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Abstract

Wastewater-based epidemiology (WBE) has been utilized to track community infections of
Coronavirus Disease 2019 (COVID-19) by detecting RNA of the severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2), within samples collected from wastewater. The
correlations between community infections and wastewater measurements of the RNA can
potentially change as SARS-CoV-2 evolves into new variations by mutating. This study analyzed
SARS-CoV-2 RNA, and indicators of human waste in wastewater from two sewersheds of
different scales (University of Miami (UM) campus and Miami-Dade County Central District
wastewater treatment plant (CDWWTP)) during five internally defined COVID-19 variant
dominant periods (Initial, Pre-Delta, Delta, Omicron and Post-Omicron wave). SARS-CoV-2
RNA quantities were compared against COVID-19 clinical cases and hospitalizations to evaluate
correlations with wastewater SARS-CoV-2 RNA. Although correlations between documented
clinical cases and hospitalizations were high, prevalence for a given wastewater SARS-CoV-2
level varied depending upon the variant analyzed. The correlative relationship was significantly
steeper (more cases per level found in wastewater) for the Omicron-dominated period. For
hospitalization, the relationships were steepest for the Initial wave, followed by the Delta wave
with flatter slopes during all other waves. Overall results were interpreted in the context of
SARS-CoV-2 virulence and vaccination rates among the community.
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Introduction

SARS-CoV-2, the severe acute respiratory syndrome coronavirus-2, is the causative virus
of the Coronavirus Disease 2019 (COVID-19) illness, which first emerged in late 2019

in Wuhan, China.l: 2 The World Health Organization (WHO) declared that COVID-19

was a global pandemic in early 2020 and the virus has since impacted populations all

over the globe, with 764 million reported global infections as of late-April 2023.1-3 The
evolution of the SARS-CoV-2 virus from the original Wuhan wild-type strain has been
defined by the WHO and discussed within scientific literature coined as variants of concern
(VOC).4? The classification for a SARS-CoV-2 variant to become a VOC relate directly to
its threat towards human and public health, specifically towards transmissibility between
individuals, the severity of disease, evasion of the immune system, and its ability to

reduce the effectiveness of currently available vaccinations and treatments.> 7- 9-12 The five
most-common VOC'’s, and their specific genetic mutations that have been described within
scientific literature since the onslaught of the COVID-19 pandemic are: Alpha (B.1.1.7),
Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529).4-8. 10, 11,13

Previous literature illustrates the presence of Alpha first emerging in September of 2020 in
the UK and late December of 2020 within the United States. - 7- 13. 14 Beta emerged in
South Africa in December of 2020, and Gamma emerged in Brazil in December of 2020, yet
both Beta and Gamma emerged within the United States as of January 2021. 4 7-13.14 Delta
first emerged within India in December of 2020, although Delta was not seen in the United
States until March of 2021.4 7+ 13.14 The United States saw a surge in positive cases during
the Delta variant, which dominated one phase of the pandemic occurring from roughly June
through November of 2021.15 Omicron first emerged in South Africa during November

of 2021, and by the end of that month was found in the United States with widespread
distribution by January of 2022.16 Within this study we describe five “waves” that are
associated with SARS-CoV-2 detection within wastewater and correspond to the date ranges
of Table 1. These waves are defined based upon timeframes with evident increases in SARS-
CoV-2 levels within the study sewersheds, and the timing of the variants in U.S. patient
populations. A surge was defined to start upon a general trend of increasing SARS-CoV-2
signal being detected by gPCR and ends when the levels return to baseline levels. The wave
which we describe as the Initial wave includes the period when the wild-type virus was
present in the United States as well as possible variants of interest that are not discussed
here. The Pre-Delta wave corresponds to when Alpha, Beta, and Gamma emerged within
the United States, and the Delta wave describes specifically around the time when Delta
emerged and clinical cases drastically increased.1> The Omicron wave corresponds to when
Omicron emerged and case numbers also continued to climb from previous months, and the
Post-Omicron wave describes what has been measured throughout 2022.15: 17

The reproductive number, or number of new people infected per infected individual, is
a measure of transmissivity. For the Alpha variant, described by Lin et al. 20217, the

reproductive number was 75-78% higher than the wild-type virus, the Beta variant was
roughly 50% more transmissible than previous variants, and Gamma was 1.4-2.2 times
more transmissible than the wild-type; contrarily, the Delta variant was described to be
97% more transmissible than previous variants, including the wild type.”: 18 19 Further
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research applied the concept of the higher viral load, seen with the Delta strain, supported
by higher direct gPCR measurements of patient samples,29-22 and found that the Delta strain
may cause higher hospitalization instances with more severe disease and intensive care unit
(ICU) admissions due to its morphology.1® Breakthrough infections, due to variant turnover
within a community, increase speculation on vaccine failure. Yet what has been seen with
the Delta variant, compared against Alphal? 14 is that the Delta is sixfold less sensitive

to neutralizing antibodies, eightfold less sensitive to vaccine-elicited antibodies, and has
varying results of vaccine-evasion dependent upon the vaccine.23-26

Examples of changes in case numbers, or severity of illness of infected patients due

to variant turnover, can be found in the state of Florida. This state was, historically,

an epicenter during the emergence of the Zika virus in 2016, so the dynamics of
epidemiological spread from this earlier virus were subsequently applied to evaluate the
potential spread of the Delta strain .27 Florida saw few new cases of Delta between February
2021 and June 2021, which coincided with the widespread distribution of the COVID-19
vaccines.® But a new wave of epidemics hit the state after that, resulting in a significant
increase in incidence.® 1% 27 This wave in the state was marked by an increase in the
proportion of the genome of the Delta lineage, from 28.7% to 54.3%.27 Within 3 months
of its emergence, the Delta variant had completely replaced the previously prevalent Alpha
variant as the most dominant.2”-29 While the Delta variant found in Florida showed fewer
common mutations, it was 3 to 21 times more prevalent in communities in Florida as
compared to global data.8: 27

The Delta variant was quickly replaced by Omicron worldwide. Omicron, the most heavily
mutated variant thus far spread quickly throughout the globe.16: 17: 30, 31 wjithin weeks, the
spread of this new VOC coincided with large increases in the prevalence of COVID-19
cases likely due to enhanced immune evasion and enhanced transmissibility from previous
VOCs.16: 30, 31, 30, 32-35 The emergence of Omicron and its subvariants continue to be
evaluated as SARS-CoV-2 continues to evolve,16: 30, 36-38

Surveillance strategies such as wastewater-based epidemiology (WBE), which is also known
as wastewater surveillance (WS) as well as wastewater-based surveillance (WBS), have been
used throughout the COVID-19 pandemic to track and trace the prevalence of SARS-CoV-2
within communities.5: 15 22, 28, 39-48 Regyting evidence of wastewater-based studies has
provided that wastewater surveillance can prove useful in predicting hospitalizations, clinical
cases, and ICU admissions.15: 19. 42,49, 50 Although relationships have been established
between SARS-CoV-2 wastewater levels and prevalence of COVID-19, few have evaluated
the change of these relationships by variant wave. This study addresses this data gap

by evaluating the association between wastewater SARS-CoV-2 levels and the number

of community cases under the influence of different variants, as well as the number of
hospitalizations.5: 28: 40, 42, 43,49, 51 ggarting in September 2020, the University of Miami
(UM) established a WBE surveillance program as a tool for measuring the COVID-19
spread within its campuses.*# For two years since then, targeted sampling and researchl:
41,44, 45,52 has been utilized to inform policies for the safety of students, faculty, and staff.
The Central District Wastewater Treatment Plant (CDWWTP) of Miami-Dade County was
an early collaborative partner with UM facilitating routine weekly collection of wastewater
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servicing a large population allowing for comparisons between campus level and community
level relationships between human case data and wastewater.15: 41. 52 The objective of this
study was to describe relationships between clinical case data, and WBE surveillance data
for the five distinct internally defined “variant waves” of the COVID-19 pandemic. We
hypothesize that the clinical case data correlates strongly with wastewater data but shifts in
relationships occur during times dominated by differing variant strains. This study therefore
focused on evaluating prior to and following the mass distribution of vaccinations against
COVID-19, correlations between SARS-CoV-2 and clinical cases, and hospitalizations
within communities.

2.0. Materials and Methods

2.1. Clinical Data Collection

Aggregated campus level clinical case data was published throughout the pandemic on
UM?’s public COVID-19 dashboard. This data from August 16, 2020, through September
30, 2022, which reported the number of positive COVID-19 cases among students and
employees (faculty plus staff) daily throughout the course of the pandemic, was made
available for correlation analysis with wastewater (and approved by Internal Review Board,
IRB 20210164).

COVID-19 clinical case and hospitalization data in Miami-Dade County was available
through the Centers for Disease Control and Prevention (CDC) public data base.l 53 Data
collected from the CDC database included a 7-day moving average of positive cases

and hospitalization data divided-up by regions with differing zip codes. Clinical data,
provided by the CDC, was collected from March 2020 through September 2022, while
the hospitalization information was available from July 2020 through September 2022.

Vaccination data reporting the number of students and employees receiving the primary
and booster vaccines was provided through the UM administration which had developed
databases for tracking vaccinations for both populations. Similarly, vaccination for the

Miami-Dade County population was available through the public databases of the CDC.

2.1.1. Wastewater Sample Collection—Wastewater was collected from the UM
Gables campus and from the community wastewater treatment plants in Miami-Dade
County. Basic water quality parameters, per sample, were collected in the field using a
Xylem YSI ProDSS sonde. Water quality measurements included temperature, pH, turbidity,
dissolved oxygen, and specific conductivity.1> 41 Summary statistics for water quality are
provided in the supporting information within Table S-1. All persons collecting, or handling
wastewater followed the University’s policies of Health and Safety including the use of PPE,
and disinfection of equipment.

The UM Gables campus samples were collected weekly from September 30, 2020, until
September 21, 2022, and were gathered from the long-standing WBE surveillance program
at UM.15 41,44 The UM Gables campus wastewater enters the municipal sewer system at
three locations, at sites referred to as WG01, WG02, and WGOU. All three sites are lift
stations fitted with wet wells which allow for mixing of wastewater. At WG02 (n=102)
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composite samples were collected (24 equal volume hourly samples during the prior 24
hours) using an autosampler (ISCO 6712, time paced). Samples at sites WG01 (n=102)
and WGOU (n=96) were collected as grab samples from the wet wells. Grab samples were
collected at these two sampling sites as only one autosampler was available, which was
installed at WGO02 given that it received the largest proportion of wastewater from the
residential dorms on campus. All weekly campus wastewater collection was collected in
the morning at about the same time and on the same day of the week to maximize the
consistency in the population-wastewater-use patterns between sampling intervals. Upon
collection, samples were immediately transported to the University’s Biospecimen Shared
Resource laboratory in coolers on ice packs.

Two different sampling efforts were conducted at the community wastewater treatment
plants. One effort was conducted by UM and the other effort by Miami-Dade Water

and Sewer Department (MD-WASD). Miami-Dade County has three major community
wastewater treatment plants: the North District (ND, mean flow 93 million gallons per day
(mgd)), Central District (CD, mean flow 111 mgd), and South District (SD, mean flow 92
mgd) Plants servicing populations of 780,000, 830,000, and 920,000, respectively.

UM collected two sets of samples weekly at the CDWWTP, one set consisted of composite
(WCODc) samples (collected from January 2021 to September 2022, n=90), and the second
set consisted of grab samples (WCODg) (collected from January 2021 to May 2022, n=71).
The purpose of the grab sample collection was for comparative purposes to determine
whether grab and composite collection methods provided equivalent results. Grab samples
(1 L) were collected by UM staff from the influent to the wastewater plant at the head of
the grit chambers. The composite samples consisted of 1 L volumes provided as the staff
members of the CDWWTP create daily wastewater composites, in much larger volumes, for
in-house water quality analysis.

The second sampling effort by MD-WASD was conducted at all three community WWTPs.
Samples were collected either weekly or biweekly at each plant and these samples were
then shipped to a commercial company, Biobot Analytics. All composite samples at the
wastewater treatment plants (inclusive of those provided to UM) were collected using

a refrigerated autosampler (HACH AS950 fitted with an 109000 for flow proportional
sampling over a 24-hour period corresponding to midnight to midnight the prior day).
Samples were analyzed from March 2020 through September 30, 2022, by the MD-WASD
group (n=170 for CDWWTP, n=155 for NDWWTP, and n=158 for the SDWWTP).

2.1.2. Wastewater Concentration & Analysis—Following the methodology
described by Sharkey et al. 202144 and Babler et al. 202241, the steps utilized for

laboratory analysis were sample pretreatment, concentration, nucleic acid extraction, and
detection of molecular targets by gPCR. The primary concentration method utilized in UM’s
laboratories was electronegative (EN) filtration.3%: 4 Pretreatment of wastewater included
the addition of human coronavirus-OC43 (OC43) as a recovery control for the entire
process. The amount of OC43 added corresponded to 108 copies per Liter of wastewater.
OC43 was chosen as it was a positive-sense single-stranded RNA coronavirus, like that of
SARS-CoV-2. To prepare the sample for EN filtration, additional pretreatment included
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the adding of magnesium chloride (MgCls,) and the reduction of pH between 3.5-4.5

with 10% hydrochloric acid (HCI). The intention of this pretreatment was to improve

the binding affinity of SARS-CoV-2 by adjusting the viral particles’ chemical charge to
positive. By doing so, we prepared the ambient viral particles for more effective trapping

on the negatively charged membrane. After pretreating the wastewater, it was then filtered
by vacuum filtration through HAWP filters (hydrophilic, mixed-cellulose ester, 0.45 pm
pore size, EMD-Millipore: #HAWP04700). This method allowed for capturing SARS-CoV-2
particles through physical straining for those adhered to suspended solid particles and
through surface charge interactions. Samples were filtered through HAWP filters until
clogging wherein volumes varied from 15 to 150 mL. Wastewater samples from the campus
were generally less turbid requiring larger filtration volumes to ensure clogging. Samples
from the WWTP were generally more turbid and were characterized by smaller filtration
volumes (from 15 to 30 mL), due to the high suspended solids which quickly saturated the
membranes with particles. Sample volumes were likely impacted by wastewater age. The
average travel time of wastewater through the sewer system is estimated at 1 day allowing
for the formation of iron precipitates which imparted a dark color to the samples collected at
the plant. The increased solids at the WWTP site resulted in decreased sample volumes and
thus increased detection limits. The levels of SARS-CoV-2 at the wastewater plant, however,
were less variable and no samples measured below detection limits. Upstream sample
volumes were influenced by larger variations in turbidity (and thus more variable SARS-
CoV-2 levels) as the wastewater had not yet undergone as much mixing as downstream
samples collected at the WWTP. These variations in sample volumes could have influenced
the detection limits of the measurements especially when COVID-19 levels in the upstream
community was low.

Once samples were filtered, filter membranes were then folded in on themselves four times
and placed within 1.5 mL of 1X DNA/RNA Shield. These lysates were used for RNA
extractions within 24 hours of preparation using a Zymo Research Quick RNA-Viral Kit,
with a modified in-house protocol to reduce qPCR inhibition at the University’s Center

for AIDS Research (CFAR), the method of reducing gPCR inhibition in combination with
this commercial kit is described in detail within Babler et al. 2023.52 Concentrate samples
were transported to the CFAR laboratory immediately on ice and stored in 4 °C until they
were extracted (within 24 hours).#1: 4552 The optimized methodology described in Babler
et al. 202352 underwent initial extraction efficiency evaluation and quality assessments by
measuring nucleic acid concentrations (ng/pL) of extracted samples. To augment these initial
assessments, we utilized B2M RNA present within wastewater as a qualitative measure to
confirm that RNA was extracted from freshly collected samples. For the B2M molecular
target, 99% of all collected wastewater samples were above detection limits.

Following the extraction of RNA, 30 uL of HIV RNA, provided by the CFAR laboratory,
was added to the 10 pL eluate of wastewater RNA to assess inhibition with following gPCR
analyses. An additional “HIV RNA control” sample was generated weekly alongside the
wastewater sample set by combining 10 pL nuclease-free water with 30 pL of HIVV RNA and
were included as an additional sample alongside the wastewater RNA within gPCR.
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Samples were quantified by Volcano 2" Generation (V2G)-qPCR (with the same cycling
parameters as those mentioned in our previous studies!® 41 44, 45,52, 54y ‘Quantification
focused on five targets: the SARS-CoV-2 nucleocapsid gene (N3) described by Babler et

al. 202241, two target parameters for normalization purposes, Pepper Mild Mottle Virus
(PMMoV) and Beta-2 Microglobulin (B2M)15: 41.52 and two control parameters OC43, and
HIV.

As mentioned above, OC43 was spiked into the samples and measured by V2G to
determine the recovery of the virus from concentration through gPCR detection (inclusive
of extraction). On average, percent recoveries were 27%, see Table S-2 in the supporting
information for calculated recovery per sampling site (between 22 to 30%). Background
levels of OC43 were checked periodically and were consistently below detection limits.
However, it is recognized that humans may shed OC43, especially during surges of seasonal
illness. A study focused on wastewater treatment plant in California found seasonal human
coronavirus in wastewater.5® The levels observed in this study were estimated to represent
about 1% of the level of the OC43 spike suggesting a relatively small contribution of
background OC43 to the spike recovery measurement.

HIV was also measured wherein the water control sample’s Ct values were compared
against the wastewater Ct values of the same V2G assay; if the wastewater RNA Ct values
were within £2 cycles of the water control, then results of the wastewater RNA were
considered uninhibited. Each gPCR assay that was performed for this study had seven
NTC’s included per plate, alongside target-specific standards ranging serially from 101-10°
to develop the standard curve for quantification (R2>0.95). All data quantified by gPCR
were back calculated and reported as genomic copies per Liter (gc/L) of raw wastewater. No
corrections were made to the SARS-CoV-2 gc/L values including the percent recovery of
OC43. The detection limit for SARS-CoV-2 by V2G-qPCR was estimated at 100 gc/L*4.

Wastewater collected by MD-WASD, and analyzed by Biobot Analytics, followed
methodology as described by Duvallet et al. 202256, In brief the method employed by
Biobot Analytics involved pasteurization of the sample (60 °C for 1 hour) and filtration

of 45 mL of sample through a 0.2 um pore size filter. The subsequent laboratory methods
varied over the course of the measurement period. From March to June 2020, 40 mL
wastewater filtrates were concentrated using polyethylene glycol precipitation (PEG) (Wu
et al.)®’. The pellets were resuspended in TRIzol and RNA was purified using phenol/
chloroform extraction and ethanol precipitation. Samples were then analyzed using two-step
RT-gPCR targeting the N1 and N2 regions of the SARS-CoV-2 nucleocapsid gene. In

June 2020, Biobot changed the concentration method to centrifugal ultrafiltration (Amicon
Ultra-15) which processed 15 mL of wastewater. The viral particles concentrated were lysed
by adding AVL buffer. Ethanol was added to the lysates and the lysate ethanol mixture was
applied to RNeasy Mini columns or RNeasy 96-well cassettes and eluted into 75 pL of
nuclease-free water. RNA extracts (3 pL) were then subjected to one-step RT-qPCR targeting
the N1 and N2 regions as described above. Biobot ran positive synthetic SARS-CoV-2 RNA
controls and two no-template controls on every gPCR plate. Matrix inhibition was assessed
by reviewing the slopes of the gPCR curves.
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2.2. Data Analysis

Wastewater and human health data were consolidated in Excel and analyzed with the
statistical software package SPSS (version 28.0.0). Shapiro-Wilks Tests of Normality
performed on each dataset indicated that the data were not normally distributed. Thus,
differences on the mean values between populations was assessed using the Mann-Whitney
U test. Correlations were evaluated using Spearman coefficients. To augment the statistical
results, Pearson coefficients were also evaluated for the purpose of assessing linear
correlations between wastewater and clinical cases. Best fit lines were used to establish

the desired quantitative relationships between SARS-CoV-2 RNA levels in wastewater and
human case data. Campus wastewater data was evaluated by averaging the SARS-CoV-2
data from the three sites that represent wastewater from the Gables campus (WG01, WG02,
and WGOU). The WWTP data corresponded to only the Central District Plant (as composite
or grab samples) for the UM dataset. For the MD-WASD, the WWTP data corresponded

to the mean from all three plants (North, Central, and South). Correlations were made
between the three-week moving average of the logg of the wastewater genomic copies per
liter versus the 7-day moving average of clinical data. The correlations were considered
statistically significant for p-values less than 0.05. We normalized the slope value of the
Pearson correlations with the population of each area, and its unit became clinical cases/
((copies/L) x person). The population contributing within the campus sewershed was the
sum of the employee and student population. Given that the population on campus was
variable (especially between academic year and summer periods), the denominator of the
prevalence (cases per 10,000 people) was adjusted for the changes in population contributing
to the sewershed.

The vast majority of the community-level WWTP data (>99%) was above detection limits
(Table 2). Between 71% and 84% of the campus samples were above detection limits. When
evaluating the data, the values below detection limit were set to the detection limit values of
100 gc/L44,

3.0. Results and Discussion

3.1. Variant Waves on Campus

Wastewater levels of SARS-CoV-2 RNA, measured by V2G-qPCR at UM, and campus
clinical case comparisons showed significant correlations in most variant-dominant periods;
the distinct peaks of cases corresponded to different periods of dominant variants. Five
waves of sharp rises in COVID-19 cases (Figure 1a) were observed on the UM campus from
the end of September 2020 until the end of September 2022, and wastewater SARS-CoV-2
levels were shown to coincide with human cases by showing increases and decreases to
reflect these defined waves. In an academic campus setting, the trend of these cases was
noticed to be influenced by the school system’s calendar for holiday breaks and return-to-
campus with the start of each semester. As the summer break period of 2021 began, the
number of cases on campus was at very low levels from May to July compared to the main
academic year. This was likely due to the combined effects of low campus densities during
the summer and the increase in vaccination rates among employees and students (Figure
1a). The employee population remained relatively constant throughout the calendar year
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(4,000 to 4,400) whereas the student population varied significantly between the academic
year (15,300 to 16,700) and the summer semesters (4,200 to 4,400). Towards the end of

the summer of 2021, the impacts of the Delta variant were apparent although the number

of people impacted was relatively low compared to other wave periods. These low numbers
were likely driven by the lower student population on campus at the time, and the high
vaccination rates of employees (91%) and students (78%) at the time the students returned at
the end of August for the start of the Fall 2021 semester.

Vaccination rates and the number of vaccines administered seemed to influence wastewater
data and the trend of cases, especially after the administration of the first vaccine dose.23:
25,31,34,35 A shown in Figure 1a, when the completed full vaccine ratio of employees and
students started to increase rapidly in March 2021 during the Pre-Delta wave, the number
of cases on campus and the SARS-CoV-2 RNA concentrations in the monitored wastewater
decreased rapidly. During the end of the Delta wave period, students and employees were
predominantly vaccinated (students at 79% and employees at 93% by August 30, 2021).

In addition, employees began to receive boosters, which likely contributed to the drop in

the number of cases. However, presumably due to the declining vaccine effectiveness in

the face of new variants,32 34 35 high vaccination rates did not appear to have much of an
impact on the number of infections during the Omicron variant wave. Although, the campus
community was highly vaccinated, with 95% of the employee population vaccinated (and
27% with boosters) and 84% of the student population vaccinated (and 9% with boosters) by
November 30, 2021.23. 34

The relatively modest increase in cases during the Delta wave, illustrated in Figure 1a,
coincided with steep increases in wastewater SARS-CoV-2 levels which was observed at
levels above 4 logyg gc/L at the end of July 2021. Although the number of cases was
generally low at this time, the high wastewater SARS-CoV-2 concentration reflects that the
Delta variant likely led to more viral shedding per infected person, supporting claims already
stated within the literature.29 The months of October and November 2021 mark the end of
the Delta wave as the SARS-CoV-2 levels were near detection limits in the wastewater and
the number of reported cases was also very low. Immediately after the Thanksgiving holiday
break of November 2021, when students returned to campus for the end of semester, the
levels of SARS-CoV-2 in wastewater started increasing, and the cases followed reflecting

the resurgence of COVID-19 associated with the Omicron variant. The Omicron surge
continued through winter break. To ameliorate the impacts from the Omicron surge, the
University held only remote classes during the first two weeks of the Spring 2022 semester
(January 18 to January 30) with in person classes resuming February 1, 2022. The number of
documented cases on campus since the February 2022 period remained low in comparison to
the numbers documented earlier. This low number of documented cases in the post-Omicron
period may be due to under-reporting as described above, especially given that the levels in
wastewater remained at elevated levels, at about 4.5 logyg gc/L, through the September 2022
period (Figure 1a).

The correlation between SARS-CoV-2 results, detected from wastewater, and the number
of cases on campus was likely affected by human behavior. Such as people commuting
to campus, the academic session, full-time employment, and those living on campus
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year-round. The dominant variant at the time was also an important factor due to the
differing characteristics of each variant. Correlations between wastewater SARS-CoV-2
RNA concentrations and campus clinical cases in the four periods (Pre-Delta, Delta,
Omicron, and Post-Omicron) resulted in Spearman correlations, r, between 0.49 and 0.83
(p < 0.03, except for the Delta wave) (Table S-3).

3.1.1. Normalization for Clinical Cases on Campus—PMMoV or B2M were used
to normalize the SARS-CoV-2 measurements. PMMoaV is a standard fecal indicator target,
utilized with WBE studies and for determining fecal contamination of a water source;

it has a dietary origin from humans as it is a plant (i.e., pepper) pathogen, can be

found in wastewater in high concentrations, and from various water sources.>8 59 B2M,

a parameter utilized internally at UM, and validated for effective use with SARS-CoV-2
surveillance,1® 41, 44,60 js 3 human-cellular-waste indicator mMRNA gene that increases

in detectable concentration when an individual is experiencing inflammation or infection,
which can readily be detected from wastewater by g°PCR. When the SARS-CoV-2 signal was
normalized by PMMoV or B2M, it was shown that the trend of normalized SARS-CoV-2
measured from wastewater could better predict the prevalence of clinical cases within the
community (Table S-3; Figure 1a). Unnormalized SARS-CoV-2 data in the Pre-Delta wave
provided a lower Spearman (r = 0.55) correlation between wastewater and clinical case data,
but when normalized by PMMoV or B2M the relationship was effectively improved with r
values > 0.65 (Table S-3). Similarly, in the other three waves the correlations also improved
after normalization (Table S-3). This observation suggests that a standardized approach
utilizing different indicators found within human waste can contribute towards a more
accurate interpretation of clinical cases in SARS-CoV-2 wastewater surveillance. Among the
correlations comparing wastewater data against clinical cases, the Spearman r value of the
Omicron wave was the highest, reaching r = 0.93 after being normalized by the PMMoV
human waste indicator, while the Spearman r value for SARS-CoV-2 normalized by B2M
was second highest (r = 0.87) (Table S-3). For the Post-Omicron wave, normalization of
SARS-CoV-2 also improved the significance of correlations. With normalization by B2M,
the Spearman correlation for the Post-Omicron wave increased fromr=0.49tor =0.72
with a unnormalized p-value = 0.024 decreasing to p <0.001. Overall normalization of

the SARS-CoV-2 signal by indicators of human waste improved the correlations between
wastewater SARS-CoV-2 levels and clinical cases at the campus scale (Table S-3).

3.1.2. Correlation Slopes on Campus—SARS-CoV-2 RNA concentration was
plotted against clinical cases; the slope of the line provides the relationship between SARS-
CoV-2 levels and prevalence of infection within the community (Figure 2a-c). Changes

in the slope can be used as a parameter to observe changes in the relationship between
wastewater levels and clinical cases. Data show that the employee population was fairly
stable throughout the two years at an average population of 4,727 with a maximum per day
of 4,505 and minimum per day of 4,007. The student population at UM was much more
variable and changed significantly between the regular academic semester and the summer
sessions. The student population varied from 15,319 during academic year 2020 to 2021, to
4,234 during the summer of 2021, to 16,730 during academic year 2021 to 2022, and back
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down to 4,423 during the summer of 2022. As mentioned earlier, all prevalence values of
COVID-19 on campus were thus normalized by the daily population values.

During the four different waves of the collected campus wastewater data, the slope value
of the Delta wave period (4.0 cases per 10,000 per logyg gc/L) was similar to that of the
Pre-Delta wave period (3.9), while the slope value of the Omicron wave period went up to
13.6 cases per 10,000 per log;g increase in gc/L (for non-normalized data), and its value
during the Post-Omicron period was reduced (3.1) back to levels comparable to the periods
prior to the Omicron period (Figure 2a). The change in slope may also indirectly reflect
the corresponding transmission and possibly virulence differences between the different
variants. Although the slope data will also be affected by external factors such as vaccines.
For example, vaccines were fully provided by the community during the Delta wave period,
likely contributing towards the relatively low slope value during this period compared to
Omicron.

3.2. Wastewater vs. Clinical Cases in Miami-Dade County

The regional demographic changes that occur in universities result in the number of recorded
cases being highly influenced by academic schedules. On the contrary, due to the wide range
of data collection and uniform population distribution, the changes in county-level values
can better reflect the replacement of different variants. The spread of different variants has

a major influence on clinical and wastewater trends, but the use of vaccines also had a

very significant effect, depending upon the current VOC, throughout the pandemic.23: 25

31 When the Delta wave began in March 2021 in Florida, vaccinations were limited to
healthcare professionals, people over 40, and people at high risk for serious illness, such as
the immunocompromised.2” On April 5, vaccine eligibility was expanded to individuals over
18 years of age, and the US Food and Drug Administration approved Pfizer's COVID-19
vaccine on May 12 for individuals 12 years of age or older.2” In Miami-Dade County,
vaccinations began in January 2021 and coverage rates rose rapidly, which likely led to a
decline in the number of clinical cases after the first peak during the Pre-Delta wave (Figure
1b). From January 2021 onwards, a relatively steady decline until June 2021 was noticed;
however, there was a very small wave of increase at the end of March 2021 (Figure 1b). It

is speculated that this is related to the initial spread of the Delta variant, which is consistent
with the conclusion in the Cella et al. 202227 study that the Delta variant spread in Florida
starting in March 2021.

Both SARS-CoV-2 RNA concentration and human health cases showed relatively high
correlations, Spearman r-values above 0.68 for all variant waves without normalization by
PMMoV or B2M (Table S-4). These high r values were observed for the UM composite
samples, UM grab samples and for the MD-WASD samples. At the community scale results
show no statistical differences between UM grab and UM composite samples (p = 0.34)
and both sample sets followed similar temporal trends relative to case data. However, the
MD-WASD SARS-CoV-2 levels were higher (p < 0.001) by about an order of magnitude
(Table 2), although showing the same temporal trends. The differences between the UM
data and the MD-WASD data is likely due to differences in sample preparation and analysis
which resulted in an offset in the levels observed.
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The levels of SARS-CoV-2 RNA observed in Miami-Dade County are comparable to those
observed in other parts of the world. To compare the results, the SARS-CoV-2 data was
normalized by WWTP flow rate and population served as described by Gonzalez et al.
202061 for wastewater plants in Virginia and Monteiro et al. 202262 for wastewater plants

in Portugal. On average over the period of record, using the mean flow rate and population
served, we compute 5.4 Logig genomic copies per person (gc/person) released into the
wastewater using the UM values and 6.3 Log1g gc/person using the MD-WASD values.
Overall, these results compare well with those observed by Gonzalez et al. and Monteiro et
al. who report ranges from detection limits of 4.5 to high values of 8 Logq gc/person within
the WWTPs in their respective communities.51: 62

At the Miami-Dade County level, the normalization of the SARS-CoV-2 signal by PMMoV
and B2M did not have consistent positive effects on the correlation and some normalization
results reduced the r-value.** Among them, the analysis results of UM Lab composite
samples and grab samples show that the relationship between wastewater data and clinical
cases becomes weaker with normalization during the Pre-Delta, and Omicron waves. In the
data collected by MD-WASD, it was shown that the normalization with PMMoV improved
the correlations during the Pre-Delta wave, Delta wave, and Omicron waves but decreased
correlations during the Initial and Post-Omicron waves (Table S-4). Overall, at the large
county scale, correlations between wastewater SARS-CoV-2 levels and clinical cases were
strong without normalization; normalization did not consistently improve the correlations.
In general, normalization with PMMoV at the community scale did not provide consistent
improvements in the correlations between SARS-CoV-2 RNA levels in wastewater and
COVID-19 cases.

The data analysis of UM Lab shows that the change of slope was consistent with the trends
observed on at the UM Gables campus (Figure 2b). The value of the slope, as given by

both the UM and MD-WASD data, was very similar between the Initial, Pre-Delta, Delta,
and Post-Omicron waves showing between 5 to 11 cases county-wide per 10,000 population
per logig change in SARS-CoV-2 levels in wastewater (Table S-4). For all sample sets, the
slope increased significantly during the Omicron wave to values between 30 to 46 cases per
10,000 population per logig change in SARS-CoV-2 (Table S-4). The slope of the Omicron
variant was highest among all different variant wave periods in the Miami-Dade County
data analysis, which is consistent with the UM campus results. The Omicron variant is by
far the most highly mutated of all VOC, which causes enhanced transmissibility and partial
resistance to COVID-19 vaccine-induced immunity,34 63 which resulted in an infection rate
that was four times that of the wild type.34 Many factors can affect the transmission rate of
the Omicron variant; mutations of the spike protein in Omicron increases binding affinity
to receptors on infected cells, which is a major factor for increased viral load per infected
patient, making the Omicron variant more infectious towards the host.32 This high immune
escape and immune evasion ability is also reflected in our data analysis results, via direct
gPCR measurements which show marked increases in human case data during the Omicron
wave.

Comparison of the slope values between the campus data and the county level data shows
that the campus values (3 to 11 cases per 10,000 population per gc/L) were lower than
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the county values (11 to 46 cases per 10,000 population per gc/L). This difference may
be associated with the different demographics of the campus population skewed towards
younger University-aged adults and the higher vaccination rates of the campus employees
and students as listed above (78% for student to 91% for employees at the end of August
2021) compared to the general county population (e.g., 61% at the end of August 2021).

3.3. Wastewater vs. Hospitalization in Miami-Dade County

Hospitalization rates for Miami-Dade County also showed high correlations with wastewater
SARS-CoV-2 levels, but normalization did not help to consistently improve the correlations.
Since the hospitalization data provided by the CDC starts at the end of July 2020, only

a portion of the curve for the Initial wave is shown in Figure 1b (gray dashed line). The
Delta wave and Omicron wave respectively showed obvious hospitalization wave peaks, and
the change in the trend of the number of hospitalizations was basically the same as that of
the wastewater detection results, while the changes in the number of hospitalizations in the
other waves were not as high (Figure 1b). In both the UM and MD-WASD datasets, the

raw wastewater detection data and hospitalization were significantly correlated. Correlations
between hospitalizations and SARS-CoV-2 wastewater levels without normalization by
PMMoV or B2M were all higher than r = 0.62 with some correlations as high as r = 0.96
(Table S-5). In the comparison of hospitalization and wastewater data, the relative slopes in
different periods were different from what was seen with the comparison of clinical cases
and wastewater data. Considering the non-normalized SARS-CoV-2 data for MD-WASD
which has the longer period of record, a decreasing trend in the slope over time was evident.
Among them, the Initial wave period had the highest slope 6.2 hospitalization per 10,000 per
logyg gc/L), which corresponded to the early times during the pandemic when COVID-19
symptoms were severe. The slope then dropped sharply during the Pre-Delta wave (to values
1.9), and then rebounded to a certain extent in the following Delta wave (5.0), but the slope
gradually decreased during Omicron (3.3) and post-Omicron (1.8) (Table S-4).

This trend can also be directly shown in Figure 2c. The slope value decreased from

the Initial wave to the Pre-Delta wave period. This decrease may be related to the
community’s initial uptake of vaccines during the Pre-Delta wave (Figure 1b). During the
Delta wave period the slope increased likely due to the higher pathogenicity, viral load, and
transmissivity of the Delta variant. After the Delta wave the slopes decreased possibly due
to the combined effects of decreased virulence, increased vaccination rates and improved
immune response of the public to severe symptoms. By comparing these results with those
from the clinical case data from the prior section (results section 3.2), the relatively steep
slope for hospitalization during the Initial wave emphasized the lack of vaccines at the
time, the increased virulence of COVID-19, and the lack of tests available early during the
pandemic. For those getting ill, there was a higher proportion requiring hospitalization and
testing was restricted to those who were symptomatic. This was reflected in the slope for
hospitalization (6.2) being close to the slope for cases (6.6) during the initial phase.
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4.0. Conclusions

Wastewater surveillance is an important tool for tracking COVID-19, able to build up the
relationship between wastewater SARS-CoV-2 levels and clinical cases based on mutation
dynamics of SARS-CoV-2 and vaccine prevalence. Since the virulence characteristics and
transmission speed of each variant have been observed to be different, data analysis through
wastewater monitoring can also reflect the characteristics of the virus and the effectiveness
of the corresponding vaccine, to a certain extent. This can bring some inspiration for
continued research, severe-illness prevention, and continued development of vaccines of
COVID-19 variants. For example, after the first dose of the vaccine, the difference in
vaccine effectiveness was pronounced, with vaccine effectiveness being 48.7% for the Alpha
variant and only 30.7% against the Delta variant. After two doses of the vaccines, the
effectiveness against the Delta variant rose to around 67% to 88%.23 Hospitalizations rates
per given levels of SARS-CoV-2 in wastewater decreased over time as the populations
became more highly vaccinated. This supports the community maximizing vaccine intake
among vulnerable populations, regardless of the VOC to increase protection against severe
COVID-19 illness.?3

In this study, the correlations between wastewater SARS-CoV-2 RNA concentration and
human health fluctuated accordingly by variant. In the five different pandemic waves,

both the campus and Miami-Dade County clinical cases and wastewater detection results
showed high correlations. Slope changes in different periods was also significantly related
to the prevalence of the different strains given concentrations found in wastewater.

In campus-level case tracking and wastewater surveillance, changes in SARS-CoV-2
correlated simultaneously with school holidays, population numbers and densities. The early
observation of Omicron at the campus scale coincided with the end of the Thanksgiving
holiday break when many students traveled back to campus. At the community level,

the UM lab which analyzed CDWWTP samples and the MD-WASD lab which analyzed
samples from all three WWTPs, had the steepest slopes during the Omicron wave. The
campus data also showed its steepest slope during the Omicron wave, but the absolute value
of the slope was lower for the campus data relative to the county level data likely due

to differences in population demographics and vaccination rates. The hospitalization data
were more closely matched to the wastewater SARS-CoV-2 RNA concentration data, with
Spearman correlation coefficients above 0.9 in some cases.

Normalization of SARS-CoV-2 levels by PMMoV and B2M generally improved
correlations between wastewater measures and clinical cases at the campus level. However,
normalization did not improve correlations for either the clinical cases or hospitalizations
at the county scale in this study. Thus, normalization is recommended for only smaller
sewershed scales subject to greater variability in local human inputs. It is not recommended
for the larger community scale based on the analysis done here.

Overall, the relationship between wastewater SARS-CoV-2 levels and COVID-19 cases
within the corresponding sewershed did vary during the different variant waves. The largest
change was observed during the Omicron wave, when the slope of the relationship steepened
by a factor of 2 to 3 suggesting that SARS-CoV-2 shedding from this variant was not as high
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compared to preceding variants. For hospitalizations, the steepest slope was observed during
the Initial wave during a time when vaccines were not yet available, and the virulence of
SARS-CoV-2 was high.

As SARS-CoV-2 continues to be considered a pandemic, detecting the variants early is
critical for the protection of public health and for the defense mechanisms of current
healthcare systems. Overall, wastewater monitoring can be used to estimate clinical
COVID-19 cases and predict peak hospitalizations, providing more time and information for
communities and healthcare facilities to respond to outbreaks. These relationships should be
continuously checked over time as changes in population demographics, vaccination rates,
and changes in the variant characteristics can alter the correlations between SARS-CoV-2
levels in wastewater and COVID-19 cases and hospitalizations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SARS-CoV-2 levels in wastewater were significantly correlated with clinical cases and
hospitalization within phases dominated by emerging variants during the COVID-19

pandemic.

Synopsis:
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Figure 1:
Panel a) Time series of student and employee vaccination and clinical cases and wastewater

SARS-CoV-2 levels at the University of Miami campus. Vaccination data is presented by
completion of first full vaccination and first booster. Bar chart on bottom panel corresponds
to stacked bar chart of clinical cases among students and employees. Heavy black line
corresponds to the 7-day moving average. Wastewater data corresponds to the 3-week
moving average of the SARS-CoV-2 signal plus SARS-CoV-2 normalized by PMMoV,and
B2M. The 3-week moving average is the average data of SARS-CoV-2 concentration
detected within every 3 weeks. Time frame of active semesters and breaks are emphasized
in the bottom inset. Panel b) Time series of Miami-Dade County resident population that
was vaccinated and clinical cases reported within the County and wastewater SARS-CoV-2
levels at the County wastewater treatment plants. Heavy solid line on bottom corresponds to
clinical cases. Heavy dashed line corresponds to hospitalizations divided by 10. Wastewater
values correspond to three-week moving average for SARS-CoV-2 levels as collected by
WASD and UM (grab and composite samples) and SARS-CoV-2 normalized by PMMoV as
measured by WASD). Figure 1 is an adaptation of a previously published figure within Zhan
etal. 202215,
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Figure 2:

Wastewater SARS-CoV-2 (Log,, gc/L)
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Correlation plots for a) University of Miami Gables campus between wastewater SARS-
CoV-2 (logyg gc/L) versus cases per 10,000 population within the sewershed, b) Miami-
Dade County between wastewater SARS-CoV-2 (logg gc/L) versus cases, and ¢) Miami-
Dade County between wastewater SARS-CoV-2 (log1g gc/L) versus hospitalization. Best fit
lines shown for the Pre-Delta wave (blue), Delta wave (brown), Omicron wave (gray), and

post-Omicron wave (mustard).
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Description of variant periods and the date range in which each occurred over the course of the COVID-19

Table 1:

pandemic; defined by the dominant variant seen throughout the community.

Variant Period

Date Range of Occurrence

Initial wave

Before Oct 1, 2020

Pre-Delta wave

Oct 2", 2020 - June 71, 2021

Delta wave

Jun 121, 2021 — Nov 16, 2021

Omicron wave

Nov 23", 2021 — March 9, 2022

Post-Omicron wave

March 16%, 2022 — Aug 41", 2022
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Table 2:

Page 26

Mean, standard deviation, range and positivity of raw (Log;q transformed) SARS-CoV-2 RNA for University
of Miami samples at the campus scale and for MD-WASD at the community scale.

Period of No. Mean Standard Range Positivity
Record samples | (Logyogc/L) deviation (Logsp gc/L)
(Logo ge/L)
UM, WG01 Sep. 20-Sep.22 102 4.36 4.74 BDL®-5.48 76%
UM, WG02 Sep. 20-Sep.22 102 4.85 5.34 BDL - 6.21 84%
UM, WGOU Sep. 20-Sep.22 96 4.48 6.56 BDL -5.99 71%
UM, WCODc (Composite) | Jan. 21-Sep. 22 90 4.690 494 BDL -5.79 99%
UM, WCODg (Grab) Jan. 21-May. 22 71 4.70 5.03 2.70-5.89 100%
MD-WASD (Central) Mar.20-Sep. 22 170 5.62C 5.73 3.95-6.44 99%
MD-WASD (North) Mar.20-Sep. 22 155 5.66 5.72 3.75-6.48 99%
MD-WASD (South) Mar.20-Sep. 22 158 5.76 5.01 4.02-6.77 99%

BDL = Below Detection Limits. Detection limit of 100 gc/L or Log10 = 2 gc/L.

b . . . . . .
Using the mean flow rate for the CDWWTP and population served, the flow and population normalized mean genomic copies were computed as

2.23x 109 gc/person or 5.4 Log10 gc/person.

cSimiIar to “b” above, the flow and population normalized mean genomic copies were computed as 1.89 x 108 0r 6.3 Log10 gc/person.

ACS ES T Water. Author manuscript; available in PMC 2024 September 08.



	Abstract
	Graphical Abstract
	Introduction
	Materials and Methods
	Clinical Data Collection
	Wastewater Sample Collection
	Wastewater Concentration & Analysis

	Data Analysis

	Results and Discussion
	Variant Waves on Campus
	Normalization for Clinical Cases on Campus
	Correlation Slopes on Campus

	Wastewater vs. Clinical Cases in Miami-Dade County
	Wastewater vs. Hospitalization in Miami-Dade County

	Conclusions
	References
	Figure 1:
	Figure 2:
	Table 1:
	Table 2:

