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Abstract

The COVID-19 (coronavirus disease 2019) pandemic has highlighted the potential role that wastewater-based epidemiology can play
in assessing aggregate community health. However, efforts to translate SARS-CoV-2 (severe acute respiratory syndrome coronavirus
2) gene copy numbers obtained from wastewater samples into meaningful community health indicators are nascent. In this study,
SARS-CoV-2 nucleocapsid (N) genes (N1 and N2) were quantified weekly using reverse transcriptase droplet digital PCR from two
municipal wastewater treatment plants for 6 months. Four biomarkers [ammonium, biological oxygen demand (BOD), creatinine and
human mitochondrial gene NADH dehydrogenase subunit 5] were quantified and used to normalize SARS-CoV-2 gene copy numbers.
These were correlated to daily new case data and 1-, 2- and 3-week cumulative case data. Over the course of the study, the strongest
correlations were observed with a 1-day case data lag. However, early measurements were strongly correlated with a 5-day case data
lag. This indicates that in the early stages of the pandemic, the wastewater samples may have indicated active COVID-19 cases before
clinical indications. Mitochondrial and creatinine normalization methods showed the strongest correlations throughout the study,
indicating that human-specific biomarkers were better at normalizing wastewater data than ammonium or BOD. Granger causality

tests supported this observation and showed that gene copies in wastewater could be predictive of new cases in a sewershed.
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Introduction

Coronavirus disease 2019 (COVID-19) is a pandemic that has
reignited interest in wastewater-based epidemiology (WBE) as a
tool to monitor disease prevalence in a community. COVID-19 is
a particularly challenging disease to monitor because both symp-
tomatic and asymptomatic patients shed infectious virus parti-
cles even at early incubation stages (Pan et al. 2020, Qian et al.
2020, Rothe et al. 2020). The Centers for Disease Control and Pre-
vention (CDC) estimates that 20-50% of infected persons may be
asymptomatic (Centers for Disease Control and Prevention 2020a,
Mizumoto et al. 2020). While the availability of clinical diagnostic
testing has improved during the pandemic, it remains impracti-
cal to test everyone in a community routinely. Evidence continues
to mount that COVID-19 infection, long-term morbidity and mor-
tality rates vary by racial and socioeconomic status differences.
Poorer and predominantly minority communities are at greater
risk of acquiring an infection and, once infected, have higher long-
term morbidity and mortality rates (McLaren 2020, Webb Hooper
et al. 2020). Explanations for higher infection rates have included
limited ability to isolate, higher employment in essential services,
threats of eviction or reliance on informal childcare (Quinn et al.
2011). For health outcomes, explanations include comorbid con-
ditions (e.g. obesity and diabetes) (Davis et al. 2017) coupled with
limited access to health care (Quinn et al. 2011). In part, higher

mortality rates and disproportionate exposure may be linked to
reduced testing of marginalized communities, and communities
with lower incomes and higher concentrations of racial minori-
ties have less access to general testing (Webb Hooper et al. 2020).
Pooled community testing allows public health officials to mon-
itor a community and make informed decisions for the deploy-
ment of limited individual testing resources.

While severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), the virus responsible for COVID-19, is viewed predomi-
nantly as an acute respiratory illness, symptomatic and asymp-
tomatic individuals are known to excrete the virus in their stool
(Wolfel et al. 2020). Excreta collected by sanitary distribution sys-
tem (sewershed) can serve as a central point to assess community
health, including the presence of SARS-CoV-2, through the anal-
ysis of biological markers. While WBE was originally used to as-
sess biomarkers associated with illicit-drug use, studies have also
used WBE as a tool to understand the prevalence of other enteric
viruses before the COVID-19 pandemic. This has included track-
ing poliovirus (Brouwer et al. 2018), hepatitis A (Hellmér et al. 2014),
and a variety of enteric and nonenteric viruses (McCall et al. 2020).
Recent efforts have detected the SARS-CoV-2 virus in wastewa-
ter before any reported cases (Randazzo et al. 2020), and the virus
loading was normalized based on generic population measure-
ments (Gonzalez et al. 2020).
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However, a biomarker that indicates virus concentrations in
wastewater alone does not directly correlate with the number
of individuals contributing to a sewershed. Further, the use of
census-level community data to normalize the load may not pro-
vide the resolution required to understand highly dynamic indi-
vidual contributions to wastewater. Wastewater treatment plants
typically have a distinct diurnal influent flow pattern. Also, when
it rains, influent flows can increase by 3-10 times the normal flow
rate. Because of these flow patterns, it is unclear whether the best
sampling practice is to collect 24-h composite samples or a grab
sample at peak flows. For either sample, the specific population
size contributing fecal load to the system at a given time is un-
known. Chemical analysis of human-specific biomarkers in urban
wastewater can be used to estimate the population excreting fe-
cal matter into a wastewater sample (Gracia-Lor et al. 2017). The
accurate estimation of population size is necessary to normalize
epidemiological data to the per capita level and allows tempo-
ral and spatial comparisons to be made (Van Nuijs et al. 2011).
Biological oxygen demand (BOD) and ammonium are routinely
collected at wastewater facilities, and the biomarkers have been
used to estimate population size (Gracia-Lor et al. 2017). How-
ever, this estimation is made difficult by industrial wastewater
flows that can dilute or contribute to generic biomarkers (i.e. BOD)
in wastewater. The ideal biomarker should have a low variance
in per capita daily excretion, and the excretion should not vary
with season, weather and geographic location. In addition, there
should be an understanding of how the excretion of biomarkers
may vary diurnally with circadian rhythms. While several com-
pounds linked to human metabolism have been proposed as en-
dogenous biomarkers (creatinine, coprostanol, 1-aminopropan-2-
one, 5-hydroxyindoleacetic acid and ammonium) (Gracia-Lor et al.
2017), these have not been widely tested for normalizing viral con-
centrations to community prevalence.

We present a study that quantified the SARS-CoV-2 virus in two
sewersheds over a 24-week period. Along with the SARS-CoV-2
concentration data, the wastewater was assessed for ubiquitous
biomarkers as a means to normalize the wastewater strength to
account for variations in population contributions to the sewer-
sheds and the effects of infiltration and inflow during wet-weather
events. These biomarkers include BOD, ammonium, human mito-
chondrial DNA and creatinine. The selected biomarkers are rou-
tinely collected and available (BOD and ammonium), have a sim-
ilar half-life to SARS-CoV-2 (creatinine) or are excreted in fecal
matter (mitochondrial DNA). Additionally, the biomarkers have
reported person equivalents [BOD: 74.7 g day™ person™ (Yonker
etal. 2012); ammonium: 24.2 g day* person™ (Rudman et al. 1973);
creatinine: 2.65 g day' person™ (Brewer et al. 2012); and mito-
chondrial DNA: 1.4 x 10° gene copies (gc) day ! person~ (Caldwell
et al. 2007)] to facilitate population size estimates. The creatinine
and mitochondrial DNA biomarkers showed strong correlations
and causation with community case data. This is in comparison
to biomarkers that can be influenced by industrial or agricultural
activities (e.g. BOD and ammonium). These methods provide an
opportunity to normalize wastewater SARS-CoV-2 concentrations,
which could facilitate comparisons across communities.

Methods

Lawrence, KS, wastewater treatment facilities
and catchment

The City of Lawrence has a population of ~96 369 and is home to
a major university campus, the University of Kansas. The Univer-
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Figure 1. (A) New daily case data with Loess smoothing curve. (B) Map
outline of the Lawrence sewersheds, Wakarusa and Kansas, with case
densities over the 6-month study. The map highlights the KAWwrp, the
WAKywre and the Lawrence Memorial Hospital. (C) Flow data (MG h™1)
for the two wastewater treatment plants at a high-flow event. (D) Flow
data (MG h?) for the two wastewater treatment plants demonstrating
diurnal flow pattern.

sity of Kansas has a student population of 27 690. Two wastew-
ater treatment facilities serve Lawrence: the Kansas Wastewa-
ter Treatment Plant (KAWywrp) and the Wakarusa Wastewater
Treatment Plant (WAKywrp). Lawrence has two sewer catchments
(sewersheds; Fig. 1). The Kansas sewershed (KAWss) discharges
solely to the KAWywrp. The Wakarusa sewershed (WAKss) dis-
charges to both the KAWywrp and WAKywre. WAKwwre 1S oper-
ated as a three-stage Bardenpho with a base daily flow rate of
2 million gallons per day (MGD). The KAWyrp treats all other
wastewater from Lawrence, with a maximum of 25 MGD through
the biological treatment with an additional 40 MGD through Ac-
tiflo treatment (Veolia, Paris, France). Flow split from the WAKss
was used to account for the fluctuating flows that went to the
KAWywrp from each sewershed and to connect the biomarker
concentration data to case data. Total daily values of SARS-CoV-2
genes (viral load) and the mass of each biomarker were propor-
tioned to each sewershed to facilitate comparison with the sew-
ershed case data.

Mass balance to compare wastewater values to
case data

To facilitate a direct correlation of the wastewater values to
the case data in each sewershed, a mass balance approach was
used to allocate biomarkers to each sewershed. Flow meter data
were used that allocated the WAKgs flow to the KAWywwrp and
WAKywre. This fraction of the flow split (x) was used to allocate
the KAWgs flow rate (Q) that contributed to the KAWwwrpr and
WAKywre. The allocated flow and the concentration data (C) from
each WWTP was used to determine the mass or gene copies (M)
of each biomarker present in the sewershed.

Myawss = Qrawss X CkaWywre

MWAKSS = (X)QWAKSS X CK-AWWWTP + (1 - X)QWAKSS X CWAKWWTP
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Case data

The Lawrence Douglas County Health Department collected case
data and provided deidentified data for this study. Case numbers
excluded multiple positive tests from the same individual, and the
deidentified data were binned into the two sewersheds based on
patient residence.

Wastewater collection

One liter composite samples were taken after grit screening and
before primary sedimentation. For the KAWywrp, composite sam-
ples were time weighted from 4 June 2020 to 14 August 2020. Sub-
sequent composite samples were taken on a flow weighted basis
until 8 December 2020. For the WAKwwrp, samples were collected
over the same time range with a transition for sampling method
occurring on 27 July 2020. Samples were transported to the Uni-
versity of Kansas Environmental Laboratories on ice in coolers
within 6 h. Samples were processed upon receipt with molecu-
lar analysis occurring within 24 h. Approximately 100 mL was
stored at —80°C for subsequent creatinine and mitochondrial DNA
biomarker analysis.

SARS-CoV-2 concentration and RNA extraction

A modified polyethylene glycol (PEG)-8000 precipitation protocol
was used to concentrate viral particles from wastewater (Ahmed
et al. 2020). Fifty milliliters of wastewater was centrifuged in con-
ical tubes at 1000 x g for 5 min at 4°C to remove large particulate
matter. The supernatant (37.5 mL) was transferred to a clean 50-
mL conical tube, and 12.5 mL of 48% PEG and 0.12 g bovine serum
albumin (BSA) were added to achieve 12% PEG and 0.3% BSA in
the final matrix. The sample was centrifuged at 12000 x g for 2
h at 4°C. The supernatant was aspirated. RNA was extracted from
the pellet using the QlAamp Viral RNA Mini Kit manually or with
the QIAcube Connect following the manufacturer’s protocol. Car-
rier RNA provided in the kit was utilized in concentrations recom-
mended by the manufacturer toimprove recovery. RNA was eluted
with 60 pL of nuclease-free water or buffer AVE (RNase-free water
with 0.04% NaNj3). Two virus surrogates were used to assess the
efficiency of the concentration and extraction methods: murine
hepatitis virus (MHV) A59 (ATCC VR-764) (Fehr et al. 2015) and HIV-
1-coPuro (PURO) (Lucas et al. 2010). Surrogates were spiked into
wastewater samples before the first centrifugation, and recovery
was calculated using quantitative PCR (qPCR).

SARS-CoV-2 gene and surrogate quantification

The virus was quantified via reverse transcription droplet digital
PCR (RT-ddPCR) using CDC RUO nCoV_N1 and nCoV_N2 primers
and probe assays (Centers for Disease Control and Prevention
2020b) that target two regions (N1 and N2) on the nucleocapsid (N)
gene of the SARS-CoV-2 virus. The RT-ddPCR assay was performed
on a QX200 Digital Droplet PCR (ddPCR) system (Bio-Rad Laborato-
ries, Hercules, California) and results were accepted if there were
>10000 partitions (Ciesielski et al. 2021). Quantification of both
nCoV_N1 and nCoV_N2 for each sample was performed in a sin-
gle multiplexed reaction by labeling the 5" end of the nCoV_N1
probe with FAM and the 5 end of the nCoV_N2 probe with HEX
(Centers for Disease Control and Prevention 2020b). The reac-
tion mix was prepared using One-Step RT-ddPCR Advanced Kit for
Probes (Bio-Rad Laboratories) following the manufacturer’s proto-
col. Each sample contained 16.5 uL of reaction mix and 5.5 pL of
template RNA prior to droplet generation. Droplet generation for
each sample was performed with 20 uL of sample mix and 70 uL
of droplet generation oil. Upon successful generation of droplets,
the reaction plate containing all the samples was sealed using a
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PX1 plate sealer (Bio-Rad Laboratories). The sealed plate was then
immediately thermal cycled on a C1000 touch thermal cycler (Bio-
Rad Laboratories) with a deep well reaction module under the fol-
lowing conditions: one cycle at 50°C for 60 min; one cycle at 95°C
for 10 min; 50 cycles of 94°C for 30 s and 55°C for 1 min; one cy-
cle at 98°C for 10 min; and one cycle at 4°C for 30 min. A list of
all primers and probes used in ddPCR and gPCR experiments is
available (Table S.1, Supporting Information). The droplets were
read using the QX200 droplet reader and QuantaSoft software
version 1.7 (Bio-Rad Laboratories). Final quantification was per-
formed using QuantaSoft Analysis Pro software version 1.0.596
(Bio-Rad Laboratories).

Biomarker analysis

Four biomarkers were measured to normalize the strength of
wastewater to population equivalents including ammonium,
BOD:s, creatinine and mitochondrial DNA. Ammonium was mea-
sured using a TNT 832 Ammonia Nitrogen kit (Hach). BODs mea-
surements followed standard methods. On the day of sample col-
lection, ammonium measurements were taken and BOD tests
were started. Creatinine was analyzed using a creatinine colori-
metric detection assay (Enzo Life Sciences, Farmingdale, NY) (Bur-
gard et al. 2013). To determine mitochondrial DNA content, 25 mL
of wastewater was filtered using a Pall 0.2-um (membrane type)
filter (Pall Corporation, Port Washington, NY). The DNA was ex-
tracted from the filter using a DNeasy PowerWater Kit (Qiagen,
Germantown, MD) with a final elution volume of 100 pL. The
DNA was quantified using broad-spectrum double-stranded DNA
Qubit assay. The mitochondrial DNA was quantified using qPCR
with forward primer mtH-NDS-F, reverse primer mtH-ND5-R and
probe mtH-NDS-P (Table S.1, Supporting Information) (Caldwell
et al. 2007). The reaction mix was prepared using SsoAdvanced
Universal Probes Supermix (Bio-Rad Laboratories) using the man-
ufacturer’s protocol. Each qPCR reaction of 20 ul comprised of
15 pl reaction mix and 5 pL template DNA. Quantification was
performed on a CFX Connect Real-Time PCR Detection System
(Bio-Rad Laboratories) under the following conditions: one cycle
at 95°C for 2 min and 40 cycles of 95°C for 10 s, 60°C for 30 s and
72°C for 30 s. Standards were created using gBlock of the mito-
chondrial DNA sequence (Table S.2, Supporting Information).

Statistical analysis

Statistical analysis was performed in SigmaPlot 14 and R. Corre-
lations were established using Spearman’s rank correlation co-
efficient test, and significance is indicated when P < 0.05. The
causality was examined using the Granger causality test, and sig-
nificance is indicated when P < 0.10. To quantify the magnitude
of causality, we also computed an effect size (partial »?) for each
Granger causality test. The values of 0.01, 0.06 and 0.14 represent
a small, medium and large effect, respectively (Richardson 2011,
Cohen 2013).

Results

Cases in Lawrence, KS

In mid-March 2020, Douglas County experienced its first COVID-
19 case. Positive cases remained relatively low prior to the start of
this study (<6 new cases each day with a cumulative total of 72
cases by 3 June 2020). Over the ~6-month period, the intensity of
new cases varied geographically (Fig. 1A). During the course of this
study, three large increases in the number of new cases were ob-
served in the Loess smoothing (Fig. 1B). The first peak corresponds
closely with 29th June and a daily case number of 42. The second
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peak occurred on 21st August, which corresponds closely with the
return of students for the Fall semester and a high frequency test-
ing campaign implemented by the University of Kansas. The last
peak occurred on 9th November, with a total daily case number
of 46.

Wastewater characteristics and biomarker
concentrations

In order to capture the number of individuals contributing to the
wastewater treatment plant, standard wastewater characteristic
parameters were determined in addition to biomarkers that are
indicative of population equivalence. BOD (83-326 mg L™, am-
monium (8.7-41.3 mg N L), creatinine (0.24-1.14 mg L) and
mitochondria (5.6 x 10’-1.4 x 10® gc L™!) were determined (Fig.
S.1, Supporting Information). These values along with flow rates
from each sewershed were used to determine the total gene copies
or mass of biomarker that each sewershed contributed to the
wastewater treatment plant. The mass balance calculations were
required to facilitate a comparison with the case data in each sew-
ershed.

Gene quantification with surrogate recoveries

RT-ddPCR N1 and N2 gene quantification had a method detection
limit of 1280 and 1050 gene copies (L wastewater)™, respectively.
These detection limits corresponded to 4.9 gey; reaction™ and 4.0
gcnp reaction™, which align closely with previously reported de-
tection limits of 2.9 gew; reaction™ and 4.6 gew reaction (Ahmed
et al. 2022). Viral surrogates were used to assess the recovery from
the PEG concentration. From 4 June to 28 July, the PURO virus-like
plasmid was used and had a 10.8 + 5.2% recovery for samples
from the KAWwwrp and 9.5 £ 6.4% for the WAKywrp. During 29
July and 8 December, MHV was the viral surrogate with recover-
ies of 2.8 + 3.1% for KAWWWTP and 1.9 + 3.0% for the WAKWWTP‘
Recoveries were strongly influenced by the presence of biosolids,
and total MHV recoveries increased to 34% when accounting for
the liquid and biosolid phases.

Biomarker normalized viral loads and correlation
with case data

The SARS-CoV-2 N1 and N2 gene copies were normalized to to-
tal facility volume, BOD, ammonium, creatinine and mitochondria
(Fig. 2). To elucidate if wastewater data was correlated with case
data, Spearman’s correlation analysis was used. In the first analy-
sis, 10 normalized viral biomarkers (five biomarkers and two viral
gene quantification) were compared with different case data sce-
narios over the entire span of data collection for the combined
sewersheds. N1 biomarkers normalized to creatinine and mito-
chondrial gene copies showed the strongest correlation with 21-
day cumulative case counts with a p value of 0.644 and 0.611, re-
spectively (Table 1, additional biomarker correlations available in
Tables S.3-5, Supporting Information). A slight increase in corre-
lation strength is observed from wastewater concentration data
compared with a 1-day lag in case data. This could indicate over
the 6-month span that WBE may have provided a 1-day advanced
notice of an increase in COVID-19 cases. While significant, positive
correlations were observed with case data after a 1-day lagin case
data, the strength of the correlation decreased with an increase
in the case data lag. N2 normalized values showed no statistically
significant correlation with any of the case data comparisons.
This study represents a significant geography and time span
(6 months) of testing. Accordingly, it is critical to examine these
two factors for their independent impact on the strength of the

Table 1. Select Spearman’s rho values highlighting the posi-
tive correlations between SARS-CoV-2 viral load normalized by
human-specific biomarkers and case data. Significant correla-
tions (P < 0.05) are indicated by an asterisk. Coloring was used to
highlight contrast in correlation coefficient (red, low; green, high)
and high and low values in this table were used for the bounds.

14-Day Cumulative 21-Day Cumulative

Daily Offset Daily Offset

N1 Normalization Metric 0 1 0 1
Viral Load 0.512* 0.575* 0.492*
< (mg-BOD) 0522*  0.589* 0.501*
5 (mg-N NH3)! 0.53* 0.59* 0.496* 0.542*
§ (mg Creatinie) 0.603* 0.58* 0.644* 0.663*
(GC Mit)? 0.558* 0.55* 0.611* 0.626*
Viral Load 0.638* 0.631* 0.553* 0.594*
2 (mg-8OD)* 0.608*  0.605* | 0.506*  0.552*
E (mg-N NH3)™* 0.595* 0.593* 0.494* 0.548*
n (mg Creatinie)™* 0.673* 0.632* 0.701* 0.681*

(GC mit)* 0.675* 0.618* -0.7—04*

correlation. Geographically, Lawrence is divided into two sewer-
sheds, and the correlation of sewershed case data and biomarkers
yielded different correlation results. The KAWgs had the strongest
correlation values over the course of the study with 21-day cumu-
lative N1 gene copies normalized to mitochondrial gene copies (p
=0.723, Table 1). This was followed by the 21-day case comparison
with 1 day of lag (p = 0.704). The WAKgs consistently had weaker
correlations over the course of the study with the strongest cor-
relation between the N1 gene copies normalized to ammonium (p
= 0.52). Nonetheless, these correlations were statistically signifi-
cant. Select N2 normalization metrics had statistically significant
correlations for the KAWss [N2 viral load with 14-day cumulative
case data with no lag and 1-day lag (Table S.3, Supporting Infor-
mation)], but no other statistically significant correlations were
observed for normalized N2 values with case data. The general
trend of decreasing correlation strengths with an increase in case
data lag was observed in each of the separate sewersheds. N2
normalized values showed no statistically significant correlation
with any of the case data comparisons for the WAKss.

To examine the variability of the data over the course of the
study, normalized biomarkers and case data were compared in
~3-month blocks for the combined sewersheds. Earlier in the
pandemic (4th June-21st September), sewershed values were
highly correlated with 21-day cumulative values with a 5-day lag
(Table 2). Across the five normalization metrics, creatinine and
mitochondria showed the highest correlation with a p value of
0.833 and 0.738, respectively, for both 5- and 6-day lags.

Over the second time period (22 September-8 December),
wastewater values were strongly correlated with the 21-day cu-
mulative case data with no lag or a 1-day lag. For N1 normaliza-
tion, creatinine normalization was strongest with 21-day cumu-
lative case data with a 1-day lag (o = 0.811). Interestingly, the N2
normalized values were strongly correlated with the creatinine
normalized and the 21-day cumulative case data with nolag (p =
0.895).

Causal relationships

Correlations do not indicate causation. As such, Granger causal-
ity was used to determine links between indicators and case data.
Overlaying the correlation and causal data for N1, significant cor-
relations and predictive causal relationships are found between
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Figure 2. SARS-CoV-2 N1 gene copies normalized to creatinine (top row) and mitochondria (Mit) (bottom row) along with case data. The data are
presented for the combined sewersheds (first column), the KAWSS (middle column) and the WAKSS (last column).

Table 2. Select Spearman’s rho values highlighting the posi-
tive correlations between SARS-CoV-2 viral load normalized by
human-specific biomarkers and case data in the combined sew-
ershed for data collected from 4 June 2020 to 21 September 2020
and 22 September 2020 to 8 December 2020. Significant correla-
tions (P < 0.05) are indicated by an asterisk. Coloring was used to
highlight contrast in correlation coefficient (red, low; green, high)
and high and low values in this table were used for the bounds.

21-Day Cumulative 21-Day Cumulative
Combinedss 6/4-9/21 9/22-12/8
Daily Offset Daily Offset
Normalization Metric 5 6 0 1
5 viral Load 0.591* 0.621* 0.559* 0.559*
§ (mg-BOD)* 0.646* 0.676* 0.545* 0.538*
‘_E" (mg-N NH3)* 0.52* 0.555* 0.734* 0.72*
'g' (mg Creatinie)?* 0.833* 0.833* 0.797* 0.811*
= (GC Mit)? 0.738* 0.738* 0.636* 0.622*
5 Viral Load 0.267 0.253 0.804* 0.755*
E (mg-BOD)? 0.143 0.121 0.741* 0.685*
2 (mg-N NH3)* 0193 0.181 0.825* 0.776*
S (mg Creatinie)t 0.357 0.357
B (GC Mit)* 0.825*% 0.762*

creatinine normalized values with the 1-day lag, 21-day cumu-
lative cases; and 4-day lag, 21-day cumulative cases (Fig. 3). The
N1 normalized to gene copies of mitochondria also had signifi-
cant correlations and predictive causal relationships with 1-day
lag, 21-day cumulative cases. The partial eta squared for these
causal relationships was 0.37, indicating a large effect size.

Discussion

This work demonstrates the need to normalize SARS-CoV-2 viral
load to account for variations in individuals contributing to a sew-
ershed as well as changing sewershed conditions that affect the
quantification process. Over the 6-month study period, mitochon-
drial and creatinine biomarkers yielded the strongest correlations
with case data. The amplification of N1 and N2 genes has been
recommended to capture SARS-CoV-2 (Centers for Disease Con-
trol and Prevention 2020b). In this study, N1 gene and the nor-
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Figure 3. Chord diagram of the correlation and causal relationship
between normalized SARS-CoV-2 values and case data. Dashed red lines
indicate a positive, significant (P < 0.05) correlation between values. The
solid blue lines indicate a similar positive correlation but also a
predictive causal relationship between normalized SARS-CoV-2 values
and case data (P < 0.10).

malized values had better correlations with case data through-
out the study, which aligns well with other studies (Lu et al. 2020,
Vogels et al. 2020, D’Aoust et al. 2021). Interestingly, over the sec-
ond time series, N2 showed strong correlations with case data
and mimics findings of a similar study in Southeastern Virginia
(Gonzalez et al. 2020). Recent work has also demonstrated that
while the PEG method yields some of the highest and consistent
recoveries among the different concentration methods, the inclu-
sion of a pre-centrifugation step to remove solids, as was done in
this study, increases the uncertainty of the quantification (Pecson
et al. 2021).
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Initial wastewater monitoring showed an increase in the num-
ber of SARS-CoV-2 gene copies before a corresponding increase in
case data. This is observed in the wastewater SARS-CoV-2 gene
concentration for testing from June to September with strong cor-
relations of wastewater testing 5-6 days before the case data. This
observation has also been noted in other studies (e.g. Peccia et al.
2020). In the later testing period (September-December), the cor-
relation coefficients were strongest with no or 1-day case data lag.
This observation is likely influenced by the availability of COVID-
19 clinical testing (Bibby et al. 2021). Within the Lawrence commu-
nity, the University of Kansas adopted high-frequency and rapid
turnaround testing campaign of 22 563 individuals in late August.
This testing campaign added 546 positive cases to the county data
within 2 weeks. These tests were broadly available and included
individuals with no symptoms or COVID-19 risk factors.

The choice of normalizing biomarkers used in this study was
heavily influenced by their ubiquity (i.e. all individuals excrete
creatinine and human mitochondrial DNA) (Gracia-Lor et al. 2017).
Nonetheless, many other biomarkers can provide normalization
to human equivalence. For example, pepper mild mottle virus
(PMMoV) is one such candidate (D’Aoust et al. 2021). This virus
was found to be the most abundant virus in human stool with rel-
atively low occurrence in animal feces (Rosario et al. 2009, Hamza
et al. 2011). The shed rate in human feces is 10°~10° copies (g dry
weight)™ (Zhang et al. 2005), and a recent work has normalized
SARS-CoV-2 viral copies with PMMoV that were strongly corre-
lated with case data (D'Aoust et al. 2021). However, while several
studies detected the presence of PMMoV, other studies have sug-
gested that the presence of PMMoV is diet dependent (Colson et al.
2010). Further, PMMoV may not sufficiently capture the contribu-
tion by sick individuals as hospitalized individuals had low shed
rates of PMMoV (Colson et al. 2010), a critical concern when as-
sessing the community spread of a disease during a pandemic.

Efforts to normalize the biomarkers to population equivalence
increase the uncertainty of the values. BOD, ammonium, mito-
chondria and creatinine have reported metrics by which to con-
vert to population equivalence. Over the course of this study, the
population contributing to the combined sewershed varied from
52050 to 132 000 based on BOD measurements. This closely aligns
with the reported census values and takes into account large
population fluxes associated with the University of Kansas. Ex-
cretion values are available in the literature for the biomarkers
ammonium (Rudman et al. 1973) and creatinine (Smith-Palmer
2002, Barr et al. 2005, Arndt 2009, Brewer et al. 2012). These val-
ues indicate that 16 600-48 300 individuals are contributing to the
wastewater based on ammonium measurements and 3350-17 314
individuals are contributing to the wastewater based on creati-
nine measurements. While our mitochondria concentrations in
the wastewater match closely with previously reported values
(Caldwell and Levine 2009), calculations overestimate the popula-
tion contributing to the wastewater (estimated range of 1400 000
3000000 individuals) (Caldwell et al. 2007), indicating that further
research is required for mitochondrial DNA biomarkers to make
stronger connections between individual fecal contribution and
wastewater loads.

However, despite the variations in the population equivalence
for the biomarkers, there is a clear need to offer a normalizing
metric. For this study, viral loads were not well correlated with
case data and could be due to limitations of SARS-CoV-2 quan-
tification. However, the values normalized to creatinine and mi-
tochondria were correlated strongly, indicating that the normal-
izing biomarkers could account for varying conditions that af-
fected SARS-CoV-2 quantification. Two possible phenomena may

be responsible for these variations: (i) decay rates and (ii) parti-
tioning. Creatinine has been shown to have first-order decay in
gravity-based sewers, especially in the presence of biofilms, with
a half-life of 1.03 days (Thai et al. 2014). This half-life compares
closely with the first-order decay of SARS-CoV-2 RNA in wastewa-
ter conditions, with a half-life of 0.99 day (Bivins et al. 2020). While
these half-lives compare favorably, creatinine and SARS-CoV-2 are
dissimilar with respect to solubility. Creatinine is a very soluble
chemical excreted through the urinary system. In contrast, the
SARS-CoV-2 is associated with fecal excretion (Crank et al. 2022),
and preliminary evidence suggests that the viral particles parti-
tion into solids (Graham et al. 2021, Pecson et al. 2021). On dates
when partitioning may affect the quantification of SARS-CoV-2
viruses, the mitochondrial DNA biomarkers may be a more suit-
able normalization method. Both the SARS-CoV-2 viral particles
and mitochondrial biomarkers are excreted in feces. However, the
stability of DNA in the environment can be high, with half-lives
on the order of days (Dejean et al. 2011).

Conclusion

As WBE work continues, selection of normalizing biomarkers to
indicate variation in population and sewershed conditions is crit-
ical. This work presents normalization methods to account for the
varying strength of wastewater and, specifically, methods to offer
preliminary estimates of the number of individuals contributing
to a sewershed. The quantification of human-specific biomarkers
to normalize SARS-CoV-2 concentrations is an important contri-
bution to realize WBE. Human-specific biomarkers, including cre-
atinine and mitochondrial gene copies, provided stronger corre-
lations for normalized SARS-CoV-2 gene copy values with case
data compared with standard BOD and ammonium quantification
values.
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