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ARTICLE INFO ABSTRACT

Keywords: Wastewater-based epidemiology has been used to measure SARS-CoV-2 prevalence in cities worldwide as an
Wastewater-based epidemiology indicator of community health, however, few longitudinal studies have followed SARS-CoV-2 in wastewater in

SARS-CoV-2

COVID-19

Whole genome sequence
Variants

Tourism

small communities from the start of the pandemic or evaluated the influence of tourism on viral loads. Therefore
the objective of this study was to use measurements of SARS-CoV-2 in wastewater to monitor viral trends and
variants in a small island community over a twelve-month period beginning May 1, 2020, before the community
re-opened to tourists. Wastewater samples were collected weekly and analyzed to detect and quantify SARS-CoV-

2 genome copies. Sanger sequencing was used to determine genome sequences from total RNA extracted from
wastewater samples positive for SARS-CoV-2. Visitor data was collected from the local Chamber of Commerce.
We performed Poisson and linear regression to determine if visitors to the Cedar Key Chamber of Commerce were
positively associated with SARS-CoV-2-positive wastewater samples and the concentration of SARS-CoV-2 RNA.
Results indicated that weekly wastewater samples were negative for SARS-CoV-2 until mid-July when positive
samples were recorded in four of five consecutive weeks. Additional positive results were recorded in November
and December 2020, as well as January, March, and April 2021. Tourism data revealed that the SARS-CoV-2 RNA
concentration in wastewater increased by 1.06 Log; genomic copies/L per 100 tourists weekly. Sequencing from
six positive wastewater samples yielded two complete sequences of SARS-CoV-2, two overlapping sequences, and
two low yield sequences. They show arrival of a new variant SARS-CoV-2 in January 2021. Our results
demonstrate the utility of wastewater surveillance for SARS-CoV-2 in a small community. Wastewater surveil-
lance and viral genome sequencing suggest that population mobility likely plays an important role in the
introduction and circulation of SARS-CoV-2 variants among communities experiencing high tourism and who

have a small population size.

1. Introduction pathogens in a population served by a given wastewater treatment plant
(Sinclair et al., 2008). Early application of WBE showed it to be an

Since wastewater contains pathogens excreted from symptomatic as effective tool for monitoring community-level virus presence in the
well as asymptomatic individuals, wastewater-based epidemiology global poliovirus eradication campaign (Asghar et al., 2014; Falman
(WBE) is a highly innovative approach to measure the prevalence of et al., 2019; Lodder et al., 2012; Matrajt et al., 2018). Since then,
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wastewater surveillance has proven successful for monitoring the pres-
ence and circulation of enteric viruses such as hepatovirus A, E virus,
human adenovirus, norovirus and rotavirus within a community
(Hellmér et al., 2014; Iaconelli et al., 2020; Prado et al., 2014; Sidhu
et al., 2013). Recently, spurred by the global COVID-19 pandemic, WBE
has been applied to detect and quantify SARS-CoV-2 RNA in influent
wastewater as a measure of SARS-CoV-2 viral infection trends and
prevalence in a community (Daughton, 2020). Reports from North
America (Gonzalez et al., 2020; Melvin et al., 2021; Peccia et al., 2020a;
Sherchan et al., 2020; Wu et al., 2021), Australia (Ahmed et al., 2020),
Europe (La Rosa et al., 2020; Rimoldi et al., 2020; Wurtzer et al., 2020),
and India (Kumar et al., 2020) suggest that testing for SARS-CoV-2 in
wastewater could serve as an indicator of infection trends within
communities.

Most WBE-based studies to date have focused on sampling from
wastewater treatment plants (WWTPs) in urban areas. Zhou et al. (2021)
reported that 93.9% of environmental surveillance studies focused on
sampling from WWTPs that served populations between 50,000 and
500,000. Few studies have examined the effectiveness of this approach
in small rural communities with population sizes less than 50,000 (Zhou
et al.,, 2021). Very few studies to date have used detection and
sequencing of SARS-CoV-2 from samples collected directly from waste-
water to identify introduction of SARS-CoV-2 variants in a small com-
munity setting (Fontenele et al., 2021). However, we are not aware of
any studies that have utilized this approach in a small community setting
that sees significant changes in the local population attributable to
tourism. By leveraging WBE and tourism data, such communities pre-
sent unique opportunities, as a type of natural experiment, to explore the
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role of tourism on local transmission in the midst of a pandemic (Doorley
et al.,, 2021). Such information can inform whether restrictions on
tourism to control local transmission may be effective. The influence of
population movement, in the form of tourists, has not been studied
during the COVID-19 pandemic. Therefore, the objectives of this study
were to examine the use of wastewater-based monitoring of SARS-CoV-2
to track the presence of this virus and introduction of virus variants, and
to assess the influence of tourists on SARS-CoV-2 infection trends in a
small (<1000 people) coastal community. If WBE can be used to effec-
tively monitor the presence of SARS-CoV-2 in smaller communities, the
utility of this method can help officials in rural areas direct public health
resources that are often limited in these settings.

2. Materials and methods
2.1. Study site

The city of Cedar Key is a collection of small islands in Levy County
on the Gulf coast of Florida (Fig. 1). The city encompasses approximately
two square miles of land and water. According to US Census Bureau
estimates, the resident population was 720 in 2019. However, because
of its rich artistic community, abundant natural attractions, and pro-
ductive fishing grounds, Cedar Key also has a large transient tourist
population that visits the island year-round. While commercial fishing is
the number one economic driver in the city, tourism is a close second.
The entire city of Cedar Key is served by a single WWTP that is owned
and operated by the Cedar Key Water and Sewer District (Fig. 1). All
wastewater from the city flows through this plant and septic systems are

Y Sewer and Water District

A 0 0.25 0.5 mi
[ E—

Cedar Key

Levy

/'

.

Fig. 1. Cedar Key wastewater treatment plant service area. Map of Florida showing location of Levy County and Cedar Key. Cedar Key Water and Sewer treatment

plant is marked with a star.
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not permitted in Cedar Key.
2.2. Sample collection

Fifty-two influent wastewater samples were collected between May
1, 2020 and April 30, 2021 from the Cedar Key WWTP. Influent samples
were collected as 24-h composites using a flow proportional peristaltic
pump. A 1L subsample of the composite collected by plant personnel
was obtained each week. Samples that were collected and delivered to
the lab on the same day were maintained at 2-8 °C on wet ice until they
arrived at the laboratory for analysis. Samples that required storage for
more than 24 h were maintained at —20 °C until transportation to the
laboratory. All samples were analyzed within 14 days of collection.
Sample volumes that remained after all tests were performed were
frozen and stored at —80 °C for future analysis as needed.

2.3. Water quality

Upon receipt of the samples at the laboratory, measurements of
water quality were recorded and the mean values for the samples are
shown in Supplemental Table 1. Conductivity and salinity were
measured using the YSI Professional Plus Multiparameter Instrument
(YSI Inc., Yellow Springs, OH, USA), pH was measured using the Fisher
brand Accumet AB15 Basic pH meter (Thermo Fisher Scientific, Grand
Island, NY, USA), and absorbance was measured using the Hach DR1900
Portable Spectrophotometer (Hach Company, Loveland, CO, USA).

2.4. Virus concentration and extraction of nucleic acids

SARS-CoV-2 was concentrated from the initial influent wastewater
sample following a modification of the method described by Haramoto
et al. (2020). A 50 mL aliquot of each sample was brought to a final
concentration of 25 mM MgCl, by the addition of 2 M MgCl, and mixed
thoroughly. The sample was then passed through a 0.45 pm pore size
mixed cellulose ester electronegative membrane filter disc (Millipore
Sigma, Burlington, MA, USA) under vacuum using a 47 mm filter holder
with stainless steel support (VWR International, Radnor, PA, USA). The
membrane filter was immediately placed into a 5 mL bead beating tube
containing 1.5g of a 1:1 mixture of 1 mm and 0.5 mm garnet shards
(BioSpec, Bartlesville, OK, USA) and 1 mL of 1X Zymo DNA/RNA Shield
solution (Zymo Research, Irvine, CA, USA). The filter was vortexed in
the bead beating tube at maximum speed (3200 RPM) for 5 min using
the Qiagen Vortex-Genie 2 Vortex Adapter (Qiagen, Valencia, CA, USA).
The bead beating tube was then centrifuged at 4000 g for 3 min at 4 °C.
After centrifugation, the sample lysate was transferred from the bead
beating tube into a clean 1.5mL tube and centrifuged at 16,000 g for
1 min to remove additional beads and debris. 600 pL of sample lysate
was then added to an Eppendorf Deepwell Plate 96,/2000 pL (Eppendorf,
Hamburg, Germany) and total nucleic acids were extracted using the
Zymo Quick-DNA/RNA Viral MagBead Kit (Zymo Research, Irvine, CA,
USA). The only modification of the manufacturer’s protocol was that the
initial volume of viral DNA/RNA buffer was adjusted to 1200 pL to
accommodate 600 pL of sample. Following extraction, the 50 pL
extracted and eluted nucleic acid was passed through a Zymo OneStep
PCR Inhibitor Removal Kit column (Zymo Research, Irvine, CA, USA)
following the manufacturer’s protocol. For quality control, a negative
control filter blank was processed through the concentration and
extraction steps and a positive extraction control of RNA from lysed
SARS-CoV-2 (virus isolated from a SARS-CoV-2 positive patient and
grown in Vero-E6 cells) was used in the extraction step. Final nucleic
acid extracts were analyzed by reverse transcription quantitative
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polymerase chain reaction (rRT-qPCR) analyses and remaining aliquots
stored at —80 °C. Our spike recovery studies indicate this method yields
approximately 29.21% recovery of the SARS-CoV-2 surrogate, Human
Coronavirus OC-43, RNA from wastewater (manuscript in preparation).
Genomic copies reported were not corrected for recovery and are
therefore an underestimation of viral genomic copies in the wastewater
samples.

2.5. TRT-qPCR

The Centers for Disease Control and Prevention (CDC) N2 genetic
target was used for SARS-CoV-2 detection and quantification by rRT-
qPCR (CDC, 2020). Primer sequences for this target were: CDC N2
Forward: 5 TTACAAACATTGGCCGCAAA 3’; CDC N2 Reverse: 5
GCGCGACATTCCGAAGAA 3’; CDC N2 Probe: 5° FAM-ACA ATT
TGC/ZEN/CCC CAG CGC TTC AG-3IABKFQ. For sample quantification,
an 8-point standard curve of 1:5 dilutions ranging from 100,000 to 1.28
CDC N2 genomic copies/pL was generated using the 2019-nCoV_N_pos-
itive control DNA plasmid from Integrated DNA Technologies (Inte-
grated DNA Technologies, Coralville, IA). rRT-qPCR assays were
performed in 25 pL reaction mixtures using the SuperScript III Platinum
One-Step rRT-qPCR Kit (Thermo Fisher Scientific, Grand Island, NY,
USA). Each reaction mixture contained 12.5pL of 2X Reaction Mix,
0.5 pL of the SuperScript III/Platinum Taq Mix, 1.8 pL of 2019-nCoV_N2
Combined Primer/Probe Mix (Integrated DNA Technologies, Coralville,
IA) consisting of 6.7 pM CDC N2 forward and reverse primers and 1.7 pM
of CDC N2 probe, 5.2 pL of molecular grade water, and 5 pL of sample
template. A negative filter blank control and positive extraction control
(described above) were used in each rRT-qPCR assay. The rRT-qPCR
assay was performed using the Bio-Rad CFX96 Thermal Cycler (Bio--
Rad Laboratories, Richmond, CA) using the following cycle conditions:
50 °C for 20 min, 95 °C for 2 min, followed by 45 cycles of 95 °C for 155,
57 °C for 30 s, and 68 °C for 10 s. The assay limit of detection was set at a
cycle threshold (Cq) cutoff value < 40 cycles, as recommended by the
CDC for wastewater surveillance (https://www.cdc.gov/coronavirus/
2019-ncov/cases-updates/wastewater-surveillance/data-report
ing-analytics.html), to determine a positive sample. The Cq was calcu-
lated using a regression threshold determination method. The assay
limit of quantification was the lowest detectable dilution concentration
of the standard curve. Assays were included for data analysis if the
standard curve amplification efficiency was within the accepted range
(90-110%), and passed negative filter blank and positive extraction
quality control measures. Quantifiable samples were back calculated to
Logio genomic copies/L Positive and quantifiable wastewater sample
results were reported as data representing an entire week (Mon-
day-Sunday) for comparisons with weekly reported Cedar Key chamber
of commerce visitor totals.

2.6. Weekly tourism frequency data

The City of Cedar Key tracks visitor traffic on the island by keeping a
tally of daily visitors to the city’s Chamber of Commerce Visitor Center.
These daily visitor logs were made available to researchers upon
request. Daily visitor totals were summed for each week to serve as our
proxy indicator for weekly number of tourists to the City of Cedar Key.

2.7. Study covariates
Since Cedar Key experiences high visitor traffic from Floridians that

likely contributes to the wastewater SARS-CoV-2 concentrations, state
level vaccination data was used to account for changes in vaccination
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rates during the study period among Florida resident visitors to Cedar
Key. Florida’s vaccination rates may serve as a temporal confounder in
our study because vaccination rates are plausibly linked with both the
exposure of interest (level of tourism) and the outcome of interest
(presence of SARS-CoV-2 in wastewater). We used the daily FL. DOH
COVID-19 vaccination summaries (http://wwl1.doh.state.fl.us/co
mm/_partners/covid19_report_archive/vaccine/) to obtain the weekly
total number of individuals in the state of Florida who either were
partially or fully vaccinated against COVID-19 from.

Ambient temperature may also serve as a plausible temporal
confounder in our study because ambient temperature has previously
been found to be associated with COVID-19 cases (Mecenas, Bastos,
Vallinoto and Normando, 2020; Xie and Zhu, 2020) and temperature
can influence levels of tourism during different seasons (Matzarakis,
2006). Hence, we gathered daily ambient temperature data from the
National Oceanic and Atmospheric Administration online climate data
search (https://www.ncdc.noaa.gov/cdo-web/search) from Lower
Suwannee, FL (Field Station USROO00FLSU) and used the daily average
temperatures to generate the weekly average temperature reported in
degrees Celsius.

2.8. Statistical analysis

For the key study variables described above, we computed summary
statistics such as frequencies, means, and their distributions. We per-
formed unadjusted and adjusted Poisson and linear regression analysis
to test our hypothesis that the number of weekly visitors to the Cedar
Key Chamber of Commerce is associated with SARS-CoV-2-positive
wastewater sample outcomes and also associated with the quantified
concentration of SARS-CoV-2 RNA in wastewater. Statewide vaccina-
tions and ambient temperature were included in adjusted models to
control for possible confounding (Li et al., 2021). To substantiate the
link between SARS-CoV-2 transmission and local tourism in Cedar Key,
analyses were conducted using a fully adjusted model containing both
statewide vaccination and ambient temperature, as well as models
adjusted for only statewide vaccination or ambient temperature. Each
model was analyzed to determine if the weekly total number of in-
dividuals vaccinated in Florida is associated with wastewater surveil-
lance SARS-CoV-2 outcomes (SARS-CoV-2 positive sample detection and
quantified SARS-CoV-2 wastewater concentration) in Cedar Key during
the study period. All regression analyses were conducted using the mgev
package in R (Wood, 2006).
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2.9. Sanger sequencing of SARS-CoV-2 directly from wastewater samples

In order to detect the presence of SARS-CoV-2 variants, we used
Sanger sequencing of virus RNA that had been purified directly from
wastewater samples with Cq values of 20-40. RNA was extracted from
wastewater samples (as above) and stored at —80 °C. Amplicons for RT-
PCR were designed to be ~1500 bp, based on the efficiency of the high-
fidelity reverse transcriptase that was used (AccuScript RT). cDNA
synthesis reactions were catalyzed by AccuScript High Fidelity 1st
Strand cDNA Synthesis Kit (Agilent, Santa Clara, CA). The completed
first-strand cDNA synthesis reaction was placed on ice for use in
downstream applications and any remainder stored at —80 °C. PCR re-
actions were carried out with Q5 Hot Start high fidelity polymerase
(New England Biolabs, Ipswich, MA). RACE reactions (FirstChoice™
RLM-RACE Kit, ThermoFisher Scientific) were performed following the
manufacturer’s instructions, with the following modification: 3' RACE
was performed with 3’ primers 3’'RACEF and 3'RACER. The resulting
PCR amplicons were cloned using a Zero Blunt PCR cloning kit with
TOP10 chemically competent E. coli (ThermoFisher Scientific). Inserts in
at least three resulting plasmids were sequenced for each PCR amplicon
cloned. Sequencing primers are listed in Supplemental Table 2 and are
based on primers described by Cotten et al., (2021).

2.10. Virus phylogeny cladogram

A rectangular cladogram was created using the program Complete
Tree available through the NCBI SARS-CoV-2 Data Hub using parame-
ters specified by the program. This program aligns sequences to NCBI
Reference sequence NC_045512.2, which is the complete genomic
sequence of SARS-CoV-2 Hu/Wuhan-1. As specified by the program,
distances are computed between pairs of sequences as the number of
different mutations, where non-ambiguous different mutations are
counted as 1, and ambiguous vs. non-ambiguous different mutations are
counted as 0.1 (one sequence has a non-ambiguous mutation and
another sequence has an ambiguous mutation in the same place).

3. Results
3.1. Detection of SARS-CoV-2 in wastewater
Among the 52 wastewater samples tested, 15/52 (28.8%) were

positive for SARS-CoV-2 and 13/15 (86.7%) of the positive samples
yielded quantifiable values. Positive, quantifiable sample values are
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Fig. 2. Time series plot of SARS-Co-V-2 positive influent wastewater sample genomic copy concentrations (Log;o GC/L) and the weekly Chamber of Commerce

visitors in Cedar Key, FL.
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Table 1

Descriptive statistics for wastewater association analyses between May 1, 2020 and April 30, 2021 in Cedar Key, Florida.
Parameter Mean (+SD)
Number of weekly visitors according to Cedar Key Chamber of Commerce (n =51 weeks) 196.90 (94)
Wastewater SARS-CoV-2 concentration (Log;o Genomic Copies/L) (n =51 weeks) 2.05 (1.49)
Weekly Average Ambient Temperature (°C) (n =51 weeks) 21.23 (5.69)

Weekly Total Individuals Vaccinated in Florida" (n = 14 weeks)

4,429,324 (2,422,500.8)

? Vaccination data are from January 18 to April 30, 2021.

Table 2

Unadjusted and adjusted odds ratios of weekly visitors, weekly ambient temperature and weekly vaccination levels for positive SARS-CoV-2 detection in wastewater
between May 1, 2020 and April 30, 2021 in Cedar Key, Florida (Ct < 40). OR=0dds Ratio; aOR = adjusted Odds Ratio.

Parameter OR (95%CI)*

aOR (95%CI)" aOR (95%CI)" aOR (95%CI)"

Cedar Key Chamber of Commerce Weekly Visitors
Ambient Temperature
Weekly Total Individuals Vaccinated in Florida

1.01 (1.00,1.01)
0.96 (0.86,1.08)
0.99 (0.99,1.00)

1.01 (0.99,1.01) 1.04 (1.01,1.15)
0.97 (0.86,1.10) -
- 0.99 (0.99,0.99)

1.04 (1.00,1.15)
2.08 (0.47,29.93
0.99 (0.99,0.99)

@ Model 1-Unadjusted models.

> Model 2-Cedar Key Chamber of Commerce Weekly Visitors adjusted for Ambient Temperature.
¢ Model 3-Cedar Key Chamber of Commerce Weekly Visitors adjusted for Weekly Total Individuals Vaccinated in Florida.
4 Model 4-Cedar Key Chamber of Commerce Weekly Visitors adjusted for Ambient Temperature and Weekly Total Individuals Vaccinated in Florida.

shown in Fig. 2. The first wastewater sample to test positive for SARS-
CoV-2 was July 18, 2020. The mean quantified value of CDC N2
genomic copies (GC) among the positive samples was 4.63 Log;o GC/L.
There were two samples that were detectable by rRT-qPCR but were
unable to be quantified, as their threshold cycles were higher than the
lowest concentration standard on the standard curve. These two samples
were taken November 11, 2020 and December 4, 2020.

3.2. Analysis of SARS-CoV-2 measurements in wastewater and Cedar
Key visitors

Results from the measurements of SARS-CoV-2 in Cedar Key waste-
water and the weekly number of visitors to the Cedar Key Chamber of
Commerce are presented in Fig. 2. The descriptive statistics of the var-
iables used in the statistical analysis are listed in Table 1. The unadjusted
(Model 1) and adjusted models (Models 3-4) for obtaining a positive
wastewater sample from weekly number of visitors to the Cedar Key
Chamber of Commerce and study covariates are in Table 2. Under the
unadjusted model (Model 1) for Cedar Key Chamber of Commerce vis-
itors, the odds of obtaining a SARS-CoV-2 positive wastewater sample
increased by 96% for every 100 weekly visitors (OR =1.01; 95% CI:
1.00,1.01) (Table 2). Under the fully adjusted (Model 4), controlling for
both ambient temperature and total number of vaccinated individuals,
there was an increased odds of obtaining a SARS-CoV-2 positive
wastewater sample for each weekly visitor to the Cedar Key Chamber of
Commerce (aOR =1.04; 95%CI:1.00,1.15) (Table 2). The unadjusted
(Model 1) and adjusted models (Models 2-4) parameter estimates of the

Table 3

linear association with SARS-CoV-2 Log;o GC/L with weekly number of
visitors to the Cedar Key Chamber of Commerce and study covariates are
in Table 3. In the unadjusted model (Model 1), there was a positive
linear association between Cedar Key Chamber of Commerce visitors
and the SARS-CoV-2 viral wastewater concentration increased by 0.44
(95%CI: 0.01,0.86) for every 100 weekly visitors to the Cedar Key
Chamber of Commerce (Table 3). Under the fully adjusted (Model 4),
controlling for both ambient temperature and total number of vacci-
nated individuals, for every 100 weekly visitors to the Cedar Key
Chamber of Commerce the SARS-CoV-2 viral concentration increased by
1.06 Log10 GC/L (95% CI: 0.11,2.01) (Table 3).

3.3. Sequencing of SARS-CoV-2 isolates from wastewater

Sanger sequencing was used to obtain SARS-CoV-2 genome se-
quences from wastewater for two reasons: 1) next-generation
sequencing (NGS) platforms typically require a SARS-CoV-2 RT-qPCR
Cq value < 20 to obtain adequate sequence coverage, which is rare in
environmental samples, and 2) when different virus lineages are present,
computer-assisted programs can reconstruct a false consensus virus
genomic sequence(s). By using Sanger sequencing, we are able to obtain
sequences using lower amounts of virus RNA (the procedure has worked
for samples up to a Cq of 38), and non-overlapping amplicons can be
cloned and authentic sequences assembled with a high degree of con-
fidence. Based on our experience and due to the emergence of SARS-
CoV-2 variants, we chose primers described by Cotten et al., (2021)
for our sequencing strategy (Supplemental Table 2). Only one primer

Unadjusted and adjusted parameter estimates of weekly visitors, weekly ambient temperature, and weekly vaccination levels for SARS-CoV-2 concentrations in
wastewater between May 1, 2020 and April 30, 2021 in Cedar Key, Florida. (Log;oGenomic Copes/L of Wastewater).

Parameter Parameter Estimate (95%

CcD?

Parameter Estimate Parameter Estimate (95% Parameter Estimate (95%
(95%CI)" cn¢ cn

Cedar Key Chamber of Commerce Weekly Visitors (Per 100
Visitors)

Ambient Temperature (Per 10 °C)

Weekly Total Individuals Vaccinated in Florida (Per 100
vaccinated individuals)

0.44 (0.01,0.86)

—0.15 (—0.89,0.58)
—7.02e-05 (—5.64e-05,
-2.15e-05

0.43 (-0.003,0.87) 1.33 (0.54,2.11) 1.06 (0.11,2.01)
—0.09 (-0.80,0.63) -
- —2.62e-05 (—5.55e-05,

-3.17e-06)

2.19 (-2.10,6.47)
—4.39e-05 (-8.93e-05,
-1.56e-06)

@ Model 1-Unadjusted models.

b Model 2-Cedar Key Chamber of Commerce Weekly Visitors adjusted for Ambient Temperature.
¢ Model 3-Cedar Key Chamber of Commerce Weekly Visitors adjusted for Weekly Total Individuals Vaccinated in Florida.
4 Model 4-Cedar Key Chamber of Commerce Weekly Visitors adjusted for Ambient Temperature and Weekly Total Individuals Vaccinated in Florida.
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Table 4
Wastewater samples sequenced.

Date composite
sample collected

Sequencing Result

Virus strain designation
[GenBank accession no.]
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(primer MR10-39) required modification.

Results from sequencing are presented in Table 4. Virus sequences
were compared to known SARS-CoV-2 sequences from GISAID (Table 5)
and genetic relatedness is presented on a rectangular cladogram (Fig. 3).
SARS-CoV-2/environment/USA/UF-40/2020 - Genome sequence

8/11/20 Successful SARS-CoV-2/environment/
USA/UF-40,/2020 alignment of UF-40 with the SARS-CoV-2 reference strain Wuhan-Hu-1
[MW605103] (GenBank no. NC_045512.2) revealed 99.95% identity (29881/
11/13/20 Overlapping sequences N/A 29895 nt) and no sequence gaps. The deduced amino acid substitutions
indicate multiple virus strains . . .
present in UF-40 are: Spike D614G, Spike T291, NS3 Q57H, NSP2 T85I, NSP12
12/13/20 Overlapping sequences N/A A656S, NSP12 P323L, NSP13 I1195T, and NSP13 T5991. The D614G
indicate multiple virus strains mutation in the spike protein is dominant in circulating SARS-CoV-2
present strains around the world (Korber et al., 2020; Plante et al., 2021). The
112/21 Successful f}giﬁﬁ;";;/;&"f"“mem/ virus has specific rnt markers C241T, C3037T, A23403G, G25563T
[MW605100] S-D614G + NS3-Q57H, which indicate that the virus belongs in GISAID
clade GH, which along with clade G, was one of the two predominant
clades in North America in August 2020 [https://gisaid.org/hcov
-19-analysis-update]. The genome sequence of UF-40 conforms to
Table 5
Virus strain and accession numbers used for construction of rectangular cladogram.
SARS-CoV-2 strain Notes GenBank no. GISAID no. GISAID PANGO
clade lineage
Wuhan-Hu-01 NCBI reference strain; from China. NC_045512.2 EPLISL_ 402124 L B
Wuhan/IME-WH01/2019 Early strain from China. MT291826 EPIL_ISL_529213 S A
Environment/USA/FL-UF-40/2020 This study. MW605103 EPIL ISL_1273075 GH B.1
USA/CA-CZB-12872/2020 Variant first detected in California, USA. MW306426.1 EPI_ISL_648527 GH B.1.429
hCoV-19/USA/UT-UPHL-2103140561/2021 Variant first detected in Utah, USA. MW?795899.1 EPI ISL_ 1313734 GH B.1.427
Environment/USA/FL-UF-39/2021 This study. MW605100 EPI ISL_1273074 GH B.1.375
SARS-CoV-2/human/USA/VSP 1974/2021 Variant first detected in S. Africa. MZ156757.1 EPI_ISL_2003978 GH B.1.351
hCoV-19/England/NORW- 22B902/2021 Variant first detected in the UK. MZ044652.1 EPI_ISL_1178459 GRY B.1.1.7
England/CAMC-C769B3/2020 Variant jointly detected in the UK and 0U083020.1 EPI_ISL_760883 G B.1.525
Nigeria.
SARS-CoV-2/human/USA/MA-CDC-STM-000029211/ Variant first detected in Brazil. MW864680.1 EPIL_ISL_2494055 GR P.1
202
India/GJ-GBRC814/2021 Variant first detected in India. MZ413357.1 EPI_ISL_2562091 G B.1.617.2

GB no. MZ413357;

Lineage B.1.617.2

GB no. MWE64680;

Lineage P.1
GB no. QU083020;

Lineage B.1.525
GB no. MZ044652;

Lineage B.1.1.7

. GB no. MZ156757;
Lineage B.1.351

UF-35 GB no. MW605100;
Lineage B.1.375

GB no. MW795899;
Lineage B.1.427

GB no. MW306426;
Lineage B.1.429

UF-40 GB no. MW6E05103;

Lineage B.1

IME-WHO1 GB no, MT291826;
Lineage A

]

L . GB no. MTO79843;
Wuhan-1 Lineage B

Fig. 3. Rectangular cladogram for genomic sequences of SARS-CoV-2 UF-39 and UF-40 and representative virus genomic sequences of key SARS-CoV-2 clades in
circulation in the USA as of June 2021. The dimensions of the horizontal branches indicate changes over time within evolutionary lineages. The vertical dimension
has no meaning and is used simply to lay out the tree visually with the labels evenly spaced vertically. SARS-CoV-2 UF-39 and -40 fall within clades B.1.375 and B.1,
and their genomes differ from SARS-CoV-2 Wuhan-1 by 27 and 14 rnt, respectively, and from IME-WHO1 by 30 and 17 nt.
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Phylogenetic Assignment of Named Global Outbreak Lineages (PANGO)
(Rambaut et al., 2020) lineage B.1 (version: 2021-04-21), which is a
large European lineage that originated in Northern Italy in 2020 and one
that was detected in the United States early in 2020 [https://cov-lineage
s.org/lineages/lineage_B.1.html]. Not surprisingly, NCBI BLAST ana-
lyses indicated UF-40 has high rnt identity with SARS-CoV-2 strains that
were in circulation in the United States early in 2020, such as
SARS-CoV-2/human/USA/AZ-ASU2936/2020 [GenBank MT339041.1;
rnt identity 29887,/29895 (99.97%)], from a human nasopharyngeal
specimen collected in Arizona on March 17, 2020.

SARS-CoV-2 environment/USA/UF-39/2021 - Genome sequence
alignment of UF-39 with SARS-CoV-2 strain Wuhan-Hu-1 revealed 99.9%
identity (29,863/29,890 nt). There is a 6 nt gap in the spike protein gene
coding sequence corresponding to Spike H69del, Spike V70del. The deduced
amino acid substitutions in UF-39 are Spike D614G, Spike H69del, Spike
V70del, M148V, N L139F, N T205I, NS3 G49V, NS3 Q57H, NS3 T1511, NSP2
T85I, NSP3 K412N, NSP3 T1010A, NSP10 A104V, NSP12 P323L, NSP13
E341D,NSP16 A258V, and NSP16 R216C. The virus has specific rnt markers
C241T,C3037T,A23403G, G25563TS-D614G +NS3-Q57H, whichindicate
that the virus belongs in GISAID clade GH, which was the predominant clade
in North America in January 2021 [https://www.gisaid.org/hcov19-
variants/], when UF-39 was collected from wastewater. It has D614G,
which is dominant in currently circulating global SARS-CoV-2 strains. The
genome sequence of UF-39 conforms to PANGO lineage B.1.375 (version:
2021-04-21), whose peak circulation in the United States was in January
2021 [https://cov-lineages.org/lineages/lineage B.1.375.html]. Note-
worthy, Spike H69del and V70del are hypothesized to increase trans-
missibility (Kemp et al., 2021; McCarthy et al., 2021). Nucleotide BLAST
analysis indicated that UF-39 is highly related to SARS-CoV-2 strains such as
SARS-CoV-2/human/USA/PA-CDC-Q2EF-8401/2021 (GenBank MW6469
45.1; nt identity of 29880/29884) and SAR-
S-CoV-2/human/USA/TN-CDC-8630/2020 (GenBank MW490628.1; nt
identity of 29880,/29884).

4. Discussion

Wastewater surveillance for SARS-CoV-2 has emerged as a signifi-
cant tool to provide information about presence, prevalence, and
emergence of new variants around the world. The goal of this practice is
to inform public health responses by gaining more information about
transmission in local communities. However, few studies have focused
the use of this tool to investigate how these measurements may be
influenced by visitors to small communities. Our study conducted
weekly wastewater surveillance for SARS-CoV-2 in the small coastal
community of Cedar Key, FL. While the earliest detection of the virus in
wastewater in the US occurred in April 2020 (Sherchan et al., 2020),
Cedar Key did not see its first SARS-CoV-2 positive wastewater sample
until July 18th, 2020, indicating that introduction of the virus to this
community may have lagged behind the rest of the US. There were only
4 cumulative clinically confirmed COVID-19 cases in the zip code
encompassing Cedar Key before our first positive wastewater sample,
demonstrating the analytical sensitivity of SARS-CoV-2 detection in
wastewater. Additionally, we detected the presence of the virus in a
wastewater sample when there were no clinically confirmed COVID-19
cases in the reporting region (FL. DOH, 2020). A contributing factor to
this delay was likely the city’s restriction of access only to Cedar Key
residents between March 24th to May 5th, 2020. Because Cedar Key
only has a single road for access (Florida State Road 24), they were able
to initiate a checkpoint for confirmation of residence before providing
access. The first wastewater sample was collected from the Cedar Key
Water and Sewer District treatment plant influent on May 1st before the
city was re-opened to the general population, and weekly thereafter. The
first positive detection in July 2020 followed weeks of increased tourist
traffic as measured by Cedar Key Chamber of Commerce visitors (Fig. 2).
Following this initial positive sample there were four weeks of
SARS-CoV-2 detection in wastewater coinciding with the summer tourist
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season. From the week of 8/23/2020 through June 2, 2021 there was
only intermittent detection of the virus in wastewater samples. How-
ever, beginning the week of 2/14/2021 there was a marked increase in
visitor traffic to the Cedar Key Chamber of Commerce, which coincided
with eight consecutive weeks of SARS-CoV-2 positive wastewater sam-
ples. Beginning the week of April 4, 2021, there was a sharp drop in
visitor traffic, which also coincided with negative samples until the end
of the study on 4/30/2021.

While numerous studies have found positive associations between
COVID-19 cases and SARS-CoV-2 detection in wastewater (Gerrity et al.,
2021; Graham et al., 2021; Peccia et al., 2020b; Randazzo et al. 2020a,
2020b), no published studies have investigated whether tourists or
transient visitors can influence SARS-CoV-2 in municipal wastewater.
However, positive associations between tourism and wastewater
detection of virus are likely considering the documented associations
between COVID-19 cases and tourism. For example, Correa-Martinez
et al. (2020) found that visitors to a local ski area likely sparked an
outbreak of COVID-19 cases in Ischgl, Austria. A review of tourism and
COVID-19 cases in 90 countries estimated that every 1% of inbound and
outbound tourists results in a 1.2% and 1.4% increase in confirmed
COVID-19 cases, respectively (Farzanegan et al., 2021). We were not
able to determine a significant association between measurement of
SARS-CoV-2 in a wastewater sample by 96% for every 100 visitors to the
Cedar Key Chamber of Commerce. Our unadjusted model (Model 1)
results revealed the odds of obtaining a positive measurement of
SARS-CoV-2 in a wastewater sample by 96% for every 100 visitors to the
Cedar Key Chamber of Commerce, however, this significant association
went away after adjusted for all potential confounders (Table 2). While
initially, the linear association between Chamber of Commerce visitors
and the SARS-CoV-2 wastewater concentration was relatively small
(Model 1), after adjustment for all potential confounders (Model 4), the
positive linear association between these two variables increased to 1.06
Log10 GC/L for every 100 visitors to Cedar Key (Table 3). We examined
statewide vaccination rates as a potential confounder on our wastewater
results as vaccinations influence population mobility and overall
SARS-CoV-2 infection rates within the community. Adjusting only for
statewide vaccination (Model 3), the association between visitors to
Cedar Key and the SARS-CoV-2 wastewater concentration was 1.33
Log19 GC/L for every 100 weekly Chamber of Commerce Visitors
(Table 3). We also examined ambient temperature as a factor in genomic
copies of the virus in wastewater due to the influence of ambient tem-
perature on population mobility and tourism. Results from this analysis
indicated that adjusting for ambient temperature (Model 2), there was a
0.43 Logy0 GC/L increase in SARS-CoV-2 wastewater concentrations for
every 100 weekly Chamber of Commerce visitors (Table 3). These re-
sults indicate that both vaccinations and ambient temperature may
confound the association between wastewater measurements of
SARS-CoV-2 and detection of SARS-CoV-2 in Cedar Key wastewater. Our
findings of a non-significant association between ambient temperature
and SARS-Cov-2 wastewater outcomes are not consistent with a previous
study that described a significant positive association (Li et al., 2021).
Ambient temperature as an explanatory variable for SARS-CoV-2
wastewater outcomes should be further investigated to determine its
usefulness in future analyses. While no one has examined the relation-
ship between SARS-CoV-2 measurements in wastewater and vaccination
rates, multiple studies have found that vaccines are effectively
decreasing COVID-19 cases across the world, so we might expect our
results to indicate as much. An increasingly vaccinated population may
be a contributing factor to a drop in SARS-CoV-2 positive samples
starting on April 4, 2021 as the vaccine became available to all persons
over 40 on 3/26/2021 and all persons over 18 years of age on May 4,
2021 in Florida.

Given our observation that weekly tourism levels are positively
associated with SARS-CoV-2 measurements in Cedar Key weekly
wastewater samples, it follows that COVID-19 cases would also be
positively associated within the city. Unfortunately, this analysis was
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not possible due to a lack of resolution in FL. DOH COVID-19 case data
(discussed below in limitations section). However, our wastewater
samples did provide an opportunity to examine the introduction of new
viral variants within the City of Cedar Key. Many studies have used
wastewater to examine the introduction of SARS-CoV-2 variants (Fon-
tenele et al., 2021; Izquierdo-Lara et al., 2021; La Rosa et al., 2020;
Nemudryi et al., 2020; Rios et al., 2021; Rothman et al., 2021). Crits--
Christoph et al. (2021) sequenced multiple variants of the virus in
wastewater and found that most variants were similar to those found in
regional clinical samples. However, they were able to periodically detect
variants from outside of the region indicating that wastewater could be
used to identify introduction of new variants to the region. As part of this
study we successfully sequenced a viral genome (designated as UF-40)
and were able to show it is representative of SARS-CoV-2 strains that
originated in Italy and spread throughout the United States early during
the COVID-19 pandemic, and belongs in PANGO SARS-CoV-2 genetic
lineage B.1. This particular SARS-CoV-2 genetic lineage has been sup-
planted by others and is now infrequently encountered in the United
States, but its detection in a sample collected in August 2020 is consis-
tent with its previous detection and circulation patterns. There was no
clinically identified COVID-19 outbreak on the island after UF-40 was
detected, indicating that infection control and quarantine practices may
have stemmed a local outbreak. Wastewater positive samples from
11/14/2020 and 12/14/2020 were successfully sequenced, but were
unable to be annotated due to overlapping sequences in areas of
nucleotide divergence indicating the presence of multiple strains.
However, the sample from December 1, 2021 was successfully
sequenced and annotated (GenBank Accession No. MW605100). This
virus variant (designated as UF-39) was likely spread to Cedar Key by a
visitor from another state, since its PANGO genetic lineage is more
closely related to that of the UK variant of concern (VOC) designated
B.1.1.7 that was first detected in mid-2020 in other states. However,
SARS-CoV-2 UF-39 is not considered a variant of concern (VOC), as it
retains 484 E and 501 N in its spike protein. While we cannot be sure this
was the first introduction of variants of SARS-CoV-2 to Cedar Key, since
the previous two previous samples contained ambiguous sequences
indicating multiple variants, it is a good indication that the first of the
more virulent variants likely spread quickly to Cedar Key as the first
B.1.1.7 variant was first detected in Florida 12/31/2020 and we
detected a closely related variant just two weeks later.

While our study has observed a significant relationship between
tourism and SARS-CoV-2 in wastewater and the utility of identifying
new viral variants with the community, and equally important objective
of our study was to inform city leaders so that they could make educated
decisions regarding commerce, tourism, and safety precautions
throughout the pandemic. From the start, we provided data and in-
terpretations of the data to the City of Cedar key stakeholders on a
weekly basis. Weekly data were reviewed at the city commission
meetings and posted on the city’s social media sites to keep residents
informed about the presence of the virus in wastewater, and how these
results related to the presence of SARS-CoV-2 in their community. These
posts were accompanied by suggested public health precautions
including social distancing, masking, and other recommendations. For
example, while the city initially closed their roads to visitors (discussed
above), monitoring of SARS-CoV-2 increased the confidence of the city
council to re-open for commercial and consumer operations in the
beginning of May. The highest weekly new case count for the Cedar Key
zip code (32625) throughout the study period was 16 and the average
weekly new case count was 2.05 + 2.87 cases/week. However, not all
these cases can be attributed to Cedar Key as postal ZIP code 32625
encompasses a larger geographic area than the city (discussed below).
While we cannot be sure that SARS-CoV-2 wastewater surveillance data
used by the city influenced these low case numbers, we can speculate
that the recommendations based on these data was likely a contributing
factor.

There were numerous limitations noted during our study that should

Environmental Research 208 (2022) 112496

be considered for future studies. First, we were only able to sample from
the wastewater treatment plant once per week throughout the study.
More frequent sampling may have enabled more robust analysis and
possible significant associations between our wastewater measurements
and other exploratory variables that were tested as transient visitors
may not stay for a week at a time. Second, the Chamber of Commerce
visitor data is used by the City of Cedar Key to track visitors to the city,
however, this is not an absolute measurement of the number of visitors
to the island. Third, while traffic data were not available for Cedar Key,
future studies should consider installation of counters and/or Bluetooth
tracking devices for a more accurate count of visitors. Finally, we would
have liked to analyze the relationships between wastewater measure-
ments of SARS-CoV-2, Chamber of Commerce visitors, and COVID-19
cases. However, the FL. DOH codes the city of Cedar Key with the zip
code of 32625, which encompasses a much larger area than the city of
Cedar Key and the catchment area of the Cedar Key Water and Sewer
District. Approximately 40% of the residents of the 32625 ZIP code live
within the city limits of Cedar Key, which means that up to 60% of cases
reported by the FL. DOH are not represented in our wastewater sur-
veillance catchment. As a result, we decided to exclude these analyses
from this study.

5. Conclusions

Results of our study indicate that wastewater surveillance of SARS-
CoV-2 is a viable tool for monitoring viral trends among small com-
munities. We detected the virus multiple times throughout the 52-week
study period and showed that the presence of virus in wastewater was
statistically correlated with visitors to the City of Cedar Key. Results
from these studies were used by the city to provide public messaging
about public health precautions during times of positive detection in
wastewater, potentially staving off outbreaks. Sequencing results indi-
cated that initial samples from 2020 represented variants that were
regionally widespread during that time. New variants that were closely
related to the more virulent UK variant likely spread to Cedar Key
shortly after they arrived in Florida at the end of 2020. While numerous
studies have established the relationships between wastewater mea-
surements of SARS-CoV-2 and COVID-19 cases, few have exhibited how
these data can be used for decision making in small communities. Our
partnership with Cedar Key demonstrates that WBE can be effectively
applied in small rural communities.
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