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ABSTRACT

Several treatment plants were sampled for influent, primary clarifier sludge, return activated sludge (RAS), and
anaerobically digested sludge throughout nine weeks during the summer of the COVID-19 pandemic. Primary
clarifier sludge had a significantly higher number of SARS-CoV-2 gene copy number per liter (GC/L) than other
sludge samples, within a range from 1.0 x 10° to 1.0 x 10° GC/L. Gene copy numbers in raw influent
significantly correlated with gene copy numbers in RAS in Silver Creek (p-value = 0.007, R> = 0.681) and East
Canyon (p-value = 0.009, R?> = 0.775) WRFs; both of which lack primary clarifiers or industrial pretreatment
processes. This data indicates that SARS-CoV-2 gene copies tend to partition into primary clarifier sludges, at
which point a significant portion of them are removed through sedimentation. Furthermore, it was found that
East Canyon WRF gene copy numbers in influent were a significant predictor of daily cases (p-value = 0.0322,
R? = 0.561), and gene copy numbers in RAS were a significant predictor of weekly cases (p-value = 0.0597,
R? = 0.449). However, gene copy numbers found in primary sludge samples from other plants significantly
predicted the number of COVID-19 cases for the following week (t = 2.279) and the week after that (t =
2.122) respectively. These data indicate that SARS-CoV-2 extracted from WRF biosolids may better suit epidemi-
ological monitoring that exhibits a time lag. It also supports the observation that primary sludge removes a sig-
nificant portion of SARS-CoV-2 marker genes. In its absence, RAS can also be used to predict the number of
COVID-19 cases due to direct flow through from influent. This research represents the first of its kind to thoroughly
examine SARS-CoV-2 gene copy numbers in biosolids throughout the wastewater treatment process and the relation-
ship between primary, return activated, and anaerobically digested sludge and reported positive COVID-19 cases.
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1. Introduction

As of June 12th, 2021, a severe acute respiratory syndrome (SARS)-
the related disease has infected over 176 million people and caused
the death of nearly 3.8 million people worldwide (The John Hopkins
University Database). This disease, named COVID-19, is caused by the
novel coronavirus SARS-CoV-2, which was first detected in Wuhan,
China (Adhikari et al., 2020). SARS-CoV-2 is a single-stranded RNA
virus belonging to the Coronaviridae family of viruses (Yan et al.,
2020). With an average diameter of 100 nm, SARS-CoV-2 possesses
four structural proteins; spike, nucleoprotein, membrane, and envelope
proteins. This spike protein is believed to have a binding affinity at least
ten times higher than the affinity that of SARS-CoV-1, contributing to its
highly contagious nature (Wrapp et al,, 2020).

The main routes of transmission for SARS-CoV-2 include direct con-
tact with infected droplets from coughing and sneezing, the surface to
hand to mucus transfer, aerosol and dust inhalation, and ingestion of
contaminated food and soil (Doremalen et al., 2020, Hoseinzadeh
et al., 2020, Kumar et al., 2020). There is evidence indicating that
SARS-CoV-2 is likely to result in enteric contagion and is found in
human feces (Gu et al., 2020; Cholankeril et al., 2020). For example,
two reports have indicated that SARS-CoV-2 viral RNA segments
were detected in the stool of about 2% to 10% of patients with
established COVID-19 (Chen et al., 2020; Wong et al., 2020).
Therefore, fecal matter inputs to the environment due to wastewater
discharge may increase the risk of becoming infected with SARS-
CoV-2 in associated recreational waters and untreated drinking
water, especially in underprivileged communities (Cahill and
Morris, 2020; Arslan et al., 2020).

It has been shown that many disinfectants used for tertiary treat-
ment of wastewater in Municipal water reclamation facilities (WRFs),
including the most commonly used sodium hypochlorite, are most ef-
fective at inactivating SARS-CoV-2 viral particles, reducing the risk of
contamination as previously described (Wang et al., 2020; Ahmed
et al,, 2021). However, monitoring the presence of SARS-CoV-2 in mu-
nicipal WRF influent has been proposed as a tool for community-level
outbreak detection and epidemiological study (Ahmed et al., 2020;
Boogaerts et al., 2021; Westhaus et al., 2021; Kitajima et al., 2020).
The de facto sewershed population includes everyone contributing to
the collective wastewater at the time of sampling, even tourists, asymp-
tomatic patients, and underserved communities (Mao et al., 2020).
Asymptomatic patients are a serious concern because they can go unde-
tected and contribute to the spread of COVID-19 among the community.
The presence of asymptomatic SARS-CoV-2 infections suggests that
these conditions are generally not accounted for in community-level
epidemiological studies. The total number of reported cases is usually
lower than the number of diseases present in the community (Gundy
etal,, 2009). Hence, sewage sampling at the treatment plant represents
collective input of contaminants by all persons physically residing in the
sewershed and provides a useful opportunity to track the number of ac-
tive infections in the community along with other excellent tools such
as clinical testing. Wastewater influent surveillance has proven to be a
powerful tool in estimating community-level circulation of other
public health-related contaminants such as narcotics, pesticides, and
pharmaceuticals (Lorenzo and Pico, 2019). Several recent efforts
have successfully applied this powerful tool to estimate community-
based outbreaks of COVID-19 and reestablished the usefulness of
wastewater-based epidemiology for surveillance and prediction of
COVID-19 (Medema et al., 2020; Randazzo et al., 2020; Peccia et al.,
2020a).

Wastewater-based epidemiology for COVID-19 mainly relies on de-
tecting and quantifying any of three primary SARS-CoV-2 marker genes
in community wastewater influent, N1 and N2, (Xagoraraki and O’Brien,
2020; Lu et al,, 2020). The general strategy for wastewater-based epide-
miology for SARS-CoV-2 is to sample the influent of wastewater treat-
ment plants or upstream for identifying local sources when WWTPS
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catchments are large, extract total RNA from a known volume of influ-
ent sample, and then estimate SARS-CoV-2 gene copy numbers per
mL of the sample using reverse transcriptomics coupled with reverse
transcriptase quantitative PCR (RT-qPCR) (Ahmed et al., 2020). How-
ever, very few studies have examined other wastewater matrices for
SARS-CoV-2, including primary clarifier solids, mixed liquor bacterial
activated biomass, and anaerobically digested biosolids, otherwise
known as “sludges or biosolids” (Kocamemi et al., 2020). In a typical
wastewater treatment employing an activated sludge process, the in-
coming raw influent passes through preliminary treatment units such
as course screens and grit chambers before passing on to the primary
clarifiers. After that, the treated wastewater typically flows through a
bioreactor. After a specific hydraulic retention time, the mixture of
treated wastewater and mixed liquor sludge is taken to a gravity settler
where most of the suspended biosolids settle down (Metcalf and Eddy,
2014). By nature of these settling processes, particles tend to partition
into solids and settle down as well. In one study, nearly 26% of viruses
examined were adsorbed to the solids portion of wastewater (Ye
etal., 2016).

Although sampling raw influent for community-level surveillance of
SARS-CoV-2 represents an obvious choice, the use of influent samples
still presents some challenges (O'Reilly et al., 2020: Peccia et al.,
2020a). In particular, the concentration of viruses from large volumes
of wastewater can make sample processing difficult. Alternatively, pri-
mary or secondary sludge provides a well-mixed concentrated sample
needed to extract an adequate amount of RNA for further testing
(Peccia et al., 2020a), although challenges such as PCR inhibition do
exist in sludge samples also. Furthermore, differences in methodologies
for processing influent samples have shown variable recovery efficien-
cies, reducing the reproducibility of these studies’ results (Ahmed
et al,, 2021; Ahmed et al., 2015; Ahmed et al., 2020; Pecson et al.,
2021). Other studies have also shown that wastewater influent can
reveal a time lag between the number of detected cases and the detec-
tion of SARS-CoV-2 gene copy numbers in influent (Weidhaas et al.,
2021). However, it has been shown that some viral pathogens and
SARS-related viruses can remain infectious in sewage samples for days
to weeks (Wigginton et al., 2015). This suggests that SARS-CoV-2 may
be detected in sludge samples even with long retention times, and
therefore sludge gene copy numbers may account for a time lag
(Casanova et al., 2009). The monitoring of wastewater treatment
sludges could potentially provide additional tools for SARS-CoV-2 track-
ing in wastewater treatment plants, especially in communities with low
caseloads or in periods early on in detection. Only a few previous studies
have examined the relationship of SARS-CoV-2 in wastewater biosolids
to sewershed disease burden. Still, they have solely focused on primary
sludge and return activated sludge, completely ignoring anaerobically
digested sludge (Peccia et al., 2020a; Kocamemi et al., 2020). Addition-
ally, previous studies have not provided a clear picture of where SARS-
CoV-2 viral particles and associated genetic material are removed in
the wastewater treatment process before final disinfection (Kocamemi
et al., 2020). Therefore, this research provides a different scenario for
wastewater-based epidemiology for SARS-CoV-2 in terms of monitoring
sludge samples.

This project investigated the presence and abundance of SARS-
CoV-2 gene copy numbers within the influent, primary sludge, re-
turn activated sludge, and anaerobic digester sludge of municipal
wastewater treatment trains varying inflow quantities and type of
treatment. From this data, we determined where SARS-CoV-2 is
most abundant within WRF sludges. At what point of the treatment
train SARS-CoV-2 is removed before the final effluent is discharged
into the environment. If sludge samples are comparable to influent
samples as predictors of disease burden in a sewershed. This study's
working hypothesis is that SARS-CoV-2 tend to partition into the
solids phase of sludge samples and that their abundance within
sludge samples will be predictive of community-level COVID-19 dis-
ease prevalence.
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2. Materials and methods
2.1. Wastewater treatment plants and sampling details

Wastewater and biosolids samples were collected twice a week from
seven WRFs between May 18th and July 21st of 2020, capturing a nine-
week period during which national quarantine protocols had been
established. Specifically, samples from the Provo City Water Reclama-
tion (PCWRF), North Davis Sewer District (NDSD), Snyderville Basin
Water Reclamation Facility-Silver Creek (SCWRF), and Snyderville
Basin Water Reclamation Facility-East Canyon (ECWRF), were studied
for the full nine weeks, while samples from Salt Lake City Water Recla-
mation Facility (SLCWRF), Timpanogas Special Services District (TSSD),
and Central Valley Water Reclamation Facility (CVWRF) were collected
for the last five weeks of the sampling period. The metadata and sample
types for each WRF are shown in Table 1. Daily flow and solid retention
time (SRT) values were determined by calculating the average for the
summer sampling period. All facilities treated their wastewater using
an activated sludge aeration basin system and were, therefore, able to
provide both raw influents and return activated sludge (RAS) samples.
As indicated in Table 1, primary clarifier sludge and anaerobically
digested sludge samples were supplied by CVWRF, PCWRF, and
NDWRF. SLCWRF and TSSD use industrial pretreatment processes
rather than primary clarifiers. Therefore they could only provide addi-
tional digested sludge samples. Influent samples were taken as 1-L sub-
samples of a 24-h composite raw influent, after course screening and
before the grit chamber, if any. The RAS, primary sludge, and digested
sludge samples were collected as 250-mL to 1-L grab samples from
the wasting lines. The locations of each WRF can be seen from the
heat maps shown in Fig. 1.

2.2. Sample processing

2.2.1. Method development for liquid samples

All samples were handled according to approved protocols by the In-
stitutional Biosafety Committee (HMR; 49 C.F.R,, Parts 171-180). After
the samples were collected aseptically in sterile containers by wastewa-
ter treatment plant operators, they were transferred to the University of
Utah in secondary containers on ice within 4 h after collection. Before
processing, all samples were incubated for 2 h at 65 °C to inactivate
live viral particles. To develop a reliable method for processing all liquid
samples, two related methods (Method A and Method B), were adopted
from Ahmed et al. (2015), Ahmed et al. (2020), Pecson et al., (2021),
and Weidhaas et al., (2021), with some variations, and were used to
test the relative recovery efficiency of those samples. To make a blind
comparison, we processed one set of influent samples from three differ-
ent wastewater treatment plants separated geographically using the
two methods above. Method A called for adjusting liquid samples to a
pH of between 3.0 and 3.5 using 2.0 N hydrochloric acids. Next, a vol-
ume of 100 to 200 mL of the acidified liquid samples was filtered
using a vacuum filtration through 0.22-um-pore-size cellulose electro-
negative filter membranes. Filter papers were then placed into a sterile
50 mL falcon tube and stored at —80 °C for long term storage until RNA
extraction was performed. In the modified Method B, the fluid samples
were first centrifuged at 4000 xg for 20 min, and the supernatant was

Table 1
Water reclamation facility metadata and sample types.
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gently removed from the semi-solid pellet. The supernatant was then
acidified to the same pH as specified in Method A and vacuum filtered
on the same filter paper. The remaining semi-solid pellet was then
discarded based on the assumption that most viral particles remain
suspended in the liquid fraction at low centrifugation speeds. The sam-
ple processing was performed in a separate laboratory space equipped
with a biosafety level 2 hood, a temperature incubator, a vacuum
pump, and other necessary supplies for aseptic sample processing.

2.2.2. The effect of pH and temperature on SARs-CoV2 gene copy numbers

To study the effect of pH on SARs-CoV-2 gene copy numbers, a ran-
domly chosen and previously heat-treated influent sample from one of
the treatment plants was divided into three aliquots of 200 mL. Each al-
iquot was then adjusted to either a pH of 3.5 using 2.0 N hydrochloric
acid or a pH of 10 using 0.5 N sodium hydroxide; no adjustment was
made to one of the aliquots to serve as a control. The aliquots were
then processed using Method A as described earlier, followed by RNA
extraction and qPCR. Likewise, to examine the effect of temperature, an-
other randomly chosen influent sample but not heat treated was di-
vided into triplicate aliquots, which were then incubated at 25 °C, 35
°C, 65 °C, and 75 °C for 2 h before being processed using Method A, as
described above. All of the experiments were performed as technical
triplicates to obtain the average SARS-CoV-2 gene copy number per
liter, or gene copies per liter (GC/L), and the corresponding standard
deviation.

2.2.3. Sludge sample processing

For the RAS, primary sludge, and digested sludge samples, SARS-
CoV-2 viral particles and genetic material was directly extracted from
the sludge matrix without transferring them to the aqueous phase
was an adjustment to the sludge processing methods described by
Kocamemi et al., 2020. Biosolid samples were processed by centrifuging
50 mL of well-mixed sludge at 10,000 xg for 2 min. The supernatant of
each sludge sample was immediately decanted and stored for further
processing. Multiple samples were centrifuged to obtain a final superna-
tant volume of 50 to 100 mL, which were then processed using the same
Method A, which was used to process influent samples. The resulting
solid sludge pellet was immediately stored at —80 °C for later RNA ex-
traction. 0.5 g of sludge pallet was used to extract genetic material. Ad-
ditionally, the solid sludge pellet volume was recorded, and the volatile
suspended solids in the supernatant were measured using the Standard
Methods as described earlier. Both values were used to calculate the
final GC/L values. The gene copy numbers determined for the superna-
tant and solid sludge pellet were eventually combined after calculation
and reported as a single value.

2.3. RNA extraction

RNA extraction was performed on both filter membranes and sludge
samples manually using AllPrep Power Viral DNA/RNA kit (Qiagen,
Hidden, Germany). Prior to extraction, 800 L of solution PM1 (heated
at 55 °C) and 8 L of B-mecaptoethanol (MP Biomedicals, Irvine, CA)
were added to freeze filter paper or sludge pallet, vortexed and homog-
enized on a bead ruptor 12 (OMNI International). After bead beating,
Qiagen protocol was followed for further RNA extraction. Final purified

WRF Population served Flow (MGD) SRT (days) Weeks sampled Influent Primary sludge RAS Digested sludge
PCWRF 214,223 10 12 9 Yes Yes Yes Yes
NDSD 227,000 21 8.0 9 Yes Yes Yes Yes
SLCWRF 209,645 32 4.0 5 Yes No Yes Yes
TSSD 253,098 20 8.5 5 Yes No Yes Yes
CVWRF 515,494 49 73 5 Yes Yes Yes No
SCWRF 14,000 1.2 18 9 Yes No Yes No
ECWRF 16,400 3.6 18 9 Yes No Yes No
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Fig. 1. a-d: The relative abundance of SARS-CoV-2 marker gene copy number per liter and spatial contribution of each sewershed for all seven WRF's for a) week 5 influent b) week 5 RAS

c) week 6 influent d) week 6 RAS.

RNA was transferred to 2 mL low DNA binding tubes and stored at
—80 °C until further used for reverse transcription.

2.4. Real-time quantitative polymerase chain reaction for SARS-CoV-2

For the detection and quantification of SARS-CoV-2 gene copy num-
bers in extracted RNA samples, reverse transcriptase quantitative

polymerase chain reaction (RT-qPCR) assay with primers designed by
US Centers for Disease Control and Prevention (CDC) was used. The pos-
itive control and primer-probe mixture targeting the N1 gene (CDC,
2020) used in this study were purchased from Integrated DNA Technol-
ogies (Coralville, IA, USA). The 2019-nCoV RT-qPCR assay included tar-
get N1, which was specifically designed for the detection of 2019-
nCoV. The probe sequences of 2019-nCoV RT-qPCR assay N1 and the
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forward primer sequence of 2019-nCoV RT-qPCR assay N2 showed high
sequence homology with previous SARS coronavirus strains. For the RT-
qPCR assay targeting each gene, a master mix composed of 5 L of
TagPathTM 1-Step RT-qPCR Master Mix (ThermoFisher Scientific,
USA), 8.5 L of nucleus free water, 1.5 pL primer-probe mixture, and
five UL of template RNA for a total volume of 20 uL. The thermocycler
temperature conditions were initiated for 2 min at 25 °C and then
15 min at 50 °C, followed by 45 cycles of 3 s at 95 °Cand 30 s at 55 °C.
The 2019-nCoV Positive Control (nCoVPC) consisted of an in vitro tran-
scribed RNA, which yielded positive results for both N1 and N2 primer-
probe mixtures. For each RT-qPCR run, five sets of positive controls were
used, as well as unknown samples spiked with positive controls and
negative controls. All of the samples and controls were analyzed as tech-
nical triplicates. The 95% limit of detection (95%LOD) for the N1 assay was
estimated using serial dilution of N1 template in actual wastewater
samples.

The RT-qPCR assays were performed using Quantstudio™ 3 Real-
Time PCR machine (Thermofisher Scientific, USA). A five-point calibra-
tion curve was made using known gene stock solutions purchased
from Integrated DNA Technologies (Coralville, IA, USA). The amplifica-
tion efficiencies (E) were calculated based on the equation: E =
10(—1/slope) _ 1 Matrix spike tests were performed to evaluate the
RT-qPCR efficiency by spiking a known volume of water with a known
gene copy numbers of SARs-CoV-2 N1 gene. The water used was col-
lected from lab scale biological reactor receiving synthetic feed.

All RT-qPCR reactions were performed in triplicate and any calibra-
tion curve with an R? value less than 0.98 was discarded. Apart from
positive and negative controls in each qPCR 96-well plates, other quality
controls were also performed. For each WREF, a raw influent sample was
spiked with a known number of N1 genes from the stock solution and
the spiked sample was treated as unknown to evaluate matric effect
on PCR amplification efficiency. As suggested in Ahmed et al. (2020),
RNA extraction and RT-qPCR were conducted in separate laboratories
to avoid any potential RT-qPCR contamination. For final gene copy num-
ber calculation, C; method was used, in which case amplification effi-
ciencies between 90% and 100% were considered for each sample
analyzed.

2.5. Public health data and KDE heat mapping

Service district maps were obtained for each district managing the
seven WRFs that were examined in this study. The Utah Department
of Health provided public health data related to positive COVID-19
cases. The number of daily cases were simply positive COVID-19 cases
recorded each day, with less than five positive COVID-19 cases recorded
as “<5"” to protect individual anonymity. The daily infection rate was re-
corded as the number of cases per day per100K people served, which
was based on the population of each district. Weekly cases were calcu-
lated as the sum of daily cases for the corresponding sampling week,
while average daily cases were calculated as the average number of
cases per day for the corresponding sampling week. Each of these pa-
rameters were then tested in subsequent statistical analyses, as de-
scribed later.

The geographical distribution and spatial contribution of the
sewershed districts to the density of SARS-CoV-2 gene copy numbers
for influent and RAS samples were mapped using a kernel density esti-
mation (KDE) algorithm and GIS software. Kernel density estimation
quartic biweight kernel (KDE) is a global, descriptive statistical algo-
rithm that uses a spatial, discrete histogram to show a smoothed distri-
bution of data over a surface area (Alygizakis, 2016; Sinclair et al., 2019).
KDE is used in public health to research disease outbreaks and spread
(Dallas et al., 2019; Sinclair et al., 2019). It is calculated by using weights
and distances of all data points. A smoothed surface is fitted over each
weighted data point (Huang et al., 2019). The surface's value is densest
at the data points with the highest weighted values and lowest with the
lowest weighted values and decreases with distance until it reaches a
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search radius of 0 from each kernel function (WU and Man-qi, 2018).
The concept of weighting the distances of our observations from a par-
ticular point, x, can be expressed mathematically as shown in Equation
1:

fo= X

observations

(x — observation) )

bandwidth

The contribution of data point x(i) to the estimate at some point X
depends on the distance between x(i) and x. Estimate function is x. Ker-
nel function is K. Bandwidth is h.

Calculation for kernel density estimation rate is expressed as shown
in Equation 1:

(Wastewater facility /total population)/wastewater participating cities) =
Kernel Density Estimation Rate per Metric Measured

2)

KDE was used in this study to identify the location of the viral load
from the RT-qPCR results. Seven wastewater facilities that are placed
in Figs. 1a-d have contributing populations to the viral load results.
The KDE as the density load by wastewater facility was divided by pop-
ulation and number of cities. The results are a series of heat maps for
each week of testing, each facility and population describes the spatial
impact and distribution of SARS-CoV-2 gene copy numbers.

2.6. Data normalization and statistical analysis

As detailed in Ahmed et al., 2020, a recovery ratio of 26% was used to
estimate the original GC/L recovered by membrane filtration for influent
and sludge supernatant samples (Ahmed et al., 2020). To calculate aver-
ages and standard deviations of SARS-CoV-2 of GC/L, any non-detect
samples were assumed to be equal to zero; however, 100% of influent
and sludge samples had an associated detected value. In the analysis
of public health data, days with less than five new daily cases were esti-
mated as half the maximum number of cases in that range. Although the
calculation of GC/L was sufficient to make comparisons between treat-
ment train processes within each WREF, to make comparisons between
each WRF the raw data was normalized to account for average daily
flow and population size by converting GC/L to million viral gene copies
per capita per day (MVGC/capita/day) using Eq. 3:

MVGC = (gene copies / L wastewater) x (L wastewater influent /
day) x (1 / population) (Ahmed et al., 2015).

Nonparametric regressions of SARS-CoV-2 log gene copy number
over time were performed using loess in R version 4.0.3, which performs
local least-squares to form smoothed estimates. To evaluate the signifi-
cance of the differences found between SARS-CoV-2 gene copy numbers
in influent and sludge samples, one-way ANOVA tests, and Tukey's HSD
tests were performed on each sample type WRF, which represents the
entire sampling period using RStudio software. The bar graphs were vi-
sualized in Origin, and the box plots were created using RStudio soft-
ware. To determine if there were any significant correlations between
gene copy numbers and positive COVID-19 cases in influent and RAS,
multiple generalized linear regression analyses were performed using
each public health parameter for both raw and normalized data, as de-
scribed above, using R Studio software. Linear mixed-effects models
(LME) were also performed in R Studio to determine whether SARS-
CoV-2 gene copy numbers measured in primary sludge could predict
the number of COVID-19 cases for that day, as well as cases with a
one- and two-week time lag. This model allowed for random intercepts,
which represent different baseline levels of infection for each sewer
shed. The model was considered statistically significant if the t-value
is approximately equal to two (t = 2.00 £ 0.30). All other analyses
were considered significant if they resulted in a p-value less than 0.05
(p-value <0.05).
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3. Results
3.1. Method development and effect of pH and temperature

In matrix spiked samples, as such, we did not see any inhibition, and
the gene copy numbers were in the proximity of expected gene copy
numbers within a range of 95% to 105%. The three WRFs that provided
influent samples that were tested in this experiment were Salt Lake
City WRF (SLCWREF), Timpanogas Sewage District (TSSD), and Central
Valley Water Reclamation Facility (CVWRF). The average SARS-CoV-2
GC/L for these WRF samples were 5.06 x 10* & 1.14 x 10° 3.95 x 10*
+9.70 x 10*> and 7.57 x 10* & 4.35 x 103, respectively, using Method
A. For Method B, these same influent samples' results were as follows:
2.4 % 10% + 0.64 x 10%,1.34 x 10% + 1.31 x 10> and 4.4 x 10* £ 1.22
% 10 in the same order of WREF as described above. Hence, Method A
produced significantly higher SARS-CoV-2 GC/L than using Method B
(p-value <0.05). Therefore, for all further sample processing, Method
A was employed.

The effects of different pH and temperatures on the relative recovery
efficiency of SARS-CoV-2 viral particles and marker genes using Method
A were also evaluated. Standard handling procedures require that sam-
ples need to be heat-treated for 2 h at 65 °C, and traditional influent pro-
cessing methods require that the sample be acidified to a pH of
approximately 3.5. It was unclear how different environmental condi-
tions might affect the efficacy of the extraction method. The results for
influent samples heated to 25 °C and 35 °C showed that SARS-CoV-2
gene copy numbers were 1.05 x 10* + 0.87 x 10® and 1.14 x 10* +
0.78 x 10° GC/L, respectively, and were not significantly different. The
samples heated to 65 °C exhibited significantly lower gene copy num-
bers than the 25 °C and 35 °C samples, with an average SARS-CoV-2
gene copy number of 2.09 x 10 + 0.75 x 102, At an incubation temper-
ature of 75 °C, gene copy numbers were not detected, most likely due to
the viral capsid's denaturation from heat damage (Qui, 2012). The influ-
ent samples' results treated to a pH of 3.5 and 7.5 exhibited gene copy
numbers of 2.15 x 10* + 0.99 x 10* and 2.72 x 10* 4+ 1.18 x 10° GC/L,
respectively. A one-way ANOVA test shows that the difference in
gene copy number between these two treatments was not significantly
different. However, all samples treated to a pH of 10 resulted in a
non-detect gene copy number for all samples tested, resulting in a
substantially lower recovery efficiency at a basic, rather than neutral
or acidic, pH value.

3.2. Prevalence of SARS-CoV-2 in WRF influent and sludges

All seven of the WRFs were sampled for both influent and RAS, four
of which (PCWRF, NDWRF, CVWRF, SLCWRF) were studied for the full
nine weeks of the study period, while three were studied for the final
five weeks (SLCWRF, ECWRF, SCVWREF). All of the influent and RAS sam-
ples showed 100% positive hits for SARS-CoV-2 gene copy numbers.
Weekly datasets that included enough sampling points to generate a
KDE heat map were weeks 1, 4, 5, and 6. Of these four weeks, KDE
heat maps were created for weeks that included sampling events for
all seven WRFs, weeks 5 and 6. Therefore, Figs. 1a-d show the locations
of each WRF and the detected relative viral load estimation calculation
outputs by kernel density estimation (KDE) per-unit-area for influent
and RAS at week five and week 6. The unit area size indicates the
amount of geographic area that contributes waste to the wastewater
treatment facilities, including 30 different cities. The magnitude of the
viral load is represented by the color gradient, with red being associated
with higher loads concentrated at the confluence point: the wastewater
facility while expanding out from orange and yellow through portions,
is associated with the central city populations contributing to the viral
load. The influent and RAS heat maps for weeks 5 and 6 show distinct
changes in the viral load distribution. The week influent 5 KDE heat
map (Fig. 1a) indicates that most of the total SARS-CoV-2 gene copy
numbers were contributed by the Park City area, with high viral loads
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centered around SCWRF well as much of South Salt Lake and the north-
ern section of Utah County. However, the week six influent KDE heat
map (Fig. 1c) shows that total viral load lessened drastically across the
region and became more evenly distributed, with contributions coming
mostly from outlying towns surrounding major cities. The week 5 RAS
KDE heat map (Fig. 1b) shows that viral load reflected the trends seen
in the influent for that week, with the majority of the total contributed
by the Park City area; however, NDSD contributed the other portion of
the total rather than TSSD and PCWRF. However, by week 6 (Fig. 1d),
the viral load increases overall and becomes evenly distributed across
the region, reflecting the influent gene copy numbers' trend for that
week.

The WRFs that were additionally sampled for primary and digested
sludge included PCWRF, NDWRF, CVWRF, SLCWREF, and TSSD. Overall
trends in SARS-CoV-2 gene copy numbers over the sampling period
for each sample type are shown in Supplementary Fig. S1a-d. The pri-
mary and digested sludge samples also exhibited 100% positive hits
for SARS-Cov-2 gene copy numbers. A Tukey's HSD analysis revealed
that, for these five WRFs, only TSSD showed no significant differences
(p-value <0.05) between any sample type for all combined sludge
data values, and therefore was not visualized in Figs. 2a-d or Supple-
mentary Fig. S2a-d. Additionally, only one digested sludge sample was
obtained for CVWREF. Therefore this data point was treated as an outlier
and removed from further downstream analyses. Overall, Figs. 2a-d
show that the distribution of SARS-CoV-2 gene copy numbers between
sample types was consistent over time for June and July and between
the remaining four WRFs. SARS-CoV-2 gene copy numbers were highest
in primary sludge (1.0 x 10° to 1.0 x 10° GC/L), followed by influent (1.0
x 10% to 1.0 x 10° GC/L). RAS and digested sludge showed similar gene
copy numbers with each other, and both were magnitudes lower than
primary sludge (1.0 x 10° to 1.0 x 10% GC/L). Although CVWRF samples
did not include digested sludge and SLCWRF samples did not include
primary sludge, the same distribution held for the remaining sludge
samples of these two WRFs.

The results of Tukey's HSD analysis on combined data are summa-
rized in Table 2. It was found that for PCWREF, primary sludge had signif-
icantly greater gene copy numbers than other sample types. NDWRF
showed a similar significant difference in gene copy number between
primary sludge and other sample types, but with p-values slightly
above 0.05. Similar to PCWREF sludges, the abundance of SARS-CoV-2
gene copy numbers in CVWREF primary sludge samples was significantly
higher than influent and RAS. However, for SLCWREF, only influent was
significantly higher than RAS, but not digested sludge samples. Fig. 3
shows the results of multiple linear regression analysis for all influent
and RAS values in terms of gene copies per liter. This analysis showed
that only ECWRF (R? = 0.775, p-value = 0.009) and SCWRF (R? =
0.681, p-value = 0.007), which do not possess primary clarifiers, gene
copy numbers increased significantly in RAS with increased inputs
from the influent. For the other five WRFs that do possess either primary
clarifiers or industrial pretreatment processes, SARS-CoV-2 gene copy
numbers in RAS did not increase significantly, regardless of the influ-
ent's inputs.

3.3. Relationship of SARS-CoV-2 to community infection rates

Supplementary Fig. S3a&b depict the linear regression analysis re-
sults between gene copy number per liter (GC/L) and million viral
gene copies per capita per day (MVGC/capita/day) for influent
and RAS. The results showed strong significant positive correlations
(p-value = 1.1 x 107 1%, 2.0 x 10~ !9) for influent and RAS, respectively.
The average number of SARS-CoV-2 gene copies per liter and MVGC per
capita per day in influent and RAS and the daily rate of COVID-19 cases
for each WRF are summarized in Table 3. In summary, TSSD had the
highest average GC/L in influent while ECWRF had the lowest, and
SCWREF had the highest average in RAS, while SLCWRF had the lowest.
After normalization for the population size of the sewershed and daily
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Fig. 2. a-d. Average SARS-CoV-2 marker gene copy number per liter for both June and July influent, primary sludge, RAS, and digested sludge for: a) PCWRF b) NDSD c¢) CVWRF d) SLCWRF.

average flow rate, SLCWRF had the highest average MVGC per capita per
day in influent, while PCWRF had the lowest. However, Table 3 shows
that the RAS data normalization did not change which WRF had the
highest average gene copy number, which remained as SCWREF as the
highest and SLCWREF as the lowest.

Figs. 4a-d show the average and standard deviation of SARS-CoV-2
GC/L in influent and RAS and daily and weekly COVID-19 cases for
PWRF, NDSD, SCWRF, and ECWRF over nine weeks. Figs. 4e-g show
the influent and RAS gene copy number data for SLCWRF, TSSD, and
CVWREF, which were sampled for the remaining five weeks of the
study period. PCWRF and SCWRF showed relatively consistent SARS-
SoV-2 gene copy numbers in influent and RAS over time, ranging in
the magnitude of two log, while NDSD and ECWRF showed more signif-
icant variability from week to week, going between 1.0 x 10% to 1.0 x
10° GC/L. Figs. 5a-e show the average and standard deviation of gene
copy numbers of primary and digested sludge overlaid with daily and
weekly COVID-19 cases. Gene copy numbers for both sludge types
remained within a range of one log gene copy number, except for

Table 2

Significance of differences in gene copy number between different sludge sample types for
PCWRF, NDWRF, CVWREF, and SLCWREF. (Note: * refers to significant difference; ** refers to
highly significant difference)

Significance of relationship PCWRF NDWRF CVWRF SLCWRF  TSSD
Primary - Influent 0.000253** 0.205 0.0298* X X
RAS - Influent 0.992 0.923 0.991 0.0296* 0.233
Digested - Influent 0.996 0.671 X 0.116  0.181
RAS - Primary 0.000139**  0.0674* 0.0165* X X
Digested - Primary 0.000839**  0.0593* X X X
Digested - RAS 0.999 0.903 X 0.862 0.984

PCWREF digested sludge, which varied within a range of 1.0 x 10? and
1.0 x 10% GC/L. Overall, while positive COVID-19 cases increased signif-
icantly in most sewersheds, the gene copy number for influent and
sludge samples remained relatively stable over the sampling period,
with a few exceptions.

Multiple linear regression analyses were performed between each
public health parameter, including daily, weekly, and daily rate of
COVID-19 cases, as well as for both the raw (GC/L) and normalized
gene copy number (MVGC/capita/day) data for influent and RAS sam-
ples at each WREF. Of the seven WREFs, as seen in Supplementary Fig. S4
a&b, only ECWREF exhibited a positive correlation between the influent
gene copies per liter and the daily number of COVID-19 cases (R? =
0.561, p-value = 0.0322), and between RAS gene copies per liter and
the weekly number of COVID-19 cases (R*> = 0.449, p-value =
0.0597). Additionally, linear mixed-effects (LME) models that use ran-
dom intercepts to represent differing baseline levels of COVID-19
cases were created to predict the daily rate of cases using primary
sludge (Figs. 6a&b) gene copy number per liter data. This model could
predict the daily rate for PCWRF, NDSD, and CVYWRF sewersheds for
the current sampling week and the following sampling week (t =
2.279 and t = 2.122, respectively). Similarly, an LME model predicted
the daily rate of cases for PCWRF, NDSD, and TSSD using digested sludge
data (Fig. 6¢) in two weeks (t = 2.01).

4. Discussion
4.1. The relative recovery efficiency of SARS-CoV-2 genes

In this study, two methodologies and two environmental parame-
ters were evaluated for their effect on the relative recovery efficiency
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Fig. 3. Multiple linear regression analyses between influent and RAS MVGC per capita per day for each WRF. Only SCWRF and ECWREF, which do not possess primary clarifiers or industrial

pretreatment processes, showed significant correlations.

of SARS-CoV-2 gene copy number for influent wastewater samples
based on the methods detailed in Ahmed et al. (2015), Ahmed et al.
(2020), Pecson et al. (2021), and Weidhaas et al. (2021). Overall,
Method A produced significantly greater gene copy numbers than
Method B, which included the quantification of SARS-CoV-2 gene
copy partitioned to total suspended solids. However, the recovery
of SARS-CoV-2 gene copy numbers by both methods produced
results within one-log gene copy number of one another. These
results agree with the findings of Pecson et al. (2021), where 80%
of the results from 36 different methodologies fell within one-log
gene copy number of each other. Considering the results from this
study and those from Pecson et al. (2021), it remains unclear
whether SARS-CoV-2 partitioned into suspended solids should be
regarded as negligible because method reproducibility is within
one-log gene copy number.

Table 3

Our research further elucidated how variations in pH and tempera-
ture would impact the relative recovery efficiency of SARS-CoV-2 gene
copy numbers influent samples. The results showed that heat inactiva-
tion at 65 °C significantly decreased the relative recovery efficiency by
over one-log gene copy numbers compared to samples left at room tem-
perature (25 °C) and slightly above (35 °C). At 75 °C, no gene copy num-
bers were detected all. None of these samples were initially treated at
65 °C. Therefore, the reduction in recovery efficiency due to heat inacti-
vation at 65 °C may be an essential consideration in calculating the final
SARS-CoV-2 gene copy number per liter recovered from the influent. As
a result, it is strongly recommended that samples should not be heat
inactivated at 65 °C before processing for actual quantification of
SARS-CoV-2. In contrast to these results, the pH experiments show
that acidification from a neutral pH of 7.5 to an acidic pH of 3.5 did
not significantly differ in SARS-CoV-2 gene copy numbers. However,

Average and (+ standard deviation) of influent and RAS gene copies per liter (GC/L), million viral gene copies per capita per
day (MVGC/capita/day), and the daily rate (daily cases/100 K population) of COVID-19 cases. Highest averages are

highlighted in orange, lowest in blue.

WRF Influent RAS Influent RAS Daily
GC/L GC/L MVGC/cap/d | MVGCl/cap/d | Cases/100K
ECWRF 2.38E+04 5.21E+03 2.67E+01 4.33E+00 10.3
(1.83E+04) (4.30E+03) (2.74E+01) (3.57E+00) (17.5)
SCWRF 2.56E+04 1.59E+04 1.49E+01 5.32E+00 10.1
(2.49E+04) (1.03E+04) (1.45E+01) (3.45E+00) (£32.1)
PCWRF 3.78E+04 3.28E+03 1.09E+01 5.96E-01 18.2
(1.89E+04) (3.07E+03) (6.67E+00) (5.59E-01) (7.57)
NDSD 3.38E+04 3.11E+03 2.04E+01 9.62E-01 10.0
(3.28E+04) (4.25E+03) (1.98E+01) (1.44E+00) (+6.64)
CVWRF 3.72E+04 1.70E+03 2.37E+01 6.24E-01 12.5
(3.23E+04) (1.36E+03) (2.06E+01) (4.99E-01) (+12.0)
SLCWRF 4.50E+04 6.89E+02 4.53E+01 3.98E-01 17.0
(3.33E+04) (3.33E+02) (4.36E+01) (1.92E-01) (+8.33)
TSSD 4.60E+04 9.45E+03 2.35E+01 2.77E+00 7.94
(6.97E+04) (7.89E+03) (3.55E+01) (2.31E+00) *4.71)
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Fig. 4. a-g. The average SARS-CoV-2 marker gene copy number per liter for influent and RAS over the course of nine weeks of the summer 2020. Overlaid line graphs show the average
number of COVID-19 cases in terms of total daily and weekly cases. Water Reclamation Facilities are ordered as follows: a) PCWRF b) NDSD ¢) SCWRF d) ECWRF e) SLCWRF f) TSSD

g) CVWRE.

increasing the pH of influent samples to 10 resulted in non-detection of
any gene copy numbers for all trials tested. Therefore, acidification of
samples does not produce a significant loss in SARS-CoV-2 gene copy
numbers and can be neglected in the final calculation of SARS-CoV-2
gene copy numbers, as long as the original influent sample has an initial
neutral pH. It may be necessary to check the pH of samples before acid-
ifying them to determine whether the baseline pH is more basic and,
therefore, affect the final SARS-CoV-2 gene copy numbers.

4.2. WRF Sludges Harbor SARS-CoV-2 genes

Overall, SARS-CoV-2 gene copy numbers were detected in 100% of
influent and RAS samples taken throughout the sampling period for all
seven WREFs. Of the five WRFs that additionally were sampled for pri-
mary sludge and anaerobically digested sludge, 100% of those samples
also detected SARS-CoV-2 gene copy numbers. The abundance of
SARS-CoV-2 gene copies was similarly distributed between sample
types for all WRFs and for both June and July. Despite the dissimilarities
in size, flow, configuration, and sewershed population of each WRF, the
data indicates a strong overall trend in the relative abundance of SARS-
CoV-2 gene copy numbers throughout the general wastewater treat-
ment process. Each of these treatment train processes is instrumental

in removing different contaminants and work by other mechanisms.
Primary clarifiers reduce the amount of inorganic and volatile
suspended solids through physical sedimentation. However, some
WRFs introduce chemical coagulants that increase flocculation to in-
crease settling velocity and removal efficiency. Activated sludge systems
work through biological processes, where leftover organic suspended
solids and other dissolved contaminants are consumed as a substrate
by bacteria, metabolizing them into biomass and constituent by-
products. Anaerobic digestion is also often employed to reduce the
amount of biomass created in the activated sludge process to minimize
waste and lessen the number of pathogens existing within the mixed li-
quor suspended solids (Metcalf and Eddy, 2014).

In this study, primary sludge samples contained significantly greater
SARS-CoV-2 gene copy numbers than RAS and digested sludge samples
for all WRFs with primary clarifier systems. These primary sludge sam-
ples accumulated one to two log gene copy numbers from influent, most
likely due to the partitioning of viral particles and genetic material into
biosolids, followed by the concentration and sedimentation of total
suspended solids (Ye et al., 2016). There was then a significant reduc-
tion in gene copy numbers in RAS samples relative to primary sludge
and influent samples. This reduction is most likely due to the removal
of suspended solids by the primary clarifiers preceding the activated
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Fig. 5. a-e. The average SARS-CoV-2 marker gene copy number per liter for primary and digested sludge over the course of the sampling period. Overlaid line graphs are the average
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sludge system rather than the activated sludge system's environmental
conditions (Hata et al., 2013). After performing a generalized linear re-
gression analysis of SARS-CoV-2 gene copy number per liter between
influent and RAS for all WRFs (Fig. 3), it was found that only ECWRF
and SCWRF showed significant positive correlations. These two WRFs
have the smallest sewershed populations and the lowest daily flows in
a million gallons per day (MGD). They, therefore, do not employ pri-
mary clarifiers in their wastewater treatment train. Within this context,
the data indicates that some pretreatment process does not remove
SARS-CoV-2 particles and genetic material in influent before entering
the activated sludge system. Thus, the gene copy numbers in influent di-
rectly correlate with the gene copy numbers in RAS due to the lack of an
intermittent removal step.

In contrast, the gene copy number in RAS for PCWRF, NDSD, and
CVWREF did not increase, regardless of the inputs coming from the influ-
ent, most likely due to the action of their primary clarifiers. Additionally,
influent and RAS gene copy numbers for TSSD and SLCWRF did not
show a significant correlation. Although they do not possess primary
clarifiers, the influent from these WRFs undergo other pretreatment
processes to treat industrial wastewater. These processes likely remove
SARS-CoV-2 gene copies before entering their activated sludge system
(Venugopal et al., 2020).

Interestingly, was no significant difference in gene copy numbers be-
tween RAS and digested sludge samples; in fact, there was a slight in-
crease in gene copy numbers in digested sludge for PCWRF, NDSD,
and SLCWREF. Therefore, this data indicates that SARS-CoV-2 viral parti-
cles and genetic material may continue to partition into the solids frac-
tion of samples and are not inactivated or destroyed by the mesophilic,
anaerobic conditions the digester (Zhang et al., 2017). Research from
previous studies and the results from the recovery experiments indicate
that high temperatures (>65 °C) and pH values (pH = 10) are required
to reduce SARS-CoV-2 gene copy numbers and destroy their associated
genetic material (Gundy et al., 2009). The environmental conditions
within the anaerobic digester, most of which typically operate at an ap-
proximate temperature of 37 °C and a pH between 6.8 and 7.2, are
therefore not sufficient to destroy SARs-CoV-2 viral particles or their
marker genes (Wu et al.,, 2006; Cioabla et al., 2012). Other studies
have shown that viral pathogens tend to have a greater ability to survive
the anaerobic digester process than bacterial pathogens, which may in-
troduce risks in the downstream processing and application of biosolids
(Corpuz et al., 2020). It is worth further investigation to determine
whether the SARS-CoV-2 gene copy numbers found in these samples
belong to intact virus-like-particles or are free-floating genetic material.
As viral particles, the presence of SARS-CoV-2 gene copy numbers in
sludge samples may pose a risk for workers involved in any aspect of
wastewater treatment getting infected with this deadly virus; as genetic
material, the dissemination of virulence genes through horizontal gene
transfer could increase the pathogenicity of downstream microbial
communities, such as in agricultural settings where biosolids are used
as fertilizer (Bogler et al., 2020; Tozzoli et al., 2017).

In total, these data support the idea that primary sedimentation is
the most effective treatment process in the removal of SARS-CoV-2
in wastewater treatment. The data in Figs. 2a-d show that over 99.9%
of SARS-CoV-2 gene copies per liter in influent are removed after the
primary clarifier stage, likely through the partitioning of viral particles
and genetic material into suspended solids, followed by concentration,
sedimentation, and subsequent removal from the treatment train. This
is the first study of its kind also to discover that a significant amount
of SARS-CoV-2 gene copies are also present in anaerobic digester sludge.
Only a few other studies have examined the prevalence of SARS-CoV-2
genetic material found in some, but not all, sludge sample types in a typ-
ical wastewater treatment process (Kocamemi et al., 2020; Peccia et al.,
2020a). These observations have important implications for under-
standing how preliminary wastewater treatment processes reduce
SARS-CoV-2 viral particles and genetic material from wastewater before
final disinfection. The sorption of SARS-CoV-2 to biosolids during
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primary clarification also has implications for influent processing
methods. Viral particles are less than 0.1 um in diameter. Many SARS-
CoV-2 concentration methods assume that most particles will remain
suspended in the liquid fraction of samples after centrifugation (La
Rosa et al., 2020). However, the results from this study indicate that a
significant portion of viral particles aggregates with other suspended
materials, even under typical settling velocities. Therefore, it is advised
that suspended solids' contribution to total SARS-CoV-2 gene copy
number found in influent should not be ignored. Processing sludge sam-
ples may be more efficient and effective at producing reproducible
results.

4.3. Influent and Sludges as indicators of sewershed disease burden

Overall, most of the SARS-CoV-2 gene copy numbers found in influ-
ent and sludge samples did not significantly correlate, using generalized
linear regression analyses and linear mixed-effects models. Although
the number of positive COVID-19 cases increased significantly over
time, the amount of SARS-CoV-2 gene copies found in influent samples
remained highly variable over the sampling period for most WRFs. The
number of reported COVID-19 cases was analyzed in daily cases, weekly
cases, and the daily rate of cases per 100 K persons. In contrast, SARS-
CoV-2 gene copy numbers were analyzed using gene copies per liter
(GC/L) and million viral gene copies per capita per day (MVGC/capita/
day). This data was statistically analyzed for correlations between
these data sets using generalized linear regressions and linear mixed-
effects models, which allow random intercepts to represent different
baseline number of COVID-19 cases. Overall, the influent data produced
the least number of significant correlations; only ECWREF influent gene
copy numbers (in terms of both GC/L and MVGC/capita/day) correlated
with public health data as daily COVID-19 cases.

Interestingly, no relationships between disease burden and gene
copy number were found for SCWREF, similar to treatment configuration.
It serves a similar sewershed in terms of population and demographics
as ECWREF. These results agree with the findings of Weidhaas et al.
(2021). This study examined SARS-CoV-2 data obtained from examin-
ing influent samples in an overlapping geographic region of Utah for
an earlier period of the pandemic. Of all the WRFs that were sampled,
ECWREF was one of the few treatment facilities that exhibited a signifi-
cant correlation between SARS-CoV-2 gene copy numbers in influent
and daily reported cases of COVID-19, and only after accounting for a
one-week time lag. Some other monitoring efforts have also failed to
consistently predict the number of positive points, especially in high-
prevalence areas, and using simple mathematical models (Kitajima
etal., 2020). More success has been had in low-prevalence areas, similar
to the ECWRF sewershed, where SARS-CoV-2 gene copy numbers in in-
fluent could accurately predict the increase in cases over two weeks
(Randazzo et al., 2020).

However, the results from this study show that relatively simple
analyses of the gene copy number in sludge samples had greater predic-
tive power than data obtained from influent samples, and that they also
account for a time-lag in the onset of illness and the positive result of a
COVID-19 test. It was found that SARS-CoV-2 gene copy numbers from
ECWRF RAS samples positively correlated with the weekly, rather
than daily, number of cases. It was also found that SARS-CoV-2 gene
copies found in primary sludge significantly predicted the weekly num-
ber of cases of the current week and with a one-week lag, for all three
WREFs that possessed primary clarifier systems (PCWRF, NDSD, and
CVWREF). Additionally, digested sludge gene copy numbers significantly
predicted the weekly number of cases with a two-week lag for all three
WREFs that possessed anaerobic digesters (PCWRF, NDSD, and TSSD). In
total, the results from the linear regression analyses and linear mixed ef-
fects models indicate three major points: that (Abboud et al., 2020) the
analysis of influent samples may be better suited to provide daily esti-
mations of COVID-19 cases in low-prevalence sewersheds, (Adhikari
et al., 2020) that primary and digested sludge samples may provide
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greater predictive power of disease burden than influent samples, and
(Ahmed et al.,, 2015) that sludge samples of any type may account for
the time-lag between the onset of illness and the positive result of a
COVID-19 test due to longer retention times within the WRF. These
findings agree with a recent study that proved SARS-CoV-2 gene copy
numbers enumerated from primary sludge is a better predictor of
COVID-19 cases than influent data (Peccia et al., 2020b). Additionally,
there still remains some difficulty and uncertainty in influent processing
methods that may make sludge sample processing a more attractive op-
tion for wastewater epidemiology (Pecson et al., 2021). Therefore, this
research provides multiple reasons why sludge samples, particularly
primary sludge, may be a better matrix than influent samples in waste-
water surveillance of SARS-CoV-2.

4.4. Implications and conclusions

According to the CDC and published reports, the SARS-CoV-2 virus is
present in human feces by infected individuals (CDC, 2020). Although it
has a low potential to be infectious through fecal contamination, it can
be found in sewage due to viral shedding of SARS-CoV-2 from the
fecal matter of all infected individuals within a particular sewershed
(Gu et al., 2020; Cholankeril et al., 2020). Other constituents related to
public health, such as narcotics and pharmaceuticals, have been moni-
tored through the examination of influent samples in wastewater track-
ing epidemiology (Lorenzo and Pico, 2019). However, current methods
for the analysis of influent samples can be difficult and time consuming,
are so varied that they are difficult to reproduce, and ultimately do not
always provide the predictive power needed for accurate wastewater
tracking (Pecson et al., 2021; Sims and Kasprzyk-Hordern, 2020). The
analysis of sludge samples has therefore been suggested as an alterna-
tive matrix in the investigation of SARS-CoV-2 (Peccia et al., 2020b). Ad-
ditionally, very few studies have examined the removal of SARS-CoV-2
throughout various wastewater treatment processes (Hata et al.,
2013). Therefore, this study examined the prevalence and abundance
of SARS-CoV-2 gene copy numbers in influent and wastewater sludges,
and its relationship to reported cases of COVID-19. Strategic sampling,
processing, and statistical analysis of SARS-CoV-2 gene copies in sam-
ples collected from seven water reclamation facilities has yielded in-
sight into the movement and removal of SARS-CoV-2 through the
general wastewater treatment train. The data from this study indicates
that sedimentation by primary clarifiers performs more action in re-
moving SARS-CoV-2 from wastewater influent than activated sludge
systems and anaerobic digesters. The data also indicates that sludge
samples have greater predictive power of COVID-19 cases than data ob-
tained from influent samples. Studies have shown that most disinfec-
tion methods are able to effectively remove SARS-CoV-2 gene copies
from final effluent, but its presence in sludges still presents a risk for
WREF employees and may have implications for downstream handling
of digester sludges (Wang et al., 2020). Employees for the Salt Lake
City waste management have been notified of this fact and have been
asked to take precautionary measures. Determining the abundance of
SARS-CoV-2 in both sludge samples over time and in differing
locations has proven valuable in monitoring changes in the epidemi-
ological prevalence of COVID-19 (Lesimple et al., 2020). Overall,
wastewater epidemiology addresses the variability in public health
data introduced by factors such as asymptomatic carriers, hospital
avoidance, privacy concerns, under-represented communities, and
wide virus incubation times (Mao et al., 2020). Monitoring SARS-
CoV-2 in wastewater has provided useful insight into the spread of
COVID-19 on a state-wide scale (Weidhaas et al., 2021). However,
wastewater tracking methods for SARS-CoV-2 might be improved
by the examination of primary clarifier, return activated, or anaero-
bic digester sludges. Regardless of the matrix that is examined,
wastewater surveillance for SARS-CoV-2 will inform and influence
public policies that will ultimately save an unknown number of
human lives.
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