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• First SARS-CoV-2 RNA detection and
quantification in Bangkok's 19 WWTPs

• CDC N1 showed higher positive detec-
tion rates and mostly lower Ct values
than CDC N2.

• Positive rates and viral loads best corre-
lated with new cases at 22–24 days lag.

• Four large WWTPs reflected city-scale
dynamics of viral loads and daily new
cases.

• Higher sampling frequency in large
WWTPs is recommended for routine
WBE.
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Wastewater surveillance for SARS-CoV-2 RNA has been a successful indicator of COVID-19 outbreaks in populations
prior to clinical testing. However, this has beenmostly conducted in high-income countries, whichmeans there is a
dearth of performance investigations in low- and middle-income countries with different socio-economic settings.
This study evaluated the applicability of SARS-CoV-2 RNAmonitoring inwastewater (n=132) to informCOVID-19
infection in the city of Bangkok, Thailand using CDCN1 andN2RT-qPCR assays.Wastewater influents (n=112) and
effluents (n=20)were collected from19 centralizedwastewater treatment plants (WWTPs) comprising four large,
four medium, and 11 small WWTPs during seven sampling events from January to April 2021 prior to the third
COVID-19 resurgence that was officially declared in April 2021. The CDC N1 assay showed higher detection rates
and mostly lower Ct values than the CDC N2. SARS-CoV-2 RNA was first detected at the first event when new re-
ported cases were low. Increased positive detection rates preceded an increase in the number of newly reported
cases and increased over time with the reported infection incidence. Wastewater surveillance (both positive rates
and viral loads) showed strongest correlation with daily new COVID-19 cases at 22–24 days lag (Spearman's
Rho = 0.85–1.00). Large WWTPs (serving 432,000–580,000 of the population) exhibited similar trends of viral
loads and new cases to those from all 19 WWTPs, emphasizing that routine monitoring of the four large WWTPs
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could provide sufficient information for the city-scale dynamics. Higher sampling frequency at fewer sites, i.e., at the
four representativeWWTPs, is therefore suggested especially during the subsiding period of the outbreak to indicate
the prevalence of COVID-19 infection, acting as an early warning of COVID-19 resurgence.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The coronavirus disease 2019 (COVID-19) has continued to impact
world populations since its first outbreak in December 2019 (World
Health Organization (WHO), 2020a), accounting for 209 million in-
fected populations worldwide and 4.4 million deaths to date (https://
covid19.who.int/, access date August 20, 2021). The severe acute respi-
ratory syndrome coronavirus type 2 (SARS-CoV-2), which is the etiolog-
ical agent of COVID-19,mainly targets the respiratory system; however,
it can also be excreted through the feces and urine, which may lead to
wastewater contamination (Cheung et al., 2020; Jones et al., 2020;
Parasa et al., 2020). The monitoring of SARS-CoV-2 genetic materials
in wastewater was developed at the early stages of the pandemic
using reverse-transcription quantitative polymerase chain reaction
(RT-qPCR) (Medema et al., 2020). Since then, over 2,428 sampling
sites in 55 countries have been under wastewater surveillance
(Naughton et al., 2021) (https://ucmerced.maps.arcgis.com/apps/
dashboards/c778145ea5bb4daeb58d31afee389082, access date August
22, 2021). Wastewater-based epidemiology (WBE) has previously
been used to monitor the circulation of many substances, such as illegal
drugs (Choi et al., 2018; Zuccato et al., 2005), pharmaceuticals (Riva
et al., 2020; Shao et al., 2021), andmicrobial agents such as polioviruses
(Garg et al., 2018;WHO, 2003) and noroviruses (Kazama et al., 2017) in
communities. Notably, SARS-CoV-2 RNA wastewater surveillance has
been demonstrated to provide the following advantages that could sup-
plement the clinical surveillance of COVID-19: 1) delivering early warn-
ing of outbreaks or resurgences and evaluating public health
interventions (Bibby et al., 2021; Gonzalez et al., 2020; Hillary et al.,
2021; Róka et al., 2021; Sherchan et al., 2020; F. Wu et al., 2021); 2) de-
creasing the number of tested samples that cover a similar number of
populations by clinical testing, thus reducing costs, time, and the work-
load of the public health sector (Betancourt et al., 2021; Hart and
Halden, 2020); and 3) identifying the circulation of SARS-CoV-2 from
asymptomatic patients, who might constitute a high proportion
(Betancourt et al., 2021; Schmitz et al., 2021). The WHO supports the
use of wastewater surveillance to complement the clinical surveillance
of COVID-19 (WHO, 2020b; WHO Regional Office for Europe, 2020,
2021). Furthermore, a European Union regulation requires its member
states to apply WBE in their countries no later than October 2021
(European Commission, 2021). Effective COVID-19 surveillance and
early prevention measures are crucial to prevent disease transmission
across boundaries, particularly in areas with higher vulnerability.

Inevitably, the unbalanced distribution of SARS-CoV-2WBE practice
has become evident. Majority of the practitioners (72%) are high-
income countries (Naughton et al., 2021) despite the fact that low-
and middle-income countries would gain higher benefits from SARS-
CoV-2 wastewater surveillance, especially with their relatively lower
COVID-19 clinical testing and vaccination rates, limited budgets, and
lesser economic resilience (Donde et al., 2020; Gwenzi, 2020). However,
it is worth mentioning that there are environmental and socio-
economic factors that need to be considered prior to introducing
SARS-CoV-2 wastewater surveillance into resource-limited regions.
For example, the aging and defects of sewage collection infrastructures
constitute challenges that could increase uncollected municipal waste-
water portions, degree of stormwater dilution, and sewer retention
time (F. Ahmed et al., 2021; Okadera et al., 2020; Pillay et al., 2021).
The accumulation of SARS-CoV-2 RNA from various drains into larger
sewer systems has also been reported, highlighting that the impact of
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complicated sewer networks could not be neglected (F. Ahmed et al.,
2021). Accelerated microbial degradation could occur due to high tem-
perature, especially in tropical climates (Ahmed et al., 2020a; Bivins
et al., 2020). Other than the wastewater travel time to the wastewater
treatment plants, the potential of WBE as an early indicator of COVID-
19 outbreak also depends on asymptomatic infection prevalence, clini-
cal testing accessibility, and result reporting time (Bibby et al., 2021;
Hart and Halden, 2020; Olesen et al., 2021). Therefore, to promote the
use of WBE as an early warning of COVID-19 worldwide, there is an ur-
gent need to evaluate its use in countries with different settings.

Thailand has experienced three surges of COVID-19 outbreaks. The
first outbreak in January 2020 and the second wave in December 2020
caused a total of 28,863 infected cases and 94 deaths before the begin-
ning of the third resurgence in April 2021 (Department of Disease
Control, 2021). In this study, wastewater surveillance was conducted
from January to April 2021 to investigate the prevalence and abundance
of SARS-CoV-2 RNA in the influents (n=112) and effluents (n= 20) of
Bangkok's 19 municipal wastewater treatment plants (WWTPs) with
varying sizes: four large (serving 432,000–580,000 of the population);
four medium (serving 70,000–250,000 of the population); and 11
small (serving 2,200–36,000 of the population) WWTPs. The relation-
ship of the viral loads circulated in wastewater and the daily new clini-
cal cases was also investigated to determine the applicability of WBE in
determining a COVID-19 outbreak in the population. CrAssphage, a
human gut bacteriophage, was used for normalization of SARS-CoV-2
loads when comparing data among different WWTPs, as has been rec-
ommended in previous studies (CDC, 2020a; Sweetapple et al., 2021;
Wilder et al., 2021; J.Wu et al., 2021). Its consistent presence and abun-
dance in Thailand human sewage has been previously validated
(Kongprajug et al., 2019). A surrogate virus, bacteriophage φ6, was
also used as awhole process control to determine SARS-CoV-2 recovery.
As an enveloped virus, lipid layer covering viral particle enhances viral
adhesive ability, which results in higher virus removal from aqueous
phase due to attachment on suspended solids in wastewater (Ye et al.,
2016). Therefore, the use of bacteriophage φ6 could imitate interaction
between SARS-CoV-2 and suspended solids during concentration
(Flood et al., 2021; Sherchan et al., 2020; Torii et al., 2021). The results
of this study could benefit public health authorities in terms of targeted
prevention measures, such as movement restriction policies or in-
creased accessibility to clinical surveillance and vaccination in low- or
middle-income countries.

2. Materials and methods

2.1. Study sites and sample collection

A total of 132 samples were taken comprising 112 influents and 20
effluents from four large (L1 – L4), four medium (M1 – M4), and 11
small (S1 – S11) WWTPs during seven sampling events from January
to April 2021 (Table S1 and Fig. 1). All sewerage systems in Bangkok
are combined sewerage systems receiving sewage and stormwater
runoff; however, the precipitation records from January to April
2021 demonstrated very light rains in all sampling events
(Table S2). In-sewer travel times of eachWWTPs vary by sewershed,
with shorter times for small than for medium and large WWTPs. The
influent samples were collected after the bar screening and the efflu-
ent samples were collected after the secondary treatment processes
of each WWTP (Table S3).
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Fig. 1. Sampling locations in (a) Bangkok, Thailand; (b) large (L1 – L4; red), medium (M1 – M4; blue), and small (S1 – S11; green) municipal WWTPs.
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The four large WWTPs (L1 – L4) and the two medium WWTPs (M1
and M2) have their own autosamplers, whereas the others do not
(Table S1). Composite samples were collected from influents and efflu-
ents using an autosampler by combining multiple samples 1 h apart
over a 24-h period. Grab and composite samples of 1.5 L were collected
between 8:30 and 10:30 AM in a sterile container and transported on
ice to the laboratory within 3 h. Therefore, 44 of the 24-h composites
and 88 grabbed samples were obtained for this study. The samples
were stored at 5 °C for no more than 24 h before further analysis.

2.2. Virus concentration and RNA extraction

Samples of 500–1,000 mL were incubated at 60 °C in a water bath for
1 h prior to concentrating them through electronegativemembrane filtra-
tion method with magnesium chloride (MgCl2) addition according to the
reported highest recovery based on the murine hepatitis virus surrogate
(Ahmed et al., 2020b). The magnesium cations help in linking the
negatively charged virus particles to the electronegative membrane
during filtration (Corpuz et al., 2020; Haramoto et al., 2018; Katayama
et al., 2002). In brief, the MgCl2 powder was added to the sample to
obtain a final concentration of 25 mM MgCl2. Then, the samples were
filtered using a 0.45-μm-pore size mixed cellulose-ester membrane
(HAWP04700, Merck Millipore, USA) through vacuum filtration. The
membrane was immediately cut into small pieces and put into a 2 mL
ZR BashingBead™ Lysis tube (Zymo Research, USA) containing bead
sizes of 0.1 and 0.5 mm. Subsequently, 750 μL DNA/RNA Shield™ (Zymo
Research, USA) was added into the tube before shaking for 20 min. After
shaking, the tube was centrifuged at 13,200 ×g for 30 s. The 140 μL super-
natant was collected for viral genome extraction using the QIAamp viral
RNA mini- kit (Qiagen, Germany) to retrieve a final volume of 60 μL RNA
extract. The extracted RNA was stored at−80 °C until further analysis.

2.3. Process recovery characterization using bacteriophage φ6

A stock solution of bacteriophageφ6 (NRBC 105899)was prepared by
mixing 100 μL of bacteriophage φ6 with 1 mL of Pseudomonas syringae
(NRBC 14084) in a tube containing nutrient broth liquid (Difco, USA)
3

added with yeast extract, glucose, and magnesium sulfate (MgSO4)
according to the manufacturer's procedure. The virus was allowed to
grow at 26 °C for 3 days in a cooled shaking incubator. Afterward,
bacterial cells were removed from the culture media by centrifugation,
followed by filtration through a 0.2-μm-pore size mixed cellulose
acetate membrane (Merck, USA). The viral concentration was
determined using a single-layer agar method with a mixture molten
agar of nutrient broth, yeast extract, glucose, potassiumdihydrogen phos-
phate (KH2PO4), dipotassium hydrogen phosphate (K2HPO4), and pre-
grown P. syringae at 26 °C for 24 h. The number of plaques was counted
and the concentration of bacteriophage φ6 was reported as plaque-
forming unit (PFU) per milliliter. The viral solution was kept at −20 °C
until use.

For the recovery experiment, 100–500 μL was inoculated into
100–500 mL of water sample to achieve an initial concentration of
around 103–105 most probable number (MPN)/mL. The concentration
of bacteriophage φ6 after the virus concentration and RNA extraction
was measured through RT-qPCR analysis. The genome copies (GC)
were calculated to MPN/mL through end-point dilution assay. The re-
covery efficiency was calculated by dividing the bacteriophage φ6 in
MPN/mL after the concentration with those before the concentration.

2.4. Quantitative PCR assays and standard curves

The US CDC N1 and N2 multiplex RT-qPCR assays targeting two dif-
ferent regions of the SARS-CoV-2 N gene, as well as the bacteriophage
φ6 RT-qPCR assay, were performed using the QuantStudio™ 6 Flex
Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific,
USA), as shown in Table S4. SARS-CoV-2 detection was performed
using themultiplex RT-qPCR assay. The 10 μL RT-qPCR reactionmixture
for SARS-CoV-2 comprised 2.5 μL of TaqMan Fast Virus 1-Step Master
Mix (Thermo Fisher Scientific, USA), 0.3 μL each of 100 nM forward
and reverse primers, 0.2 μL each of 300 nM hydrolysis probe, 2.5 μL of
extracted template, and 3.4 μL of sterile water. The 10 μL RT-qPCR reac-
tion mixture for bacteriophage φ6 comprised 2.5 μL of TaqMan Fast
Virus 1-Step Master Mix (Thermo Fisher Scientific, USA), 1 μL each of
1000 nM forward and reverse primers, 0.3 μL of 300 nM hydrolysis
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probe, 2.5 μL of extracted template, and 2.7 μL of sterile water. The
crAssphage gene (CPQ_056) was analyzed through a qPCR assay using
the QuantStudio3 Real-Time PCR System (Applied Biosystems, Thermo
Fisher Scientific, Waltham, MA, USA), as shown in Table S4. The 20 μL
qPCR mixture was composed of 0.8 μL of each 10 μM forward and re-
verse primers, 0.4 μL of 10 μM hydrolysis probe, 2 μL of extracted tem-
plate, 6 μL of 1 μg/μL BSA, and 10 μL of the Luna Universal probe qPCR
master mix (New England BioLabs, Inc., USA). The RT-qPCR and qPCR
protocols were performed according to the MIQE guideline (Bustin
et al., 2009). The RT-qPCR and qPCR results were analyzed using
QuantStudio Design & Analysis software (Applied Biosystems, Thermo
Fisher Scientific, USA)with automatic baseline andmanual adjustments
of the threshold value to 0.115, 0.01, and 0.036, for N1, N2, and
crAssphage, respectively. Each sample was run in duplicate, and the av-
erage Ct was used when the standard deviation of Ct was less than 0.5;
otherwise, an additional run was undertaken (Kongprajug et al., 2021).
In each instrumental run, the positive and negative controls were in-
cluded. Inhibitionwas assessed using the TaqMan™ Exogenous Internal
Positive Control Reagents following the manufacturer's instruction
(Thermo Fisher Scientific, USA).

The qPCR standard curves were constructed using linearized syn-
thetic plasmid standards for the N1, N2, and the crAssphage markers
(Kongprajug et al., 2019) (GeneArt®, Invitrogen, Thermo Fisher Scien-
tific, Waltham, MA USA). The assay limit of quantification (ALOQ) for
the N1 marker was expressed as the concentration in GC/reaction that
showed positive detection of 8 from all 10 standard replicates (Ct =
35.78, CV=50%). The assay limit of detection (ALOD) for theN1marker
was determined as the concentration of genomic copies below 1.36 GC/
reaction (Ct = 38). The ALOD for the N2marker was set at Ct of 40. The
ALOD andALOQ for the crAssphage qPCR assaywere 20 and 50GC/reac-
tion, respectively (Kongprajug et al., 2019).

2.5. Viral load and population equivalent calculations and COVID-19 case
data

The SARS-CoV-2 concentrations (CSAR) in the wastewater samples
were calculated from the RT-qPCR analysis of the N1 marker to the
GC/100 mL of the sample by incorporating sample volume and RNA ex-
traction volume. The viral loads in the wastewater samples were calcu-
lated bymultiplying (CSAR)with thewastewater flow rate (Q) from each
treatment plant (data requested from the Department of Drainage and
Sewerage, Bangkok Metropolitan Administration [BMA]). CrAssphage
was used to normalize the SARS-CoV-2 concentrations in the form of
population equivalent (PE) based on Eq. (1) as follows:

PE ¼ Ccr � Q
Pw � Ccr,ave

� 1000 ð1Þ

where Ccr is the crAssphage concentration in a wastewater sample (GC/
100 mL) measured by qPCR assay, Q is the influent flow rate to the
wastewater treatment plant (m3/d), Pw is the wastewater volume
produced per person per day or 160 L/person-day according to the
recommended value from the Office of Natural Resources and
Environmental Policy and Planning, Thailand, and Ccr,ave is the averaged
concentration of crAssphage in wastewater in Thailand of 2.79 × 106

GC/100 mL (Kongprajug et al., 2019). The normalized SARS-CoV-2 viral
loads were calculated by dividing the viral loads with PE. Although the
Pw and Ccr,ave contain uncertainties that were not accounted for in
Eq. (1), this fixed-value PE denominator did not induce bias to the nor-
malized viral loads because it was commonly applied to all viral loads.
New clinical case numbers in Bangkok were requested from the Division
of Communicable Disease Control, Department of Health, BMA, and also
retrieved from the publicly available website of the Department of Dis-
ease Control, Ministry of Public Health (https://ddc.moph.go.th/
viralpneumonia/index.php). The population per district in 2020 was re-
trieved from the Administrative Strategy Division, BMA.
4

2.6. Statistical data analysis

Spearman's rank correlation analysis was used to evaluate the tem-
poral relationship between the viral data in wastewater (viral loads and
positive detection rates in wastewater) and the new clinical case num-
bers in the study areas. To evaluate the temporal effect, the viral load
and positive detection rate data were paired with 5-day averaged new
cases at each lag time from 0 to 40 days lag to calculate Spearman's
rank correlation coefficients (Spearman's Rho). Area maps showing
viral loads and daily new cases were created by representing data in
clusters using the Jenks natural breaks classification method.

3. Results and discussion

3.1. RT-qPCR standard curve characteristics and quality controls

The significance of the reporting standard curve parameters and the
associated controls is emphasized for the reliability of SARS-CoV-2 RNA
quantitative data in wastewater surveillance (Bivins et al., 2021a;
Borchardt et al., 2021). In this study, the RT-qPCR standard curve char-
acteristics for N1, bacteriophage φ6, and crAssphage are shown in
Table S5. The slopes ranged from −3.364 to −3.487 and the Y-
intercepts from 33.996 to 41.680. The PCR efficiencies were 93.5%–
98.3%. TheALOD for N1, bacteriophageφ6, and crAssphagewas 1 GC/re-
action, 5 MPN/reaction, and 20 GC/reaction, respectively, while the
ALOQwas 6 GC/reaction, 36 MPN/reaction, and 50 GC/reaction, respec-
tively.

No inhibition was observed in 56 representative wastewater sam-
ples, based on the internal amplification controls. NTCs were negative,
indicating the absence of cross-contamination during the RT-qPCR and
qPCR assays. The process efficiencies, as identified by bacteriophage
φ6, in 76 representative samples (57.6%) indicated averaged recoveries
of 1.54%–3.57% when 103 MPN/mL of initial bacteriophage stock was
added in the early sampling dates, while showing higher averaged re-
covery of 36.15% when 105 MPN/mL of initial bacteriophage stock was
added in the later date (Table S6). This is similar to the trend previously
observed inwhich thehigher initial concentrations expressed higher re-
coveries (W. Ahmed et al., 2021b). Low recoveries as observed by the
spiked surrogate in January, February, and March 2021 (Table S6),
therefore, could have increased the likelihood of non-detectable SARS-
CoV-2 results. This study followed the concentration method using an
adsorption-extraction method with magnesium chloride (MgCl2) pre-
addition according to the reported highest recovery of 65.7% ± 23.8%
(mean ± S.D.). This is based on the murine hepatitis virus surrogate
(Ahmed et al., 2020b) with modification in the membrane elution
step by using a 2 mL ZR BashingBead™ Lysis tube (Zymo Research,
USA) instead of a beading tube with Precellys Evolution 24 tissue ho-
mogenizer (Bertin Technologies, Montigny-le-Bretonneux, France)
and a different RNA extraction kit. However, another study following a
similar concentration method demonstrated very low recovery of the
seeded bovine coronavirus surrogate (Jafferali et al., 2021). Nonetheless,
the whole process control reflected recoveries from all downstream
processes including water concentration, RNA extraction, and RT-qPCR
steps, which expressed high variability depending on themicrobial tar-
get, water matrix, types of laboratory protocols and instruments, and
data analysis method (Ahmed et al., 2022; W. Ahmed et al., 2021b;
Haramoto et al., 2018; Kongprajug et al., 2020; Rusiñol et al., 2020). It
is suggested that the recovery efficiencies be reported separately from
the observed concentrations of viruses, rather than incorporating the
recoveries into the virus concentrations (Haramoto et al., 2018;
Kantor et al., 2021).

3.2. Ct values and detection rates of SARS-CoV-2 RNA in wastewater

N1 and N2markerswere present at 39.39% and 28.78%, respectively,
with 28.03% co-presence of the 132 wastewater samples. N2 was

https://ddc.moph.go.th/viralpneumonia/index.php
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detected less frequently, as previously observed (Medema et al., 2020).
The Ct values of theN1 andN2markerswere alsomoderately correlated
in all samples (n= 37, Spearman's Rho= 0.69) and strongly correlated
in the wastewater influents (n= 35, Spearman's Rho= 0.74) (Fig. S1).
Inmost samples, N2 showed equal or higher Ct values than N1, which is
in agreement with other reports (Chakraborty et al., 2021; Colosi et al.,
2021; Wu et al., 2020). In addition, the PCR efficiency of N1 (93.56%)
was higher than that of N2 (81.35%). Both assays were used to detect
the same N gene; thus, only N1 gene quantification was calculated
using the N1 standard curve. Of the 112 wastewater influents, 44.64%
were positive for N1 (Ct < 38) (Fig. 2).

During the first two sampling events, four of 20 influents and two of
20 effluents were detectable but not quantifiable for the N1 gene
(i.e., ALOQ < Ct < ALOD). Due to the fact that the COVID-19 outbreak
subsided in January 2021 in Thailand and other studies reported lesser
frequencies of SARS-CoV-2 RNA presence in wastewater effluents
(Gerrity et al., 2021; Hasan et al., 2021; Hemalatha et al., 2021;
Sherchan et al., 2020), wastewater effluents were not further collected
for subsequent sampling events. Of the four positive influents, either
negative detection or higher Ct valuewas observed in corresponding ef-
fluents indicating SARS-cov-2 reduction in activated sludge processes
from the fourWWTPs (L1, L2, M2, and S6). However, due to small num-
bers of positive samples and very low concentrations, the removal effi-
ciencies of the treatment processes could not be estimated. The finding
in this study was consistent with a previous study observing the reduc-
tion of SARS-CoV-2 N gene in the activated sludge process (Serra-
Compte et al., 2021).

Higher N1 and N2 positive rates in wastewater influents were also
observed in large WWTPs (L1 – L4) at 58.33% compared with 39.13%
and 41.54% positive detection in medium (M1 – M4) and small
WWTPs (S1 – S11), respectively. There are many confounding factors
affecting the detectability of SARS-CoV-2 RNA in wastewater, such as
variations in individual viral shedding and duration, sewer system con-
dition and retention time, and environmental factors affecting degrada-
tion, particularly water temperature (Ahmed et al., 2020a; Albert et al.,
2021; Cheung et al., 2020; Hokajärvi et al., 2021). Moreover, the sam-
pling method has been reported to affect the detectability of SARS-
CoV-2 RNA in wastewater (W. Ahmed et al., 2021a; Bivins et al.,
2021b; Feng et al., 2021; Rafiee et al., 2021). In this study, six WWTPs
Fig. 2.Heatmaps showing the (a) RT-qPCR cycle threshold values (Ct) of SARS-CoV-2 N1 gene (
the four large (L1 – L4), four medium (M1 – M4), and 11 small (S1 – S11) WWTPs with N2 g
reported daily in the districts serviced by the four large (AL1 – AL4), four medium (AM1 – AM
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(L1 – L4 and M1 – M2) were with their own autosamplers and waste-
water sampleswere composited for 24 h,while otherWWTPs delivered
grab samples. This study aimed to evaluate the actual situations in sam-
pling sites, so inevitable biases could have confounded the results.

The temporal distributions of the N1 and N2markers were at higher
frequencies compared with those obtained at the first event (January
14, 2021) up to the last event (April 8, 2021), concurringwith thehigher
infection incidences from the districts serviced by each WWTP (Fig. 2).
Interestingly, the first positive detection of SARS-CoV-2 RNA was found
at the first sampling event fromM2 and S6WWTPs, located on thewest
and east sides of Bangkok, respectively, while the clinical cases observed
in both served areas were lower than 10. Interestingly, the positive de-
tection rates of the wastewater samples at each event exhibited the
same upward trend as the total number of new cases in Bangkok, but
the increase in the positive detection rates occurred earlier (Fig. 3).

3.3. SARS-CoV-2 RNA viral loads in wastewater and daily new cases

The SARS-CoV2RNA concentrations in thewastewater influent sam-
ples calculated from the N1 marker ranged from 1.77 to 4.35 log10 GC/
100 mL (n = 25), comparable with 2–5 log10 GC/100 mL reported
levels from other geographical regions (Chakraborty et al., 2021; Pillay
et al., 2021; Sherchan et al., 2020; F. Wu et al., 2021). Normalized viral
loads of wastewater influent samples were plotted and compared
with new cases from all districts in Bangkok and from districts served
by the 19 WWTPs (Fig. 3). While SARS-CoV-2 RNA was detected at
the first event (January 14, 2021), the viral RNA first became quantifi-
able at the fourth event (February 17, 2021), with total normalized
viral loads from L2, M1, and S7 WWTPs at 7.87 log10 GC/PE-day. How-
ever, only one reported case was shown on this day from the serving
districts. The spatial distributions of the viral loads from the correspond-
ingWWTPs and the new cases in each district are represented in a map
in Fig. 4. Thefirst peakof new cases fromall servingdistricts occurred on
March 16, 2021 at 5.31 new cases/100,000 populations, corresponding
to the outbreak cluster of the Bang Khae Market complex, one of the
largest fresh food markets on the west side of Bangkok. However, the
normalized viral loads from the preceding day (March 10, 2021) were
not contributed by the Bang Khae serving area L2. Another new case
peak on March 23, 2021 was from the Immigration Bureau's detention
Ct< 38) in thewastewater influent samples from the seven sampling events conducted in
ene positive detection (Ct < 40) marked by framing; (b) number of new COVID-19 cases
4), and 11 small (AS1 – AS11) WWTPs. Dark cells indicate no sample collection.



Fig. 3. Normalized SARS-CoV-2 RNA loads (×106 GC/PE-day) in influents of the 19 WWTPs plotted in the bar graph and compared with new clinical confirmed cases per 100,000
population from all districts in Bangkok (solid line) and in the districts served by the 19WWTPs (dotted line). The positive detection rates of N1 and N2 genes in the wastewater samples
are shown by closed circles.
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centers in Bang Khen (Lak Si District), but the normalized SARS-CoV-2
loads were not detected from the Lak Si District serving area S7 on the
subsequent sampling date of March 25, 2021. The rise of infection inci-
dence began on April 4, 2021, which marked the third COVID-19 wave
in Thailand. The outbreak was identified from a nightclub cluster,
whose wastewater was not included in any of the WWTPs studied.
The viral signals on March 25, 2021, 10 days earlier than the start of
the outbreak as identified by clinical surveillance, were shown by the
L1, S4, S5, S6, S8, and S10WWTPs. Overall, the SARS-CoV-2 RNA signals
did not exactly match the trends with the new cases in the served dis-
tricts on the same day but appeared prior to the rise of new cases in
the served and adjacent districts. The differences in in-sewer travel
time and sewage losses among sewersheds could play important roles
in virus detectability at each WWTP (Hart and Halden, 2020; Okadera
et al., 2020). It should be noted that the clinical cases reported were re-
trieved from the Health Bureau, Bangkok Metropolitan Administration
and indicated the patients' current addresses. Therefore, potential
movements or daily commute in different districts could affect the col-
lection of wastewater.

3.4. Correlation between viruses in wastewater (positive rates and viral
loads) and daily new cases at different lag times

The positive detection rates of SARS-CoV-2 RNA in wastewater were
correlated with 5-day averaged new COVID-19 cases (Fig. 5). Spearman's
rank correlation coefficients showed the highest value at 22 days lag
(Spearman's Rho = 1.0). The ability to detect viral loads in WWTPs
with different sizes prior to the new case report was further investigated.
Spearman's rank correlation analysis was performed between viral loads
in wastewater and the new cases at different lag times (Fig. 6). When all
19 WWTPs were considered, the strongest correlation was shown at
23–24 days lag time (Spearman's Rho = 0.85) (Fig. 6a). Interestingly,
large WWTPs (L1 – L4) serving 432,000–580,000 populations reflected
similar trends, showing the strongest correlation at 21–22 days lag time
(Spearman's Rho= 0.64) (Fig. 6b). The medium (70,000–250,000 popu-
lations) and small (2,200–36,000 populations) WWTPs demonstrated
very weak correlations between viral loads and the daily confirmed
cases (Fig. 6b). The details of the correlation analysis for each WWTP
are presented in Table S7. The weak correlation in medium and small
WWTPs may be due to the limited information on new COVID-19 cases,
which were only from the facilities in the corresponding sewersheds. In
light of the foregoing, the viral loads from large WWTPs could reflect
the SARS-CoV-2 circulation and dynamics of the city. Therefore, routinely
6

monitoring large WWTPs could be beneficial as a complement to clinical
surveillance at the city scale.

3.5. Implications of SARS-CoV-2 wastewater surveillance

This study demonstrated the successful applicability of SARS-CoV-2
WBE in 19 sewersheds from four large, four medium, and 11 small
WWTPs to determine COVID-19 circulation in the population of
Bangkok prior to the clinical surveillance. It is recommended that
wastewater from large WWTPs be routinely monitored for SARS-CoV-
2 RNA because it could reflect the dynamics of the whole city. WWTPs
of smaller sizes could also be beneficial in indicating hotspots of out-
breaks and recommending appropriate interventions, such as individual
clinical testing (Betancourt et al., 2021; Gibas et al., 2021). This study re-
vealed the correlation between viral loads and clinical reported cases at
relatively long lag times of 22–24 days, a period that is longer than other
reported studies (Bibby et al., 2021; Róka et al., 2021; Zhu et al., 2021). It
is possible that asymptomatic infection is responsible for the virus signal
in wastewater, as SARS-CoV-2 RNA signals were detected from in-
facility sewage systems in Bangkok during reported low COVID-19
prevalence (Wannigama et al., 2021). Furthermore, during the study
period of January to April 2021, there was a low prevalence of COVID-
19 infection in Thailand. Lesser awareness of COVID-19 symptoms and
accessibility to clinical testing led to low clinical surveillance rates. Po-
tentially, in future resurgences, clinical testing accessibility will be im-
proved with the availability of commercial test kits, resulting in lesser
lag time.

The frequency of wastewater sampling is another important factor
for WBE to indicate the prevalence of COVID-19 in the community. In
the United States and in European countries, it is recommended to sam-
ple wastewater once or twice a week (CDC, 2020b; European Commis-
sion, 2021). However, for resource-constrained regions, balancing the
budget with the application of SARS-CoV-2 WBE is crucial, especially
during times when the outbreak has subsided. Although this study
showed that the surveillance of wastewater influents of the treatment
plants in Bangkok every 2–3weeks could provide adequate information
about the prevalence of COVID-19 during the study period, it is sug-
gested that the representative four large WWTPs be monitored at
higher frequency, to serve as an earlywarning of future COVID-19 resur-
gence.

The significance of WBE at the national level has been increasingly
recognized, especially in high-income countries (CDC, 2020b;
European Commission, 2021). However, national structures and



Fig. 4.Maps of Bangkok showing the viral loads fromeach of the 19WWTPs (in circles) and the 5-day averaged newCOVID-19 cases on the following sampling dates: (a) January 14, 2021,
(b) January 21, 2021, (c) February 4, 2021, (d) February 17, 2021, (e) March 10, 2021, (f) March 25, 2021, and (g) April 8, 2021.
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Fig. 4 (continued).

Fig. 5. Spearman's rank correlation coefficients (Spearman's Rho) between virus positive
detection rates and 5-day averaged new cases from all corresponding served districts.
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wastewater surveillance systems in middle- and low-income countries
have lesser degrees of availability. All stakeholders should be involved
to form a national governance system, with supportive legislation on
the integration of public health, wastewater, environmental water,
and outbreak management (Takeda et al., 2021). The institutionaliza-
tion of wastewater surveillance systems will not only benefit the sur-
veillance and control of the COVID-19 pandemic but also future
infectious ‘disease x’ outbreak, as defined by the WHO (2018).
Fig. 6. Spearman's rank correlation coefficients (Spearman's Rho) between viral loads (log10 G
WWTPs and (b) large, medium, and small WWTPs.

8

Wastewater surveillance application will be an important tool to
strengthen existing public health interventions to effectively curb
COVID-19 transmission in the community (Giné-garriga et al., 2021;
Triukose et al., 2021).

4. Conclusions

This study reported the first successful SARS-CoV-2WBE application
in 19 centralized wastewater systems in Bangkok (n= 132) with vary-
ing sizes, which serve 49.6% of Bangkok's population (serving 2,200 to
580,000 of the population). The CDC N1 assay yielded higher detection
rates and mostly lower Ct values than the CDC N2 assay. High recovery
rates (36.15%) of the bacteriophage φ6 surrogate were achieved with
the highest seed titer of 5.7 × 105MPN/mL. Of the 112wastewater influ-
ents, 44.64% were positive for N1. Interestingly, the positive detection
rates of SARS-CoV-2 RNA in the wastewater from all of the WWTPs in-
creased alongwith the clinical cases over time. The strongest correlation
between the positive rates and the 5-day averaged new cases from all of
the corresponding districts served occurred at 22 days lag time. The
viral loads in the wastewater were not associated with the clinical
cases from the served or adjacent districts on the present day. However,
a significant correlationwas observed at 22–24 days lag timewhen con-
sidering combined viral loads and related clinical cases fromall of the 19
WWTPs and from the four large WWTPs. Consequently, large WWTPs
are recommended for the routine monitoring of SARS-CoV-2 RNA be-
cause they reflect the city-scale dynamics of viral loads.
C/d) and 5-day averaged new cases at different lag times from 0 to 40 days for (a) all 19
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