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Amplitude multiplexed wastewater surveillance for
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Michael A. Saldana, @2 Jiayu Geng,? Litao Shen,? Angie Ghanem-Uzqueda, ©°
Sarah Van Orman,” Kimberly B. Tilley,” Dick Sun,©
Deona Willes® and Adam L. Smith @ *2

The University of Southern California implemented a wastewater-based surveillance program (USC-WS) to
proactively prevent viral outbreaks and maintain a safe campus environment for students. The main
objective of this project was to develop a novel amplitude multiplex assay to quantify SARS-CoV-2,
influenza A, norovirus, and PMMoV. The study aimed to 1) describe the temporal trends of the target
viruses from the start of Fall 2022 to the end of the Spring 2023 academic semester; 2) establish
correlations between USC-WS and USC Student Health clinical data; and 3) assess the impact of varying
wastewater lead-time and PMMoV normalizations on correlations with clinical data. Two-step RT-ddPCR
assays quantified the viral targets in an amplitude multiplex to overcome the limitation of two fluorescent
channels on the QX200 Droplet Reader. Statistical analysis demonstrated statistically significant (p-value <
0.05 and Pearson r = 0.50) correlations between SARS-CoV-2 and influenza A wastewater data and
reported clinical case data, but not for norovirus. Further, normalization by PMMoV improved correlations
for SARS-CoV-2 and norovirus, but not for influenza A. We also found that SARS-CoV-2 wastewater data
provides an earlier lead-time to the onset of clinical cases than influenza A. This study validated the
amplitude multiplex of SARS-CoV-2, influenza A, norovirus, and PMMoV for wastewater surveillance and
the lead-time building-scale wastewater can provide ahead of clinical cases.

Wastewater surveillance is independent from healthcare accessibility, testing availability, or sick individuals seeking healthcare, and can be utilized as an

early warning system for disease outbreaks. This study implemented wastewater surveillance on a university campus to monitor infectious communal
diseases utilizing ddPCR and a novel amplitude multiplex to quantify SARS-CoV-2, influenza A, norovirus, and PMMoV. The findings demonstrate effective
campus wastewater monitoring and help guide future surveillance projects.

1. Introduction

community health."” Wastewater surveillance (WS) allows for
the early detection of infectious diseases within a community

The rapid expansion of wastewater-based epidemiology
(WBE) as a result of the COVID-19 pandemic enabled
widespread and real-time wastewater-based monitoring of
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and circumvents the difficulties of accessibility and
availability of individual clinical testing, as well as the shift
towards at-home tests that do not get reported. Infected
individuals may shed genetic material into wastewater before
showing symptoms,®* providing an opportunity for health
officials to intervene and mitigate an outbreak. WS is
beneficial for identifying patterns in viral prevalence,
monitoring changes over time, and informing effective
allocation of healthcare resources.” Further, WS provides
significantly reduced costs and resource intensity relative to
individual clinical testing, especially for large populations in
areas where healthcare resources may be strained.®™®
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As government funding for COVID-19 testing decreased, a
drastic reduction in testing followed.” Maintaining government-
supported clinical testing is not economically viable,'® and the
burden of testing and reporting in the United States has been
shifted to the individual. On May 11th, 2023, the United States
ended the COVID-19 Public Health Emergency Declaration.'" In
Los Angeles (LA) County, the number of 7-day average daily tests
reported declined 61% in three months, from 11300 in May to
4400 in August 2023."> While clinical testing is the gold
standard for evaluating community health, it is bound by a
population's behavior, asymptomatic cases, testing accessibility,
and availability."*'* With the tremendous fall in testing for
COVID-19 and lack of testing for other diseases, WS is emerging
as our most reliable indicator of tracking trends or disease
emergence within a community.

In metropolitan areas across the United States, such as
Los Angeles, Chicago, and Boston, large-scale centralized
water reclamation facilities (WRFs) serve millions of
people.”>*” For example, the expansive sewershed associated
with the Los Angeles Sanitation and Environment's Hyperion
Water Reclamation Plant (HWRP) serves over 4 million
people,” allowing WS to provide a broad snapshot of
community health. HWRP is a partner in a large national
wastewater monitoring project called WastewaterSCAN, which
measures concentrations of a range of viral targets in
wastewater and shares data publicly to inform public health
response to changes in pathogen levels and trends. However,
mitigating localized outbreaks or allocating health resources
in such a large sewer shed is difficult. WS in communal
living situations, such as university residential buildings,
allows for more focused monitoring of a smaller population.
These populations often have an increased risk of
gastrointestinal and upper respiratory infections due to
resident proximity and individual hygiene habits.'*>°
Research has demonstrated that building-scale WS is
sufficiently sensitive to identify a single SARS-CoV-2 infection
in a building.*"**

The University of Southern California (USC) implemented a
wastewater-based surveillance program (USC-WS) to monitor
student health by providing an early warning system for
potential viral outbreaks beginning in Fall 2021. Real-time WS
served as a complementary tool to clinical testing and allowed
for a targeted approach for improving student health; several
universities have successfully implemented WS, focusing on
SARS-CoV-2.>"*%2% As the pandemic progressed, building-
scale WS of SARS-CoV-2 and influenza became more
common.”®*” USC-WS was initially designed to mitigate SARS-
CoV-2 infections; however, as the COVID-19 pandemic
subsided, the program expanded to include important
seasonal respiratory and enteric pathogens, including
influenza A, norovirus, as well as PMMoV for normalization.
The study aims to establish correlations between USC-WS,
WastewaterSCAN's LA County HWRP data, and USC Student
Health Center (USC-SH) clinical case data and assess the
impact of varying wastewater lead-time and PMMoV
normalization on correlations with clinical cases.
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2. Methods

2.1. Studied population

USC is a private research university in South Los Angeles,
California, with an overall enrollment of 49000 students,
with roughly 21000 undergraduate and 28000 graduate
students. The University Park Campus covers 229 acres and
is home to approximately 7000 undergraduate students
residing on campus. USC-SH provides medical care and
diagnostic testing for influenza, norovirus, and other diseases
to all students on campus. USC-SH also offered mass testing
for SARS-CoV-2 to all students and employees throughout the
pandemic and continues to provide diagnostic testing to
eligible students. USC-WS is a coordinated joint effort
between the Smith research group in the Astani Department
of Civil and Environmental Engineering, USC-SH, USC
Environmental Health & Safety, and USC Facilities
Management Services. Deidentified and aggregated clinical
testing data was collected from USC-SH. LA County
wastewater data from 6 January 2023 to 1 May 2023 for
HWRP was provided by the WastewaterSCAN program. HWRP
was selected due to the USC University Park Campus residing
within the HWRP sewershed.

2.2. Sample collection

USC-WS encompasses 10 student residential buildings: 8
dormitories and 2 on-campus apartments (Fig. 1A). The
associated surveillance system utilized 26 sewage junctions
sampled twice a week as twenty-four-hour time-weighted
composite samples throughout the Fall 2022 to Spring 2023
academic year with glacier transportable samplers (Teledyne
Isco, Lincoln, NE). To increase granularity in temporal data,
two residential buildings (ESI{ Table S1) were sampled daily,
Monday through Friday. Due to low occupancy and
wastewater flow on campus, samples were not collected from
December 17th, 2022, through January 8th, 2023. Each
refrigerated autosampler collected approximately 50 mL of
wastewater every hour and held the samples at 4 °C.
Wastewater samples were collected and then transported to
the on-campus laboratory, where they were processed and
analyzed with the goal of reporting to USC-SH the same day
(Fig. 1B).

2.3. Viral particle concentration, RNA extraction, and
quantification

All collected samples were pasteurized in a water bath at 60
°C for one hour to inactivate viruses.*® For buildings with
multiple samplers, samples from each autosampler were
equally pooled by volume and aliquoted into a 50 mL sterile
conical bottom centrifuge tube (Corning Incorporated, NY).
Each aliquot was amended with 500 pL of 2 M MgCl,, a
cationic conditioning solution, to promote the formation of
salt bridges within electronegative membrane filters (EMF).
Composite wastewater samples were filtered in duplicate
using HA filtration® through a 0.45 pM S-Pak® membrane

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 USC-WS sample collection map: describing the site, population, and number of autosamplers (A). The daily workflow of the lab team (B).

filter (Millipore-Sigma, USA) with a Rocker 400 vacuum
filtration system (Rocker Scientific Co., Taiwan). Inactivated
SARS-CoV-2, influenza A (Vircell S.L., Granada, Spain), and
surrogate murine norovirus (Gold Standard Diagnostics,
Budapest, Hungary) were used as endogenous extraction
controls spiked into wastewater weekly at 2.50 x 10" copies
for SARS-CoV-2 and influenza A and 1.0 x 10" copies for
murine norovirus.

RNA was automatically extracted from EMFs using the
Maxwell™ 16 LEV simplyRNA Blood kit (Promega Corporation,
Madison, WI) on a Maxwell® 16 Instrument (Promega
Corporation, Madison, WI) until March 2023. In March 2023,
we switched to the Maxwell™ RSC simplyRNA Blood kit
(Promega Corporation, Madison, WI) on a Maxwell® RSC 48
Instrument (Promega Corporation, Madison, WI). A modified
RNA extraction protocol was used. In brief, after filtration, EMFs
were stored in a 2 mL tube with 600 pL of cell lysis buffer, 60 L
of proteinase K solution, and 0.5 g of zirconia beads (BioSpec
Products Inc, Bartlesville, OK). Samples were vortexed at 3000
rpm for 15 seconds and then incubated at 56 °C for 10 minutes.
This was followed by bead beating at 2400 RPM for 2 minutes
on a Mini-BeadBeater 96 (BioSpec Products Inc, Bartlesville, OK)
and centrifuged at 12500 RPM for 2 minutes. 300 uL of
supernatant was aspirated from the tube and dispensed into
the first well of the cartridge. An additional 300 pL of cell lysis
buffer was added to the original sample tube, followed by
another beat beating and centrifugation round. A subsequent
300 puL of supernatant was added to the cartridge (total of 600
puL). We then proceeded with the Kkit-specific automated

This journal is © The Royal Society of Chemistry 2025

extraction method according to the instrument manufacturer
and eluted into 40 pL. Samples were immediately processed
after extraction.

Two-step RT digital droplet PCR (ddPCR) assays were
performed to quantify SARS-CoV-2, influenza A, norovirus, and
PMMoV in a multiplex assay (ESIT Table S2) in compliance with
dMIQE guidelines.*® Our multiplex assay targeted conserved
genomic regions and utilized degenerate primers to overcome
single nucleotide polymorphisms. The assays targeted the
dominant strains of the pathogens of interest verified by
Primer-BLAST,*! such as norovirus GI and GII, influenza A
HIN1 and H3N2, and COVID-19 variants, including omicron.
Following the manufacturer's instructions (ESIt Table S3), 2 uL
of extracted RNA was reverse transcribed to cDNA using the
iScript™ cDNA Synthesis kit (Bio-Rad, Hercules, CA, USA).
Immediately after, 1 pL of cDNA was amplified using the 22 pL
reaction set-up of ddPCR Multiplex Supermix (Bio-Rad,
Hercules, CA, USA), nuclease-free water, and 20x primer/probe
concentration (ESIT Table S4) for Hi-FAM and Hi-HEX and 12.5x
concentration for Lo-FAM and Lo-HEX (Integrated DNA
Technologies, Coralville, IA). Droplet generation was performed
by Bio-Rad Automating Droplet Generator (Bio-Rad, Hercules,
CA, USA) and followed by amplification of the viral nucleic acid
targets on a Bio-Rad C1000 Touch Thermal Cycler (Bio-Rad,
Hercules, CA, USA). The thermal cycling conditions included
enzyme activation at 95 °C for 10 minutes, 40 cycles of
denaturation at 94 °C for 30 seconds and annealing/extension
at 56 °C for 60 seconds, enzyme deactivation at 98 °C for 10
minutes, and a 30 minute hold at 4 °C for the reabsorption of
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droplets back into solution. The amplification data was
analyzed on a QX200 Droplet Reader (Bio-Rad, Hercules, CA,
USA) using QuantaSoft Analysis Pro (1.0.596; Bio-Rad, Hercules,
CA, USA). A positive control of synthetic RNA (Promega
Corporation, Madison, WI and Twist Biosciences, San
Francisco, CA) of the viral targets (ESIf Table S5) was tested in
duplicate for each run to ensure correct amplification in the
expected amplitude regions (ESIf Table S7). Positive detection
was considered when the limit of detection (LOD) thresholds
were met (ESIT Table S6). Samples were not diluted for analysis,
nor were the droplets saturated at any point. The differences in
concentrations can be observed in ESIf Table S8.

2.4. ddPCR assay validation

To find the proper amplitude regions, synthetic RNA of the viral
targets was amplified with varying fluorophore concentration
ratios (20x :10%, 20x :12.5x) (ESIf Fig. S1) and temperature
gradients for annealing/extension on the thermal cycler (55 °C
to 65 °C) in triplicate (ESIf Fig. S2). We observed the best
separation of clusters using the 20x :12.5x concentrations and
56 °C annealing/extension step (Fig. 2). Then, serial dilutions of
the positive control were quantified in triplicate to assess the
LOD (ESIt Table S6). The serial dilutions also established the
thresholds for identifying partition clusters (ESIT Table S7).
Fluorophore variations and temperature gradient experiments
are necessary to deal with intermediate fluorescence (rain)
between droplet partitions (not pictured).

2.5. Viral target quantification

To calculate the viral target copy number, we followed Bio-
Rad's instructions for ddPCR absolute quantification with
conversion factors applied to achieve copies per L (eqn (1));

View Article Online
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Rpcg X VW) (1000>
Cyp=(——— ) XVeX 1
o= (Bt )y (1 0

where C; is the concentration of our viral target, Rpcg is the raw
data output from QuantaSoft Analysis Pro (1.0.596; Bio-Rad,
Hercules, CA, USA), V,, is the volume within the reaction well, V;
is the volume of DNA input, V, is the elution volume, V; is the
volume of the wastewater filtered.

Norovirus GII and PMMoV RNA concentrations obtained
from the WastewaterSCAN project were measured in wastewater
solids isolated from influent collected three times a week at
HWRP. Norovirus and PMMoV concentrations between 6 Jan
2023 and 1 May 2023 are included in this paper. A subset of
these data (between 6 Jan 2023 and 9 April 2023) has already
been published in Boehm et al.** The remaining data has not
been published previously, but samples were collected and
analyzed using the same methods as described by Boehm
et al®* Norovirus GII concentrations were normalized by
PMMoV and multiplied by 1 million; PMMoV normalization is
suggested by the wastewater surveillance community®® and
applied this approach to achieve normalized values (eqn (2));

Ch = (%) x10° (2)

pv

where C, is the normalized concentration, C, is the
concentration of our viral target, and C,, is the concentration of
PMMoV.

2.6. Statistical analysis

All figures and statistical analyses were generated using R
version 4.3.1. Pearson correlation coefficients were used to
assess the strength of the linear relationships between USC-WS
and USC Student Health clinical cases, and one-way ANOVA

Lyt
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Fig. 2 Graphical output for 2-step RT-ddPCR amplitude multiplex assay using fluorophore ratio of 20x and 12.5x and an annealing/elongation
temperature of 56 °C. The illustration utilized the QX200™ Droplet Digital™ PCR System (Bio-Rad, Hercules, CA, USA) and was visualized using

QuantaSoft Analysis Pro (1.0.596; Bio-Rad, Hercules, CA, USA).
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tests were used to determine the statistical significance. Data
was tested for normality using the Shapiro-Wilk test and was
log 10 transformed prior to statistical analysis. The data point
was excluded from statistical analyses if all target genes were
non-detect for a given sample. The correlations were also
assessed using a one-week lead-time for the wastewater data, as
SARS-CoV-2 has been demonstrated to appear in wastewater up
to 8 days before clinical diagnosis.>*™® Since the clinical data
was tracked weekly, average weekly concentrations from all test
sites were used.

3. Results and discussion

3.1. Two-step RT-ddPCR amplitude multiplexing
demonstrates clearly identifiable clusters and accurate
quantification of viral targets

Quantitative polymerase chain reaction (qPCR) is a standard
quantification method for genetic targets. Droplet digital PCR
(ddPCR) offers an alternative quantification method for WS.
ddPCR is known for its robustness, offering greater tolerance to
variability in reaction conditions and sample quality common
with wastewater matrices, reducing the risk of false-negative
results.’’2°  With  broad  implementation in WS
workflows,”**”1%** ddPCR has become a vital quantification
tool.

To overcome the limitation of two fluorescent channels on
the QX200 Droplet Reader (Bio-Rad, Hercules, CA, USA), an
amplitude multiplex was employed. Amplitude multiplexing
utilizes fluorescent probes of the same dye (e.g., FAM) and
varies the final concentration in the PCR reaction mix,
causing distinct relative fluorescent units (RFUs) for each
target.”> When multiplexing four targets, up to 16 clusters
can appear on the 2D amplitude space, indicating each
permutation that can be present in a droplet, such as
negative, single, double, triple, or quadruple positive. We
targeted SARS-CoV-2 and norovirus on the FAM channel as
the high and low concentrations, respectively. For the HEX
channel, influenza A and PMMoV were the high and low
concentrations, respectively (Fig. 2).

When analyzing data for one or two targets, QuantaSoft
(1.7; Bio-Rad, Hercules, CA, USA) can auto-analyze droplet
data; however, more than two targets require using
QuantaSoft Analysis Pro (1.0.596; Bio-Rad, Hercules, CA,
USA), and the user must define thresholds for each target
emphasizing the need of establishing typical RFU amplitude
regions of targets on the 2D plane (ESIf Table S7). Newer
digital droplet readers can use up to 6 fluorescent channels;
however, users can still employ amplitude multiplexing and
achieve up to 12 targets.

3.2. Disease viral loads in wastewater of SARS-CoV-2 and
influenza A were highest during the fall and winter, while
norovirus appeared sporadically

Over the academic year, 607 wastewater samples were
collected from residential buildings on the University Park
Campus (ESIT Fig. S3). Prevention protocols were enacted

This journal is © The Royal Society of Chemistry 2025
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when a building displayed two consecutive positive
wastewater results. When consecutive positive wastewater
detection occurred for SARS-CoV-2, rapid tests were delivered
to the on-campus student housing residences, and students
were notified via email, encouraged to test, and report
positive results to USC-SH. For influenza A, students were
notified and encouraged to get tested if symptomatic; for
norovirus, students were notified and encouraged to seek
treatment if symptomatic; enhanced cleaning protocols were
employed by the Facilities Management Services Team.

From September 5, 2022, to May 4, 2023, USC-SH reported
2938 students with COVID-19, 162 with influenza A, and 892
with gastroenteritis symptoms. Norovirus tests are not
commonly performed at USC-SH - only two tests were
conducted during the academic year - therefore, the norovirus
data is compared with gastroenteritis symptoms. For COVID-19,
the weekly positive count ranged from 13 to 299 infections; for
influenza A, positive weekly cases ranged from 0 to 26. The
largest positive case count for COVID-19 coincided with the
week students returned from Thanksgiving Break (Fig. 3A). The
week before the onset of COVID-19 clinical case peak, the
average viral load of SARS-CoV-2:PMMoV was 3.66log;,
(Fig. 3A and D). Influenza A infections peaked during the week
of Thanksgiving Break (Fig. 3B). The week of the influenza A
clinical case peak average influenza A:PMMoV viral load of 2.88
log;, was observed (Fig. 3B and E). Norovirus:PMMoV had four
spikes during the year, but the largest viral load occurred a week
before the Fall Recess at 2.701og;, (Fig. 3C); however, many of
the results found non-detects in the wastewater (Fig. 3F). Even
though norovirus accounts for almost 20% of all acute
gastroenteritis,’® our lack of finding norovirus in wastewater
may be attributed to the small population within our
sewershed. Individuals may have brought norovirus back to
campus as three of the four spikes occurred during heavy
population movement on campus (Fig. 3C).

The wastewater viral loads of SARS-CoV-2 remained relatively
consistent from September through December, then trended
down until the end of the spring semester (Fig. 3D). Influenza A
wastewater viral loads experienced spikes until consistently
increasing from November through December, and upon
students returning to campus, low viral loads were present until
completely receding from campus in the spring (Fig. 3E). For
SARS-CoV-2, clinical cases dropped, climbed to a peak in
November, and faded until the year's end. On the other hand,
influenza A rose between October through December before
disappearing in the spring. Influenza A and SARS-CoV-2 have
been demonstrated to spike seasonally in the fall and winter
months,*”** similar to USC-WS data. No discernable trend was
associated with norovirus and gastroenteritis symptoms, which
can be attributed to a lack of norovirus testing, asymptomatic
carriers,” and many conditions that can cause these symptoms,
such as rotavirus, adenovirus, and Salmonella.>®>” Interestingly,
the three highest peaks for COVID-19 clinical diagnosis also
corresponded with tests given at USC-SH during the weeks of
September 5th, November 14th, and November 28th. Similarly,
influenza A also had its three highest case counts when the most

Environ. Sci.: Water Res. Technol., 2025, 11, 77-87 | 81
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Fig. 3 Temporal evaluation of viral targets and clinical case data demonstrating SARS-CoV-2, influenza A (A and B). Norovirus is temporally
evaluated against gastroenteritis symptoms (C) due to only two norovirus tests provided during this academic year. The timeline represents events
that significantly alter the student population on campus. The heatmap describes infection rates of the target diseases afflicting student residential

buildings (D-F). All non-detects are classified as 0.

tests were provided during the weeks of October 31st, November
7th, and November 21st. This suggests that discrepancies
between wastewater viral loads and clinical cases may be related
to a lack of clinical testing and that actual case counts for SARS-
CoV-2 and influenza A were likely much higher.

3.3. Using PMMoV and lead times to improve correlations
with clinical cases varies among diseases

Given differences in waste input, gray water dilution, and
population fluctuations, normalizing ddPCR quantification data

from wastewater is essential to accurately assess the prevalence of
infectious agents.”>>® The CDC recommends using PMMoV as a
population fecal indicator to normalize SARS-CoV-2.>*°"8
PMMoV is introduced through human dietary habits and is one
of the most abundant RNA viruses in human waste.>>®" Several
building-scale WS studies have quantified wastewater's predictive
capability for SARS-CoV-2,°*%* as correlations are strongest with a
one-week lead-time to the onset of clinical cases. USC-WS
corroborates both findings as SARS-CoV-2 was the most
statistically significant when normalizing with PMMoV and
leading the onset of COVID-19 cases by one week (Table 1B).

Table 1 Pearson correlations and one-way ANOVA during the Fall 2022-Spring 2023 USC academic year. Each section is varied by correlating
wastewater prevalence by one week ahead of or the same week as clinical diagnosis, as well as if the data was normalized by PMMoV (B) or not (A).
Norovirus is compared with gastroenteritis symptoms reported by the student health center. Significant values (p-value < 0.05 and r > 0.50) are bolded

SARS-CoV-2 Influenza A
A non-normalized non-normalized Norovirus non-normalized
Lead-time to clinical cases p-Value Pearson r p-Value Pearson r p-Value Pearson r
None 0.002 0.52 0.001 0.55 0.625 -0.09
One week 0.001 0.58 0.008 0.46 0.995 0.00
SARS-CoV-2:PMMoV Influenza A:PMMoV Norovirus:PMMoV
B normalized normalized normalized
Lead-time to clinical cases p-Value Pearson r p-Value Pearson r p-Value Pearson r
None 0.004 0.49 0.004 0.49 0.744 —-0.06
One week p < 0.001 0.62 0.053 0.35 0.586 0.10
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Few studies have correlated building-scale WS influenza A
data with clinical cases, and the studies that have conducted
such correlations demonstrated influenza A's presence in
wastewater leading clinical cases between 2-4 days.**
However, studies have not evaluated the validity of PMMoV
normalization for influenza A. USC-WS exhibited the highest
correlations when influenza A wastewater viral loads were not
normalized by PMMoV and compared the same week as the
onset of clinical diagnoses (Table 1A). This may be attributed
to influenza A having a shorter incubation period or viral
shedding occurrence before the onset of symptoms than
SARS-CoV-2.°>°®  Therefore, the intervention window to
prevent an influenza outbreak is significantly reduced.
Furthermore, PMMoV may be unreliable for normalizing a
disease that primarily exists in the colder months, as PMMoV
exhibits a strong association with temperature and
consumption of peppers in warmer seasons.>”

Similar to the results of USC-WS (Table 1), using fecal
indicators, including PMMoV, crAssphage, and F Colifage, can
be inconsistent with improving the correlation between a viral
target and clinical data.*"”**%%"%®  However, other
normalization methods may require the use of liquid
chromatography-mass spectrometry as it can quantify
biomarkers and chemical tracers, such as -caffeine,
paraxanthine, and creatinine.®” Moreover, using wastewater
flows can also serve as a normalization method and convert the
concentration into mass loads. The method of normalization
depends on the application. For example, PMMoV and other
fecal indicators normalize to fecal volume to account for the
environmental effects that our viral targets endure and

Elementary school
closure in LA County

—

30000
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Norovirus:PMMoV

10000

Hyperion Water Reclamation Plant
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population fluctuations. Normalization correlation
inconsistencies call for further research into normalization
techniques and their impact on different scales and viral
targets.

3.4. Norovirus wastewater data corresponds to an outbreak in
Los Angeles County

Due to the infrequency of clinical norovirus testing,”
statistical analysis with gastroenteritis symptoms reported to
USC-SH did not result in correlations between wastewater
data and clinical cases (Table 1). The clinical data could
present potential biases, given that reported gastroenteritis
symptoms may not be related to norovirus infections.
Instead, WS data was temporally compared against
WastewaterSCAN's HWRP norovirus wastewater data.

Surges in USC-WS and WastewaterSCAN's HWRP average
norovirus viral load were consistent (Pearson r = 0.42) with
one another and peaked during the weeks of March 13th and
March 20th, respectively (Fig. 4). The upswing in viral loads
corresponded with an elementary school closure due to a
norovirus outbreak beginning on March 17th, 2023,
confirming the strong presence of norovirus in LA County
during this time. With a short incubation time,”> rapid
intervention is necessary after an upward trend in norovirus
wastewater viral load to prevent future outbreaks and school
closures. As WS continues to expand, developing wastewater
monitoring systems that include populations at risk for
communal diseases (e.g., elementary schools, nursing homes,

30000
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AOWINJ:SNJIACION
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10000

&&5 a\‘& && &“ﬁ @'P && «‘“'P &
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Fig. 4 Temporal WastewaterSCAN HWRP (primary y-axis) and USC-WS (secondary y-axis) weekly average of norovirus normalized by PMMoV.
The highlighted section denotes the week prior to the elementary school closure on March 17th, 2023.

This journal is © The Royal Society of Chemistry 2025

Environ. Sci.: Water Res. Technol, 2025, 11, 77-87 | 83


https://doi.org/10.1039/d4ew00096j

Published on 15 March 2024. Downloaded on 1/12/2026 3:49:04 AM.

Paper

apartment complexes) can contain and prevent further
outbreaks of highly virulent diseases.

3.5. Inherent biases in wastewater surveillance and future
insights

As WS continues to expand, researchers face several
challenges that contribute to data variability, complexity in
interpretation, and thresholds for intervention. Wastewater's
complex matrix can degrade RNA and introduce inhibitors
that alter RNA extraction and PCR amplification efficiency of
viral targets.”>”* With the rapid expansion of WS, there is
substantial variability in laboratory workflows, ranging from
sample collection, viral particle concentration techniques,
nucleic acid extraction, and target quantification.*>>*”> The
differences in methods between labs can drastically alter
extraction efficiencies and quantification accuracy of viral
targets.” Viral particle shedding can vary in individuals, both
from the presence of the virus in the gastrointestinal tract
and varying shedding rates depending on where the
individual is in the infection cycle,”® hindering estimates of
the total number of people shedding. Moreover, we face the
difficulty of interpreting results in the absence of clinical
data, illustrating the need to develop frameworks for
validating WS data beyond correlations with clinical cases. In
addition, WS needs collaborative efforts between wastewater
facilities and public health officials to coordinate a complex
surveillance network (from individual buildings to centralized
treatment facilities). For example, at a WRF, the presence of
pathogens can be observed, while building-scale can identify
hotspots of infections. In conjunction, they offer a
comprehensive approach for public health.

4. Conclusions

The objective of this study was to target highly
communicable diseases for outbreak prevention at USC. This
study validated using a WS amplitude multiplex of SARS-CoV-
2, influenza A, norovirus, and fecal indicator PMMoV. SARS-
CoV-2's presence in building-scale wastewater can predicate
clinical cases by one week, while influenza A's displays a
higher correlation the same week as the onset of clinical
cases, indicating a shorter intervention window for influenza
A. As displayed by USC-WS and WastewaterSCAN's HWRP
data, wastewater surveillance of norovirus can detect
outbreaks in the community. The early notification system
that USC-WS provided allowed USC-SH to notify at-risk
residents in student housing and authorized Facilities
Management Services to invoke advanced cleaning protocols
based on the viral target detected. Further, we demonstrated
that PMMoV normalized data provides increased correlation
strength with SARS-CoV-2 but not influenza A. This suggests
that further research of alternative normalization methods
may be required for future implementations of WS. Proactive
building-scale wastewater surveillance offers an effective
strategy to monitor several infectious diseases, paving the
way for a healthier community.
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