et al., 2017; Hata et al., 2014; Mäde et al., 2013).

SARS-CoV-2 is an enveloped virus wrapped with the phospholipid
layer, while most of enteric viruses with the outer layer of protein capsid.
Hence, SARS-CoV-2 is considered to have different efficiency in concentra-
tion and RNA extraction when compared with those of non-enveloped en-
teric viruses. Therefore, process controls which are popularly used for
enteric virus detection are possibly inappropriate for SARS-CoV-2 detec-
tion. According to the recent studies, SARS-CoV-2 and murine hepatitis
virus (MHV), a non-human coronavirus, are abundant also in the solid frac-
tion of wastewater unlike non-enveloped enteric viruses (Kitamura et al.,
2021; Ahmed et al., 2020b). Thus, concentration methods including the
solid phase possibly have better efficiency for enveloped viruses. Moreover,
efficiency in RNA extraction was reportedly different between an
enveloped virus of Pseudomonas phage ϕ6 and a non-enveloped virus of
MS2 (Torii et al., 2021). Therefore, appropriate selection of process control
is the key issue to ensure reliability of SARS-CoV-2 detection fromwastewa-
ter. So far, various viruses have been applied for process control in detec-
tion of SARS-CoV-2; e.g. MHV, Pseudomonas phage ϕ6, MS2 coliphage
and PMMoV (Ahmed et al., 2020b; Torii et al., 2021). However, no system-
atic comparison of candidate process control in detection of SARS-CoV-2 in
wastewater has been conducted yet.

The objective of this study was to clarify applicability and limitations of
candidate process controls in detection of SARS-CoV-2 in wastewater. First,
detection efficiency of SARS-CoV-2 and its variance was clarified under dif-
ferent conditions of the concentrated fractions of wastewater (i.e. liquid or
solid fraction) and selection of RNA extraction kits. Then, applicability of
process controls of ϕ6, PMMoV, F-phage and MNV was evaluated by com-
paring their detection efficiencies with SARS-CoV-2. Appropriate process
control in SARS-CoV-2 was suggested regarding detection efficiency in
the applied virus concentration and RNA extraction methods.

2. Materials and methods

Detection efficiencies of SARS-CoV-2 and candidate process controls
were compared under different conditions of virus concentration, RNA ex-
traction and RT-qPCR (Fig. 1). An enveloped virus ϕ6 and popularly used
surrogate viruses of PMMoV, F-phage and MNV were chosen as candidate
process controls. After the solid fraction of wastewater was collected and
concentrated by centrifugation, the liquid fractionwas subjected to concen-
tration by polyethylene glycol (PEG) precipitation. For each of the concen-
trated fractions, three commercially available RNA extraction kits and one
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direct RT-PCR kit with different purification procedures were tested to
compare efficiencies of RNA extraction and following RT-qPCR detection
of SARS-CoV-2 and candidate process controls.

2.1. Wastewater

Wastewater samples with different quality were collected from two
wastewater treatment plants (WWTP) located in Japan. Wastewater A
had 11.9 mg/L of total organic carbon (TOC), 17.9 mg/L of total nitrogen
(TN) and 1.6 g/L of suspended solids (SS); wastewater B had 7.4 mg/L of
TOC, 10.3 mg/L of TN and 2.2 g/L of SS. Excitation-emission matrix
(EEM) was analyzed by fluorescence spectrophotometer (Spectrofluorome-
ter, JASCO, Japan) (Fig. S1). The wastewater samples were transported on
ice and stored at 4 °C until analyses. All samples were processed within six
hours after the sampling. The wastewater samples were confirmed to be
negative for SARS-CoV-2 by RNA extraction with QIAamp Viral Mini Kit
and RT-qPCR quantification using CDCN1 assay with TaqPath 1-Step RT-
qPCR Kit as procedures described below.

2.2. SARS-CoV-2 and process controls

Inactivated SARS-CoV-2 (NATrol SARS-CoV-2 Stock, ZeptoMetrix,
USA) was used as the seed strain of SARS-CoV-2 in wastewater. 360 mL
of wastewater was divided into 40 mL in 9 conical tubes. 40 μL of inacti-
vated SARS-CoV-2 stock solution (1.0 × 106 copies/mL) was added into
each of 40-mLwastewater to have the final concentration of 1.0×106 cop-
ies/L. Pseudomonas phage ϕ6 and PMMoV were used as whole process con-
trols (WPC); F-phage was used as a process control of virus concentration;
murine norovirus (MNV) was used as a molecular process control (MPC).
PMMoV and F-phage were not spiked into the wastewater samples because
they are usually present at a sufficiently high concentration in municipal
wastewater. Pseudomonas phage ϕ6 stock solution, prepared in advance as
described below, and was spiked 40 μL into each of 40-mL wastewater to
have the final concentration of 5 × 107 PFU/L. After spiking SARS-CoV-2
and ϕ6, wastewaters were incubated at 4 °C for 1.5–2 h until the liquid-
solid partitioning of spiked viruses reached equilibrium (Ye et al., 2016).
A reference virus solution was prepared by spiking 40 μL of inactivated
SARS-CoV-2 and 40 μL of Pseudomonas phage ϕ6 into 40 mL of MilliQ
water to have the equal virus concentration as the wastewater samples.
The original concentrations of F-phage and PMMoV in each wastewater
were analyzed as described below.

2.3. Pseudomonas phage Φ6 culture stock

Pseudomonas phage ϕ6 (NBRC 105899, NITE) was propagated using
Pseudomonas syringae (NBRC14084, NITE) as the host bacteria strain by
the soft agar propagation method (Sinclair et al., 1976). The host culture,
Pseudomonas syringae, was prepared by adding 0.5 mL of the seed culture
into 30 mL of 2% Luria-Bertani (LB) broth, then incubated at 25–30 °C for
24 h with agitation at 150 rpm. After incubation, 2 mL of the host culture
was gently mixed in 30 mL soft agar medium containing 0.6% agar in 2%
LB broth. On the petri dish prepared with the bottom agar containing
1.5% agar in 2%LB broth, 5mL of the soft agar containing the host bacteria
was poured and solidified. Then, 100 μL of the ϕ6 strain was spread on the
top soft agar, and incubated at 25 °C for 24 h with agitation at 150 rpm.
After incubation, the top soft agar was collected and purified by centrifuga-
tion at 10,000×g, 4 °C for 15min. The supernatant was filtrated with 0.22-
μm sterilized filter (SLGPR33RS, Merck, Japan) to remove the host cells.
The concentration of propagated ϕ6 stocks was approximately 5 × 109

PFU/mL according to plaque assay.

2.4. Concentration of viruses

Viruses in the liquid and solid fraction of each wastewater were concen-
trated by PEG precipitation and centrifuge, respectively. First, 40 mL of the
wastewater sample was subjected to centrifugation at 5000×g for 5min at



Fig. 1. Flow diagram of concentration, RNA extraction and Detection for the sample processing. QIAamp = QIAamp Viral RNA Mini Kit, Maxwell GMO = Maxwell RSC
PureFood GMO and Authentication Kit, Maxwell viral TNA= Maxwell RSC Viral Total Nucleic Acid (TNA) Purification Kit.
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4 °C to separate into liquid and solid fraction (Fig. 1). The supernatant
(liquid fraction) was transferred to another conical tube for concentration
process by PEG precipitation (Hata et al., 2021). The remaining pellet
(solid fraction) was resuspendedwith 500 μL of phosphate buffer (PB) solu-
tion (concentrated solid fraction). The supernatant was added with 4 g of
PEG-8000 (Promega, USA) and 2.3 g of NaCl to the final concentrations
of 10% PEG and 1 M NaCl, respectively. After incubation at 4 °C overnight
with gentle agitation, themixture was centrifuged at 10,000×g for 30min.
After discarding supernatant, the PEG pellet was resuspended in 500 μL of
10mMPB solution (concentrated liquid fraction). The concentrates by each
methodwere collected into one tube tomake one uniform concentrate sam-
ple. The final concentration factor was 44- to 76-fold in the solid fraction
and 57- to 62-fold in the liquid fraction. Immediately after the concentra-
tion processing, F-phage in each of concentrated liquid and solid fractions
was quantified by the conventional plaque assay as described below. The
virus concentrate was stored at−80 °C until RNA extraction.

2.5. RNA extraction

Three commercially available RNA extraction kits and one direct RT-
PCR kit were used in this study: QIAamp Viral RNA Mini Kit (QIAGEN,
USA), Maxwell RSC Viral Total Nucleic Acid Purification Kit (Promega,
USA), Maxwell RSC PureFood GMO and Authentication Kit (Promega,
USA), and nCoV-2019 Novel Coronavirus Detection Kit (Shimadzu Corpo-
ration, Japan). The Shimadzu kit is the direct RT-PCR kit designed for
SARS-CoV-2 detection in water and environment samples. RNA extraction
was triplicated for each of virus concentrates (N=3). Asmolecular process
control (MPC), 2 μL of MNV stock (105 TCID50/mL) was spiked into the
concentrate sample before extraction.WithQIAampkit, 140 μL of a concen-
trated sample seeded with 2 μL of MNV was extracted and purified accord-
ing to manufacturer instruction to obtain 60 μL of total RNA extract. With
Maxwell Viral TNA kit, 200 μL of a concentrated sample seeded with 2 μL
of MNV was extracted and purified to obtain 50 μL of total RNA extract.
With Maxwell GMO kit, 200 μL of concentrated sample with 2 μL of MNV
3

was extracted and purified to obtain 100 μL of total RNA extract. The
MNV was not spiked in extraction by Shimadzu kit, which uses only 5 μL
of a sample for direct processing until RT-qPCR. The concentration factor
by the three RNA extraction kit were 2.3-fold with QIAamp, 4.0-fold with
Maxwell Viral TNA and 2.0-fold with Maxwell GMO. The quantity and pu-
rity of total RNA extract were assessed by measuring the optical density
(OD) at wavelengths of 230 nm, 260 nm and 280 nm using the Eppendorf
μCuvette Biophotometer (Eppendorf, Hamburg, Germany). Absorbance
ratio at 260/280 nm and 260/230 nm was used to assess the purity of the
RNA extract. The RNA extracts were stored at −80 °C until RT-qPCR
assay. With Shimadzu kit, 5 μL of a concentrated sample was vortexed
with 5 μL of Sample Treatment Reagent according to the instruction man-
ual. The mixture was then incubated at 90 °C for 5 min for the purpose of
RNA extraction. The RNA extract by Shimadzu kit was directly processed
without purification step for RT-qPCR assay supplied in the same kit.

2.6. RT-qPCR

SARS-CoV-2 and candidate process controls of ɸ6, PMMoV and MNV in
the RNA extracts were quantified by one-step RT-qPCR assays. For quanti-
fication of SARS-CoV-2, CDCN1 premix primer and probe (IDT, USA)
were used. Primer and probe information is provided in SupplementaryMa-
terial (Table S1). TaqPath 1-Step RT-qPCR Master Mix, CG (Thermo Fisher
Scientific) was used for quantification of the target viruses in RNA extracts
by QIAamp, Maxwell Viral and Maxwell GMO kits. Five microliter of RNA
extract was used as a template for each RT-qPCR assay. RNA extract by
Shimadzu kit was processed for RT-qPCR assay supplied in the nCoV-
2019 Novel Coronavirus Detection Kit (Shimadzu Corporation, Japan).
For quantification of SARS-CoV-2, themultiplex primer-probe set including
CDCN1 and CDCN2 which were supplied in the kit was used according to
the instruction manual. Quantification of PMMoV and ɸ6 were performed
by using the same Shimadzu kit but the primer-probe sets were replaced
to ones for the target virus. Thermal cycling condition for the TaqPath kit
was 2 min at 25 °C for uracil-DNA glycosylase incubation, 15 min at 50 °C
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for reverse transcription, 2 min at 95 °C for activation of the Taq DNA poly-
merase, and 45 cycles of 3 s at 95 °C and 30 s at 60 °C for CDCN1; 40 cycles
of 15 s at 95 °C and 60 s at 60 °C for ɸ6, PMMoV and MNV. For Shimadzu
kit, thermal cycling conditionwas 10min at 42 °C for reverse transcription,
1min at 95 °C for initial PCR activation and 45 cycles of 5 s at 95 °C and 30 s
at 60 °C for CDCN1; 40 cycles of 15 s at 95 °C and 60 s at 60 °C for ɸ6 and
PMMoV. All the RT-qPCR assays for the SARS-CoV-2, ɸ6, PMMoV andMNV
were performed in triplicate including no template control (NTC) and pos-
itive standards. A standard curve was generated from 10-fold serial dilution
of synthetic standard ssDNA (Eurofin Genomics, Japan) (Table S2). In the
CDCN1 standard, 20 bp of dummy sequence was inserted to enable identi-
fication of contamination with standards in PCR assay. To obtain the stan-
dard curves for all assays, a 10-fold dilution series of standard was
prepared; 1.0 × 101 to 1.0 × 103 copies/reaction for CDCN1 and ɸ6;
1.0 × 102 to 1.0 × 106 copies/reaction for MNV and 1.0 × 103 to 1.0 ×
106 copies/reaction for PMMoV. The coefficient of determination (R2) for
CDCN1, ɸ6, PMMoV and MNV was over 0.995 with TaqPath kit assay
and over 0.985 with Shimadzu kit assay. The limit of detection (LOD)
was assumed as 1 copy/reaction. The limit of quantification (LOQ) was de-
termined as copy number in the lowest standard, i.e. 1.0 × 101 copies/
reaction for CDCN1 and ɸ6, 1.0 × 102 copies/reaction for MNV, and
1.0 × 103 copies/reaction for PMMoV.

2.7. Concentration efficiency of F-phage

F-phage in a wastewater sample was quantified by plaque assay
before and after virus concentration. Salmonella enterica serovar
Typhimurium WG49 was used as the host strain, in accordance with
the ISO standard 10705-1 (Anon, 1995) as described previously
(Mooijman et al., 2002). Concentration efficiency of F-phage was de-
termined from the concentrations before and after the concentration
process by the following Eq. (1).

RF−phage ¼ Cc

C0
� Vc

V0
(1)

where, RF-phage: concentration efficiency of F-phage, Cc (PFU/mL): the
F-phage concentration in the virus concentrate, Vc (μL): total volume
of the concentrate, V0 (mL): total volume of the raw wastewater sam-
ple (before the virus concentration), C0 (PFU/μL): the F-phage concen-
tration in the raw wastewater sample.

2.8. Detection efficiencies of SARS-CoV-2, ɸ6, PMMoV, and MNV

Detection efficiencies of SARS-CoV-2, ɸ6, and PMMoV, were calcu-
lated from the proportion of the observed concentration detected by
RT-qPCR to the reference concentration in the raw sample. The ob-
served concentration in the wastewater sample was determined by the
following Eq. (2):

C ¼ Xt

Vt
� Vc

V 0
c
� Ve

V0
(2)

where, C (copies/L): the observed concentration of the target virus in
the sample, Xt (copies): copy number of the target virus in a template de-
tected by RT-qPCR, Vt (μL): template volume, Ve (μL): total volume of
RNA extract, Vc′ (μL): volume of the concentrate taken for RNA extrac-
tion, Vc (μL): total volume of the concentrate, V0 (L): total volume of
the original wastewater sample before concentration.

The observed concentration of MNV in the extracted sample was deter-
mined by the following Eq. (3)

C ¼ Xt

Vt
� Ve

V 0
c

(3)
4

Detection efficiencies of SARS-CoV-2, ɸ6, PMMoV andMNVwere calcu-
lated by the following Eq. (4).

R ¼ C
C0

(4)

where, R: detection efficiency of the target virus, C0: the reference concen-
tration of the target virus in the original sample (copies/L).

The reference concentrations of SARS-CoV-2 and ɸ6 were determined
from the reference virus solution, where the equal amount of the virus
was spiked in MilliQ water (as described in the Section 2.2). The reference
virus solution in water was directly extracted with QIAamp (without con-
centration step), then quantified by one-step RT-qPCR with TaqPath 1-
Step RT-qPCR kit, as described above (in the Section 2.6). The reference
concentration of MNV was determined by spiking 2 μL of the MNV stock
in 140 μL of nucleotide-free water, then extracted with QIAamp and quan-
tified by one-step RT-qPCR with TaqPath 1-Step RT-qPCR kit, as described
above (in the Section 2.6). The reference concentration of PMMoV was de-
termined by RT-qPCR assay of the rawwastewater sample without the con-
centration process. The raw wastewater sample was directly subjected to
RNA extraction with QIAamp kit, then quantified by one-step RT-qPCR
with TaqPath 1-Step RT-qPCR kit, as described above (in the Section 2.6).

3. Results and discussion

3.1. Concentration and quality of RNA extract

The observed total RNA yield was higher with solid fractions
(11.2–62.3 μg/mL) than liquid fractions (9.8–15.5 μg/mL) in most (17
of 18) of the combinations of wastewater sample and extraction kit
(Fig. 2a). This is consistent with the previous study reporting that RNA
yield was higher in solid fractions than liquid phase (Tomasino et al.,
2021). Higher RNA yields in solid fraction were probably because of in-
creased amount of biomass (Lever et al., 2015). Among the three extrac-
tion kits, Maxwell Viral kit showed higher observed yield than Maxwell
GMO and QIAamp kit, regardless of the sample fractions. However, RNA
concentration with Maxwell Viral kit was possibly overestimated because
RNA purity was lower than the other two kits, i.e. A260/A280 and A260/
230 were remarkably lower with Maxwell Viral kit (1.14–1.18 and
0.87–0.97, respectively) than those with other kits (1.38–2.45 and
1.07–1.61) (Fig. 2b and c). RNA yield and purity was not significantly dif-
ferent between solid and liquid fractions but rather dependent on the ex-
traction kits. RNA purity in terms of A260/A280 was high in the order of
QIAamp > Maxwell GMO > Maxwell Viral, although the RNA purity did
not affect detection efficiency of SARS-CoV-2 in wastewater (as described
in the next section). These differences of the RNA purity among the extrac-
tion kits are probably caused by difference of purification mechanisms.
QIAamp purifies RNA by using a spin column equipped with RNA-
binding silica membrane, while Maxwell GMO and Viral kits purifies by
using RNA-binding magnetic beads. Maxwell GMO kit uses “cellulose-
coated” magnetic beads, while Maxwell Viral TNA kit uses “silica-coated”
magnetic beads to bind nucleic acids. Since cellulose-based beads have
more binding capacity of nucleic acids per surface area than silica-based
beads, cellulose-based beads have less unspecific binding of organic con-
taminants. Moreover, cetyltrimethylammonium bromide (CTAB) is added
in extraction step of Maxwell GMO kit. Since CTAB enhances removal of
proteins by forming complexes with proteins (Tan and Yiap, 2009).
Hence, extracts by Maxwell GMO kit had better RNA quality than Maxwell
Viral kit. All the extracts were subjected to RT-qPCR quantification of
SARS-CoV-2 and the candidate process controls, since the sufficient RNA
was extracted.

3.2. Detection efficiency of SARS-CoV-2

SARS-CoV-2 spiked in wastewater was detected as positive with all frac-
tions and extraction kits. With both liquid and solid fractions, average
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detection efficiencywas higher than 10%exceptwhen solid fraction ofwaste-
water A and B was extracted with QIAamp kit (average efficiency =9.3%)
and Shimadzu kit (average efficiency = 7.1%), respectively (Fig. 3). Detec-
tion efficiencies of SARS-CoV-2 ranged 11–204% from the liquid fraction,
and 7.1–94% from the solid fraction. The detection efficiencies were not
5

significantly different between the solid and liquid fractions when extracted
with the same extraction kit. These results suggest that SARS-CoV-2 are pres-
ent both in liquid and solid fraction of wastewater, and that the partitioned
proportion to liquid and solid phase is not clearly different. This is consistent
with the past studies reporting that SARS-CoV-2 was detected in both liquid
and solid fractions (Kitamura et al., 2021; Tomasino et al., 2021, Michael-
Kordatou et al., 2020, M. Juel et al., 2021, Forés et al., 2021). Meanwhile,
Kitamura et al. (2021) reported that SARS-CoV-2 was consistently detected
at higher concentration from the solid fraction than from liquid fraction. In
Kitamura et al. (2021), the centrifuge condition was 1840 ×g for 30 min,
while it was 5000×g for 5min in this study. Therefore, longer time duration
of centrifuge condition possibly enhances efficiency in solid fraction.

Detection efficiency of SARS-CoV-2 in wastewater and its stability was
more dependent on selection of extraction kits than concentrated fractions
of wastewater. Relatively higher detection efficiency was observed with
Maxwell GMO and Viral kits than QIAamp and Shimadzu kit. However,
the efficiencywithMaxwell Viral was sometimes as low as 1%. The efficien-
cies with Shimadzu kit were also fluctuated. Virus detection efficiency of
wastewater is affected by (i) loss in virus concentration (Ye et al., 2016),
(ii) loss in RNA extraction (Read, 2001) and (ii) inhibition of PCR
(Ahmed et al., 2022). From our results, loss in virus concentration was
not critical since the high efficiency was observed both from the liquid
and solid fractions. Besides, loss in extraction and/or PCR inhibition was
probably more important because the detection efficiency depended on ex-
traction kits. Difference in purification mechanisms of the extraction kits
probably affected recovery efficiency of RNA and the residue inhibitory
substances. Maxwell GMO kit had more stable detection efficiency than
Maxwell Viral kit because of improvement in purification, such as CTAB
dose and nucleotide-binding beds. Shimadzu kit could be more sensitive
to PCR inhibition, because it has no purification step but designed to di-
rectly carry over RNA extract to PCR detection. Dilution of the template
may be effective to eliminate PCR inhibition (Hata et al., 2021, 2017).

Wastewater quality was another factor affecting detection efficiency of
SARS-CoV-2. Fluctuations of efficiency among replicateswere larger inwaste-
water B than those fromwastewater A. Standard deviations of efficiencywere
larger with wastewater B than wastewater A, especially when extracted with
Maxwell Viral kits. From liquid fractions of wastewater A and B, the standard
deviations of detection efficiencies were ±7.9% and ± 65% with Maxwell
Viral, ±14% and ± 52% with Maxwell GMO, respectively. Similarly, from
solid fractions of wastewater A and B, the standard deviations of detection ef-
ficiencies were±0.93% and± 15%with QIAamp,±37% and± 90%with
Maxwell Viral, and ± 6.1% and ± 76% with Maxwell GMO, respectively.
Larger standard deviations in solid than liquid fractions and with wastewater
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B than A are possibly originated from heterogeneity of the concentrate. Since
the purification procedures with Maxwell Viral and GMO were machine-
automated, their fluctuation was not due to handling errors by the operator.

3.3. Applicability of candidate process controls

ɸ6 is an enveloped virus expected as an appropriate process control in
detection of SARS-CoV-2. However, ɸ6 spiked in wastewater was not de-
tected (<0.20%) in some cases even when detection efficiency of SARS-
CoV-2 was higher than 10%. Detection of ɸ6 was quite unstable depending
on combinations of sample fraction, RNA extraction kit and wastewater
sample. Therefore, application of ɸ6 as surrogate virus needs prior confir-
mation of detection efficiency under the applied conditions of concentra-
tion, RNA extraction and RT-qPCR. In liquid fractions, ɸ6 were detected
only with QIAamp and Maxwell Viral kits (Fig. 4a and b). Among the two
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extraction kits, QIAamp showed good efficiency (216.7 ± 39.8%) for
both wastewater samples while Maxwell Viral had lower and fluctuated ef-
ficiency (4.9± 6.0%) for wastewater B. In solid fractions, ɸ6were detected
in more cases than liquid fraction but mostly with very low detection effi-
ciency (<1%). With QIAamp and Maxwell Viral kits, detection efficiency
of liquid fraction was significantly higher form the liquid than the solid
fraction of wastewater (p = 0.003). These results suggest that ɸ6 tends to
be partitioned in liquid fraction rather than solid fraction of wastewater. Ye
et al. (2016) reported virus detection efficiency with liquid fraction was
higher than solid fraction. ɸ6 was presented at least 94% of the virions
partitioned into the liquid fraction, no more than 0.8% of virions partitioned
to the solids (Lee et al., 2016). Meanwhile, ɸ6 were mostly under detection
limit or had very low efficiency with Maxwell GMO and Shimadzu kits. Low
detection efficiency of ɸ6 in wastewater was also reported by Torii et al.
(2022) and 1.4–3.0% in Torii et al. (2021) (0.071–0.51% and 1.4–3.0%
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respectively), in which the liquid fraction of wastewater were processed by
PEG-precipitation and QIAamp. In this study, ɸ6 was not detected or showed
low detection efficiency in many cases where SARS-CoV-2 was detected. In
such cases, true positives of SARS-CoV-2 could be misinterpreted as false pos-
itives; or true negative may be misinterpreted as false negative if only ɸ6 was
used for process control. In this sense, ɸ6 is suggested to be applied together
with another surrogate virus or only in the casewhere it is confirmed to be re-
liably detected.

F-phage and MNV is generally applied in combination for process con-
trol. F-phage is used as a control for the concentration process; MNV is
used as a control for molecular processes of RNA extraction and RT-qPCR
(Haramoto et al., 2018). Advantages of F-phage as the concentration pro-
cess control are no need of spiking in wastewater and possible evaluation
of the concentration efficiency solely. In this study, F-phage concentrations
before virus concentration steps were 2.3 and 2.6 log10 PFU/mL in waste-
water A and B, respectively. These concentrations were close to the typical
range which was reported in previous studies as 2.8–4.5 log10 PFU/mL
(Hata et al., 2013, Zhang and Farahbakhsh, 2007, Zanetti et al., 2010). Re-
covery efficiency of F-phage was higher in concentrate of liquid (13%) than
in concentrate of solids (1.1–1.7%) (Table 1). These results suggests that F-
phagewere present both in liquid and solid fraction ofwastewater, butwith
higher proportion in the liquid fraction. Good recovery efficiency of F-
phage was also reported in Hata et al. (2021), where liquid fraction was
concentrated by PEG precipitation (10–260%). Consequently, F-phage is
applicable as a process control of virus concentration efficiency for both
solid and liquid fractions, although efficiency in solid fraction can be
lower than 10%. It should be also noted that F-phage is not applicable
when a wastewater sample has been disinfected or inactivated before con-
centration. Heat inactivation of a wastewater sample is sometimes sug-
gested to secure safety in sample transportation and storage (Bivins et al.,
2020). However, F-phage cannot be quantified by plaque assay if wastewa-
ter is inactivated.

MNV were successfully detected with all extraction kits. Average detec-
tion efficiency ofMNVwasmore than 10% inmost of the cases. Average de-
tection efficiencies of MNV spiked in concentrated liquids were 10–179%,
except when the liquid fraction of wastewater B was extracted with Max-
well GMO (9.0% efficiency on average) (Fig. 4c and d). Average detection
efficiencies of MNV spiked in concentrated solid fractions were 14–104%,
except when the solid fraction of wastewater A was extracted withMaxwell
GMO (3.8% efficiency on average). Moreover, very low efficiency (0.02%)
was foundwhen the solid fraction of wastewater Awas extractedwithMax-
well GMO. Low detection efficiency ofMNVwas sometimes observed in the
past studies (Hata et al., 2021, 2011, 2017; Torii et al., 2021). The possible
reason for such low efficiency of the spiked MNV is presence of RT-PCR in-
hibitory substances and loss in RNA extraction. In this study, detection effi-
ciency of MNV was always higher than that of CDCN1 with QIAamp kit,
although it was significantly lower than CDCN1 when extracted with Max-
well GMO or Viral kits (p < 0.05). Therefore, MNV is applicable as molecu-
lar process control inmost cases to ensure efficiency of SARS-CoV-2 in RNA
extraction step. However, it should be also noted that low detection effi-
ciency is sometimes observed. It is recommended to check the detection ef-
ficiencywith the selected extraction kits andwastewater samples. If the low
efficiency is caused by presence of PCR inhibitory substances, dilution of
RNA extract is sometimes effective to improve the efficiency (Hata et al.,
2021, 2017).
Table 1
Recovery of F-phage.

Wastewater F- phage Volume (mL) Fractions Virus concentration F-p

(PFU/mL) (PF

A 199 360 Liquid PEG ppt.a 16
Solid Centrifuge 1

B 388 360 Liquid PEG ppt.a 29
Solid Centrifuge 2

a PEG ppt. = PEG precipitation.
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PMMoV is as a whole process control in detection of enteric viruses in
wastewater (Shirasaki et al., 2017, 2018, 2020; Papp et al., 2020). Advan-
tage of PMMoV as the whole process control is its high abundance inwaste-
water, which allows its quantification without spiking in a wastewater
sample. In this study, PMMoV was detected in all cases where SARS-CoV-
2 was detected. The observed PMMoV concentrations in wastewater A
and Bwere 8.8 and 8.9 log10 copies/L, respectively. The PMMoV concentra-
tions in thewastewaterwere in the typical rangewhichwas reported in pre-
vious studies, i.e. 5.6–10.0 log10 copies/L (Ahmed et al., 2020c). Average
detection efficiency of PMMoV was 12–102% from liquid fractions, and
9.4–62% from solid fractions (Fig. 4e and f). The detection efficiency of
PMMoVwas consistentwith the past studies. Torii et al. (2022) reported de-
tection efficiency ranged 7.8–89% in liquid fraction concentrated by PEG
precipitation. Graham et al. (2021) reported that detection efficiency of
PMMoV was 8.0–30% in liquid fraction processed by PEG precipitation,
and 6.0–17% in the solid fraction. In this study no significant difference
in detection efficiency were observed between liquid and solid fractions,
independent of the applied extraction kits. Hence, the PMMoV was
partitioned and detectable in both liquid and solid fractions in wastewater.
The lowest detection efficiencywas 1.1%,whichwas observed in two cases,
the liquid fraction of wastewater A with Shimadzu kit, and solid fraction of
wastewater B with Maxwell GMO kit. However, there were no cases where
PMMoV was under detection limit. Consequently, PMMoV was widely ap-
plicable as surrogate virus in detection of SARS-CoV-2 in wastewater.
PMMoV was always detected among extraction kits and both liquid and
solid fractions of wastewater. Since PMMoV were present at detectable
level in both liquid and solid fractions in wastewater, it is probably applica-
ble in either case where liquid or solid fraction of wastewater is analyzed.
Moreover, PMMoV were detected with at least 1% efficiency regardless of
the RNA extraction kits which have different purification mechanisms.
Therefore, PMMoV is applicable for a variety of extraction kits by setting
1% efficiency as criteria.

3.4. Appropriate process controls for detection of SARS-CoV-2 in wastewater

The purpose of process control is to identify false negatives and false
positives due to process failure as well as to identify inefficient process by
checking detection efficiency (Haramoto et al., 2018). Therefore, require-
ments of a process control are that (i) the surrogate virus is not detected
(or have low detection efficiency) when the target virus is not detected by
process failure (confirmation of true negative) and that (ii) the surrogate
virus is detected with good efficiency when the target virus are successfully
detected and quantified. In this study, SARS-CoV-2 spiked in wastewater
was detected in both fractions of wastewater and with any combinations
of the extraction kits. Therefore, the tested requirement for the surrogate
virus is detection with good efficiency in all combinations of wastewater
fraction and extraction kits. F-phage had detection efficiency higher than
10% from liquid fraction, while efficiency from solid fraction was approxi-
mately 1%.MNVhad detection efficiency higher than 10%withmost of the
cases, although its detection efficiency was even below 1% in some cases.
PMMoV as candidate surrogate virus is successfully detectedwith higher ef-
ficiency than 10% in most of the cases, and with higher efficiency than 1%
in any combinations of concentrated fractions and extraction kits. In this
sense, combination of F-phage and MNV or PMMoV had good applicability
as the process control. ɸ6 was not widely applicable because its detection
hage in concentrate Volume of concentrate Concentration factor Recovery

U/mL) (mL)

50 5.8 62 13%
70 4.8 76 1.1%
00 6.3 57 13%
90 8.3 44 1.7%
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only in the limited cases even when the spiked SARS-CoV-2 was positively
detected. In this study, SARS-CoV-2 in liquid fraction of wastewater was
concentrated by PEG precipitation and those in solid fraction were concen-
trated by centrifugation. Some studies reported that solid fraction is an ef-
fective source for the detection compared with liquid fraction (Kitamura
et al., 2021). However, no significant difference in efficiency was found be-
tween the liquid and solid fractions in this study. This is still consistent with
Kitamura et al. (2021), in which SARS-CoV-2 were also detected in the liq-
uid fraction. F-phage was used as process control for virus concentration ef-
ficiency in the detection of SARS-CoV-2 in wastewater by Hata et al., 2021.
In detection of enteric virus in wastewater, only liquid fraction of wastewa-
ter is often analyzed. In this study, efficiency of F-phage in solid fraction
was also evaluated; however, the efficiencywas as low as 1–2%. As a result,
F-phage is applicable for process control in concentration of the liquid frac-
tion rather than the solid fraction. However, it is still applicable to solid
fraction if 1% of the efficiency is acceptable. MNVwas also widely detected
in most extraction kits; however, its detection efficiency was sometimes
below 10%. RNA extraction kits tested in this study contains protease for
extraction of nucleotide from virions. For RNA purification, QIAamp kit ba-
sically uses nucleic acid (or RNA) capturing membrane, while Maxwell kits
uses magnetic beads to capture nucleotide. (Shimadzu kit has no purifica-
tion step.) As discussed above, low detection efficiency of MNV was some-
times observed in the past studies (Hata et al., 2021, 2011, 2017; Torii
et al., 2021). Therefore, it should be noted that efficiency of MNVmight be-
come low affected by wastewater quality and selection of extraction kits.
PMMoV is also popularly used as a process control of enteric viruses in
wastewater. Liquid fraction of wastewater is often analyzed in detection
of enteric viruses. However, PMMoVwere detected also in the solid fraction
of wastewater (Kitamura et al., 2021; Graham et al., 2021). In this study,
detection efficiency of PMMoV in solid fractions was not significantly dif-
ferent from that in liquid fractions. Therefore, PMMoV have good applica-
bility as a process control when solid fraction is used for detection of
SARS-CoV-2. Moreover, efficiency of extraction replicates was mostly
higher than 10% or at least 1%, independent of extraction kits. Thus,
PMMoV is expectedly have stable detection efficiency when detection pro-
cedures of SARS-CoV-2 in wastewater are successfully performed. Conse-
quently, PMMoV is an appropriate process control for detection of SARS-
CoV-2 in either of liquid or solid fractions of wastewater with a variety of
RNA extraction kits using different purification mechanisms.

4. Conclusions

SARS-CoV-2 spiked in wastewater was detected with good efficiency in
both liquid (11–200%) and solid (7.1–93%) fractions. Thus, SARS-CoV-2 in
wastewater was partitioned and present at similar extent in both of liquid
and solid fractions of wastewater. Detection efficiency of SARS-CoV-2 was
more dependent on selection of RNA extraction kits. Heterogeneity of the
wastewater concentrate also possibly affected fluctuation of efficiency.
Among the candidate surrogate viruses for process control, PMMoV was
most widely applicable for both of concentration methods and a variety
of extraction kits with different purification mechanisms. F-phage and
MNV were also applicable in most combinations of concentration methods
and RNA extraction kits. An enveloped virus ɸ6was found often undetected
or to have very low efficiency even when SARS-CoV-2 in wastewater was
detected. Application of ɸ6 as a surrogate virus is suggested in combination
with another surrogate virus, or after their detection is confirmed under the
applied concentration and RNA extraction methodology.
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