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ARTICLE INFO ABSTRACT

Editor: Warish Ahmed Wastewater-based epidemiology (WBE) for the SARS-CoV-2 virus in wastewater treatment plants (WWTPs) has

emerged as a cost-effective and unbiased tool for population-level testing in the community. In the present study,

Keywords: we conducted a 6-month wastewater monitoring campaign from three WWTPs of different flow rates and catchment

SARS-CoV-2 area characteristics, which serve 28 % (2.1 million people) of Hong Kong residents in total. Wastewater samples col-

m;fu dinal monitoring lected daily or every other day were concentrated using ultracentrifugation and the SARS-CoV-2 virus RNA in the su-

WBE pernatant was detected using the N1 and E primer sets. The results showed significant correlations between the virus
concentration and the number of daily new cases in corresponding catchment areas of the three WWTPs when using
7-day moving average values (Kendall's tau-b value: 0.227-0.608, p < 0.001). SARS-CoV-2 virus concentration was
normalized to a fecal indicator using PMMoV concentration and daily flow rates, but the normalization did not
enhance the correlation. The key factors contributing to the correlation were also evaluated, including the sampling
frequency, testing methods, and smoothing days. This study demonstrates the applicability of wastewater surveillance
to monitor overall SARS-CoV-2 pandemic dynamics in a densely populated city like Hong Kong, and provides a large-
scale longitudinal reference for the establishment of the long-term sentinel surveillance in WWTPs for WBE of patho-
gens which could be combined into a city-wide public health observatory.

1. Introduction

During the COVID-19 pandemic, the large-scale testing is essential to
% Corresponding author. identify infectious patients in a population and to timely control viral trans-
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transcription-quantitative polymerase chain reaction (RT-qPCR) is the
current diagnostic gold-standard with high sensitivity and specificity,
but it is restricted with lagged turnaround time, limited testing capacity,
and high resource-intensive for testing millions of people in the commu-
nity (Mercer and Salit, 2021). Wastewater-based epidemiology (WBE)
for SARS-CoV-2 is being considered as a promising and cost-effective
tool in screening pandemics progressing at a population-wide scale,
and has been used in public health invention, such as giving early warn-
ing signals before the pandemic outbreak (Medema et al., 2020; Xu
et al., 2021), tracking infection dynamics (Graham et al., 2021; Wu
et al., 2021), evaluating policy effectiveness (Hillary et al., 2021;
Waurtzer et al., 2020), near-source tracking to find out infected patients
(Betancourt et al., 2021; Deng et al., 2022b) and identifying new
variants in the community (Deng et al., 2022a; Xu et al., 2022a).
These finding emphasized the importance of incorporating wastewater
surveillance into SARS-CoV-2 detection strategies for the public health
response.

Over the past two years, >60 countries across the globe establish tai-
lored detection protocols and scale them up for long-term wastewater
surveillance networks for SARS-CoV-2 viruses (Naughton et al., 2021),
such as European Sewage Sentinel System for SARS-CoV-2 (Gawlik
et al., 2021), National Wastewater Surveillance System (NWSS) in
USA (Kirby et al., 2021), National COVID-19 Wastewater Epidemiology
Surveillance Programme (N-WESP) in UK (https://nwesp.ceh.ac.uk/),
and a territory-wide wastewater surveillance system in Hong Kong
SAR, China (Deng et al., 2022a), etc. Numerous datasets generated in
these global wastewater surveillance campaigns and challenge has
been raised on the interpretation of temporal wastewater monitoring
datasets for the public health information. The applicability of WBE
into tracking community infection dynamics have been demonstrated in
USA (Gonzalez et al., 2020; Graham et al., 2021; Karthikeyan et al.,
2021; Peccia et al., 2020; Sherchan et al., 2020), Australia (Ahmed et al.,
2021b), Switzerland (Fernandez-Cassi et al., 2021), India (Kumar et al.,
2021), Bangladesh (Jakariya et al., 2021), Nepal (Tandukar et al., 2022),
Singapore (Wong et al., 2021), etc. Although there are various methods
to capture the spatiotemporal trends, the interpretation of wastewater
data and the method sensitivity are site-specific due to multiple reasons
(Fitzgerald et al., 2021).

In addition, it is suggested that normalization of SARS-CoV-2 virus
signal to flow rates, or endogenous biomarkers could reduce wastewater
surveillance variability of the operating process to strengthen the corre-
lation (D'Aoust et al., 2021; Wolfe et al., 2021). Among the candidate
biomarkers, PMMoV and CrAssphage displayed less variation and
were more consistent in wastewater samples (Greenwald et al., 2021).
Considering PMMoV virus is an RNA virus while crAssphage is a DNA
virus, PMMoV virus was used in the present study for normalization be-
cause it is consistent with SARS-CoV-2 virus in nucleic acid extraction
procedures and has the potential to serve as process control. However,
other studies presented the opposite opinions toward the effectiveness
of normalization, showing it makes no difference or even reduces the
correlation after normalization (Feng et al., 2021). Thus, it is still un-
clear yet about the effect of normalization using biomarkers on the
quantification of SARS-CoV-2 virus concentration and its correlation
with the number of clinical cases.

In the present study, we performed a half-year longitudinal
wastewater surveillance of SARS-CoV-2 RNA across three WWTPs to
monitor infection dynamics during the 4th wave of the pandemic out-
break in Hong Kong, China. The aims are to address the following as-
pects: (1) quantification of virus concentrations in the supernatant
and the pellet of the wastewater samples; (2) correlation between
wastewater virus concentration and case number within the catchment
areas of WWTPs; (3) comparison of the viral concentration dynamics
of different WWTPs after normalization using the daily flow rates
and fecal indicator (e.g. PMMoV) concentration; and (4) comparison
of the COVID-19 prevalence rates derived from the wastewater and
clinical data.
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2. Materials and methods
2.1. Samples collection

Wastewater samples were collected from three WWTPs, i.e. Northwest
Kowloon Preliminary Treatment Works (NWK), Sha Tin Sewage Treatment
Works (ST), and Shek Wu Hui Sewage Treatment Works (SWH) in
Hong Kong SAR, China (Fig. 1). These three WWTPs serve populations of
1.16 million, 0.65 million, and 0.29 million respectively, accounting for
28 % of Hong Kong residents in total. NWK had an average flow rate
of 0.348 million m®/day and was connected to the largest WWTP in
Hong Kong, Stonecutters Island Sewage Treatment Works. There are
three hospitals receiving COVID-19 patients and four designated quaran-
tine hotels within the NWK catchment area during the sampling period.
ST and SWH provide secondary treatment with the average flow rates of
about 0.26 million m®/day and 0.087 million m®/day, respectively. Both
ST and SWH have a hospital receiving COVID-19 patients in their catch-
ment areas, but no designated quarantine hotels during the study period.
The 24 h flow-weighted composite samples were taken by Drainage
Services Department (DSD) daily from NWK and every other day from
both ST and SWH. From December 24, 2020 to June 30, 2021, 185, 79,
and 80 samples were collected from NWK, ST and SWH, respectively. All
collected wastewater samples were stored at a 4 °C refrigerator before deliv-
ery to the laboratory for processing once a week.

2.2. Pretreatment of the samples

After arriving the laboratory, wastewater samples were heat-inactivated
at 60 °C for 30 min to ensure lab safety (Chin et al., 2020). After that, for
each sample, 40 mL wastewater were centrifuged at 4750 x g for 30 min
on Allegra X-15R Centrifuge (Beckman Coulter, Indianapolis, IN) to sepa-
rate wastewater into two subsamples, i.e. supernatant and pellet. Next,
30 mL supernatant was concentrated through ultracentrifugation at
150,000 x g for 60 min at 4 °C on Optima XPN Ultracentrifuge (Beckman
Coulter, Indianapolis, IN) to obtain the concentrated sample (approxi-
mately 200 pL). Pellet from 40 mL wastewater was resuspended by the re-
maining wastewater (approximately 1.5 mL) and transferred into a new
2 mL micro-centrifugal tube for further centrifugation at 20,000 x g for
2 min. After centrifugation, the supernatant was removed carefully without
disturbing the pellet.

2.3. RNA extraction

RNA of the concentrated samples from 30 mL supernatant or 40 mL
pellet was extracted using QIAamp Viral RNA Mini Kit (Qiagen) on the
auto-extraction platform QIAcube Connect (Qiagen), with the final elution
volume of 50 pL. For QA/QC, 200 pL AVE from the extraction kit was used
as the reagent blank in parallel for each batch of eleven samples. Paired
supernatant and pellet samples from NWK from March 9 to July 7, 2021
were extracted to compare the viral loads.

2.4. RT-qPCR detection

One-step RT-qPCR targeting SARS-CoV-2 N1 (CDC, 2020) and E
(Corman et al., 2020) was used for the detection and quantification of
virus RNA concentrations with the same reagents and recommended an-
nealing temperatures as described before (Deng et al., 2022a; Xu et al.,
2022b). In detail, 4 pL. RNA template was used for running 45 cycles in
20 pL reaction mixture on the Applied Biosystems ViiA7 qPCR machine
(Thermo Fisher), together with 5 uL. TagMan Fast Virus 1-Step Master
Mix (Thermo Fisher), primers and probe concentration of 500 nM and
250 nM, respectively. DEPC water as no-template controls (NTCs), DNA
plasmids as positive control were included for every batch, and each sample
and control were detected in duplicate. Samples were considered to have a
virus signal if the Ct value was <40, and its virus concentration was calcu-
lated according to the plate-specific standard curve established by ten-fold
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Fig. 1. Description of sampling information in the three WWTPs. (a) Sampling period from December 24, 2020 to June 30, 2021. (b) Geoinformatics data. (c) Sampling

locations and catchment areas.

serial dilution of the synthetic DNA plasmid from 10° to 10° copies/
reaction. When the detected copy number is <1 copy/reaction, the value
of “167 copies/L” was used as the virus concentration, corresponding to
half of the theoretical detection limit value of 333 copies/L.

A one-step PMMoV RT-qPCR assay was performed to quantify
the PMMoV concentration from both supernatant and pellet samples
(Greenwald et al., 2021). Each 20 pL reaction mixture consists of 4 uL
RNA template, 5 pL. TagMan Fast Virus 1-Step Master Mix, 500 nM primers,
250 nM probe, and DEPC-treated water. The thermocycling conditions
were UNG incubation for 2 min at 25 °C, RT-step for 15 min at 50 °C and
polymerase activation for 2 min at 95 °C, followed by 45 cycles of 3 s at
95 °C and 30 s at 55 °C on the Applied Biosystems ViiA7 qPCR machine
(Thermo Fisher). The establishment of the standard curve and QA/QC prac-
tice were the same as the detection of N1 and E primer sets mentioned
above.

2.5. COVID-19 epidemiological data

The geographic information of WWTPs is available on Geoinfo
Map (https://www.map.gov.hk/gm/map/s/d/mM8DMOPE). All visited/
resided buildings of confirmed COVID-19 cases locations and population
size information was downloaded from Hong Kong Geodata Store
(https://geodata.gov.hk/gs/). Confirmed COVID-19 cases within WWTPs
catchment areas were extracted using ArcGIS Pro 2.8.0. The hospitalized
date and discharge date of each COVID-19 case were provided by the
Centre for Health Protection (CHP) of Hong Kong. Daily new cases were de-
fined as confirmed cases admitted to the hospital on the day of sampling.
During the 4th wave pandemic outbreak in Hong Kong, all the patients
with COVID-19 were hospitalized on the same day or 1 to 2 days before
official reporting date.

2.6. Cdlculation of prevalence rates

Daily SARS-CoV-2 viral load in the samples was calculated by the de-
tected virus concentration multiplying the daily flow rates, that is:

L=CxQ @

COVID-19 prevalence rates from wastewater data (P,,,) were calculated
according to the Eq. (2).

cCxQ
Pyw=——F~"— 2)
S % (pﬂ) x N
Two definitions of clinical prevalence rates were used in this study, that

is, prevalence of daily new cases (Pgai1y) and prevalence of total new cases

and convalescent patients within 7 days of sampling date (Pyeeiy) accord-
ing to Egs. (3) and (4).

Number of daily new cases

Paqity = N 3
Number of weekly cumulative total cases

P, weekly — N (4)

where,

L: viral load (copies/day);

C: SARS-CoV-2 virus concentration in the supernatant of the 24 h
flow-weighted composite samples calculated using the N1 primer-probe
set (copies/L);

Q: flow rate (m®/day, corresponding to 10° L/day);
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S: virus shedding in the stool of an infected person, assuming 10°
copies/mL (according to 10>-10® copies/mL reported in Zheng et al
(Zheng et al., 2020), and range of 10%7-1078 copies/mL reported in Wolfel
et al (Wolfel et al., 2020));

p: stool density, assuming 1.06 g/ mL (according to 1.06-1.09 g/mL
reported in Penn et al (Penn et al., 2018));

W: stool weight, assuming 128 g/day (the median value in the range of
35-796 g/day reported in Penn et al (Penn et al., 2018)).

N: the population size in the catchment area of the WWTP.

Number of daily new cases: defined as those patients with COVID-19
hospitalized on the same date of the sampling date.

Number of weekly cumulative total cases: number of total cases contrib-
uting to virus signals in wastewater samples, defined as the cumulative
number of daily new cases within 7 days after sampling date and convales-
cent patients within 7 days before sampling date.

2.7. Statistical analysis

Non-parametric Kendall's tau-b coefficient was used to evaluate the cor-
relation among different measurements. Statistical analysis was performed
using R Studio version 1.3.

3. Results and discussion
3.1. RT-qPCR performances

The standard curves used in this study meet with Minimum Information
for Publication of Quantitative Real-Time PCR Experiment (MIQE) guide-
lines (Bivins et al., 2021) (Supporting Information Table S1).

High correlation between N1 and E primer-probe sets was observed
among a total of 344 wastewater samples (Kendall's tau-b = 0.493,
p < 0.0001), representing the agreement of these two detection assays.
The N1 set obtained higher virus concentration than E set in more wastewa-
ter samples and showed higher correlation values with daily new case num-
ber than E set. Additionally, the qualitative detection results between the
supernatant and the pellet were more consistent for N1 than E set. These re-
sults implied that N1 set was more robust for detection, quantification and
data interpretation, thereby only this target gene was used to calculate the
wastewater-derived prevalence rate in the subsequent analysis of the present
study. Similarly, N1 gene detection was reported to be more sensitive than E
gene assay and adopted in the national Scotland wastewater surveillance
(Fitzgerald et al., 2021).

3.2. Comparison of the supernatant and the pellet

We compared paired supernatant and pellet of 91 wastewater samples
collected in NWK for N1, E, and PMMoV measurements. The physicochem-
ical wastewater parameters in NWK was summarized in Table S2. Higher
detection rates were detected in the supernatant rather than the pellet, for
both N1 and E sets (Fig. 2a). The detection rates were the same for
PMMoV virus in supernatant and pellet, but significantly lower Ct value
was observed in supernatant rather than pellet, with the average Ct values
of 22.35 + 1.89 and 27.43 + 1.64, corresponding to 10-fold higher virus
concentration in the supernatant (Fig. 2b and Fig. 2c). Therefore, detection
of viruses in the supernatant using the two-step ultracentrifugation method
is more effective, robust and sensitive than detection of those in the pellet
obtained using low-speed centrifugation if starting from the same volume
of wastewater.

This result was consistent with that obtained using inactivated SARS-
CoV-2 spiked wastewater samples in Canada (Chik et al., 2021) and
Japan (Alamin et al., 2022), but differed from those studies using wastewa-
ter samples from a Finland WWTP (Hokajarvi et al., 2021) and a California
WWTP (Graham et al., 2021). Such inconsistency could be due to multiple
reasons. Firstly, the centrifugation speed for the separation of particles from
wastewater in the protocol will lead to the difference in the definition of the
“supernatant” and “pellet”, deciding the partition of virus particles in these
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two parts. In the present study, low-speed centrifugation (4750 X g for
30 min) was used to separate the supernatant and the pellet, while high-
speed centrifugation (24,000 X g for 15 min) was applied in the California
WWTP (Graham et al., 2021). Secondly, the recovery efficiency of different
virus concentration methods used to concentrate virus from the superna-
tant also contribute to the partition difference between the supernatant
and the pellet. The virus recovery efficiency of ultrafiltration used in
Finland's study (Hokajarvi et al., 2021) was only half of that of ultracentri-
fugation method used in the present study based on our previous method
evaluation using Hong Kong wastewater (Zheng et al., 2022). Overall,
using the supernatant or the pellet for SARS-CoV-2 virus detection may
need to be selected specifically for the local wastewater samples with the
considerations of the sampling sites, separation methods, and virus concen-
tration methods.

3.3. Longitudinal trends and influencing factors

Wastewater surveillance monitoring was conducted from December 24,
2020 to June 30, 2021 using the influent of the three WWTPs of Hong
Kong, which captured the bimodal upward and downward trends of clinical
cases (Fig. 1a). The detection rates of N1 primer-probe set were 40.5 %
(75/185) for NWK, 22.8 % (18/79) for ST and 21.3 % (17/80) for SWH, re-
spectively. Similar detection rates across three WWTPs were obtained using
E primer-probe set (Table S3). For both N1 and E sets using raw measure-
ment, daily virus concentrations were significantly correlated with the
daily new case numbers for NWK (Kendall's tau-b = 0.500 for N1 and
Kendall's tau-b = 0.471 for E, p < 0.0001), but showed insignificant corre-
lations for ST and SWH (p > 0.05). Using 7-day moving average values, both
N1 and E virus concentrations were observed to be significantly correlated
with the daily new case numbers within the wastewater catchment areas of
the three WWTPs (Fig. 3, Kendall's tau-b = 0.227-0.608, p < 0.001). This
implied the effectiveness of wastewater data to reflect the infection dynam-
ics after smoothing using the moving average value.

The data smoothing facilitated establishing the correlation by reducing
variation of dataset. With the increase of smoothing days, higher correla-
tion values were obtained for both N1 and E sets across three WWTPs,
and 7-day moving average were recommended. Similarly, smoothing
dataset with 7-day moving window was also applied in wastewater data
trend interpretation and obtained significant correlated trendlines in USA
(Feng et al., 2021), Canada (D'Aoust et al., 2021) and Spain (Rusinol
etal., 2021).

In addition, the sampling strategy is always a trade-off between limited
resources and effectiveness of wastewater surveillance to track the pan-
demic dynamics. Here, we also use down-sampling simulated dataset to de-
termine which sampling frequency could reduce sampling effort without
the loss of tracking significant trendlines. Using the 6-months high-
resolution daily sampling dataset of NWK, down-sampling results showed
that decreasing sampling frequency generally would lead to lower correla-
tion significance probably due to the higher randomness (Fig. S1). All sim-
ulated datasets sampled per up to 4 days presented significant correlations
as that of the daily sampling dataset (p < 0.01), whereas several simulated
datasets sampled at >4 days intervals showed insignificant correlation
(p > 0.05). These results indicated that the minimum sampling frequency
for SARS-CoV-2 wastewater surveillance is at least twice a week, which
was consistent with an evaluation result in another study using the primary
sludge at a large WWTP (Graham et al., 2021). This sampling frequency had
been adopted in the design of sentinel wastewater surveillance network in
Hong Kong (Deng et al., 2022a) and was also recommended by European
Union in its document to its member states regarding wastewater surveil-
lance systems for SARS-CoV-2 (European Union, 2021). The sampling fre-
quency needs to be re-evaluated when the virus concentrations change
dramatically and new virus variants emerge in the community.

Some other factors may also contribute to track the trendline but cannot
be evaluated in the present study, such as the sampling strategy and the
clinical testing capacity. For example, compared with 3-hour composite
samples or grab samples at specific peak timepoints, 24-hour composite
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Fig. 2. Comparison of the supernatant and the pellet. (a) Detection rates and Ct value in SARS-CoV-2 using N1 and E assays, and PMMoV; (b) Ct value of PMMoV. (¢) PMMoV

concentrations (copies/L).

samples which was used in the present study would be more representative
with higher probability to capture virus shedding of patients, but the virus
signals could be diluted (Ahmed et al., 2021a). In addition, limited clinical
diagnostic testing capacity may lead to lower cases identified, unfavorable
for the establishment of the correlation with wastewater results (Duvallet
et al., 2021).

3.4. Effect of normalization by PMMoV and flow rates

Using the raw measurement, no matter whether normalized or not
against PMMoV or daily flow rates, significant correlations were observed
between N1 or E results with the number of clinical cases in the catchment
area of NWK (Table 1). Conversely, no significant correlations displayed for
ST and SWH before and after normalization for both PMMoV and flow
rates. In addition, the correlation values showed no obvious change after
normalization by daily flow rate but were slightly decreased after normali-
zation by PMMoV. After smoothing with 7-day moving average, normaliza-
tion still yielded similar correlation results as those without normalization.
These results indicated that the normalization could not assist tracking
trendline between wastewater data and the number of clinical cases for
the three WWTPs in Hong Kong.

Similarly, normalization of SARS-CoV-2 virus signals by PMMoV virus
did not strengthen the correlation with the number of clinical cases for a
few US WWTPs (Feng et al., 2021; Graham et al., 2021). The usage of
PMMoV for normalization is on the basis of its potential to present consis-
tent virus concentration value for a catchment area with a stable population
size. However, in the present study, PMMoV concentration shows signifi-
cant temporal variation within individual WWTP, with the relative stan-
dard deviation (RSD) value of 57.3 %, 57.8 % and 118.3 % for NWK, ST
and SWH (Fig. S2). Additionally, PMMoV is non-enveloped virus while
SARS-CoV-2 virus is enveloped virus, which could influence viral partition
behaviors in the wastewater samples and the recovery efficiency for virus

concentration methods (Ye et al., 2016). For the above reasons, using
PMMoV as a surrogate for normalization to mitigate the variation of
SARS-CoV-2 during sample processing process is still very challenging.

Despite the limitation of PMMoV as a quantitative surrogate for normal-
ization, it still could serve as an effective qualitative internal indicator for
the process control. Presence of PMMoV indicates the human fecal sources
for the extracted RNA of wastewater samples. In the present study, SARS-
CoV-2 virus concentration dataset was omitted as outliers when PMMoV
virus was undetectable. Similarly, PMMoV viral load was also used as an in-
ternal process control for detecting anomalies dataset in another study
(Huisman et al., 2021). Overall, although PMMoV measurement may not
be able to serve as a suitable normalization biomarker to strengthen the
trendline, it could be leveraged as an internal quality control for wastewater
samples in the testing process of SARS-CoV-2.

3.5. Interpretation of wastewater data with epidemiological scenarios

We explored the change of wastewater data of NWK serving a popula-
tion size of around 1.16 million with the related epidemiological scenarios
of Hong Kong (Fig. 4). After public holidays (Christmas and New Year) from
December 24, 2020 to January 3, 2021, there was a simultaneous rapid in-
crease in wastewater virus signals and daily new cases, suggesting the pan-
demic development due to holiday gatherings. To strengthen the effort to
cut off hidden transmission chains in the community, the Government of
the Hong Kong Special Administrative Region of the People's Republic of
China made a restriction-testing declaration (RTD) in Yau Ma Tei to
Jordan for compulsory testing on January 23, 2021 (GovHK, 2021c),
which means all the residents within the RTD area were subject to compul-
sory testing and stay at home until receiving negative results of each
resident within 48 h before January 25, 2021 (Monday). After that, the de-
clines of daily new cases from January 19, 2021 to February 12, 2021 was
observed, which was also reflected in reduced virus concentrations in
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Fig. 3. Longitudinal measurements of SARS-CoV-2 virus concentrations in wastewater samples using N1 and E detection assays, and their correlations with the number of
daily new cases in the catchment areas of the three WWTPs. Red line: the clinical daily new cases number using 7-day moving average value. Blue line: the virus
concentration (N1) using 7-day moving average value. Green line: the virus concentration (E) using 7-day moving average value.

wastewater samples. Later, on February 18, 2021, the Government started
to relax social distancing measures (GovHK, 2021b), and a slight increase of
wastewater virus concentration and daily new cases in the following days
was observed, while the pandemic was still under control. Another increase
of the virus concentration in wastewater started from April 21, 2021, which
may be due to more travelers residing in the four designated quarantine ho-
tels within NWK catchments after three Yau Tsing Mong designated quar-
antine hotels outsides NWK stopped receiving travelers (GovHK, 2021a).
The wastewater trend in NWK catchment area coincided with epidemic
events and policy change of Hong Kong. This finding indicated that WBE is
a powerful tool to monitor the virus circulation at the community level for a
densely populated city like Hong Kong. The WBE tool has an advantage
over clinical testing in reflecting policy impacts regarding the sampling ef-
fort, testing capacity, and sampling frequency for large-scale population

Table 1

Kendall's tau-b coefficients between the virus concentration before/after normaliza-
tion and the daily new cases number. The grey color indicates the insignificantly
correlations (p value >0.05).

Raw data 7-day moving average

NWK ST SWH NWK ST SWH
N1 0.500  p>0.05 p>0.05 0.608 0.227 0.591
N1/PMMoV 0.469  p>0.05 p>005 0613 p>005 0.565
N1/flow rate 0.501  p>0.05 p>0.05  0.609 0.221 0.596
E 0471  p>0.05 p>0.05 0.559 0.351 0.389
E/PMMoV 0.467  p>0.05 p>0.05  0.605 0.427 p>0.05
E/flow rate 0471 p>0.05 p>0.05 0559 0.350 0.389

size. This finding also suggested that, if using carefully, WBE could assist de-
cision makers to monitor the effectiveness of the public health interventions
in a real-time manner.

Also, the results in the present study demonstrated the higher sensitivity
of our method which could obtain high detection rate (40.5 %) for <50
daily new cases from over 1 million people in the catchment area, better
than the detection limit of infection cases per 100,000 in other studies,
for example, 25 cases in Scotland (Fitzgerald et al., 2021), and 13 cases in
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Fig. 4. The SARS-CoV-2 concentration (using N1 set) in the supernant of the NWK
wastewater samples and its correlation with the pandemic outbreak and the
policy change.
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Fig. 5. Comparisons of prevalence rates calculated from the wastewater data (P,,,) and the clinical data using (a) prevalence of daily new cases (P4,;i,) and (b) prevalence of

total new cases and convalescent patients within 7 days of sampling date (Pyeekiy)-

USA (Wu et al., 2021). The lower detection limit of infection cases in the
present study demonstrated the feasibility and applicability of the devel-
oped method to establish the early warning system in Hong Kong.

3.6. Comparison of prevalence rates from the wastewater data and the clinical
testing results

In the present study, SARS-CoV-2 viral load in the larger NWK showed
significant correlations with the COVID-19 prevalence rates in that catch-
ment area, but insignificant in the smaller ones, i.e. ST and SWH
(Fig. S3). Thus, the data of NWK was used to calculate prevalence rates
from the wastewater data (Py.) for comparison with the reported case
number based on the clinical testing. Significant positive correlations
were observed between the wastewater-derived prevalence (P,,) and the
case number-derived prevalence, for both daily new cases (Pgaiy) and
weekly cumulative total cases (Pyecky) (Fig. 5). However, the Py, is
much higher than Pg,;1y and Pyeckiy, With the slope of 32.671 and 2.783.
Even though considering virus shedding from convalescent patients and
lagged reported day(s) of new patients, there were still large discrepancies
between the wastewater-derived prevalence rates and the case number-
derived prevalence. These inconsistencies arise from multiple reasons,
such as the uncertainty of virus shedding in stool samples (Wu et al.,
2020; Zheng et al., 2020), variation of SARS-CoV-2 RNA recovery efficiency
during the analytical process (Kantor et al., 2021), and underestimation of
clinical confirmed cases for those asymptomatic or reluctant for testing pa-
tients. Therefore, wastewater data could be used to monitor the prevalence
dynamic trend in parallel to the clinical datasets, but it should be cautious
to infer the exact case number from the viral load in wastewater.

To maximize the utility of wastewater surveillance for capturing overall
infection trends, additional researches are needed to integrate clinical and
wastewater data. First, the wastewater-derived prevalence dynamic could
be improved in accuracy and robustness by sampling more WWTPs dataset
from diverse geographic regions to increase sample representativeness. Sec-
ond, except for the back-estimation approach used in this study, other data-
driven models should be applied to derive more accurate dynamic for the
case prediction (Li et al., 2021). Third, the whole analytical process of
SARS-CoV-2 RNA should be standardized for monitoring long-term trends
by different batches of analyses.

4. Conclusions
« In the present study, SARS-CoV-2 RNA in wastewater samples were found

to correlate with the infection dynamics through the 6-month sampling
campaigns across three WWTPs in Hong Kong.

Supernatant concentrated by the two-step ultracentrifugation method
was more robust and sensitive than pellet obtained by low-speed centrifu-
gation directly. The selection of processing supernatant or pellet fractions
need to consider the separation methods, sampling sites and virus concen-
tration method.

Sampling frequency and the smoothing days are critical in catching the
trendline, while normalization against PMMoV or flow rates did not im-
prove the correlation.

The longitudinal trend of SARS-CoV-2 RNA in wastewater samples of a
WWTP serving over 1 million people matched with the epidemiological
scenarios of the city, demonstrating the sensitivity and feasibility of our
method.

Wastewater dataset correlated with the overall clinical prevalence rates in
general, but large inconsistency still exists and it is challenging to infer the
exact case number from wastewater.

Long-term and regular wastewater surveillance in WWTPs is a cost-
effective tool to provide the trend of the pandemic dynamic, and will
help inform the authorities for timely public health actions and effective
resources allocation.
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