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ABSTRACT: Virus concentrations measured in municipal wastewater help @ encapsidated
inform both the water treatment necessary to protect human health and Concentration genomes
wastewater-based epidemiology. Wastewater measurements are typically infectious

viruses

PCR-based, and interpreting gene copy concentrations requires an
understanding of the form and stability of the nucleic acids. Here, we

study the persistence of model virus genomes in wastewater, the protective

effects provided by the virus capsids, and the relative decay rates of the
genome and infectious viruses. In benchtop batch experiments in
wastewater influent at 25 °C, extraviral (+)ssRNA and dsDNA amplicons =
degraded by 90% within 15—19 min and 1.6—1.9 h, respectively. When = S -
encapsidated, the Ty, for MS2 (+)ssRNA increased by 424X and the Ty, for hbbtq Time >~
T4 dsDNA increased by 52X. The (+)ssRNA decay rates were similar for a o

range of amplicon sizes. For our model phages MS2 and T4, the nucleic
acid signal in untreated wastewater disappeared shortly after the viruses lost
infectivity. Combined, these results suggest that most viral genome copies measured in wastewater are encapsidated, that measured
concentrations are independent of assay amplicon sizes, and that the virus genome decay rates of nonenveloped (i.e., naked) viruses
are similar to inactivation rates. These findings are valuable for the interpretation of wastewater virus measurements.
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H INTRODUCTION concentrations.”” Other viruses, such as SARS-CoV-2, are
excreted primarily in a noninfectious state.”**’ Due to the fact
that many RNA viruses generate extensive amounts of
subgenomic mRNA sequences as they replicate in the
30-32 . o

cytoplasm, extraviral nucleic acids or membrane-bound
vesicles are likely excreted and enter sewage systems. After
entering the sewage system, wastewater spends an average of
3.3 h and a maximum of 36 h in a domestic sewer system
before it enters a wastewater treatment plant,33 with travel
times decreasing during wet-weather conditions.”* During that
time, the integrity of intact virions can be impacted by changes
) 35,36 :

in wastewater pH and temperature, chemical wastewater

37 .

components such as surfactants,”” and biological components
such as protists”® and proteases.’” Based on these factors, the
viral genomes detected in wastewater may be part of an
infectious virus particle, an intact viral particle that is no longer
infectious, a compromised virus particle, or an extraviral
nucleic acid. The relative stability of the different states of viral

Many human viruses are present in municipal wastewater, and
wastewater measurements have been widely used for tracking
viruses that cause human diseases such as polioviruses, SARS-
CoV-2, influenza viruses, respiratory syncytial virus (RSV),
human norovirus, Mpox (monkeypox), and other enteric and
nonenteric viruses. -~ Beyond wastewater-based epidemiol-
ogy (WBE) applications, wastewater virus measurements are
also critical for determining the extent of advanced water
treatment that is necessary in water reuse applications to
achieve acceptable levels of risk in the finished drinking
2372% Quantifying viruses in wastewater most frequently
involves molecular-based methods (i.e., quantitative PCR
methods) due to the limitations and complexities of culture-
based methods. PCR-based quantification typically targets
small portions of the viral genome, and therefore, the resulting
concentrations are likely higher than infectious virus particles.
The interpretation and application of gene copy concentrations
requires an understanding of the genome signal stability as

wastewater is conveyed through the sewage system and of the Received: May 22, 2023
relative concentrations of genome copies and infectious virus Revised:  August 8, 2023
particles. Accepted: August 21, 2023

Published: September 1, 2023

Most human viruses enter wastewater through urine and ;
stool. Some viruses, such as human norovirus and human =
adenoviruses, are excreted in stool as infectious virions at high

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.est.3c03814

v ACS Publications 13757 Environ. Sci. Technol. 2023, 57, 13757—13766


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katherine+R.+Harrison"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Delaney+Snead"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Kilts"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michelle+L.+Ammerman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Krista+R.+Wigginton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.3c03814&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03814?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03814?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03814?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03814?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03814?fig=agr1&ref=pdf
https://pubs.acs.org/toc/esthag/57/37?ref=pdf
https://pubs.acs.org/toc/esthag/57/37?ref=pdf
https://pubs.acs.org/toc/esthag/57/37?ref=pdf
https://pubs.acs.org/toc/esthag/57/37?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.3c03814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

Environmental Science & Technology

pubs.acs.org/est

Table 1. Characteristics of Viruses Used in This Study

Virus Genome Type Genome Size” Capsid Structure Particle Size (nm) Structure
MS2 (+)ssRNA, linear 3.6 kb Icosahedral ~25 Nonenveloped
BCoV (+)ssRNA, linear 27-32 kb Pleomorphic 65210 Enveloped

T3 dsDNA, linear 38.2 kbp Icosahedral head + tail ~70 (head + tail) Nonenveloped
T4 dsDNA, linear 168.9 kbp Icosahedral head + tail ~203 (head + tail) Nonenveloped

“kb = kilobases, kbp = kilobase pairs.

nucleic acids in wastewater remains poorly characterized.
Consequently, it is not clear what proportion of viral genes in
wastewater samples are part of intact virus particles and how
those genes have decayed as they are transported in
wastewater.

Accurate genome decay rate constants in wastewater are
important for linking gene copy concentrations measured at
wastewater treatment plants to the number of gene copies
excreted in the sewershed and overall community prevalence.
For example, some models assume that SARS-CoV-2 RNA
decay in the sewershed prior to sampling is of similar
magnitude to PMMoV RNA decay.”*’ Other models have
used first-order decay rate constants in the range 0.1—1 days™"
for SARS-CoV-2 RNA.** Beyond SARS-CoV-2, there is limited
research on the relative stability of different viral nucleic acids
in wastewater. In particular, there is a need for data on a
broader range of nucleic acid types.

Different laboratories use a range of PCR-based methods for
detecting the same viruses in wastewater, and the assays can
target unique genome regions and amplicon sizes. Even within
the same lab, there can be a range of amplicon sizes employed
to target different variants of the same virus sequence. For
example, amplicons with a 2.5-fold difference in length (77—
200 bases) were used to target different SARS-CoV-2 variants
in one study.41 Previous research on genome amplicon sizes in
water disinfection processes and environmental DNA (eDNA)
persistence in fish species suggests that longer amplicons
degrade faster than shorter amplicons.””~** For example, when
bacterial DNA was disinfected with free chlorine, amplicons
that spanned 266—1017 bp exhibited up to a 2.4-fold
difference in decay rate constants.”> A 2.6-fold difference was
measured for the same amplicons during monochloramine
disinfection.” If the same amplicon size effect is true in
wastewater, then the concentration of a pathogen measured in
wastewater will be dependent on the amplicon size used in the
PCR-based assay.

The purpose of this research is to characterize the
persistence of viral (+)ssRNA and dsDNA in municipal
wastewater, understand the protective effect of the virus capsid,
and determine the potential biases of the amplicon size on
wastewater concentrations. We focus on (+)ssRNA and
dsDNA viruses because the majority of human viruses found
in municipal wastewater are Baltimore class I and IV viruses.*®
We apply four model viruses, namely, three bacteriophage and
one coronavirus, with structures that are representative of
typical human viruses in wastewater (Table 1). Ultimately, we
compared virus infectivity and genome persistence in untreated
wastewater to better define the relative persistence of genome
signals and infectious viruses through experiments using one
(+)ssRNA virus (MS2) and one dsDNA virus (T4). These
detailed genome decay results will help in WBE applications,
and the relative decay rates of infectious viruses and gene
copies will help with the interpretation of gene copy
concentration data in water reuse quantitative risk assessments.

B MATERIALS AND METHODS

Virus Stocks, Propagation, and Plaque Assays.
Bacteriophages MS2, T3, and T4 were propagated and
quantified with protocols that were published previously.**°
Bacteriophage MS2 was propagated and titered with E. coli
host ATCC #15597, and bacteriophages T3 and T4 were
propagated and titered with E. coli host ATCC #11303. A
summary of the media used for bacteriophage propagation and
storage is provided in Supporting Information Table S1. The
bacteriophage stocks were purified through a PEG-chloroform
method described previously.”” The MS2 stock was filter-
sterilized through 0.22 um poly(ether sulfone) (PES)
membrane filters (MilliporeSigma), and T3 and T4 stocks
were filter-sterilized through 0.45 pm filters. Infectious MS2,
T3, and T4 bacteriophage were enumerated by plaque assay
using the double agar overlay method.*** Modified-live
Bovilis Coronavirus Calf Vaccine (BCoV) was purchased
from PBS Animal Health (Cat. No. 16445) and concentrated
in TE Buffer (pH 8, Fisher Scientific) via centrifugal
ultrafiltration with 10 kDa Amicon centrifugal filter units.
The virus stocks were stored in 1X PBS (Fisher) and kept at 4
°C prior to extraction.

RNA and DNA Extraction. Extraviral (+)ssRNA and
dsDNA stocks were generated by extracting RNA and DNA
from viral stocks immediately prior to experiments. (+)ssRNA
was extracted from MS2 and BCoV virus stocks, and dsDNA
was extracted from T3 and T4 stocks using the AllPrep
PowerViral DNA/RNA Kit (Qiagen) following the manufac-
turer’s protocol except that the bead beating step was not
included. RNA was isolated from samples with S-mercaptoe-
thanol (Fisher). Samples were eluted in RNase-free water. The
purity of the nucleic acid stocks was assessed with a NanoDrop
Spectrophotometer (Thermo Scientific).

Wastewater Sampling and Characterization. Waste-
water influent was sampled from the City of Ann Arbor
Wastewater Treatment Plant at the headworks after grit
removal. The Ann Arbor Wastewater Treatment Plant has an
average flow of 18.5 MGD and serves a population of 121,000.
The 24-h time-weighted composite samples (~500 mL) were
collected in autoclaved 1L bottles randomly from February
2022 to October 2022 (Supporting Information Table S2). All
samples were transported to the University of Michigan
campus and used in the experiments immediately.

The wastewater sample pH was measured at the beginning
and end of each experiment. The mean pH at the beginning of
experiments was 7.72, and the pH decreased over the course of
the encapsidated virus stability experiments (Table S2 and
Table S3). The observed reductions in pH during experiments
were likely due to biological activity that results in the
formation of volatile fatty acids (VFAs) and thus lowers the
pH of the wastewater. The wastewater sample temperature was
maintained at 25 °C in a temperature-controlled room, and the
samples were gently mixed by continuous tilting on a rocking
shaker (Fisher) set to 30° incline. We selected 25 °C due to
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the fact that an estimated 75% of global wastewater
temperatures are within 6.9—34.4 °C.** Total suspended
solid (TSS) and total volatile suspended solid (TVSS)
measurements were obtained from the Ann Arbor Wastewater
Treatment Plant (Table S4). During this study, the mean TSS
was 192 (£52.8) mg L™" and the mean TVSS was 161 (+37.7)
mg L7

Wastewater Experiments. Wastewater samples were
spiked with either the intact viruses or the extracted viral
nucleic acids; for the remainder of the article, we defined these
nucleic acids as either “encapsidated” or “extraviral”. The
encapsidated virus stocks were treated with either RNase or
DNase to confirm that the vast majority of the viruses were
encapsidated (Figures S1 and S2). Likewise, extraviral dsDNA
stocks were treated with DNase to confirm that the vast
majority of these nucleic acids were extraviral and thus
nonquantifiable after DNase treatment (Figure S6). Details of
these treatments are described in the Supporting Information.
Control experiments were conducted in tandem in PBS
solutions (10X PBS, pH 7.4, purchased from Fisher Scientific)
to observe any background decay at room temperature.

For the extraviral nucleic acid experiments, S L of freshly
extracted MS2 (+)ssRNA, T3 dsDNA, and T4 dsDNA or 50
uL of freshly extracted BCoV (+)ssRNA was spiked into SO0
4L of untreated wastewater. The MS2, T3, and T4 viruses were
spiked into samples with a dilution factor of 1:100 to minimize
any matrix effects from the extracted nucleic acid solution.
BCoV was spiked into samples with a dilution factor of 1:10
due to the lower stock concentration. Extraviral nucleic acid
experiments were performed in triplicate, and each replicate
was conducted in a different composite untreated wastewater
sample collected on a different day. Extraviral nucleic acids
were spiked into samples to achieve initial concentrations of
~10° gc mL™" for MS2, ~10° gc mL™" for BCoV, ~10° gc
mL™" for T3, and ~10°® gc mL™" for T4. After the viral nucleic
acids were added, aliquots were removed from the reactors for
up to 24 h (Table S2). The quantified extraviral nucleic acids
(Figure 1) were reported with respect to the expected initial
concentrations to demonstrate the rapid decrease in (+)ssRNA

Time (hours) Time (hours)

0 2 4 10 20 30
B MS2 (+)ssRNA T3 dsDNA
0 A BCoV (+)ssRNA 7 0- ¢ T4dsDNA
=
o I{
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Figure 1. Extraviral (+)ssRNA and dsDNA decay in untreated
wastewater at 25 °C. C represents the concentration of the viral
nucleic acids in gene copies uL™" at time t in hours, and C, represents
the initial concentration of the viral nucleic acids at time = 0 based on
the amount of stock that was spiked into the wastewater. Initial
concentrations in wastewater were ~10° gc mL™" for MS2 (+)ssRNA
and ~10°® gc mL™" for BCoV (+)ssRNA, T3 dsDNA, and T4 dsDNA.
Open symbols represent measurements that were below the limit of
quantification and are plotted as the limit of quantification for each
virus assay. Error bars represent the standard error for three
experimental replicates conducted in wastewater samples collected
on different days.

concentrations in wastewater. Plots of encapsidated nucleic
acids (Figure 2) were plotted with respect to the initial

Time (hours) Time (hours)
5|0 1(|)0 1?0 2(|)0 5|0 1(|)0 1?0 2(|)0
° MS2 | T4
920 g 0, 03 4 4
° ® o A
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Figure 2. MS2 (+)ssRNA (left) and T4 dsDNA (right) encapsidated
genome decay in untreated wastewater replicates A—F at 25 °C. C
refers to the concentration of the viral nucleic acids in gene copies
uL™! at time t in hours. C, represents the initial concentration of the
viral nucleic acids at time = 0 based on the number of gene copies
measured immediately after the stocks were added to the sample.
Initial concentrations in wastewater were ~10° gc mL™" for MS2 and
~10® gc mL™" for T4. Open symbols represent measurements that
were below the limit of quantification (LOQ) and are plotted as the
limit of quantification for each virus assay. The data points for T4
dsDNA at time points >200 h were below LOQ and are not shown to
keep x-axis scales consistent.

concentrations measured in samples immediately after spiking
because we could not confidently report the absolute
abundance of encapsidated nucleic acids in the stocks. Issues
with viral nucleic acid recoveries from stocks and controls have
been documented in several other studies.*”*

For the encapsidated nucleic acid and infectious virus
experiments, a 30 yL aliquot of the MS2 or T4 stock was
spiked into 30 mL of untreated wastewater, resulting in final
virus concentrations of ~10® PFU mL™ for MS2 and ~10’
PFU mL™" for T4. The starting concentrations were confirmed
with plaque assays conducted immediately after the viruses
were spiked into the samples. Control experiments were
conducted in PBS. These experiments were performed in
triplicate with each replicate experiment taking place on
different days and in different wastewater samples. After the
stocks were added to the samples, aliquots were removed from
the wastewater batch reactors at desired experimental time
points up to 12 days for both nucleic acid quantification and
infectious virus quantification (Table S2). Nucleic acids were
extracted from the aliquots, as described above. For infectious
virus quantification, samples were serially diluted in 10-fold
increments prior to plating, and plates were enumerated if they
contained 2—250 plaques. Host control blanks and PBS blanks
were plated regularly to rule out contamination of the host
culture and agar, as well as the PBS dilution buffer.

Complementary DNA (cDNA) Synthesis and Molec-
ular Quantification. Nucleic acid concentrations in samples
were quantified with qPCR and RT-qPCR. We used DNA
standards for qPCR and cDNA standards for RT-qPCR. The
standards were prepared from freshly extracted virus stocks
during each experiment. The extracted nucleic acid standard
concentrations were determined with ddPCR. Assay informa-
tion for qPCR and ddPCR as per MIQE guidelines®" is
provided in Supporting Information Tables S5 and S6.

The (+)ssRNA extracts were converted to cDNA using an
iScript Advanced cDNA Synthesis Kit for RT-qPCR (Bio-Rad)

https://doi.org/10.1021/acs.est.3c03814
Environ. Sci. Technol. 2023, 57, 13757—-13766


https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c03814/suppl_file/es3c03814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c03814/suppl_file/es3c03814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c03814/suppl_file/es3c03814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c03814/suppl_file/es3c03814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c03814/suppl_file/es3c03814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c03814/suppl_file/es3c03814_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c03814/suppl_file/es3c03814_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03814?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03814?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03814?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03814?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03814?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03814?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03814?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03814?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c03814?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Table 2. Summary of Kinetics Parameters (Mean +95% Confidence Interval) for Virus Genome Decay and Infectious Virus

Decay in Untreated Wastewater at 25 ocf

extraviral encapsidated infectious
k
(days™)
k (days™) first k (days™) second Too k (days™) first k (days™') second Too k (days™) first second Too
phase phase () phase phase (days) phase phase (days)
MS2 1.7 (£0.76) x 10>  NA” 032 17 (£1.1) x 107" 6.9 (+4.1) x 107! 5.6
(89
MS2 NA NA NA 1.8 (x1.9) x 107" 6.7 (£7.0) x 107" 56 52 (x19)x 107" 1.0 43
(M) (£0.90)
MS2 NA NA NA 1.2 (+2.0) X 107" 6.8 (+x4.6) x 107 6.8
x)
BCoV 2.2 (+0.61) X 10> NA 025 NA NA NA NA NA NA
T3 3.5 (£1.5) x 10 1.8 (x1.1) 1.6 NA NA NA NA NA NA
T4 3.0 (+£0.62) x 10" 7.6 (£9.9) x 107" 1.9 3.3 (£2.5) x 107! 8.1 (+5.6) x 107! 4.1 2.0 (£62) x 107 1.0 39
(+0.41)

“NS denotes the rate constants that were not statistically different from zero. PNA denotes rate constants that are not applicable since they were not
measured in this study. °S denotes small amplicon size 99 b. “M denotes medium amplicon size 192 b. °L denotes large amplicon size 395 b./First

and second phase lengths are described further in Table S8.

following the manufacturer’s protocol. Each 20 uL reaction
consisted of 4 uL of SX iScript Advanced Reaction Mix, 1 uL
of iScript Advanced Reverse Transcriptase, 2 puL of RNA
template, and 13 uL of nuclease-free water. Reactions were
briefly mixed and centrifuged and then run on a Mastercycler
EP Gradient Thermal Cycler (Eppendorf) with a reverse
transcription step for 20 min at 46 °C followed by a reverse
transcriptase inactivation step for 1 min at 95 °C. Following
cDNA synthesis, samples were stored at —20 °C until analysis
by gPCR or ddPCR.

Gene targets for BCoV, T3, and T4 gene copy quantification
were obtained from the literature and were on average ~100
b/bp in size.”” >* Standard curves ranged from 10’107 gc
uL™! for MS2, 10'—10° gc uL™" for BCoV, and 10'—10° gc
uL™" for T3 and T4. Triplicate nontemplate controls showed
either no amplification or amplification below the limit of
detection for the assay. Background controls consisted of
extracted wastewater samples without spiked virus to assess the
target abundance in the native wastewater. Inhibition controls
consisted of a 1:10 dilution of the extracts. Background
controls were below the limit of detection for all assays (Figure
S5) and inhibition controls showed limited inhibition in the
assays (Figure S4).

MS2 Primer Design. To test the impact of amplicon
length on the observed (+)ssRNA viral genome decay kinetics
in untreated wastewater, we designed three nested primer sets
with increasing amplicon lengths (99, 192, 395 bases) over the
same region of the MS2 genome (see Supporting Information
Table S5 for complete primer sequences and annealing
temperatures). MS2 primer sets were designed using the
complete MS2 genome from the NCBI GenBank Database
(Accession number NC 001417). The primer sets were
designed in Primer3 (version 4.1.0) with the following
constraints: primer size range of 18—23 bases, optimal primer
melting temperature of 60 °C, optimal primer GC content of
50%, and zero self-complementarity. The product size ranges
varied for each consecutive nested primer set using the same
forward primer sequence for all primers. All primers were
synthesized by Integrated DNA Technologies (IDT).

Decay Constants. First-order rate constants for viral
nucleic acids and virus inactivation were determined according
to the following equation

13760

ln(i] = —kt
Co (1)

where ¢ represents the experiment time, C is the concentration
of the targeted genome sequence (gene copies uL™') or
infectious virus (PFU mL™") at time t, C, is the concentration
of the targeted genome sequence (gene copies uL™') or
infectious virus (PFU mL™") at time 0, and k is the decay rate
constant (time™").

We calculated the mean rate constant and error after
combining the three biological replicates in untreated waste-
water into one data set. When biphasic kinetics were observed,
we calculated rate constants for the first phase and second
kinetics phase.

Ty, or the time it takes for 90% of the virus concentration to
decay in untreated wastewater, was determined according to
the following equation:

In(0.1)
k 2)

When biphasic kinetics was observed, Ty, values were
computed as the time when the virus concentration had
decreased by 90% across both phases. An example calculation
for Ty, with biphasic kinetics is provided in the Supporting
Information.

Statistical Analysis. All statistical analyses were performed
with GraphPad Prism (Version 9.3.1).

Ty = —

B RESULTS AND DISCUSSION

Extraviral RNA and DNA Degradation Kinetics. We
compared the decay kinetics of extraviral nucleic acids from
our four model viruses, MS2 (+)ssRNA, BCoV (+)ssRNA, T3
dsDNA, and T4 dsDNA (Table 2) in untreated wastewater at
25 °C. Each target amplicon was approximately 100 bases or
base pairs. Both the (+)ssRNA and dsDNA nucleic acids
underwent little decay in the PBS control samples (Figure S7).
In wastewater, the extraviral (+)ssRNA degraded more rapidly
than the extraviral dsDNA (Figure 1). Immediately after
spiking the (+)ssRNA stocks into the wastewater, the
measured extraviral MS2 and BCoV (+)ssRNA genome targets
were already ~2-log), lower than the anticipated concen-
trations based on the volume of stock added. By contrast, the
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T3 and T4 dsDNA target concentrations were similar to the
expected concentrations (~10° gc mL™") immediately after the
stocks were spiked into the wastewater samples. The MS2 and
BCoV (+)ssRNA targets were no longer quantifiable after
incubating in wastewater at room temperature for 30 min,
corresponding to >3.8-log;y and >3.6-log,, decay for MS2 and
BCoV (+)ssRNA, respectively. The T3 and T4 dsDNA targets
were still quantifiable after 24 h of incubation in wastewater
but had decreased by 3.5-log;, and 2.5-log;, for T3 and T4
dsDNA, respectively.

We anticipated that the rapid degradation of (+)ssRNA was
due to the presence of RNase enzymes in wastewater. Indeed,
when we repeated the MS2 (+)ssRNA experiment in
wastewater samples containing a reagent that inactivates
RNase activity (RNasecure), the MS2 (+)ssRNA target
degraded at a slower rate (Supporting Information Figure
S3). Specifically, 0.5-log,, decay was observed in the first 30
min, and 1.9-log;, decay was observed after 4 h. The role of
RNase activity in our untreated wastewater is consistent with
previous research on the prevalence of RNases in wastewater.>®

The extraviral T3 and T4 dsDNA exhibited biphasic
kinetics, with faster degradation kinetics over the first 4 h
followed by slower degradation kinetics over the next 20 h
(Figure 1). When modeled as two phases of first-order decay,
the resulting rate constants for T3 and T4 are 3.5 (£1.5) X 10"
days™' and 3.0 (+0.62) X 10" days™* for the first phase (<4 h),
respectively, and 1.8 (+1.1) days™ and 7.6 (£9.9) x 107"
days™' for the second phase (>4 h), respectively. We first
hypothesized that the observed slower second phase was due
to a small fraction of the nucleic acids that were not effectively
extracted from the virus capsids with the nucleic acid
extraction kits. However, all the nucleic acids in the dsDNA
extracts were susceptible to DNase enzymes, and this was not
the case for the encapsidated dsDNA (Figure S6); we therefore
concluded that the slower kinetics were not due to a small
fraction of encapsidated T3 and T4 dsDNA in the extraviral
dsDNA stock. We also ruled out the presence of background
encapsidated T3 and T4 dsDNA in the wastewater.
Specifically, gPCR measurements conducted on the waste-
water samples prior to spiking in the viruses did not detect T3
and T4 dsDNA targets at concentrations that would interfere
with our experiments (Figure SS). Previous research on
environmental DNA (eDNA) in freshwater have reported a
protective effect of sediments on DNA persistence.””*” Tt is
therefore possible that the persistent fraction of our DNA was
due to extraviral DNA that partitioned into wastewater solids.

The Ty, of the extraviral MS2 and BCoV (+)ssRNA was on
the order of minutes at 25 °C (Table 2). These results suggest
that the viral (+)ssRNA that is quantified in wastewater for
wastewater-based epidemiology purposes”®'®*® or for under-
standing the concentration of pathogens throughout waste-
water treatment processes’ """ is unlikely to be extraviral and
that when (+)ssRNA particles are compromised, the RNA
genomes will rapidly degrade. The extraviral dsSDNA from our
two model viruses persisted longer than the extraviral
(+)ssRNA, with Ty, values on the order of 1—2 h. Given
that wastewater spends an average of 3.3 h in sewershed
conveyance, with an upper limit of 36 h,* it is possible that a
small fraction of the viral dsDNA detected in wastewater
collected at wastewater treatment plants is from compromised
virus particles.

The extraviral (+)ssRNA and dsDNA decay results were
highly reproducible in the wastewater samples collected on
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different days. This suggests that the nucleic acids decay were
not influenced by daily or seasonal variabilities in the
wastewater characteristics. Furthermore, the (+)ssRNA of the
two different viruses exhibited similar decay kinetics, as did the
dsDNA genomes of two different viruses. The rate constants
for the extraviral MS2 and BCoV (+)ssRNA viruses were not
significantly different (p = 0.2541) and the rate constants for
the extraviral T3 and T4 dsDNA were not significantly
different in either the first or second decay phases (first phase:
p = 0.4476, second phase: p = 0.1352). The rate constants of
the extraviral (+)ssRNA and extraviral dsDNA were signifi-
cantly different (p < 0.0001). The two (+)ssRNA genomes and
the two dsDNA genomes varied in size. Although this is a
limited number of nucleic acid molecules and wastewater from
a single wastewater treatment plant, the results suggest that
different extraviral (+)ssRNA and dsDNA have similar
degradation kinetics in wastewater.

Encapsidated RNA and DNA Degradation Kinetics.
The encapsidated MS2 (+)ssRNA and T4 dsDNA degraded
with biphasic kinetics (Figure 2), and the overall degradation
was slower than the extraviral (+)ssRNA and dsDNA
degradation (Table 2). Whereas the extraviral nucleic acid
decay kinetics slowed over time (Figure 1), the decay kinetics
of encapsidated (+)ssRNA and dsDNA accelerated over time
(Figure 2). The MS2 (+)ssRNA target concentration was
nearly stable for the first 2—3 days in wastewater and then
began to decrease after 3—4 days. The dsDNA kinetics began
to accelerate after the first 2 days. When modeled as two
phases of first-order kinetics, the initial first phase rate
constants were on the order of 0.1—0.3 days™' and the second
phase rate constants were on the order of 0.6—0.8 days™" for
MS2 and T4 (Figure 2; Table 2). The rate constants measured
in three wastewater replicates were not statistically different
from each other for the encapsidated dsDNA in both the first
and second decay phases (first phase: p = 0.1987, second
phase: p = 0.4217) and the encapsidated (+)ssRNA in the first
phase (p = 0.7586), but were statistically different for the
encapsidated (+)ssRNA in the second phase (p = 0.0201).
Both encapsidated MS2 (+)ssRNA and T4 dsDNA underwent
little decay in the PBS control samples (Figure S7). Combined,
the extraviral and encapsidated viral genome results demon-
strate the protective effect of viral capsids on (+)ssRNA of
MS2 and the dsDNA of T4 in municipal wastewater.

The Ty, for the encapsidated (+)ssRNA was 5.6 days, and
the Ty, for the dsDNA was 4.1 days (Table 2). These results
suggest that the viral nucleic acids of intact virus particles are
stable over the time period that most human viruses spend in
sewer systems (Table 2). Our experiments were conducted at
25 °C, and virus nucleic acid signals degrade faster in
wastewater at warmer temperatu1‘es.59_6l The encapsidated
MS2 (+)ssRNA kinetics measured here at 25 °C are
comparable to those reported for several other (+)ssRNA
viruses (Table S7). In those studies, the first-order decay rate
constants for viral (+)ssRNA (from both nonenveloped and
enveloped viruses) ranged from 0.09 to 0.84 days™" and the Ty
values ranged from 2.74 to 26 days. Other studies observed
biphasic kinetics of (+)ssRNA decay in wastewater, including
for SARS-CoV-2 and MHV (+)ssRNA.°”* Autoclaved
wastewater led to longer persistence of SARS-CoV-2 and
MHV (+)ssRNA likely due to decreases in biological activity.*’
To the best of our knowledge, viral dsSDNA decay kinetics in
municipal wastewater have not been previously reported.
Combined, the data suggest that the susceptibility of the virus
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capsids, rather than viral nucleic acids, is the primary
determinant of viral nucleic acid detection in wastewater.
Effect of Amplicon Size on Genome Persistence. We
hypothesized that the assay amplicon size would affect the
observed persistence of the encapsidated nucleic acids with
longer targets degrading faster than shorter targets. This effect
has been observed when nucleic acids react with disinfectants,
such as free chlorine and UV,,.”>* To test if this was true for
viral genome degradation in wastewater, we conducted
wastewater experiments with 3 sets of molecular assays that
targeted the same region of the MS2 (+)ssRNA genome and
that had increasing amplicon sizes (99, 192, and 395 b). When
the MS2 virus was incubated at 25 °C in untreated wastewater,
the different amplicon targets degraded with similar biphasic
kinetics (Figure 3) and there was no statistical difference
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Figure 3. Effect of three different amplicon sizes on encapsidated
MS2 genome persistence in untreated wastewater at 25 °C. C refers to
the concentration of the viral nucleic acids in gene copies yL ™" at time
t in hours. C, represents the initial concentration of the viral nucleic
acids at time = 0 based on the amount of gene copies measured
immediately after the stocks were added to the sample. Experiments
were run in duplicate with two different wastewater samples collected
on different days.

between the decay kinetics of the three amplicons in each of
the two modeled kinetic phases. We anticipate this is because
the MS2 genome begins to degrade only after the virus
particles are compromised and that once compromised, the
rapid decay of extraviral (+)ssRNA leads to similar observed
decay kinetics for the three amplicon sizes. This finding that
(+)ssRNA amplicon sizes between 99 and 395 bases have the
same degradation kinetics in wastewater is important for WBE,
as it indicates that the absolute values quantified in wastewater
may not be impacted by assays that target different amplicon
sizes.

Comparison of Infectivity and Nucleic Acid Degra-
dation. We measured the loss of MS2 and T4 infectivity in the
same wastewater samples as we measured the encapsidated
nucleic acid decay kinetics (Figure 4). The inactivation kinetics
of the MS2 and T4 viruses varied between experimental
replicates and the kinetics were biphasic, with an initial lag
phase followed by an acceleration. The mean Ty, values that
incorporated both phases were 4.3 and 3.9 days for MS2 and
T4, respectively (Table 2). The inactivation kinetics varied
between experimental replicates, with Ty, values varying
between 3.3 and 5.5 days for MS2 and 2.5 and 4.4 days for
T4 for the three different wastewater samples. A previous study
by our laboratory reported a Ty, value of 5.0 days for MS2°>”

and Ty, values for enveloped virus MHV and enveloped
bacteriophage 6 as 0.5 and 0.3 days, respectively.”’ Other
laboratories have reported Ty, values of ~2 days for enveloped
SARS-CoV-2°* and 3—6 days for nonenveloped Poliovirus
types 2 and 3.°> We note that the enveloped SARS-CoV-2
virus is understood to be mostly noninfectious when it enters
wastewater.

In the individual experiments, the inactivation kinetics of
infectious T4 nearly matched the respective dsDNA genome
signal decay, whereas the MS2 (+)ssRNA decay followed
shortly behind the loss of infectivity (Figure 4). We also
observed very little difference between first-order decay rates
for encapsidated (+)ssRNA viral nucleic acids and encapsi-
dated dsDNA viral nucleic acids in untreated wastewater at 25
°C (Table 2). These results with MS2 (+)ssRNA and T4
dsDNA in wastewater at room temperature suggest that the
nucleic acids break down concurrent with or very soon after
the viruses are inactivated and that protein capsid character-
istics, rather than genome type, control the virus nucleic acid
signal in wastewater. Previously, Kline et al. observed a Ty, of 3
days for nonenveloped Poliovirus type 3 infectivity in
wastewater at room temperature, whereas the molecular signal
measured by RT-qPCR had a Ty, of 7 days.”® In surface waters
at room temperature, the difference between the infectivity
kinetics and genome kinetics was much more pronounced,
with the nonenveloped norovirus genome signal lasting much
longer than the norovirus infectivity.*

The observed differences in the inactivation rates between
viruses and the relative stability of the infectious virus and the
nucleic acids are likely a result of the differences in the
microbiology of the different waters and mechanisms of virus
inactivation in the distinct waters. Municipal wastewater
contains a wide range of bacteria and protozoa, both of
which have been linked with virus inactivation.’®” In lake
water, bacterial proteases were responsible for most of the
observed inactivation of enteroviruses E11 and CVA9 and the
two viruses had different susceptibilities to the bacterial
proteases.”” Furthermore, an earlier study demonstrated that
the exposure of Coxsackievirus type A9 to P. aeruginosa
proteases lead to the inactivation and subsequent release of
viral (+)ssRNA.°* Based on our results combined with
literature on bacterial proteases in surface waters, we
hypothesize that proteases play a significant role in non-
enveloped virus inactivation in wastewater and that this
mechanism leads to the release of nucleic acids. Once the
nucleic acids are released into the wastewater, they are rapidly
degraded by nucleases in the wastewater. The different decay
rates of encapsidated nucleic acids in wastewater observed in
this study and between studies are likely a combination of
varying protease activity in wastewater samples as well as the
different susceptibilities of the viruses to wastewater proteases.

B ENVIRONMENTAL IMPLICATIONS

In this study, we report rate constants for model (+)ssRNA
and dsDNA, both extraviral and encapsidated, in wastewater at
25 °C and compare nucleic acid decay to virus inactivation.
The decay rates for extraviral nucleic acids were comparable
for the two (+)ssRNA genomes and also for the two dsDNA
viral genomes. Decay rates were also consistent in wastewater
samples collected across multiple seasons from a single
wastewater treatment plant. Our results show that extraviral
nucleic acids that are excreted into the wastewater or released
from microorganisms as wastewater is transported to treatment
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Figure 4. Infectivity loss and genome decay for MS2 (panels A—C) and T4 (panels D—F) in untreated wastewater at 25 °C. C refers to the
concentration of the viral nucleic acids in gene copies #L™" at time t in hours. C, represents the initial concentration of the viral nucleic acids at
time = 0 based on the amount of gene copies measured immediately after the stocks were added to the sample. N refers to the concentration of
infectious viruses in PFU mL™" at time ¢ in hours. N, represents the initial concentration of the infectious virus at time = 0 based on the number of
plaques measured immediately after the stocks were added to the sample. Open symbols represent measurements that were below the limit of
quantification and are plotted for each virus assay. We present the triplicate experimental replicates for each virus in three different wastewater

samples in different panels for clarity.

plants are degraded within minutes for (+)ssRNA or hours for
dsDNA. A small fraction (~0.1%) of the spiked extraviral
dsDNA targets was persistent for greater than 24 h, possibly
due to protection from wastewater solids. Future work should
investigate the impact of wastewater solid partitioning on
nucleic acid stability. Overall, these results suggest that the viral
(+)ssRNA and dsDNA signals measured at the wastewater
treatment plant are predominantly a part of intact virus
particles. These findings have implications for recovery method
development and optimization since the relative contributions
of extraviral nucleic acids are unlikely to have a large effect on
the total quantities of virus gene copy numbers.

The virus capsids of MS2 and T4 provided major protection
for the nucleic acid signals. At 25 °C, the Ty, values for the
MS2 (+)ssRNA and T4 dsDNA genome targets increased
from 19 min and 1.9 h when extraviral to 5.6 days and 4.1 days
when encapsidated, respectively. Our results suggest that
capsid stability is the primary determinant of genome stability
and thus detection in wastewater. The slow decay kinetics of
our model virus encapsidated genomes confirms that the
encapsidated nucleic acid signals are effectively stable over the
period of time it takes for wastewater to be conveyed to
wastewater treatment plants.

The virus genome signals degraded soon after the viruses
lost infectivity and, in some replicates, appeared to occur
concurrently. These findings are relevant when gene copy
measurements conducted in wastewater are used to determine
human health risks from enteric viruses. Human norovirus, for
example, is difficult to culture in vitro, and therefore, direct
potable reuse crediting frameworks rely on molecular measure-
ments to determine how much credit is given to a particular
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water treatment process.””®® If these results for MS2 and T4
are representative of nonenveloped human viruses, then it
follows that the infectious virus to gene copy ratios measured
at the wastewater treatment plant are likely similar to the ratios
originally excreted. Bacteriophage MS2 and T4 are non-
enveloped viruses, and the relationship between gene copies
and infectivity may be different for enveloped viruses due to
their increased inactivation rate constants in wastewater.’”%>
Although more research should be conducted for different
viruses, wastewaters, and temperatures, these results strengthen
the case for using enteric virus molecular signals in wastewater
as an indicator of infectious virus levels that may affect human
health.

Finally, we show that the amplicon sizes over the range of
99—395 bases exhibited similar degradation kinetics in
untreated wastewater at room temperature for one region of
the MS2 genome. This suggests that various amplicon sizes
employed in wastewater (+)ssRNA virus measurements do not
have a major effect on the quantities of gene copies measured.
Ultimately, (+)ssRNA virus quantities measured with different
assays that target different amplicon sizes should be directly
comparable.

We note that our experiments were limited to wastewater at
25 °C, and wastewater temperature has a pronounced effect on
virus inactivation kinetics and viral genome stability.”"~®'
Future work will need to confirm that the trends observed here
between extraviral (+)ssRNA and extraviral dsDNA, and
between encapsidated and extraviral nucleic acids, are
maintained at different temperatures. The group of model
viruses was limited, and an expanded group of viruses as well as
dsRNA and ssDNA genome types should be studied in the
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future. Despite these limitations, we anticipate our results will
aid the interpretation and application of virus wastewater
measurements, for both wastewater epidemiology and micro-
bial risk assessment applications.
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