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ABSTRACT

Wastewater is a pooled sampling instrument that may provide rapid and even early disease signals in the
surveillance of COVID-19 disease at the community level, yet the fine-scale temporal dynamics of SARS-
CoV-2 RNA in wastewater remains poorly understood. This study tracked the daily dynamics of SARS-CoV-
2 RNA in the wastewater from two wastewater treatment plants (WWTPs) in Honolulu during a rapidly
expanding COVID-19 outbreak and a responding four-week lockdown that resulted in a rapid decrease of
daily clinical COVID-19 new cases. The wastewater SARS-CoV-2 RNA concentration from both WWTPs, as
measured by three quantification assays (N1, N2, and E), exhibited both significant inter-day fluctuations
(102-10°! gene copies or GC/L in wastewater liquid fractions, or 10'#-1082 GC/g in solid fractions) and
an overall downward trend over the lockdown period. Strong and significant correlation was observed in
measured SARS-CoV-2 RNA concentrations between the solid and liquid wastewater fractions, with the
solid fraction containing majority (82.5%-92.5%) of the SARS-CoV-2 RNA mass and the solid-liquid SARS-
CoV-2 RNA concentration ratios ranging from 1036 to 1043 mL/g. The measured wastewater SARS-CoV-2
RNA concentration was normalized by three endogenous fecal RNA viruses (F* RNA coliphages Group
Il and III, and pepper mild mottle virus) to account for variations that may occur during the multi-step
wastewater processing and molecular quantification, and the normalized abundance also exhibited similar
daily fluctuations and overall downward trend over the sampling period.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The use of wastewater to monitor microbial infectious dis-
eases in human communities dates back to the 1950s, and
originally focused on enteric bacterial pathogen (in particular
Salmonella) outbreaks (Shearer et al. 1959, Moore 1951). More
recently, studies have explored the wastewater surveillance ap-
proach for many potential applications, including poliovirus erad-
ication (Poyry et al. 1988), enteric disease outbreak detection
(Hellmer et al. 2014, Diemert and Yan 2019), and to under-
stand the diversity of microbial pathogens in human communities
(Yang et al. 2014, Diemert and Yan 2020). The global pandemic
of COVID-19 and the challenges in tracking its community trans-
mission by the traditional clinical approaches have highlighted the
unique potential advantages of the wastewater surveillance ap-
proach. Because wastewater consists of many types of human bod-
ily wastes that can contain the SARS-CoV-2 virus, in particular fe-
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Civil and Environmental Engineering, 2540 Dole Street, 383 Holmes Hall, Honolulu,
HI 96822. Phone: 808-956-6024. Fax: 808-956-5014.

E-mail address: taoyan@hawaii.edu (T. Yan).

https://doi.org/10.1016/j.watres.2021.117093
0043-1354/© 2021 Elsevier Ltd. All rights reserved.

ces (Cheung et al. 2020) and urine (Jones et al. 2020), SARS-CoV-
2 viral RNA has been detected in raw wastewater and primary
sludge samples at communities experiencing COVID-19 outbreaks
(Medema et al. 2020, Randazzo et al. 2020, Ahmed et al. 2020a,
Peccia et al. 2020).

Since municipal wastewater collects wastes from all COVID-
19 infections (including asymptomatic, mildly symptomatic, pre-
symptomatic, and symptomatic ones), it has the potential to pro-
vide comprehensive surveillance of disease transmission in a com-
munity. However, the wide distribution of SARS-CoV-2 viral RNA
concentration in patients’ wastes (e.g. 103476 genome copies/gram
(GCJg) feces (Cheung et al. 2020),1027->1 GCJg (Pan et al. 2020))
and zero to 10%3 GC/mL (Feng et al. 2021)) and changing viral
load over the disease course (Wolfel et al. 2020) have presented
challenges in using wastewater to estimate COVID-19 disease bur-
den (Wu et al. 2020). Previous studies have reported rapid increas-
ing of SARS-CoV-2 RNA concentration in wastewater at the rising
limb of COVID-19 outbreaks in communities (Medema et al. 2020,
Randazzo et al. 2020, Ahmed et al. 2020a, Peccia et al. 2020,
Hata et al. 2021), while few studies have investigated the tempo-
ral dynamics of wastewater SARS-CoV-2 RNA during the recession
limb of an outbreak (Graham et al. 2021, D’Aoust et al. 2021).
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The fact that the sewer collection system carries a continu-
ous stream of wastewater also means that it may be used as a
near real-time pooled sampling instrument for the entire com-
munity, providing rapid disease signals and enabling quick re-
sponses. The symptomatic COVID-19 infections are now known to
start shedding virus in upper respiratory during the incubation pe-
riod, which typically lasts an average of 5.2 days (Li et al. 2020),
and the highest viral load was generally reported at the time of
symptom onset (Jones et al. 2020). Accordingly, pre-symptomatic
transmission was estimated to account for about 44% of secondary
cases (He et al. 2020), and could contribute to SARS-CoV-2 signals
in wastewater. Asymptomatic infections, which were estimated to
represent 40-45% of total SARS-CoV-2 infections and believed to
play a significant role in viral transmission (Oran and Topol 2020),
could generate SARS-CoV-2 signals in wastewater before emer-
gence of clinical patients. However, our understanding of the tem-
poral dynamics of SARS-CoV-2 RNA, especially at fine scales such
as daily, in wastewater of communities that are experiencing on-
going COVID-19 outbreaks remains very limited.

In August 2020, Honolulu (Hawaii, USA) experienced a rapid
surge of COVID-19 cases, which prompted a “stay-at-home” order
that started on August 27, 2020 and lasted for four weeks. This
provided a rare opportunity to investigate how SARS-CoV-2 viral
RNA concentration in wastewater would respond to the expected
rapid decreases of clinical cases in the community as a result of
the emergency public health non-pharmacological intervention. In
this study, daily flow-weighted composite raw wastewater samples
were collected from the two largest wastewater treatment plants
(WWTPs) in Honolulu, and each wastewater sample was separated
into a solid fraction and a liquid fraction. The solid and liquid frac-
tions of the wastewater samples were processed separately and the
SARS-CoV-2 RNA concentration was measured by using three dif-
ferent RT-qPCR assays. Concentrations of three endogenous fecal
RNA viruses which are usually used as surrogates for enteric vi-
ral pathogens in wastewater, including F+ RNA coliphages Group II
(G2) and Group III (G3) (Friedman et al. 2011), and pepper mild
mottle virus (PMMoV) (Rosario et al. 2009), in the solid and lig-
uid fractions of the samples were also determined in parallel. The
measured endogenous fecal RNA viruses were subsequently used
as global normalization to account for variations in wastewater fe-
cal strength and the multi-step quantification process.

2. Materials and Methods
2.1. Wastewater sampling and pre-processing

Daily flow-weighted composite samples of influent raw
wastewater from the Sand Island (SI) and the Honouliuli (HO)
WWTPs in Honolulu were collected from 8/27/2020 to 10/4/2020
(i.e. Day 0 to Day 38, n = 39 for each WWTP). Honolulu is a con-
solidated City-County jurisdiction in the U.S. State of Hawaii, and
includes the entire Island of O‘ahu and a residential population of
ca. 969,000. There are ten WWTPs with separate sewer systems
in Honolulu, with the SI and HO WWTPs being the first and the
second largest, treating ca. 58% and 24% of total daily wastewater
flow (serving ca. 39% and 33% of the total population) in Honoluluy,
respectively.

During the sampling period, daily influent flow rate of the two
WWTPs remained at relatively stable levels (X £ syx: 2104 + 3.8
and 102.8 + 1.1 thousand cubic meter per day for SI and HO, re-
spectively) (Figure S1), indicating limited impact of rainfall-derived
infiltration and inflow (RDII) on the wastewater flow. The wastew-
ater samples were collected in sterile plastic containers. Among
samples from 39 sampling days, samples from seven sampling days
were stored at 4°C for immediate processing within six hours and
samples from 32 sampling days were frozen and stored at -20°C for
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weekly batch processing(Table S1). All frozen samples experienced
only one cycle of freeze-thaw. This storage conditions showed no
significant decay of SARS-CoV-2 RNA comparing with fresh sam-
ples (Hokajdrvi et al. 2021).

Fresh wastewater or fully thawed frozen wastewater samples
were first thoroughly mixed, and then separated into solid and
liquid fractions by centrifugation, and the liquid fraction was fur-
ther treated by polyethylene glycol (PEG) precipitation to collect
suspended viral particles. 250 mL aliquots of wastewater samples
were centrifuged at 13,000 x g for 30 min at 4°C to pellet sus-
pended solids (referred to as solid fractions). After centrifugation,
the wastewater supernatant of each wastewater sample was col-
lected in a new sterile glass bottle for further viral precipitation by
using the polyethylene glycol (PEG) method (Hjelmso et al. 2017).
Briefly, 80 g/L of PEG 8000 (VWR; PA, USA) and 17.5 g/L of NaCl
were added into the supernatant, mixed in an orbital shaker (New
Brunswick Scientific; Edison, NJ, USA) at 100 rpm at 4°C for ap-
proximately 16 hours, and then centrifuged at 13,000 x g for 90
min at 4°C. After carefully decanting the supernatant, the viral pel-
let at the bottom of the centrifuge bottle was thoroughly resus-
pended in 500 pL of the supernatant and referred to as the liquid
fraction of the wastewater sample.

2.2. Viral RNA extraction and reverse transcription

The solid fractions (300 mg, wet weight) and the liquid frac-
tions (500 pL) were subjected to viral RNA extraction and eluted
into 30 uL RNA products by using the QIAamp® Viral RNA Mini
Kit, with appropriate scaling up factors (Qiagen; Valencia, CA,
USA). Reverse transcription was performed to obtain complemen-
tary DNA (cDNA) by using random hexamers (Promega; Madison,
WI, USA) and a highly inhibitor-resistant SuperScript® IV (SSIV) re-
verse transcriptase (Thermo Fisher Scientific; Waltham, MA, USA)
according to manufacturers’ instructions. In short, 5 puL of RNA
samples, 0.5 mM dNTP, 2.5 pM random hexamers, and nuclease
free water were added to a volume of 13 pL. This RNA-primer mix
were heated at 65°C for 5 min using GeneAmp® PCR System 9700
(Applied Biosystem; Beverly, MA, USA) and then incubated on ice
for at least 1 min. A mixture of 1 x SSIV buffer, 5mM DTT, 2 U/uL
of RNase inhibitor (Promega; Madison, WI, USA), and 200 U/uL of
SSIV reverse transcriptase, which gave a total volume of 7 L, were
added to the prepared RNA-primer mix. The combined reaction
mixtures were incubated at 23°C for 10 min, 55°C for 10 min, and
80°C for 10 min. The cDNA products from the reverse transcription
reaction were then stored at -20°C to be used as DNA templates
for subsequent real-time PCR (qPCR) quantification.

2.3. qPCR quantification

For each cDNA sample, qPCR assays for SARS-CoV-2 E gene
(Corman et al. 2020), N gene (N1 and N2) (Lu et al. 2020), BCoV
(Decaro et al. 2008), F* RNA Coliphages Group II (G2) and Group
Il (G3) (Friedman et al. 2011), and pepper mild mottle virus (PM-
MoV) (Rosario et al. 2009) were performed in duplicate reactions
in a ABI 7300 qPCR System (Applied Biosystem; Beverly, MA, USA).
The N1, N2 and E gene assays were selected based on previous per-
formance comparison on clinical specimen (Nalla et al. 2020a). The
three types of fecal RNA viruses (G2, G3, and PMMoV) were se-
lected as endogenous fecal viral RNA controls and used in global
normalization to account for potential variations in wastewater
fecal strength and in the multi-step quantification process. Each
gPCR reaction mixture had a final volume of 20 puL and contained
1 x GoTaq® Probe qPCR Master Mix (Promega; Madison, MI, USA),
a pair of forward and reverse primers, hydrolysis probe, and DNA
template. Information of qPCR assays, thermal cycling conditions
for each target gene were summarized in Table S2-S3.
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The DNA standards for SARS-CoV-2 were generated with cDNA
by reverse transcription with pure SARS-CoV-2 genomic RNA (Iso-
late USA_WA1/2020; BEI Resources; Manassas, VA, USA). The DNA
standard for BCoV was generated with cDNA by reverse transcrip-
tion with RNA extracts from bovine coronavirus vaccine (Zoetis;
Kalamazoo, MI, USA). DNA standards for fecal RNA viruses (G2,
G3 and PMMoV) were generated with cDNA by reverse transcrip-
tion with RNA extracts from wastewater abundant with fecal RNA
viruses. Target gene fragments in cDNA were firstly amplified by
PCR with specific primer pairs and PCR amplicons were confirmed
by 1.5% agarose gel electrophoresis with following illustration by
an UVP GelStudio (Analytik Jena; Upland, CA, USA). Target DNA
amplicons were excised and extracted from gel using a QIAquick®
Gel Extraction Kit (Qiagen, Valencia, CA, USA), and quantified us-
ing Qubit™ 1 x dsDNA HS Assay Kit with a Qubit 4 Fluorome-
ter (Invitrogen; Carlsbad, CA, USA). Target gene copy numbers in
purified DNA amplicons were calculated based on the measured
DNA quantity and the molecular weight of targeted PCR product
(Staroscik 2004). The qPCR standard curves were generated us-
ing ten-fold serial dilutions of purified DNA amplicons (10! to 106
copies per reaction). The qPCR amplification efficiencies of calibra-
tion curves were in the range of 91% to 106.6% with R? in the range
of 0.991 to 0.999 for different target genes. Information of calibra-
tion curves was summarized in Table S4.

2.4. Quality assurance

Each batch of qPCR reactions for each gene assay contained at
least one positive control and three no template controls (NTCs),
and the results were accepted only when the positive control yield
anticipated C; values based on the calibration curves and all NTCs
yield negative results. For each sample and target gene combi-
nation, duplicate qPCR reactions were performed, and arithmetic
mean Ct values were used for analysis.

To test the method reproducibility, triplicate analyses of three
wastewater samples were conducted for both the liquid and solid
fractions, and the standard deviation (sx) of Ct values of triplicate
analyses for individual samples based on the SARS-CoV-2 RNA E
gene assay were compared. Amongst the three samples, the liquid
fraction showed Ct values with a sy range of 0.5-1.0 and the solid
fractions showed Ct values with a sy range of 0.4-1.3.

The exogenous process control bovine coronavirus (BCoV)
(Zoetis; Kalamazoo, MI, USA) was spiked into the solid and liquid
fractions of select wastewater samples to detect inhibition and as-
sess recovery (three batches of samples, n = 40). BCoV was directly
spiked into the solid fractions after collection and before viral RNA
extraction; for the liquid fractions, BCoV was spiked into the su-
pernatant after centrifugation and before PEG precipitation. The
quantities seeded into different batches of samples were: 1.3 x 107
genome copy/spike (Batch 1; 9/8/2020 to 9/14/2020, n = 12),
3.7 x 107 genome copy/spike (Batch 2; 9/21/2020 to 9/28/2020,
n = 14), and 2.5 x 107 genome copy/spike (Batch 3; 9/29/2020 to
10/4/2020, n = 14). Assessment of recovery based on the spiked
BCoV showed that the average recovery ratios were 1.3% (sy =1.1%)
for the liquid fractions (n=40) and 0.14% (sx =0.18%) for the solid
fractions (n=40) (Figure S2). The recovery ratios in liquid fractions
is significantly higher than that in solid fractions (paired t-test,
P=0.05). No significant difference in recovery was observed be-
tween the different spiking concentrations (ANOVA test: P = 0.40
for liquid fractions and P = 0.08 for solid fractions).

2.5. Data analysis
Concentration of the three SARS-CoV-2 genes and the endoge-

nous fecal RNA virus controls were calculated via mass balance to
GC/L for the liquid fractions and GC/g (dry weigh) for the solid
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Figure 1. Daily new clinical COVID-19 case numbers and the 7-day moving average
in Honolulu from the onset of lockdown on August 27, 2020 (Day 0) to Day 45.
Lockdown ended on Day 27, and daily wastewater sampling ended on Day 38. The
line and shading are linear regression and 95% confidence intervals, respectively.

fractions. The dry weight of the solid fraction of a wastewater sam-
ple was calculated based on its water content, which was deter-
mined by measuring the weight difference before and after oven
drying at 120°C overnight. Pearson’s correlation analyses were con-
ducted for SARS-CoV-2 RNA measurements between different as-
says (N1, N2, and E) or between the solid and liquid fractions of
the same wastewater samples, Student’s t-test was conducted to
determine whether statistically significant differences existed. All
statistical analyses were conducted in the R environment, and the
default significance cut-off value was P=0.05. Dynamics of wastew-
ater SARS-CoV-2 and daily COVID-19 were visualized by using the
Seaborn functions in Jupyter notebook.

3. Results
3.1. Wastewater SARS-CoV-2 RNA during the lockdown

After the onset of the lockdown in Honolulu on August 27, 2020
(Day 0), the total daily new COVID-19 clinical case number in Hon-
olulu reached its highest peak of 303 (7-day moving average of
217) on Day 5, and then started trending downward, reached a
daily case of 82 (7-day moving average of 89) on Day 27 when
the lockdown expired (Figure 1). On Day 38 when the wastewater
sampling campaign stopped, the number of daily new cases was
41 (7-day moving average of 75).

Corresponding to the decrease in new clinical cases resulting
from the lockdown, the measured SARS-CoV-2 RNA concentration
in the wastewater samples also exhibited an overall downward
trend and significant concentration fluctuations in both WWTPs
(Figure 2). For example, in the SI WWTP liquid fractions, the SARS-
CoV-2 RNA concentration showed ranges of 1039-10>1 GC/L, 1012-
10%> GC/L, and 10%0-10%5 GC/L based on the N1, N2 and E gene
assays, respectively. In the SI WWTP solid fractions, the SARS-
CoV-2 RNA concentration also showed ranges of 10%1-105> GC/g,
10'>-1080 GC/g, and 10'4-1082 GC/g based on the N1, N2, and E
gene assays respectively. Similar concentration ranges were also
detected in the wastewater liquid and solid fractions from the HO
WWTP. Linear regression of the measured SARS-CoV-2 RNA con-
centration over time showed negative slopes (range: -0.019 to -
0.070; X = sx: -0.039 £ 0.019) for both liquid and solid fractions of
wastewater samples from both WWTPs and by all three quantifica-
tion assays. Slopes of linear regression and Pearson’s r and P values
are summarized in Table S5. Similar downward trends were also
detected by calculating and plotting 7-day moving average (data
not shown).
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Figure 2. Daily SARS-CoV-2 RNA concentration dynamics in the liquid (+) and solid (m) wastewater fractions from the SIWWTP (A, B, C) and HO WWTP (D, E, F) as measured
by the N1, N2 and E gene assays. The lines and shadings are linear regression and 95% confidence intervals, respectively.

3.2. Comparison of quantification assays

Measurements by the three quantification assays were plot-
ted against each other and compared through correlation analysis
(Figure 3). Although all comparisons showed significant correlation
(Pearson’s r: 0.65 - 0.81; P<0.001 for all comparisons), the best
correlation was observed between N2 and E gene in the liquid frac-
tions (Pearson’s r=0.81, P<0.001). Between liquid and solid frac-
tions, the liquid fraction showed better Pearson’s r (X + Sy: 0.72 +
0.08) amongst the comparisons of three SARS-CoV-2 genes, and the
Pearson’s r values were significant higher (paired t-test P=0.049)
than those of the solid fractions (X % sx: 0.57 + 0.08)

3.3. SARS-CoV-2 RNA in solid and liquid fractions

The time-series data and their linear regression showed that,
in nearly all wastewater samples analyzed, the solid and liquid
fractions appeared to exhibit similar temporal fluctuation patterns
while the solid fraction contained significantly higher quantity of
SARS-CoV-2 RNA than the corresponding liquid fractions (Figure 2).
To further investigate these relationships, the measured SARS-CoV-
2 RNA concentrations in the solid and liquid fractions of individ-
ual wastewater samples were plotted without the time variable
and subjected to correlation analysis (Figure 4). Significant cor-
relation was observed between the measurements of SARS-CoV-2
RNA in the solid and liquid fractions based on all three quantifica-
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tion assays and in both WWTPs. For samples from the SI WWTP
(Figure 4A), Pearson’s r values were 0.40 (P=0.02), 0.73 (P<0.001),
and 0.66 (P<0.001) for N1, N2, and E gene assays, respectively.
Similar correlation coefficients (r=0.61 (P<0.001), 0.82 (P<0.001),
and 0.70 (P<0.001) for N1, N2, and E gene assays respectively)
were observed for the samples from the HO WWTP (Figure 4B).
When compared on an equal mass basis, the measured concen-
trations of SARS-CoV-2 RNA in the solid fraction (GC/g) were sig-
nificantly higher than that in the liquid fraction (GC/mL) (paired t-
test, P<0.001). The N1 concentration ratios between the solid and
liquid fractions (mL/g) were 10490 (s,=10047) and 10389 (s,=100-3>)
for samples from the SI and HO WWTPs, respectively. The N2
concentration ratios between the solid and liquid fractions (mL/g)
were 10431 (s,=10072) and 10%24 (sy=10%>") for samples from the
SI and HO WWTPs, respectively. The E concentration ratios be-
tween the solid and liquid fractions (mL/g) were 10383 (5,=10067)

and 10338 (5,=100°1) for samples from the SI and HO WWTPs, re-
spectively. Since there were no statistical difference in the solid-
liquid concentration ratio between the SI and HO WWTP (¢-Test,
P=0.30, 0.65, and 0.08 for the N1, N2, and E assay results, respec-
tively), data from the two WWTP plants were pooled to calculate
the total mass distribution of SARS-CoV-2 RNA between the solid
and liquid fractions of the wastewater samples after accounting
for their respective mass percentages in individual samples. Aver-
age percentages of 90.5% (sx=8.1%) based on the N1 assay, 92.5%
(sx=14.1%) based on the N2 assay, and 82.5% (sx=19.9%) based on
the E assay of SARS-CoV-2 RNA resided in the solid fraction of the
wastewater samples (Figure S3).

3.4. Normalization by endogenous fecal RNA viruses

To account for potential variations that may occur during the
multi-step process, including fecal discharge, sewer collection,
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wastewater sample processing, and the reverse transcription step
of molecular quantification, concentrations of three endogenous fe-
cal RNA viruses (G2, G3, and PMMoV) in the same samples were
determined and used to normalize the measured N1, N2, and E
gene concentrations. No obvious trend in the concentrations of the
endogenous fecal RNA viruses was observed in SI or HO WWTP
(Figure S4). Overall the endogenous fecal RNA viruses showed rel-
atively stable concentration levels, in spite of certain samples ex-
hibiting significant variation. In the wastewater samples from the
SI WWTP, the G2, G3 and PMMoV showed average concentra-
tions in the liquid fractions of 1041 (sy,=1006), 1048 (s4=1009),
and 10°8 (sy=1096) GC/L, respectively, and average concentrations
in the solid fraction of 1050 (sy=1007), 10°6 (5,=10%9), and 1062
(sx=1095) GC/g respectively. In the wastewater samples from the
HO WWTP, the G2, G3 and PMMoV showed average concentra-
tions in the liquid fractions of 10°6 (s5,=1099), 1066 (5,=1008),
and 1055 (s,=10%9) GC/L, respectively, and average concentrations
in the solid fraction of 10%3 (sy=100), 10°? (s,=10%7), and 1064
(sx=1099) GC/g, respectively.
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The normalized abundance of SARS-CoV-2 RNA still ex-
hibited significant daily fluctuation and an overall downward
trend over the sampling period in the wastewater samples
from the SI WWTP (Figure 5). Using the E gene results as
example, in the liquid fractions from the SI WWTP, E/G2
showed a range of 10729-10'0 (Xis,:10-14+09) E/G3 showed
a range of 10-%4-10'2(Xtsx:10-21#12) and E/PMMoV showed
a range of 1074°-10~11(X+tsy:10-31#09) In the corresponding
solid subsamples from the SI WWTP, E/G2 showed a range of
10-29-1010 (Xtsy:10-14+10) E/G3 showed a range of 10->6-
1093 (Xksy:10-25%14) and E/PMMoV showed a range of 10~30-
10707(xXzs4:10-31209), A downward trend was observed in all nor-
malized abundance in both liquid and solid fractions based on all
three SARS-CoV-2 RNA quantification assays and three endogenous
fecal RNA viruses, as indicated by the negative slopes of linear re-
gression. The slopes of the linear regression for the liquid fractions
exhibited a range from -0.049 to -0.105, and the slopes of the lin-
ear regression for the solid fractions exhibited a range from -0.019
to -0.072. Similar observations were made in the normalized abun-
dance of SARS-CoV-2 RNA in the wastewater samples from the HO
WWTP (Figure S5). Slopes of linear regression and Pearson’s r and
P values of normalized abundances are summarized in Table S6.

4. Discussion

The effectiveness of the non-pharmacological intervention
through a public health lockdown in controlling the COVID-19 out-
break was indicated by the decreasing new clinical case numbers
(Figure 1) and the decreasing of measured SARS-CoV-2 RNA con-
centration in the wastewater samples (Figure 2). Similar trends
were observed in both the solid and liquid fractions, at both
WWTPs, and by all three quantification assays, which corrobo-
rated and supported the potential of using wastewater SARS-CoV-2
concentration to monitor community disease burden. This is con-
gruent with previous observations where increasing wastewater
SARS-CoV-2 RNA concentration corresponded to rapidly expanding
COVID-19 outbreaks (Medema et al. 2020, Randazzo et al. 2020,
Ahmed et al. 2020a, Peccia et al. 2020) and observations where re-
duction of clinical cases corresponded with decreasing wastewater
SARS-CoV-2 RNA concentration (Graham et al. 2021).

The fine-scale temporal dynamics enabled by the daily sam-
pling in this study detected significant inter-day fluctuation of the
wastewater SARS-CoV-2 RNA abundance in both the liquid and
solid fractions, even within the same weeks. For example, the
SARS-CoV-2 RNA concentration measured by the E gene assay in
the liquid and solid fractions from the SI WWTP decreased from
104> GC/L and 10%2 GC/g on Day 3 to 1036 GC/L and 10*2 GC/g on
Day 6, respectively. Recent studies also observed significant daily
fluctuation of SARS-CoV-2 RNA concentration in sludge samples
(Peccia et al. 2020). Many factors could have contributed to the
observed inter-day fluctuation, including decay, random measure-
ment errors, and fundamental underlying factors. The relatively
short hydraulic retention times of the wastewater collection sys-
tems (i.e. a few hours) in relation to the decay kinetics of SARS-
CoV-2 RNA in untreated wastewater (e.g. average T90 was shown
to range from 8.04 to 27.8 days (Ahmed et al. 2020b) suggests
decay may not be an important factor to the observed inter-day
variation. Since similar inter-day fluctuations were observed by the
three different assays (Figure 3) and between both solid and liquid
fractions of wastewater samples (Figure 4), and the sample pro-
cessing and molecular quantification methods used showed rea-
sonable reproducibility (i.e. sy of Ct values of triplicate analysis less
than 1.0 and 1.3 for liquid and solid fractions, respectively), random
measurement errors in wastewater sampling and molecular analy-
sis were unlikely to be the primary contributor to the significant
inter-day fluctuations observed.
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Figure 5. Daily dynamics of normalized abundance of SARS-CoV-2 RNA based on N1, N2, E gene and G2, G3, and PMMoV in the liquid and solid fractions of wastewater
samples from the SI WWTP. The lines and shadings are linear regression and 95% confidence intervals, respectively.

How the fundamental underlying factors, in particular vary-
ing viral shedding by infected individuals and daily fluctuations
in disease burden in the community, might have contributed to
the observed inter-day fluctuation of wastewater SARS-CoV-2 RNA
concentration requires further investigation. The wide range of
SARS-CoV-2 viral RNA concentration detected in different patients’
wastes (e.g. 102776 GC/g (Cheung et al. 2020, Pan et al. 2020)) and
the rapid changing of fecal viral load in individual patients over the
disease course (Jones et al. 2020, Wolfel et al. 2020) can generate
different fluxes of total SARS-CoV-2 RNA mass in the sewer sys-
tems. Significant daily fluctuation of new clinical cases in Honolulu
was also observed (Figure 1), which was similar to weekly inter-
day oscillations widely observed in other communities experienc-
ing COVID-19 disease outbreaks (Bukhari et al. 2020). Although this
phenomenon has been considered by many to be primarily a re-
flection of diagnostic and reporting biases (Bergman et al. 2020),
contribution from fluctuations in disease burden remains as a pos-
sibility (Ricon-Becker et al. 2020), as individual communities can
experience different disease transmission dynamics. Nevertheless,
the observed significant inter-day fluctuation could have signifi-
cant implications in designing and conducting wastewater surveil-
lance of COVID-19 diseases in communities. For example, since
daily flow-weighted composite samples of influent raw wastewa-
ter could contain levels of SARS-CoV-2 RNA that differ by up to
10'7 folds (as exampled above by the E gene results in the SI
WWTP), one single daily flow-weighted composite sample for a
time interval (e.g. a week) may introduce significant variations in
surveillance outcome. Although there has been no reported study

on the concentration dynamics of SARS-CoV-2 RNA at even finer
temporal scale (e.g. intra-day or hourly), by inference, wastewa-
ter grab samples are expected to experience even larger variations
than daily flow-weighted composite samples. Therefore, composite
samples over longer periods of time (e.g. weekly composites) may
be needed to alleviate inter-day fluctuation and provide smoothed
depiction of disease burden in the community.

Many RT-qPCR assays with high specificity to the SARS-CoV-
2 RNA have been developed to target different regions of the
viral genome, including E gene (Corman et al. 2020), N gene
(Lu et al. 2020), ORFl1ab (ChinaCDC 2020), and previous stud-
ies on wastewater have adopted these assays for detection in
wastewater samples (Medema et al. 2020, Peccia et al. 2020,
Graham et al. 2021, Sherchan et al. 2020). Since wastewater sam-
ples are much more complex than clinical samples, this complex-
ity needs to be taken into consideration. In this study, three dif-
ferent assays (N1, N2, and E) were used to provide independent
analysis for redundancy and corroboration. The significant corre-
lation observed between results by the three assays (Figure 3)
illustrated their general utility for wastewater samples. Interest-
ingly, the results also showed that the N2 and E gene assay re-
sults presented the best correlation coefficient than their respec-
tive correlation coefficients with the N1 assay results. This is
in line with previous observation that the N2 and E gene as-
says exhibited higher sensitivity than the N1 assay in clinical
COVID-19 samples (Nalla et al. 2020b). On the other hand, dif-
ferent concentration results were obtained for the same samples
by the different RT-qPCR assays (Figure 2), which was also illus-
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trated by the linear regression lines not passing through the ori-
gin (Figure 3). This can be attributed to the inherence variation
in the RT-qPCR processes, which were also observed previously in
clinical specimen (Nalla et al. 2020a) and in wastewater samples
(Medema et al. 2020).

The separation of wastewater samples into solid and liquid frac-
tions in this study not only provided a quasi-replicate analysis of
each wastewater sample, but also allowed for side-by-side com-
parison of SARS-CoV-2 RNA concentration and calculation of its
mass distribution between the solid and liquid fractions. The sig-
nificant correlation observed between the solid and liquid fractions
by all three assays and in both WWTPs (Figure 4) further sup-
ported the time-series data observations of both the overall trend
and the inter-day fluctuation of the SARS-CoV-2 RNA concentration
in wastewater (Figure 2). In spite of their different sensitivity and
performance, the three assays all reported significantly higher con-
centration of SARS-CoV-2 in the solid fractions than in the liquid
fractions, with the solid-liquid SARS-CoV-2 RNA concentration ra-
tios ranging from 1036 to 1043 mL/g. Several other studies have
reported high levels of SARS-CoV-2 RNA in primary sludge sam-
ples (Peccia et al. 2020, D’Aoust et al. 2021), and also high ratios of
SARS-CoV-2 RNA concentrations between primary sludge and raw
influent samples (e.g. 102°-103> mL/g (Graham et al. 2021)). Previ-
ous laboratory experiments showed that enveloped mouse hepati-
tis virus (MHV) and bacteriophage Phi6 exhibited partition coeffi-
cients of 1032 and 103! mL/g, respectively (Ye et al. 2016).

The highly complex nature of the wastewater matrix also
means that the resulting nucleic acid samples could potentially
contain chemical inhibitors and a dominant background of non-
target nucleic acids, which could introduce additional variations in
both the reverse transcription and subsequent qPCR steps. Since
chemical inhibition is most likely to occur in the reverse transcrip-
tion step, a highly inhibitor-resistant reverse transcriptase SSIV,
which was shown to tolerate high level of chemical inhibitors (e.g.
10% isopropanol and 0.05% of bile salts), was used in this study
to alleviate potential chemical inhibition. The effectiveness of this
strategy was supported by the detection of endogenous fecal indi-
cator viruses in the wastewater samples in ranges similar to those
reported in literature. For example, the measured PMMoV concen-
tration in the liquid and solid fractions of the wastewater samples
in this study averaged at 106> GC/L (sx=10%9 GC/L) and 1054 GC/g
(sx=1009 GC/g); similar concentrations were reported in the lit-
erature (e.g. 1056 GC/L in raw wastewater (Kitajima et al. 2014))
and 1093 GC/g in wastewater sludge (Graham et al. 2021)). Since
the solid fraction of wastewater samples are more likely to suffer
from chemical inhibition, the detection of high solid-liquid ratios
of SARS-CoV-2 in the wastewater samples (up to 1043 mL/g) fur-
ther indicated that chemical inhibition, although cannot be com-
pletely ruled out, had limited impact on the sample analysis and
particularly on the overall trend observed assuming any potential
impact is consistent amongst the samples.

Another source of potential variation was the multi-step pro-
cess that starts from varying fecal discharge by the community,
dilution and decay during sewer collection, to different recov-
ery during wastewater sample processing. To globally account for
the variations in the process, this study also tested the feasibil-
ity of using three groups of endogenous fecal RNA viruses (G2,
G3, and PMMoV) to normalize the measured SARS-CoV-2 RNA
concentration. G2 and G3 are inherently linked with fecal col-
iforms (Friedman et al. 2011), while PMMoV is highly abundant
in wastewater due to human dietary consumption of pepper, the
latter of which has been used for SARS-CoV-2 RNA normaliza-
tion in wastewater (Graham et al. 2021). A previous study have
shown that normalization of eae gene (genetic marker for en-
teropathogenic E. coli) by uidA gene (genetic marker for general E.
coli) in the same wastewater samples produced normalized abun-
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dance with much reduced variation over time (Yang et al. 2014).
Although G2, G3, and PMMoV are all non-enveloped viruses, which
may exhibit different behaviors than enveloped viruses such as
SARS-CoV-2 during wastewater pre-processing (Ye et al. 2016) and
even RNA extraction, their RNA undergoes the same molecular
quantification process and the normalized abundance is expected
to remove impacts from potential chemical inhibition and/or pro-
cess efficiency variation within individual samples. Similar to the
observations made with measured SARS-CoV-2 RNA concentration,
the normalized abundance still exhibited downward trend and
inter-day fluctuation over the sampling period (Figure 5), providing
further support to the observations made by the direct concentra-
tion measurements.

5. Conclusion

Overall, the study observed a downward trend of SARS-CoV-
2 RNA abundance (both measured concentrations and normalized
abundance) in the wastewater samples, which corresponded to the
decrease of clinical COVID-19 new case numbers as a result of
the public health lockdown in response to a community outbreak.
The fine-scale temporal dynamics enabled by the daily sampling
in this study detected significant daily fluctuation of the wastew-
ater SARS-CoV-2 RNA abundance, even within the same weeks,
indicating the fine-scale temporal dynamics of SARS-CoV-2 RNA
in wastewater needs to be taken into consideration in design-
ing and implementing wastewater-based surveillance. The parallel
quantification in solid and liquid fractions of the same wastewa-
ter samples indicated that the SARS-CoV-2 viral RNA is much more
abundant in the solid fraction than in the liquid fraction. Because
the wastewater solid fraction contains majority of the SARS-CoV-
2 mass in a wastewater sample and can be processed in a more
time-efficient fashion, wastewater solids may be a more convenient
sample matrix. Further research is needed to address challenges
associated with potential higher likelihood of chemical inhibition
and the presence of a more complex nucleic acid background in
the wastewater solid matrix.
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