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Abstract

The utility of using severe-acute respiratory syndrome coronavirus-2 (SARS-CoV-2) RNA for 

assessing the prevalence of COVID-19 within communities begins with the design of the sample 

collection program. The objective of this study was to assess the utility of 24-hour composites as 

representative samples for measuring multiple microbiological targets in wastewater, and whether 

normalization of SARS-CoV-2 by endogenous targets can be used to decrease hour to hour 

variability at different watershed scales. Two sets of experiments were conducted, in tandem with 

the same wastewater, with samples collected at the building, cluster, and community sewershed 

scales. The first set of experiments focused on evaluating degradation of microbiological targets: 

SARS-CoV-2, Simian Immunodeficiency Virus (SIV) – a surrogate spiked into the wastewater, 

plus human waste indicators of Pepper Mild Mottle Virus (PMMoV), Beta-2 microglobulin 

(B2M), and fecal coliform bacteria (FC). The second focused on the variability of these targets 

from samples, collected each hour on the hour. Results show that SARS-CoV-2, PMMoV, and 

B2M were relatively stable, with minimal degradation over 24-hours. SIV, which was spiked-

in prior to analysis, degraded significantly and FC increased significantly over the course of 

24 hours, emphasizing the possibility for decay and growth within wastewater. Hour-to-hour 

variability of the source wastewater was large between each hour of sampling relative to the 

variability of the SARS-CoV-2 levels calculated between sewershed scales; thus, differences 

in SARS-CoV-2 hourly variability were not statistically significant between sewershed scales. 

Results further provided that the quantified representativeness of 24-hour composite samples 

(i.e., statistical equivalency compared against hourly collected grabs) was dependent upon the 

molecular target measured. Overall, improvements made by normalization were minimal within 

this study. Degradation and multiplication for other targets should be evaluated when deciding 

upon whether to collect composite or grab samples in future studies.

Graphical Abstract:
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1.0. INTRODUCTION

Wastewater-based epidemiology (WBE) has become a global standard for the effective 

tracking of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the 

virus responsible for the COVID-19 pandemic impacting communities world-wide.1–9 

Surveillance and monitoring programs have been increasingly established, internationally, 

to illustrate spatial and temporal trends of disease presence from contributing individuals 

within communities.1, 3–7, 10–12 It has been shown that there is a predictive correlation (2 to 

10 days) between viral loads found in wastewater with community prevalence of illness and 

with incidences of hospital cases.13, 14 This has allowed for further investigations to define 

the usefulness of WBE to track the spread of SARS-CoV-2 within a community and inform 

policy decisions for managing the status of SARS-CoV-2 for the corresponding sewershed. 

However, many studies have found limitations in the use of broad-based WBE for detection 

and accurate reporting of SARS-CoV-2 due to a variety of factors, inclusive of identifying 

appropriate sampling strategies.15–20

As described by others previously21, 22, within WBE there are two primary sampling 

strategies for the appropriate collection of wastewater, grab sampling and composite 

sampling. Depending upon the study, both strategies are utilized for the effective collection 

of wastewaters and may provide different results. The variability seen with grab sampling 

is typically higher than that of composite sampling in that the composition of wastewater 

in a sewer system, consisting of input waste from various sources can depend upon human 

behavior, and downstream results can correspond to when a specific sample is collected. 

Composite samples, conversely, are considered ‘averaged’ in that they are comprised of 

aliquots, collected over a specific time frequency, to adjust for the variability in wastewater 

composition. For composite sample types, degradation is predicted to be a compounding 

factor in that the wastewater sample remains in the sample bottle for a period of time 

prior to analysis and its properties can change during this time. For example, for a 24-hour 

composite sample collected hourly, the first aliquot is held for 24 hours prior to analysis 

during which the microbiological signal can potentially degrade.
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The degradation of SARS-CoV-2 within the sewer system has been previously linked 

to water quality parameters – such as dissolved oxygen, turbidity, or pH20, 23, as well 

as, specifically, the temperature of wastewater11, 24–29. McCall et al. (2022)26 through 

sewer transport modeling evaluated the impact that microbial degradation plays within 

WBE. McCall et al. (2022)26 compared degradation rates as a function of temperature 

and found significant ranges for studies evaluating decay at two similar temperatures: 

0.18/hr at 35 °C28 and 0.012/hr at 37 °C24. Possible differences in these decay rates were 

attributed to differences in wastewater composition, initial SARS-CoV-2 levels25, and to 

differences in sample preparation. Of note, the study that reported 0.18/hr degradation rate 

used endogenous SARS-CoV-2 for evaluation whereas the study that reported 0.012/hr 

degradation used an exogenous SARS-CoV-2 spike. In these prior studies, the degradation 

rates of endogenous SARS-CoV-2 were higher than those of spiked samples, demonstrating 

slower decay of the exogenous virus. In the current study, the SARS-CoV-2 evaluated was 

endogenous. To further assess the possible influence of spiking viruses into wastewater, we 

added an external spike, Simian Immunodeficiency Virus (SIV), due to its availability from 

an internal laboratory. SIV is an enveloped RNA virus sharing some similar properties to 

SARS-CoV-2 and given that it is simian specific, would not be expected within domestic 

wastewater. To our knowledge, this is the first study which utilized SIV as a viral 

comparison for SARS-CoV-2 degradation within wastewater.

In addition to water quality and sample preparation, the input population of individuals 

contributing to a sewershed is also an important parameter to consider when designing 

a sample collection program.20, 22 A review by Bertels et al. (2022)20 describes findings 

from Wu et al. (2021)14 and Wilder et al. (2021)9 in which the correlations between 

SARS-CoV-2 in wastewater and COVID-10 cases strengthens as population or sewershed 

size increases. Larger contributing populations can result in less variability in the wastewater 

composition due to the averaging effects of people’s activities over larger numbers; however 

assuming a static population count remains a drawback to WBE wherein human activity 

plays an important role in the viral load being deposited within the sewer system on a 

given day.20 Counter arguments can include that large community-wide WWTPs can consist 

of more ‘types’ of water than smaller-scale sewer systems from residential, commercial, 

and industrial activities, thereby contributing towards variability and either over- or under-

reporting of SARS-CoV-2 incidence against clinical cases. In addition, the distance that 

wastewater must travel from a drain to the downstream point of collection increases for 

larger service populations and it is believed that wastewater travel time can obscure the 

variability results and degradation occurring within wastewater samples for a specified 

target.26, 27

Intra-day variability of SARS-CoV-2 abundance has been predicted within the literature 

to fluctuate due to 1) the wastewater source and sampling frequency16, 23, 2) the input 

population of the community shedding into a sewer system19, 22, 26, 30, 31, 3) wide-variation 

of standardization approaches for quantification of viral particles17, 19, and 4) watershed 

scale21. For example, George et al. (2022)21 found that the smaller the watershed scale 

the larger the variability of the SARS-CoV-2 signal on an hour-to-hour basis. As a result, 

George et al. (2022)21 recommends higher frequency sampling for smaller sewersheds in 

order to obtain a representative sample. As wastewater is a combination of various water 
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sources which drain from a building, not all water (and corresponding solids which are 

typically linked to more SARS-CoV-2) draining into the sewer system is expected to 

contain SARS-CoV-2.32 Sinks, toilets, showers, dishes and clothing washing as well as 

other sources of drainage are all ‘input sources’ for pathogens to enter the sewer system.33 

Some water sources are expected to contain higher levels of SARS-CoV-2, such as those 

containing nasal discharge and sputum from face washing, and feces as well as urine from 

individuals carrying the virus. To accommodate for these differences in water types, some 

studies have normalized the SARS-CoV-2 signal.8, 9, 17 The normalized signal is the ratio 

of SARS-CoV-2 concentrations divided by the concentration of the human waste indicator. 

In this study, the commonly used indicators of human waste evaluated included the dietary-

originating plant pathogen, Pepper Mild Mottle Virus (PMMoV)16, 19, 34, and fecal coliform 

bacteria (FC)10, 34–36. In addition, this study also evaluated a less common indicator, the 

Beta-2 microglobulin (B2M) gene mRNA found in human cells8, 37, 38, for normalization of 

the SARS-CoV-2 signal.

Overall, the goal of this study was to add to the existing literature by simultaneously 

evaluating the influence of sample hold times (degradation) and wastewater variability on 

the ability of composite samples to represent a daily average. Our approach was to build 

upon the work of George et al. (2022)21 and Grijalva et al. (2022)22 by conducting both 

degradation experiments coupled with an assessment of the hour-to-hour variability by 

sewershed scale by collecting grab samples and creating a composite for later molecular 

comparison. Our study is unique in that it simultaneously evaluated hour-to-hour variability 

of the sewage by grab sampling, along with its degradation within laboratory-created 

composite samples. Using this simultaneous approach, we were able to assess the combined 

effects of degradation and variability of the wastewater source using the same original 

wastewater sample. Only through this approach were we able to evaluate the impact of 

the hourly hold times on the microbe levels within the composite samples using the 

same wastewater therefore controlling for potential differences in wastewater quality. We 

augmented this assessment by including measurements of water quality, human waste 

indicators, and inclusion of an exogenous virus. The study is also unique in the inclusion 

of multiple microbial measures which provided insights on potential variabilities between 

microbial targets and allowed for the assessment of SARS-CoV-2 normalization using three 

human waste indicators. The physical chemical properties of the wastewater source were 

also documented to provide details necessary for comparison with other studies, given that 

the stability of microbial targets has been documented in prior studies to also be influenced 

by water quality.

2.0. MATERIALS AND METHODS

2.1. Sample Collection

Three pairs of experiments for a total of six experiments were conducted as part of this 

study. Each pair corresponded to a different sewershed scale. The first pair (experiment 1A 

and 1B, 9:00 am on April 22nd until 9:00 am on April 23rd, 2021) corresponded to the 

building scale with samples collected from a wastewater sewer manhole at the University 

of Miami Gables Campus that serviced a dormitory that housed about 500 students. The 
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second pair (experiment 2A and 2B, 7:00 am on April 8th until 7:00 am on April 9th, 

2021) corresponded to the cluster scale, also at the University of Miami Gables campus, 

but the samples were collected from a lift station that serviced four residential buildings 

housing 1400 students plus 20 office and academic buildings. The third pair (experiment 

3A and 3B, 7:00 am on June 3rd until 8:00 am on June 4th, 2021) was collected from the 

raw sewage line upstream of the grit chamber at the Miami-Dade County Central District 

Wastewater Treatment Plant (CDWWTP); the CDWWTP services a population of roughly 

830,000 individuals. Upon sample collection, date and time were recorded as well as general 

ambient conditions (air temperature and humidity) as reported by the NavClock iPhone app 

(Table 1).

The “A” set of experiments were designed to assess the degradation of the biological 

target. This set of samples, consisting of one large 16-liter grab, was collected at the very 

beginning of each experiment. This 16-liter grab was immediately split into 24 aliquots of 

subsamples for the analysis of microbial targets and water quality over time. The “B” set of 

experiments were designed to assess the hour-to-hour variability of wastewater at the point 

of sampling. These samples were collected manually, each hour over a 24-hour timeframe 

per experiment, in 1-liter bottles, then processed immediately for microbial targets, water 

quality, and primary concentration with minimal holding times from the time of collection 

(<30 minutes). Samples for experiments 1A/B and 2A/B were collected using a peristaltic 

pump and samples for experiment 3A/B were collected using a scooper attached to a 

long rod. Throughout sample collection, the sampling team adhered to the University’s 

Environmental Health and Safety policies which required the use of personal protective 

equipment and disinfection of all items that came into contact with wastewater.

2.2. Sample Splitting and Initial Spiking

All samples during splitting and composite preparation were kept at room temperature (22 

°C). For the “A” set of experiments, 5 L of wastewater were removed from the 16-liter grab 

sample collected at the start of each paired experiment (Figure 1). To the 5 L subsample, a 

500 μL spike of SIV (2.51 × 105 viral particles per μL), provided from an internal virology 

laboratory within the Center for AIDS Research at the University of Miami (UM), was 

added as a comparator; The 5 L volume was shaken vigorously and split into twenty-four 

200 mL aliquots earmarked for concentration and molecular target analyses (SARS-CoV-2, 

SIV, PMMoV, and B2M) by Volcano 2nd Generation (V2G)-qPCR of RNA extracts. The 

remaining 11 L subsample was also immediately split upon collection into twenty-four 400 

mL aliquots for water quality analyses and into twenty-four 5 mL aliquots placed into 15 mL 

sterile centrifuge tubes for FC analysis by culture.

Simultaneously for the “B” set of experiments, the 1-liter bottle (containing 700 mL of 

sample) brought back to the laboratory each hour was also split in a similar fashion as for 

experiment “A” (Figure 2). Here the 1-liter bottle was first shaken, then split into a 200 

mL aliquot for concentration and microbial target analysis using molecular methods, a 5 mL 

sample placed in a 15 mL sterile centrifuge tube for fecal coliform analysis by culture, and 

395 mL for water quality analysis. For the “B” set experiments, 20 μL of SIV spike were 

added to each of the 200 mL aliquots and shaken to homogenize.
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For each of the six experiments, composite samples were prepared manually in the 

laboratory from the 24-hourly samples. For each of the paired experiments, one container 

was used for the “A” set of samples and another container was used for the “B” set 

of samples. These composites were prepared from the 200 mL splits containing the SIV 

spikes. The 200 mL samples were shaken vigorously, and 100 mL was poured into a 

3-liter container. At the end of the 24-hour experiment the 3-liter container was shaken 

vigorously, and splits were prepared including a 100 mL aliquot earmarked for analysis of 

microbial targets using molecular methods, 5 mL for FC by culture, and 400 mL for water 

quality analysis. This stand-alone composite sample, created in-house, was analyzed at the 

end of all six experiments as an additional sample, per experiment for grab vs. composite 

assessment. For experiment 3B, a second, additional composite sample was provided by 

the CDWWTP from their refrigerated autosampler (HACH AS950 fitted with an IO9000 

for flow proportional sampling) which collected samples from midnight to midnight the 

prior day. Aliquots were also prepared from this second composite sample for the analysis 

of microbial targets (by molecular and culture methods) plus water quality using the same 

aliquot volumes as described above.

2.3. Sample Analysis for Non-Molecular Targets

The 400 mL sample splits (each hourly sample plus composites) earmarked for water 

quality analyses were analyzed for water temperature (°C), specific conductivity (μS/cm), 

salinity (ppt), pH, dissolved oxygen (mg/L), and turbidity (FNU) using a pre-calibrated 

sonde (Xylem/YSI ProDSS). Averages for each biological parameter, per sewershed, are 

available within Table 1 and supporting information discussing water quality results are 

within the Supplemental Text. The 5 mL sample splits for FC analyses were analyzed by 

membrane filtration method using mFC agar.39, 40 Wastewater samples were diluted 100:1 

in sterile phosphate buffered saline and 0.1 mL aliquots were then added to 20 mL sterile 

phosphate buffered saline, filtered, and incubated as per standard methods (Method 9222D, 

APHA 2005).41 Colonies with characteristic blue color were counted as colony forming 

units (CFU).

2.4. Wastewater Sample Concentration for Molecular Analysis

The remaining 100 mL from the 200 mL subsamples (from each of the hourly and 

composite samples) were concentrated in real-time of collection, each hour, using 

electronegative filtration (EN).33, 38, 42, 43 The process involved adding a process recovery 

control (20 μL of a heat inactivated (15 min @ 56 °C) human coronavirus-OC43 (OC43) 

at 10,090 particles/μL)19, 44, 45, followed by the addition of 51% (w/v) MgCl2 (RICCA 

Chemical Company) to a concentration of 50 mM. OC43 has been used in WBE studies 

of COVID-19 as an effective process recovery control19, 38, 42, 44–48. As part of the EN 

process, samples were acidified with 10% hydrochloric acid (Spectrum Chemical MFG 

Corp) until the pH dropped to between 3.5 to 4.5, as per standard methods (Method 

9510, APHA 2017).49 Wastewater in volumes of 30 to 50 mL was filtered through two 

separately processed electronegative membranes (47 mm diameter, 0.45 μm pore size, 

Millipore HAWP4700) per sample.8, 38, 42, 50, 51 Concentrates were then prepared for each 

sample by folding filter membranes in on themselves four times and placing both filters 

immediately into 3 mL of 1x DNA/RNA Shield (Zymo) and storing at 4 °C, until subsequent 
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RNA extraction8, 38, 42. All laboratory procedures handling wastewater and viral spikes were 

performed within a BioSafety Level 2 (BSL-2) laminar flow hood.

Concentrate samples were then split into 1 mL aliquots with one aliquot sent to the 

University of Miami Center for AIDS Research (CFAR) for molecular analysis with V2G-

qPCR. The remaining 1 mL aliquots were stored at the University of Miami in −80 °C.

2.5. Viral RNA Extraction

At the CFAR laboratory, RNA was extracted from 250 μL of the filter concentrate using 

a Quick-RNA™ Viral Kit (Zymo Research) and corresponding protocol, slightly modified 

in-house for the reduction of PCR inhibitors. In brief, wash buffer volumes and 100% 

ethanol were increased from the 500 μL recommended volume to 650 μL for improved 

washing capability, and for the final elution, 10 μL of nuclease-free water, rather than the 

recommended 15 μL, was utilized to elute from the IC spin columns to reduce the amount 

of inhibitors passing through the columns alongside RNA. Following elution, a spike-in of 

Human Immunodeficiency Virus (HIV) RNA [~800 particles/μL] was added to each sample 

eluate, and a blank was created per sample set (10 μL nuclease-free water + 30 μL HIV 

RNA) for proper comparative assessment. All RNA samples (n=151) were stored at −20 °C 

following extraction (<1 week, to reduce drastic freeze-thaw) before analysis by V2G-qPCR. 

Following qPCR, RNA was stored at −80 °C.

2.6. V2G-qPCR Analyses

Samples were analyzed for molecular targets via V2G-qPCR on a Bio-Rad CFX Connect 

Real-Time System (Bio-Rad Laboratories Inc., USA). The V2G assay, described in previous 

work8, 13, 38, 42, was validated for detecting SARS-CoV-2 RNA early in the COVID-19 

pandemic in saliva and has proven useful in detecting SARS-CoV-2 RNA, and other targets, 

from wastewater in on-going weekly experimentation for COVID-19 surveillance. The novel 

assay utilized an enzyme capable of reading both DNA and RNA templates, allowing direct 

amplification of RNA instead of requiring a preceding cDNA synthesis reaction for reverse 

transcription.52 Molecular targets chosen for analysis included SARS-CoV-2 (targeting the 

nucleocapsid N3 gene)42, plus indicators of human waste, B2M – specifically the single 

stranded-mRNA of the protein-coding gene, PMMoV, and SIV. In addition, two quality 

control targets were analyzed by V2G, OC43 used as the recovery control and HIV used as 

the inhibition control for this study. The temperature cycling for the V2G assay (for both 

singleplex and duplex reactions) included an initial denaturation step at 88 °C for 30 sec., 

followed by cycling of denaturation occurring at 88 °C for 5 sec., an annealing temperature 

of 60 °C for 20 sec., and an elongation/extension temperature of 72 °C for 15 sec. The total 

number of cycles performed per V2G assay was 45x. For the SARS-CoV-2 target, samples 

were deemed positive if there was amplification by at least one of two replicates plated and 

run through the reaction.

Master mixes for V2G were hand-crafted (Table 2), not via commercial kit, by combining 

nuclease-free water, V2G reaction buffer (myPOLS LOT# 8016), V2G DNA polymerase 

(myPOLS LOT# 110521NRA), dNTPs, Platinum Taq antibody (TaKaRa Cat# 9002A), 

target-specific forward and reverse primers and probes (IDT, Zen – 3’ Iowa Black® 
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Quencher), and an internal passive reference dye, Rox (ThermoFisher Sci. Cat# 12223012), 

in pre-calculated volumes for a final reaction volume of 40 μL. Two reaction types, with 

differing reagent volumes were run within this study: 1) for singleplexed targets, SARS-

CoV-2 and HIV, and 2) for duplexed targets, PMMoV/SIV, and B2M/OC43 (Table 2). 

Duplexed reactions included an optimized volume of MgCl2 within the master mix for 

improving the qPCR efficiency for two targets. All reagents and sample RNA were thawed 

on ice and remained on ice throughout qPCR setup. A total of 36 μL of master mix was 

added to each pre-determined well (BIORAD Hard-Shell 96-well PCR plate, #HSP9601), 

and 4 μL of either sample RNA, nuclease-free water, and target-specific standards with 

concentrations ranging from 101 – 105 copies/μL (used to develop the standard curve) were 

added. 96-well plates were loaded with each of the paired experiments RNA samples (A/B: 

n=50, C/D: n=50, E/F: n=51), seven NTC’s per plate for addressing cross-contamination, 

and one well each of the 101 – 105 copies/μL standards for quantification. Each plate, once 

setup, was sealed (BIORAD Microseal® ‘B’ Seal, #MSB1001), and briefly centrifuged to 

remove bubbles from the bottom of each well before it was loaded into the CFX Connect 

instrument. All qPCR laboratory work occurred within a decontaminated space following 

standard safety procedures.

2.7. Data Analysis

Shapiro-Wilk normality tests were run on all molecular qPCR datasets plus the measures 

of FC. Results indicate that the data from this study were generally non-parametric, but a 

normal distribution was dependent upon molecular target assessed, and sewershed scale of 

focus. Therefore, Spearman correlation tests were used to evaluate the associations between 

variables over time. Viral degradation rates were determined, per target, from the slope of 

the best fit line between the natural logarithm of (Ct/Co) and time, where Co represented 

the initial target concentration at the first hour measurement interval, and Ct represented 

the target concentration at hour t.53 To compare the results from individual grab samples 

to the composite sample generated for the degradation set of experiments, the one-sample 

T-tests were utilized to evaluate whether the mean of the grab samples for the “A” set of 

experiments was statistically different from the corresponding composite sample. Since the 

composite was generated from the same 24 grab samples, the use of the mean was deemed 

more appropriate than the median for the “A” set of experiments given the physical mixing 

of the grab samples to produce an “average” composite sample.

For the “B” set of experiments, two tests were used for the effective comparison of the 

24 grab samples against the composite sample generated, specifically for the SARS-CoV-2 

target – One-Sample Wilcoxon signed rank tests and One-Sample T-tests. The one-sample 

T-tests were again chosen to compare the means given the physical mixing of the grab 

samples for the remaining molecular targets, besides SARS-CoV-2. In addition, to determine 

the level of variability between each sewershed scale from hour-to-hour, homogeneity of 

variance tests were performed using Levene’s tests. All statistical tests performed utilized 

the statistical software package SPSS version 28.0.0.0. Time series plots were prepared in 

Microsoft Excel to illustrate the variability of the microbial targets over time. Time series 

plots for SARS-CoV-2 are shown within the main text (Figure 3) and the plots for the 

normalized SARS-CoV-2 are shown within the Supplemental text.
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3.0. RESULTS AND DISCUSSION

3.1. Degradation of Biological Signal in Wastewater

The persistence of SARS-CoV-2 RNA and its ability to maintain its integrity within the 

environment for longer than 24 hours has been emphasized throughout the literature.24, 25, 29 

To provide a comparison of degradation rates, four additional targets (SIV, PMMoV, B2M, 

and FC) were chosen here, alongside the measurement of SARS-CoV-2, to illustrate the 

rates at which different biological targets degraded in wastewater (Table 3). Each of the 

molecular targets chosen were comparatively examined to determine if degradation was 

different at three sewershed scales.

Results from the degradation set of experiments show that at room temperature the RNA of 

SARS-CoV-2 was stable, where limited quantifiable degradation occurred over the 24-hour 

time interval (Table 3). At all scales (building, cluster, and community) degradation of 

SARS-CoV-2 RNA was negligible, characterized by low k values (between −0.027 and 

0.030 per hour) for collected grab samples. These values are consistent with the lower 

end of degradation rates as reviewed by McCall et al (2022)26. Of interest is that the 

lower degradation rates corresponded to an exogenous spike of SARS-CoV-2, whereas 

in the current study our comparatively low degradation rates corresponded to a source 

endogenous to the wastewater evaluated. In addition results at all scales showed that 

Spearman correlations for ln(Ct/C0) were not statistically correlated with time (p>0.07) 

(Table 3). These results confirm that more than 24-hours are needed for SARS-CoV-2 

to degrade to levels that are significantly lower than initial values, which agrees with 

current literature.24, 25, 29 The study performed by Ahmed et al. (2020)24 recommended 

that samples be retained in chilled temperatures, rather than that which is recorded at time 

of collection. So, through the utilization of ice packs and insulated coolers to transport 

samples, we agree this handling played a role in reducing the degradation of SARS-CoV-2, 

endogenous in wastewater, following collection and allowed for viable detection of SARS-

CoV-2 in a majority of the samples collected by molecular means. Subsequently, the 

composite sample alone that was created over 24-hours, held at room temperature, and 

analyzed for SARS-CoV-2 resulted in a slight difference of measured RNA from the 

n=24 grab average, but resided well within the quantified range of grab samples’ viral 

loads (Table 4). Our samples were processed immediately without freezing which may 

have contributed towards the lack of degradation observed. Bivins et al. (2020)25 explains 

that a limitation in freezing samples is their contribution to viral decay. Samples in the 

current study were concentrated immediately (< 10 min) upon collection with concentrates 

refrigerated in DNA/RNA shield for only a few days prior to extraction and qPCR analysis, 

thereby limiting degradation associated with hold times. T-test results at the cluster (2A) 

and community (3A) scale further support that SARS-CoV-2 did not degrade significantly 

(p>0.393) (Table 4). However, a statistical difference was found between the composite 

sample and the mean of the 24 grab samples (p<0.001) at the building scale (1A) (Table 

4). This difference was impacted by the fact that the SARS-CoV-2 levels for 8 of the 24 

grab samples measured were below detection limits for the building scale experiment. When 

repeating the T-test with grab samples that measured above detection limits the composite 

sample mean was no longer statistically different than the average of the grab samples (p = 
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0.135) (Table 4). A study by Curtis et al. (2021)54 mentions that grab sample concentrations 

generally show good agreement with corresponding composite samples for SARS-CoV-2, 

and that typically only during low incidence or numbers of cases within a community 

is there a discrepancy. This agrees with our current study in that for the SARS-CoV-2 

target there was good representativeness shown between the grab hourly collections and the 

in-house created composites analyzed by the same methods.

Whole SIV particles were spiked-into wastewater as an additional indicator of viral 

degradation in this study. Degradation was observed for SIV in wastewater collected at the 

cluster and community sewershed scales, indicating that SIV RNA significantly degraded 

over 24-hours with strong Spearman coefficients (r = −0.764 and r = −0.959 respectively, 

and p <0.001) (Table 3). At the building scale, SIV was not recognized to degrade as quickly 

as at the larger sewersheds, providing no significant correlation with time (r = −0.217, p = 

0.31). At the building scale the degradation rate for SIV (k = −0.0156 hr−1) measured 4x 

less than at the cluster scale (k = −0.0432 hr−1). At the community scale, SIV degraded 

roughly 10x more than that of the building scale over the same period (k = −0.105 hr−1). 

This value for SIV degradation is still low in comparison to the high-end measures for 

SARS-CoV-2 as reviewed by McCall et al (2022)26. Overall for SIV, results suggest that at 

a smaller watershed scale, the RNA of SIV degrades at a slower rate possibly due to the 

composition of sewage at the small scale in that there are fewer contributing sources and 

factors impacting the viral particles within the sample. As the sewershed scale increased, the 

overall degradation of SIV also increased perhaps due to the difference in age and chemistry 

of the wastewater wherein the sewer system contributed towards a larger variety of different 

chemicals and organic matter with differing degrading ability towards the virus. To our 

knowledge, no other studies report on the degradation of SIV within wastewater, so further 

research is needed to confirm the differences in decay observed here among the sewershed 

scales. Compared against what was seen with SARS-CoV-2, the T-test results further support 

that SIV degraded significantly for the cluster and community scale samples as the mean 

of the grab samples were statistically different than the result from the composite sample 

(p≤0.013). At the building scale, however, the results from the T-test showed non-statistical 

differences (p=0.284) between the mean of the grabs and the value of the composite. As 

stated above, the chemistry of the building scale wastewater, compared to sewershed scales 

of larger size, may be an important factor to consider regarding the lack of difference.

PMMoV was another parameter utilized in this study as an indicator of fecal waste and as 

an additional marker for viral degradation over time as it is a positive-sense single-stranded 

RNA virus, like that of SARS-CoV-2, found abundantly within wastewater at relatively high 

concentrations.8, 10, 34 Similar to SARS-CoV-2, at all sewershed scales, changes in PMMoV 

levels had no significant correlation with regards to time (p>0.07) (Table 3). Furthermore, 

the degradation coefficients computed were low (k < 0.0189 hr−1). Similar to that observed 

for SARS-CoV-2 RNA, the overall stability of the PMMoV RNA virus measured over 

subsequent hourly hold times indicates that it takes longer than 24-hours for this plant 

pathogen to degrade to levels that are statistically lower. The limited degradation of PMMoV 

within differing sewershed scales support its effective use as a normalization parameter 

within wastewater, as it is a commonly utilized parameter within the literature. Kantor et 

al. (2021)19 describe that for normalization to accurately account for SARS-CoV-2 signal 
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loss the degradation rate should remain similar, which coincides with the results of this 

study for the PMMoV signal. According to the results of the T-tests, there was a statistical 

difference at cluster and community scales between the mean of the grab samples and that 

of the composite samples (p<0.001) (Table 4). At the cluster scale, the composite measured 

lower than the mean of the grab samples, however at the community scale, the composite 

sample measured higher than the grab mean. For PMMoV, statistical equivalency was only 

observed at the building scale (1A; p=0.050) between both sample types, for the “A” set of 

experiments. These results suggest that the effective use of PMMoV may depend upon the 

sewershed scale of focus.

Like SARS-CoV-2 and PMMoV signals, B2M RNA levels were stable with minimal 

degradation occurring at all scales over 24-hours (Table 3). The computed degradation 

coefficients were relatively low (<0.02 hr−1) with insignificant correlations (|r| >0.08, p > 

0.06). These results, as observed for SARS-CoV-2 and PMMoV, suggest that B2M takes 

longer than 24-hours to exhibit significantly lower values in wastewater. B2M’s composite 

sample analysis for mRNA abundance had similarly quantified concentrations between the 

composite sample and average of the grabs, per experiment (Table 4). Consistent with the 

above, T-test results indicated that for B2M, there was a non-statistical difference in the 

mean for the grab sample and the value of the composite sample for all sewershed scales (p 

>0.365) (Table 4). As compared to PMMoV whose degradation may have been impacted by 

sewershed scale, the lack of degradation of B2M was observed for all sewershed scales. This 

consistency may be due to the fact that B2M is a human cellular waste target, rather than 

that of PMMoV which has a dietary origin and can be variable dependent upon geographic 

region, sewershed scales, and human behavior. Rather than measurable differences amongst 

the sewershed scales between grab and composite samples, like PMMoV, B2M provides a 

steady signal for normalization purposes (Table 4).

The final target evaluated for degradation rates was FC bacteria, by culture. Results showed 

evidence of FC multiplication over the 24-hour study period at room temperature. The 

building scale wastewater showed the highest rate of multiplication with an overall positive 

coefficient (k = 0.462 hr−1). As the sewershed size increased, the coefficient declined (Table 

3). At the cluster scale the overall rate of multiplication measured at k = 0.128 hr−1, and at 

the community scale it measured at k = 0.0218 hr−1. In addition, the building scale had the 

strongest Spearman correlation (r = 0.731, p = <0.001), compared to the cluster (r = 0.508, 

p = 0.011) and community scale (r = 0.536, p = 0.007) (Table 3). At all three sewershed 

scales, Spearman coefficients were positive and statistically significant providing evidence 

of multiplication of FC while samples were held at room temperature. As FC bacteria were 

quantified by CFU’s following a period of incubation, it was expected that die-off would 

occur within the composite sample due to the physical succumbing of bacteria to unknown 

chemistry of the wastewater samples. However, results showed that the composite sample 

grew more CFU’s than the grabs’ mean, and the T-test results indicated that for the building 

and community scale the mean of the grab sample was statistically different than the value 

of the composite sample (p <0.001) (Table 4). A statistical difference between the grab 

mean, and the composite, was not observed at the cluster scale (p=0.112).
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Overall, degradation was assessed by evaluating both degradation rates and statistical 

equivalency between the average of grab samples and its corresponding composite. In terms 

of degradation rates, SARS-CoV-2 appeared to remain stable at all three sewersheds over 

a 24-hour timeframe with PMMoV and B2M behaving in a similar manner, with more 

stability of B2M across watershed scales. SIV provided a sound surrogate baseline for a 

degrading signal over time, and as the sewershed scale increased, the more significant the 

degradation became with regards to the 24-hour time interval. In all sewershed scales FC 

was observed to multiply. It was observed to have multiplied 4-fold from the building 

to the cluster scale, and 10-fold from the building to the community scale. In terms 

of statistical equivalency between the average of grab samples and its corresponding 

composite, consistently across the three sewershed scales, B2M was the only molecular 

target to have statistically equivalent results between the composite and grab samples, 

with SARS-CoV-2 following suit showing only a significant difference between the sample 

types at the building scale. When grab samples below detection were not used in the 

analysis, SARS-CoV-2 was statistically equivalent at the building scale, thus supporting the 

overall result showing lack of degradation. Conversely, SIV’s measured abundance was only 

equivalent between the mean of the grabs and the composite sample at the building scale. 

Mixed results were observed for PMMoV and FC in terms of their statistical differences 

between the average of the grabs and the composites, as assessed for the “A” set of 

experiments.

3.2. Hour to Hour Variability of Biological Signals in Wastewater

Hour to hour variability is expected in wastewater due to the varying uses of water within a 

building as described by Grijalva et al. (2022)22 Curtis et al. (2021)54 provides that multiple 

parameters could impact the variability of SARS-CoV-2 and other targets concentrations per 

point in collection which we addressed by measuring the same sampling site consistently 

each hour for 24 hours. In the “B” set of experiments samples were collected every hour 

from the wastewater source. Parameters which could impact the variability of molecular 

signal include flow rate26, precipitation or tidal fluctuations54, and incidence within the 

community20. Results from the biological markers show that the average of the 24-hour 

grab samples were within the same order of magnitude of the composite samples for SARS-

Cov-2, PMMoV and B2M (Table 5). These results are consistent with the results from 

the “A” set of experiments designed to evaluate degradation rates. As noted above, SARS-

CoV-2, PMMoV and B2M did not degrade significantly. Thus, the average of the 24-hour 

grab samples would be expected to represent the composite samples. As mentioned earlier, 

the stable levels of the endogenous SARS-CoV-2 observed in the current study is consistent 

with the low end of degradation rates observed in other studies.24 Moreover, SIV was shown 

to degrade during the degradation experiments above. Here for the “B” experiments, the 

SIV measured from the composite samples were about an order of magnitude lower than 

that from the average of the 24, hourly grab samples (Table 5). Conversely, the degradation 

experiments above found evidence of multiplication of FC in the wastewater, and as a result, 

the composite sample in the “B” set of experiments herein show levels of FC that were 

higher than the average of the 24-hourly grab samples consistent with the multiplication of 

FC during the compositing process (Table 5). The extra composite sample, provided for the 

3B experiment by the CDWWTP’s autosampler, and quantified as a standalone comparative 
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sample, also followed similar orders of magnitude for the molecular and microbial targets 

of focus; SIV did not degrade as quickly in the WWTP composite sample – measuring one 

order of magnitude higher than the in-house generated composite. The primary difference 

between the two composite samples was the slight offset in time of hourly sampling and 

the temperature of sample storage during compositing. The CDWWTP’s autosampler is 

refrigerated whereas the composite samples prepared manually in the laboratory were held 

at room temperature. It is possible that the warmer temperature of the laboratory-prepared 

samples contributed to the degradation of SIV rather than the provided refrigerated sample, 

which agrees with prior studies that the lower temperatures of sample holding is associated 

with lower decay rates.25

One-sample T-tests were performed to evaluate the expected representativeness of the hourly 

collected samples (Exp. “B’s”), considering the biological degradation and/or multiplication 

per target described above, between the grab and composite samples. For SARS-CoV-2, one-

sample Wilcoxon signed rank test results showed that that there was a statistical difference 

found between the median of the grab samples and the corresponding value of the composite 

sample, for all sewershed scales (p<0.009). These differences were driven by the “spike” 

nature of the variability of SARS-CoV-2 RNA in samples collected hour to hour, where 

one hour can comparatively measure much higher or lower than the next. This agrees with 

the results described by George et al. (2022)21 in that the representativeness between grab 

samples with a set frequency of collection and the corresponding composite become reduced 

when the flow of the wastewater is reduced (Table 1). As observed from the time series plots 

(Figure 5), the samples were characterized by orders-of-magnitude variability in some cases. 

For example, at the cluster scale the majority of the SARS-CoV-2 levels were observed in 

the 105 gc/L range with the exception of three samples in the 106 gc/L range. These three 

samples drive up the average SARS-CoV-2 levels in the composite samples (because of 

elevated RNA levels roughly a factor of 10 above the baseline) but these same samples do 

not impact the statistical computation of the median because they correspond to a minority 

of the samples. Therefore, the variable nature of the SARS-CoV-2 signal is best captured 

by evaluating averages. When using the one-sample T-test, which compares the average of 

the 24 grab samples in the B set of experiments to the corresponding composite sample, the 

results illustrate a statistical equivalency between grab and composite sample types for the 

building and cluster scale (p>0.669), where the WWTP composite, rather than the in-house 

created composite, provided equivalency at the community scale (p=0.689) (Table 5). For 

all other molecular targets, the results from the comparison of the median of the grabs 

(one-sample Wilcoxon test) or comparison of the average of the grabs (one-sample T-test) 

were consistent. Therefore, the discussion from here will focus on emphasizing the results 

from the one-sample T-test that compares grab against composite sample types.

For the surrogate virus, SIV, consistent with the degradation experiments above, T-test 

results showed a composite sample average that was less than the average of the 24 grab 

samples for all sewershed scales and both composite samples at the community scale 

(p<0.001) (Table 5). PMMoV and B2M, consistent with the results from the degradation 

experiments, generally showed statistical equivalency between the average of the grab 

samples and the composites at each sewershed scale (p>0.112), with the exception of 

PMMoV at the community scale where the composite was found to be statistically different 
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from the average of the grab samples (p<0.002) (Table 5). Given PMMoV’s ability 

to remain relatively stable over 24-hours and its widespread usage in wastewater-based 

epidemiological studies, it was unexpected that PMMoV levels would be significantly 

different between the sample types at the community scale; the reasons for the exception 

to the general trend for PMMoV is unknown. Finally, analysis of the FC composite 

sample, consistent with the results from the degradation experiments, provides evidence 

that bacterial multiplication is occurring at all three sewershed scales (p<0.001) (Table 5).

Time series plots of the raw microbial signals show the quantified SARS-CoV-2 RNA (gc/L) 

from grab samples collected hourly at each sewershed scale (Figure 3). As grab sampling 

essentially captured a single point in time of the contributing population to the sewer system, 

unknown concentrations per target were expected to not only vary over 24-hours, but also at 

the three distinct sewershed scales – as each scale has a distinct servicing population. The 

building scale was expected to vary the most since the wastewater was collected close to 

the input source of a small residential population (~500) contributing to the sewer system. 

The cluster scale was expected to follow a similar trend as that scale encompassed only a 

few buildings per collection with a roughly 3x greater input population of humans than that 

of a single building. The community scale, due to the much larger input population (over 

1000x greater than a single building), was expected to vary the least overall because the 

scale servicing hundreds of thousands of individuals essentially averages the microbiome of 

the sewer system. As observed from the time series plots, hour to hour variability within 

a sewershed scale can vary by orders of magnitude. At the building scale the results from 

experiment 1B varied by 3 orders of magnitude (from 103 to 106), and at the cluster scale 

by 1.5 orders of magnitude (from 105 to 106.5). At the community scale the range for the 

3B experiments was also 1.5 orders of magnitude (from 103 to 104.5). Although it appears 

that the building scale was characterized by more variability, the data should be analyzed 

statistically to increase confidence in the results and employ the use of averages as the 

sewershed scale decreases in size.

To evaluate the variability of the SARS-CoV-2 signal between watershed scales, tests 

of homogeneity of variance were performed on molecular target data, grouped by the 

sewershed scales. Results showed that the variances between all three sewersheds were 

statistically equivalent with Levene statistic’s ranging from 0.193 – 1.029 (p>0.455) (Table 

6). The Levene analyses illustrated that for this study, over a 24-hour time interval, the level 

of variation quantified per molecular target was not different depending on the sewershed 

scale, contrarily to what was expected. Overall, the variation of each molecular target was 

not seen to occur between the sewershed scales when they were grouped and assessed as a 

whole, illustrating that variations over time within a sewershed scale were more impactful 

than variations observed between the different sewershed scales.

3.2.1. Normalization of SARS-CoV-2 Signal: V2G-qPCR Targets—As mentioned 

above, water sources (toilet water, sink water, shower water, clothes washing water, etc.) 

of a given sampling location vary over time for downstream applications, and the SARS-

CoV-2 signal from WBE applications will be dependent upon the water source.21, 22 To 

account for the variations in water sources, we utilized three parameters for normalizing 

the quantified SARS-CoV-2 RNA signal at each sewershed scale (PMMoV, B2M and FC). 

Babler et al. Page 15

Sci Total Environ. Author manuscript; available in PMC 2024 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Previous investigations by Zhan et al. (2022)8 utilized these three parameters to evaluate 

the representativeness of human influence for SARS-CoV-2 measurements. Theoretically, 

normalization by human waste indicators should decrease the hour-to-hour variability of 

the SARS-CoV-2 signal by removing dilution effects from water sources that have minimal 

influence from human fluids.

The suitability of normalization was evaluated in two different ways. First the mean of the 

24-hour grab samples was compared to the composite value, utilizing T-tests, similarly to the 

raw abundance analyses above, to determine whether normalization improves the ability of 

the composite samples to represent the 24-hour grabs. Second, normalization was evaluated, 

by comparing the results of the Levene test between the raw (gc/L) SARS-CoV-2 values 

from the “B” set of experiments against the normalized signal per parameter to determine 

whether the variability decreased or not.

When SARS-CoV-2 levels were normalized by human waste indicators, the average of 24 

grab samples had varied trends of representativeness depending on the fecal parameter used. 

SARS-CoV-2 normalized by PMMoV was the most consistent across all three sewersheds 

in that the composite measured well within the range of the grab samples analyzed and 

was also reported within the same order of magnitude (Table 7). T-tests indicated that 

SARS-CoV-2 data normalized by PMMoV was statistically equivalent between the mean 

of the 24 grab samples and the composite (p>0.353) for all three sewershed scales (Table 

7). Similarly, SARS-CoV-2 normalized by B2M showed good representativeness between 

the average of the grabs and composites at all three sewershed scales (Table 7) with most 

p-values measuring above 0.310 with the exception of the composite for the laboratory 

prepared composite generated at the community scale which showed the composite (5.2 

× 10−2) was higher than the average of the grabs (3.5 × 10−2) (p<0.001). Finally, for 

SARS-CoV-2 normalized by FC, there was a larger difference noted between the grab 

mean and the composites; the normalized composite sample reported roughly 73x lower 

than the average of the grabs at the building scale, and as the sewershed scale increased 

the relationship between the sample types became much closer; an 8x decrease was noted 

for FC normalized SARS-CoV-2 at the cluster scale, and a 3x decrease was seen at the 

community scale (Table 7). Overall, T-tests supported these differences in that the grab 

mean and composite sample type did not represent one another and normalization by FC 

bacteria did not consistently improve the representativeness between the sample types (p < 

0.009 with the exception of the building scale). Raw SARS-CoV-2 signals (gc/L), as well 

as a 3-hour moving average of raw SARS-CoV-2, were plotted alongside PMMoV, B2M, 

and FC normalized SARS-CoV-2 at all three sewersheds over 24-hours to provide a visual 

representation of the hourly variability occurring within the sewer system. These time-series 

plots can be viewed within the Supplemental Text.

As mentioned above for SARS-CoV-2, a test for homogeneity of variances was performed 

on grouped data by sewershed scale providing a Levene statistic of 0.719 (p = 0.803). 

The null hypothesis for each statistical test assumes equality between the grouped data, 

so these results were utilized as the baseline comparison for whether the normalization 

parameters of choice impacted the level of variability seen per sewershed scale. Variability 

was determined to be reduced if the significance levels (p-values) were closer to one for the 
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normalized SARS-CoV-2 by fecal indicator parameter, and conversely was determined to 

increase if the significance level approached zero. The mainstream normalization parameter 

for wastewater-based surveillance studies, PMMoV, was the most impactful over 24-hours 

in reducing the variability of the grouped sewershed scales. Dividing the SARS-CoV-2 

abundance by the level of PMMoV RNA detected per hourly collected sample showed that 

variability decreased, and the equality of the variance increased with a Levene’s statistic = 

0.574 and more significant p = 0.925 (Table 6). Contrarily, both B2M and FC bacteria did 

not reduce variability of the SARS-CoV-2 signal over the 24-hour time interval in that the 

Levene test resulted in p-values lower than the stand-alone SARS-CoV-2 measurement (p 

= 0.521 and p = 0.748, respectively) (Table 6). These results provide that normalization by 

PMMoV did decrease the variability of the results by lowering the overall variability over 

time; however, the lowering of the variability was not statistically significant at the different 

watershed scales.

Overall, the representation between the sampling types for SARS-CoV-2 abundance from 

grab vs. composite was improved by utilizing normalization. But, given inconsistent 

findings per target, it was not clear that normalizing SARS-CoV-2 abundance over a 24-

hour timeframe provided noteworthy benefits, contrarily to what was expected. The viral 

parameter PMMoV improved the representation of SARS-CoV-2 at the building scale, 

between the mean of the grabs and composite sample, as well as at the community 

scale between the grabs and the WWTP provided composite sample (Table 7). Similarly, 

normalization by B2M improved the representation of SARS-CoV-2 between the sample 

types at the cluster scale, and between the mean of the grabs and WWTP provided 

composite (Table 7). Each parameter, as described above, was quantified as relatively 

stable over 24-hours and so provided a consistent value for smoothing out SARS-CoV-2 

abundance, supporting the use of these two targets for normalization purposes with WBE 

studies. FC bacteria did not improve the representativeness between the sample types, but 

instead worsened the relationship of SARS-CoV-2 abundance estimates per sewershed scale, 

so is not recommended here as a normalization parameter due to its tendency to replicate 

over time in the sewer system. From the Levene’s test, variability was only observed 

to decrease through the use of PMMoV as a normalization parameter for SARS-CoV-2 

levels in that the central tendencies of the dataset became more equivalent for the same 

time-period when compared against raw abundance; however this decrease in variability 

was not statistically significant. B2M levels and FC bacteria were not useful in reducing 

variability of SARS-CoV-2 when utilized as normalization parameters over 24-hours, per 

sewershed scale, but instead provided more pairwise differences between the sewershed 

scales upon analysis. Thus overall, normalization of the SARS-CoV-2 signal did not provide 

consistently improved representations of overall sample means.

3.3. Control Targets for Quality Assurance

The virus OC43 was utilized as a recovery control for this study to provide a baseline 

comparator for the viral recovery for SARS-CoV-2 following quantification.19, 38, 46 The 

resulting Cq values for the OC43 target per sample are summarized within the Supplemental 

Text Table S-1, in addition to the calculated percent recovered on a per liter basis. 

Recoveries ranged from 13 to 33% for the grab sample experiments and 3 to 38% for 
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the composite samples. To note, within this study reported values for molecular targets 

(including SARS-CoV-2) are direct measures and were therefore not adjusted for recovery of 

OC43. We recommend that the degradation of OC43 should be considered when calculating 

% recovery as the composite sample had less OC43 recovered overall (except Exp B. for 

the UM composite) compared against the 24-hour grab average which were processed 

immediately, indicating degradation for this target. Holding time of samples at room 

temperature could be a factor in this study that provided lower % recoveries for OC43 

within the composite samples. Further research is needed regarding the decay rate of this 

commonly utilized processing control.

Comparison of the Cq values of the HIV inhibition control against a water-RNA control (30 

μL of HIV RNA + 10 μL nuclease-free water) showed little to no inhibition of wastewater 

collected at all three sewershed scales. More details about the inhibition analysis by the HIV 

target is available in the Supplemental Text.

4.0. CONCLUSIONS

The use of WBE as a tool for predicting the prevalence of COVID-10 within communities 

is increasing in popularity and scope, but work has led to a better understanding of 

its limitations for its predictive capacity and power as a tool for guiding public health 

policies.2, 6, 7, 55 In this study we addressed the representativeness of composite sampling 

types, made observations about biological degradation occurring within wastewater using 

multiple microbial targets, and assessed variability occurring intra-day and from hour to 

hour while evaluating the potential of normalization parameters of human waste. This study 

is unique in that it comprehensively evaluated degradation and hour to hour variability, 

using both endogenous and exogenous microbial targets while monitoring for basic physical 

chemical parameters. Degradation experiments were conducted simultaneously with hour-to-

hour wastewater variability studies allowing for the assessment of sample representativeness 

using the same wastewater sample, thereby controlling for wastewater chemistry.

Overall, lack of significant degradation of SARS-CoV-2, PMMoV, and B2M suggests that 

composite samples are not adversely affected by the 24-hour sample hold time within the 

automatic composite sampler. So composite sampling is recommended for measurements of 

SARS-CoV-2, PMMoV, and B2M due to their relative stability over a period of 24 hours. 

Specifically for SARS-CoV-2, degradation was insignificant. This differs from other studies 

which generally indicate measurable degradation26. We believe that the lack of degradation 

in the current study was due to the measurement of endogenous SARS-CoV-2, PMMoV, 

and B2M coupled with the characteristics of the wastewater analyzed, and the immediate 

concentration and stabilization of sample DNA/RNA. We also found that the degradation of 

the exogenous virus, SIV, was a function of sewershed scale with no significant degradation 

observed at the building scale in contrast to the significant degradation observed at the 

cluster and community scale.

In this study we found that the microbial targets varied from one hour to the next within 

a 24-hour timeframe, so the composite sample reflected the average of the SARS-CoV-2 

signal from individual grabs. However, significant degradation of SIV, and multiplication 
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of FC bacteria showed that for some biological targets, composite sampling may impact 

the level of abundance quantified downstream, so results should be corrected for die-off 

or growth. The degradation seen here for SIV may have been offset using refrigeration 

during the compositing processes, but more research is needed to confirm the importance 

of temperature for this viral target. Studies aimed at collecting and evaluating other 

microbiological targets from wastewater should evaluate the need for refrigeration as this 

study suggests that rate of decay is different between targets found within wastewater.

Normalization by common, and less-common, indicators of human waste was also a strategy 

utilized here to improve the representativeness between grab and composite sampling for 

SARS-CoV-2. Although some reductions in variability were observed when the SARS-

CoV-2 was normalized by PMMoV, the overall improvements made with normalization 

between sampling types were considered minimal.

In cases where composite samples are not feasible, we recommend grab sampling over the 

long term at the same time of day and day of week to reduce variability caused by changes 

in water use. This recommendation is consistent with those of Grijalva et al. (2022)22 who 

emphasized that the daily variability of SARS-CoV-2 signals within wastewater has yet to be 

leveraged for best-practices of collecting wastewater grabs. In addition to evaluating utility 

of daily sampling at the same time of day, we recommend that future experiments augment 

the work from current studies16, 21 by collecting samples every hour for a period of a 

week, or at shorter time-frequencies of collection (i.e., every 10–15 minutes) over 24-hours, 

to evaluate across study consistency in sample timing to control for variability caused by 

changes in water use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Simultaneous measurements of degradation and hourly grab sampling allowed 

for use of identical wastewater samples, thereby controlling for water quality.

• Limited degradation of SARS-CoV-2 observed over 24-hours consistent with 

lower end of degradation rates in prior studies

• Over 24-hours, significant degradation of surrogate virus, SIV, and significant 

multiplication of fecal coliforms

• Hour-to-hour variability of wastewater larger than variability associated with 

sewershed scale

• B2M was the most stable indicator of human waste but minimal benefits were 

observed when normalizing SARS-CoV-2 by B2M.
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Figure 1: 
Experimental “A” field and laboratory workflow visualized including sample splits, 

wastewater pre-treatment, and laboratory processing per aliquot of wastewater.
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Figure 2: 
Experimental “B” field and laboratory workflow visualized including sample splits, 

wastewater pre-treatment, and laboratory processing per aliquot of wastewater.
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Figure 3: 
Time series plots of SARS-CoV-2 for hourly grab samples and composite samples at the 

building scale (panel a), cluster scale (panel b) and community scale (panel c). Time shown 

corresponds to local time the day of the hourly experiment. Composite 3C corresponds 

to the composite sample collected at the wastewater treatment plant and this sample 

corresponds to mid-night to mid-night the prior day.
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Table 1:

Summarized water quality parameters per experiment and sewershed scale for all collected wastewater 

samples. Each value is an average of n=24 grab samples, recorded each hour on the hour for both Experiments 

“A” and “B”.

Water Quality Parameter (n=24 grab average)

Experiments 1-3A Experiments 1-3B

Building Cluster Community Building Cluster Community

pH Field 8.68 7.83 6.98 8.20 8.24 7.23

pH Lab 8.71 7.77 7.10 8.11 8.19 6.91

Water Temperature (°C) 22.1 22.0 22.4 24.1 24.2 25.0

Specific Conductivity (pS/cm) 4665 3086 14940 3191 2586 14560

Turbidity (FNU) 46.2 36.8 105.8 89.3 62.4 83.7

Dissolved Oxygen (mg/L) 2.2 2.1 2.0 6.0 4.7 2.4

Air Temperature (°C) N/A* N/A 26.0 25.6 23.2 26.2

Humidity (%) N/A N/A 87.2 64.8 61.9 84.1

Flow (m3/day) N/A N/A N/A 98.2 279 254,870

*
N/A = Not applicable
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Table 2:

Master Mix reagents and volumes for a single-well V2G-qPCR reaction. Sequences of target specific primers 

and probes utilized per reaction; SARS-CoV-2, and HIV were quantified with the singleplexed 40 μL reaction 

reagents/ratios below, and B2M/OC43 as well as PMMoV/SIV were quantified with the duplexed 40 uL 

reaction reagents/ratios.

V2G-qPCR Master Mix Reagents Volume per Duplexed 40 uL Reaction

Nuclease-free water 23.31 μL

5X Volcano (2G) Buffer (myPOLS LOT# 8016) 8.8 μL

10 mM dNTPs 1.2 μL

5 units/pL Volcano (2G) Polymerase (myPOLS LOT# 
110521NRA)

0.5 μL

5 units/pL Taq Antibody (TaKaRa Cat# 9002A) 0.25 μL

20 μM forward primer 0.8 μL

20 μM reverse primer 0.8 μL

100 μM target-specific FAM probe 0.16 μL

100 μM target-specific HEX probe 0.12 μL

400X Rox 0.1 μL

MgCl2 0.4 μL

V2G-qPCR Master Mix Reagents Volume per Singleplexed 40 uL Reaction

Nuclease-free Water 23.6 μL

5X Volcano (2G) Buffer (myPOLS LOT# 8016) 8.8 μL

10 mM dNTPs 0.8 μL

5 units/pL Volcano (2G) Polymerase (myPOLS LOT# 
110521NRA)

0.4 μL

5 units/pL Taq Antibody (TaKaRa Cat# 9002A) 0.2 μL

20 μM forward primer 1 μL

20 μM reverse primer 1 μL

100 μM target-specific FAM/HEX probe 0.1 μL

400X Rox 0.1 μL

Molecular Target Primer/Probe Sequences

SARS-CoV-2 (N3) CV3b/f TGCTAACAAAGACGGCATCA

CV3c/r GTAGCACGATT GCAGCATT G
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CV3.prb ACA TTG GCA CCC GCA ATC CTG CT (FAM)

SIV SIV876/f GCTAGACT CT CACCAGCACTT G

SIV999/r CTAGGAGAGATGGGAACACACA

SIV.prb TCCACGCTTGCTTGCTTAAAGACCTCT (FAM)

PMMoV PMMoV/f AGTGGTTTGACCTT AACGTTT GA

PMMoV/r CCTACGTCTGACGACACAATCT

PMMoV.prb CCTACCGAAGCAAATGTCGCACT (HEX)

B2M qB2M/f CAAGGACT GGTCTTT CTATCTCTTGTAC

qB2M/r CTGCTTACATGTCTCGATCCC

B2M.prb AGCAGCGGCAGGACCAGCCCCAAG (FAM)

HIV RTwt3/f GAAAATTAGTAGATTT CAGAGAACTTAAT AAGAGAAC

V106/r CATCACCCACATCCAGTACTGTTA

RT1.prb TTCTGGGAAGTTCAATTAGGAATACCACATCCCGCAGG (FAM)

OC43 OC43/f CAACCAGGCTGATGT CAATAC

OC43/r AAACCTAGTCGGAATAGCCTCA

OC43.prb ACATTGTCGATCGGGACCCAAGT (HEX)
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Table 3:

Degradation rates for microbiological targets (hour −1) and Spearman coefficients (r) of study parameters 

(n=24 grab samples per experiment, per parameter) over a 24-hour time interval from wastewater samples at 

three distinct sewershed scales. Data for each parameter were transformed from gc/L or CFU/L into ln(Ct/Co) 

and compared against time (hours).

Experiment: Sewershed 
Scale

Degradation 
Rate (k)

Statistical Comparison: 
ln(Ct/Co) vs. Time (hr)

Spearman’s rho 
(r) p-value

95% Confidence 
Intervals

Lower Upper

Experiment 1A: Building 
Scale

−0.0265 SARS-CoV-2 vs. Time −0.093 0.666 −0.488 0.334

−0.0156 SIV vs. Time −0.217 0.310 −0.579 0.217

−0.0144 PMMoV vs. Time 0.103 0.633 −0.325 0.495

−0.0202 B2M vs. Time −0.385 0.063 −0.689 0.034

0.462 FC vs. Time 0.731 <0.001* 0.455 0.879

Experiment 2A: Cluster 
Scale

−0.0102 SARS-CoV-2 vs. Time −0.126 0.557 −0.513 0.304

−0.0432 SIV vs. Time −0.764 <0.001* −0.895 −0.513

0.00040 PMMoV vs. Time 0.108 0.616 −0.320 0.499

−0.0095 B2M vs. Time −0.350 0.094 −0.667 0.075

0.128 FC vs. Time 0.508 0.011* 0.119 0.762

Experiment 3A: 
Community Scale

0.0296 SARS-CoV-2 vs. Time 0.369 0.076 −0.053 0.679

−0.105 SIV vs. Time −0.959 <0.001* −0.983 −0.904

0.0189 PMMoV vs. Time 0.375 0.071 −0.046 0.683

0.0172 B2M vs. Time −0.080 0.710 −0.478 0.345

0.0218 FC vs. Time 0.536 0.007* 0.157 0.777
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Table 4:

Comparison of microbiological target abundance for 24-hour grab sample average versus composite sample 

produced during the degradation experiments (1-3A). p values of the one-sample T-test less than 0.05 indicate 

that the mean of the grab sample was statistically different than the value of the corresponding composite 

sample.

Molecular and 
Microbial Targets SARS-CoV-2 (gc/L) SIV (gc/L) PMMoV (gc/L) B2M (gc/L) Fecal coliform by 

culture (FC) (CFU/L)

Sample Type Experiment 1A – Building Scale

Grab Average 
(n=24) 6.28 × 102 1.93 × 106 1.14 × 108 1.45 × 106 5.33 × 106

Grab Median 
(n=24) 6.14 × 102 1.94 × 106 1.06 × 108 1.48 × 106 1.50 × 106

Grab [Min-Max] 
(Std. Dev)

[BDL*−2.1×104] 
(5.5×102)

[6.3×105–
3.4×106] 
(4.6×105)

[8.0×106–
2.7×108] 
(4.4×107)

[2.1×105–
2.2×106] 
(3.8×105)

[BDL*−2.8×107] 
(8.0×106)

Composite 1A 1.09 × 103 1.82 × 106 1.32 × 108 1.38 × 106 1.20 × 107

One-Sample T-Test 
(p-value: two-tailed)

<0.001

*values above detection 
limits p=0.135

0.284** 0.050** 0.365** <0.001

Sample Type Experiment 2A – Cluster Scale

Grab Average 
(n=24) 5.79 × 104 7.12 × 105 1.01 × 108 3.63 × 105 2.31 × 107

Grab Median 
(n=24) 5.83 × 104 6.11 × 105 1.02 × 108 3.62 × 105 9.00 × 106

Grab [Min-Max] 
(Std. Dev)

[3.3×104–8.5×104] 
(1.2×104)

[3.2×105–
2.8×106] 
(5.1×105)

[8.1×107–
1.2×108] 
(9.3×106)

[2.7×105–
4.9×105] 
(5.9×104)

[1.0×103–1.3×108] 
(3.2×107)

Composite 2A 5.58 × 104 4.03 × 105 9.28 × 107 3.54 × 105 3.40 × 107

One-Sample T-Test 
(p-value: two-tailed) 0.393** 0.007 <0.001 0.479** 0.112**

Sample Type Experiment 3A – Community Scale

Grab Average 
(n=24) 3.16 × 103 8.92 × 105 8.81 × 107 1.17 × 105 1.13 × 108

Grab Median 
(n=24) 3.11 × 103 4.05 × 105 9.03 × 107 1.18 × 105 1.09 × 108

Grab [Min-Max] 
(Std. Dev)

[1.8×102–7.5×103] 
(1.9×103)

[2.3×105–
4.5×106] 
(1.1×106)

[3.0×107–
1.5×108] 
(2.2×107)

[7.7×103–
2.1×105] 
(4.6×104)

[6.7×107–2.4×108] 
(3.7×107)

Composite 3A 3.27 × 103 3.09 × 105 1.1 × 108 1.23 × 105 2.21 × 108

One-Sample T-Test 
(p-value: two-tailed) 0.771** 0.013 <0.001 0.545** <0.001

*
BDL=Below Detection Limits. Detection limit for SARS-CoV-2 was 1.0×102 gc/L. Detection limit for FC was 1.0 × 106 CFU/L.

**
denotes that average of grab and composite sample were statistically not different as per T-test.

Sci Total Environ. Author manuscript; available in PMC 2024 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Babler et al. Page 33

Table 5:

Comparison of microbiological targets for grab versus composite samples produced in the laboratory from 

samples collected from wastewater source each hour (Experiments 1-3B). p values of the one-sample T-test 

less than 0.05 indicate that the mean of the grab sample was statistically different than the value of the 

corresponding composite sample.

Molecular and 
Microbial Targets SARS-CoV-2 (gc/L) SIV (gc/L) PMMoV (gc/L) B2M (gc/L) FC (CFU/L)

Sample Type Experiment 1B - Building Scale

Grab Average 
(n=24) 5.28 × 104 3.08 × 106 2.43 × 108 8.81 × 105 2.30 × 107

Grab Median 
(n=24) 4.55 × 103 2.32 × 106 1.32 × 108 8.58 × 105 9.00 × 106

Grab [Min-Max] 
(Std. Dev)

[BDL*−9.7×105] 
(2.0×105)

[1.3×105–
1.2×107] 
(2.7×106)

[6.0×107–
1.9×109] 
(3.8×108)

[5.0×103–
1.6×106] 
(4.1×105)

[BDL*−1.9×108] 
(4.0×107)

Composite 1B 4.13 × 104 1.6 × 105 3.70 × 108 9.31 × 105 1.74 × 108

One-Sample T-
Test (p-value: two-
tailed)

0.775** <0.001 0.112** 0.567** <0.001

Sample Type Experiment 2B - Cluster Scale

Grab Average 
(n=24) 2.82 × 105 7.26 × 106 1.38 × 108 1.08 × 106 2.42 × 107

Grab Median 
(n=24) 1.75 × 105 6.95 × 106 1.40 × 108 1.05 × 106 1.00 × 107

Grab [Min-Max] 
(Std. Dev)

[6.2×104–2.0×106] 
(3.9×105)

[3.8×106–
1.2×107] 
(2.4×106)

[5.8×107–
2.6×108] 
(5.2×107)

[4.8×105–
2.0×106] 
(4.5×105)

[1.0×103–1.5×108] 
(3.2×107)

Composite 2B 3.16 × 105 4.38 × 105 1.27 × 108 9.59 × 105 6.80 × 107

One-Sample T-
Test (p-value: two-
tailed)

0.669** <0.001 0.319** 0.217** <0.001

Sample Type Experiment 3B - Community Scale

Grab Average 
(n=24) 8.62 × 103 4.30 × 106 1.43 × 108 2.43 × 105 1.02 × 108

Grab Median 
(n=24) 7.63 × 103 4.59 × 106 1.50 × 108 2.61 × 105 9.50 × 107

Grab [Min-Max] 
(Std. Dev)

[8.4×102–3.0×104] 
(6.1×10s)

[2.2×106–
6.5×106] 
(1.1×106)

[9.1×107–
2.1×108] 
(3.2×107)

[1.2×105–
3.6×105] 
(7.0×104)

[3.7×107–1.7×108] 
(4.0×107)

Composite 3B 1.16 × 104 6.07 × 105 1.66 × 108 2.25 × 105 4.21 × 108

WWTP Composite 9.12 × 103 6.22 × 106 1.78 × 108 2.90 × 105 2.38 × 108

One-Sample T-
Test (p-value: two-
tailed)

0.022 (UM)

0.689** (WWTP)
<0.001 (UM)

<0.001 (WWTP)
0.002 (UM)

<0.001 (WWTP)
0.227** (UM)
0.003 (WWTP)

<0.001 (UM)
<0.001 (WWTP)

*
BDL=Below Detection Limits. Detection limit for SARS-CoV-2 was 1.0×102 gc/L. Detection limit for FC was 1.0 × 10“ CFU/L.

**
denotes statistical equivalency between grab and composite sample types by Wilcoxon Signed Rank Tests/T-tests.
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Table 6:

Tests for homogeneity of variance between watershed scales using Levene’s Statistics for different molecular 

and microbial targets, with and without normalization for SARS-CoV-2.

Molecular/Microbial Target for Experiments (1-3B)
Levene’s Test Results

Test statistic p-value

SARS-CoV-2 0.719 0.803

SIV 0.619 0.893

PMMoV 1.029 0.455

B2M 0.193 1.000

FC 0.240 1.000

SARS-CoV-2/PMMoV 0.574 0.925

SARS-CoV-2/B2M 0.966 0.521

SARS-CoV-2/FC 0.770 0.748
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Table 7:

Comparison of normalized SARS-CoV-2 by PMMoV, B2M, and FIB for grab (n=24) versus composite 

samples produced in the laboratory from samples collected from the wastewater source each hour 

(Experiments 1-3B). p values of the one-sample T-test less than 0.05 indicate that the mean of the grab 

samples was statistically different than the value of the corresponding composite sample.

Normalized Molecular and Microbial Targets SARS-CoV-2/PMMoV SARS-CoV-2/B2M SARS-CoV-2/FC

Sample Type Experiment 1B - Building Scale

Grab Average (n=24) 4.24 × 10−4 5.12 × 10−1 1.57

Grab Median 3.26 × 10−5 5.75 × 10−3 8.28 × 10−4

Grab Range (min – max) 1.67×10−6–7.97×10−3 3.48×10−4–1.08×101 2.77×10−5–2.07×101

Grab Std. Dev. 1.62 × 10−3 2.21 4.85

Composite 1B 1.12 × 10−2 4.44 × 10−2 2.37 × 10−4

One-Sample T-Test (p-value: two-tailed) 0.353** 0.310** 0.178**

Sample Type Experiment 2B - Cluster Scale

Grab Average (n=24) 2.10 × 10−3 2.85 × 10−1 9.88

Grab Median 1.48 × 10−3 1.70 × 10−1 1.55 × 10−2

Grab Range (min - max) 3.83×10−4–9.85×10f3 4.83×10−2–1.48 1.30×10−3–1.65×102

Grab Std. Dev. 2.15×10−3 3.15 × 10−1 3.61×101

Composite 2B 2.49 × 10−3 3.29 × 10−1 4.65 × 10−3

One-Sample T-Test (p-value: two-tailed) 0.384** 0.496** 0.009

Sample Type Experiment 3B - Community Scale

Grab Average (n=24) 6.41 × 10−5 3.45 × 10−2 1.00 × 10−4

Grab Median 4.84 × 10−5 3.30 × 10−2 7.18 × 10−5

Grab Range (min – max) 9.32×10−6–3.33×10−4 7.09×10−3–1.15×10−1 1.11×10−5–5.02×−4

Grab Std. Dev. 6.32×10−5 2.13×10−2 9.90×10−5

Composite 3B 7.01 × 10−5 5.17 × 10−2 2.76 × 10−5

WWTP Composite 5.12 × 10−5 3.13 × 10−2 3.83 × 10−5

One-Sample T-Test (p-value: two-tailed) – Composite 3B 0.643** <0.001 0.002

One-Sample T-Test (p-value: two-tailed) – WWTP Composite 0.328** 0.477** 0.005

**
denotes statistical equivalency between grab and composite sample types by One-Sample T-tests.

Sci Total Environ. Author manuscript; available in PMC 2024 April 01.


	Abstract
	Graphical Abstract:
	INTRODUCTION
	MATERIALS AND METHODS
	Sample Collection
	Sample Splitting and Initial Spiking
	Sample Analysis for Non-Molecular Targets
	Wastewater Sample Concentration for Molecular Analysis
	Viral RNA Extraction
	V2G-qPCR Analyses
	Data Analysis

	RESULTS AND DISCUSSION
	Degradation of Biological Signal in Wastewater
	Hour to Hour Variability of Biological Signals in Wastewater
	Normalization of SARS-CoV-2 Signal: V2G-qPCR Targets

	Control Targets for Quality Assurance

	CONCLUSIONS
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Table 1:
	Table 2:
	Table 3:
	Table 4:
	Table 5:
	Table 6:
	Table 7:

