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ABSTRACT

Wastewater-based surveillance (WBS) is a noninvasive, epidemiological strategy for assessing the spread of
COVID-19 in communities. This strategy was based upon wastewater RNA measurements of the viral target,
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). The utility of WBS for assessing the spread
of COVID-19 has motivated research to measure targets beyond SARS-CoV-2, including pathogens containing
DNA. The objective of this study was to establish the necessary steps for isolating DNA from wastewater by
modifying a long-standing RNA-specific extraction workflow optimized for SARS-CoV-2 detection.
Modifications were made to the sample concentration process and included an evaluation of bead bashing prior
to the extraction of either DNA or RNA. Results showed that bead bashing reduced detection of RNA from
wastewater but improved recovery of DNA as assessed by quantitative polymerase chain reaction (QPCR).
Bead bashing is therefore not recommended for the quantification of RNA viruses using qPCR. Whereas for
Mycobacterium bacterial DNA isolation, bead bashing was necessary for improving qPCR quantification.
Overall, we recommend 2 separate workflows, one for RNA viruses that does not include bead bashing and one
for other microbes that use bead bashing for DNA isolation. The experimentation done here shows that current-
standing WBS program methodologies optimized for SARS-CoV-2 need to be modified and reoptimized to
allow for alternative pathogens to be readily detected and monitored, expanding its utility as a tool for public

health assessment.
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INTRODUCTION

Since the start of the COVID-19 outbreak in December of 2019, there was a quick response for developing
human health surveillance and wastewater-based surveillance (WBS) processes.[1],[2],[3],[4],[5],[6],[7],[81,[9]
Collected wastewater has a unique capability of assimilating human health markers of the specific community
contributing to a sampling point.[3],[10] For severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2),
WBS has been pivotal to addressing its impact on communities worldwide, with its correlative power for
clinical cases and hospitalizations[4],[6]1,[71,[9],[11],[12],[13],[14],[15],[16] as well as for realizing SARS-

CoV-2’s evolution with emerging variants.[16],[17]

One consistent message that has echoed from COVID-19 outbreak research has been the importance of method
selection for epidemiological sampling strategies. Upstream methodologies for processing collected

wastewater are known to impact results from targeted molecular approaches and sequencing. Studies have
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described the diverse use of molecular biology techniques for assessing water, wastewater, and reclaimed
water[18],[19],[20],[211,[22]1,[23],[24] for monitoring pathogens, identifying antibiotic resistance, and utilizing
targeted approaches for surveilling specific infectious diseases. A 2021 study of pathogen concentrations in
raw sewage compared the reproducibility and sensitivity of 36 sample processing and workflow approaches for
optimizing “genetic signal” to quantify SARS-CoV-2 in raw wastewater.[25] A few others, such as
Lemarchand et al. 2005[26] and Walden et al. 2017,[27] for example, evaluated methodological approaches by
addressing upstream concentration processes of wastewater and specific commercial kits, respectively, for the
method’s ultimate impact on downstream processing/quantification. In other environmental samples, such as
air samples, Luhung et al. 2015[28] describes key concepts for improving the concentration of DNA

downstream and impacts that upstream sample parameters play on the overall recovery of DNA from samples.

Due to the many considerations of quickly adapting COVID-19 WBS, many labs have established unique
approaches for sample processing, sometimes incorporating bead bashing (BB) and sometimes not. No studies,
to our knowledge, have compared the impacts of BB on RNA and DNA concentrations isolated from
wastewater alongside quantitative polymerase chain reaction (QPCR) quantification for viral and bacterial
targets, although one study [29] investigated the role upstream sample processing (i.e., BB) had on sequencing
results. Most methodological studies have compared specific concentration processing methods to one another.
[2]1,[14],[25],[30]1,[31] However, it is rarely discussed how the primary concentration can impact nucleic acid
products following extraction and the necessity of certain procedures like BB on downstream molecular

investigation.

This study branches from a WBS program at the University of Miami (UM), which began collecting samples
during September of 2020.[5] Recent experimentation has focused on the expansion of efforts to incorporate
quantification of DNA from alternative targets extracted from wastewater.[27],[32],[33] The optimization of
methods towards DNA-specific extraction processes began with questioning the necessity of BB. We
hypothesized that BB was not necessary for the recovery of viral RNA, as detergent lysis typically dissolves
viral capsids exposing nucleic acids but would be necessary for the recovery of bacterial DNA because of the
differing morphology. This hypothesis stemmed from the concept in which some studies use mechanical lysis
techniques for extracting bacterial DNA from environmental and wastewater samples.[28],[33] In this study,
we evaluated whether BB was necessary for processing viral RNA and determined the benefits of BB for

recovering bacterial DNA with targeted qPCR approaches.

Separate dedicated workflows for RNA and DNA, rather than focusing on total nucleic acid extraction, has the
advantage of improving the overall quality of RNA and DNA recovered. Our objectives were to establish the
effect of BB on the quantity of RNA and DNA downstream that could be utilized for molecular applications
and compare upstream concentration methods prior to nucleic acid isolation to ascertain differences from

gPCR signals.
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METHODS

Wastewater collection and pretreatment

Raw wastewater was collected from either the University’s Hospital, UHealth Tower (sample identifier: 06),
or from the downstream wastewater treatment plant located on Virginia Key, Florida, draining the UM campus
and central Miami-Dade County (site D). A total 1 L volume of either grab (sample identifier: Dg) or
composite (sample identifier: Dc) wastewater (depending upon availability of a composite provided by the
wastewater treatment plant) were collected. Samples were collected between October and November 2022
(October 18 [06 and Dc], November 1 [Dg], 2 [Dg], and 18 [Dc]).

Filtration processing was adjusted to determine if the filter selection/concentration method (including and
excluding pretreatment) also played a role in the downstream results of practiced methods. This concept was
built up from Luhung et al. 2015[28] in that 2 upstream concentration processes were compared here to
identify changes in the concentration of nucleic acids downstream. In the current study, wastewater samples (1
L) were split to assess 2 primary concentration workflows, ultimately either incorporating or foregoing BB of
wastewater concentrates, and followed-up with separate RNA and DNA extraction processes to experimentally

compare methods (Figure 1). Specifically, these samples were split into 2 equivalent aliquots (500 mL) and

pretreated separately for concentration by electronegative filtration (ENF) or vacuum filtration (VF).
Pretreatment for both filtration methods involved the addition of viral and bacterial recovery controls, a human
coronavirus-OC43 (0C43, [1x10° genomic copies/L (gc/L)] and Mycobacterium smegmatis [2x106 gc/L],
respectively.[5],[25],[34],[35] The concentrations per spike were chosen to assure detectable levels of the target
in downstream qPCR quantification processes. OC43 is a positive-sense, single-stranded RNA coronavirus
similar to SARS-CoV-2, which has been justified for use with WBS studies as a measure for percent recovery.
[32] Prior to use, an aliquot of OC43 was heat inactivated at 56°C for 15 min and briefly vortexed and
centrifuged to ensure a homogenized spike in each wastewater sample. M. smegmatis has been growing in use
as a nonpathogenic Mycobacterial model for determining host—pathogen interactions of Mycobacterium
tuberculosis.[36],[37] It has a unique morphology, with a thick lipid cell wall, and capability of dormancy,
which can mimic other hard-to-lyse microbes and fungal pathogens such as Candida species.[35],[36],[37]
Moreover, M. smegmatis’ low replication rate, compared to bacteria like Escherichia coli, minimized the
possibility of drastic increase (due to cell division) by the time the wastewater concentrates were created and
subjected to molecular isolation/analysis. Similar to the OC43 spike, the M. smegmatis aliquot used per
wastewater sample was also vortexed and briefly centrifuged to ensure a homogenized spike in per wastewater
sample. The spiked wastewater aliquots (500 mL) were shaken for homogenization prior to pretreatment or

filtration by either method.
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Figure 1

Laboratory workflow of sample preparation methodology. Experimentation included the
splitting of raw wastewater with subsequent pretreatment specific to ENF or VF. BB and the
exclusion of BB were performed for each condition evaluated followed by separate RNA and

DNA extractions of either bashed or un-bashed concentrates. Image created with
BioRender.com.

Primary concentration approaches: ENF versus VF

The first method of concentration, used routinely to isolate SARS-CoV-2 and viral RNA downstream, was

ENF. This workflow required additional pretreatment, besides spiked-in controls, of the samples to convert the

viruses to a positive charge by adding 51% MgCl5 to a concentration of 50 mM and adjusting the pH to a range

of 3.5 to 4.5 using 10% HCI. After pH adjustment, samples were filtered through negatively charged mixed

cellulose ester membranes (47 mm, 0.45 pm, EMD Millipore #HAWP04700), collecting viruses by size

exclusion (those attached to particles larger than the pore size) and by charge (attracting positively charged

viral particles to the negatively charged filter membrane).[11],[31],[341,[38],[39]

The second concentration method, modified for bacterial and fungal pathogens, employed VF with the

omission of the MgCl, and acid adjustment. Furthermore, it substituted the HAWP filter membrane for a GN-6
Metricel filter membrane (47 mm, 0.45 pm, Pall Corp. #66278).[39],[401,[41] The pretreatment with salt and
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acid was removed from the VF methodology. Both filtration methods were performed per wastewater sample
for each day of collection. For consistency, 40 mL of wastewater was used for all filtrations, and 2 membranes

were prepared per concentration method per day of collection.

After each concentration step, 1 of the 2 filter membranes was split in half, with both halves intended for BB,
separately. The second, whole filter was used for the non-BB (nBB) condition as a comparative control. The
reason only half filters were used for BB was because of the physical size constraints of the bashing tubes.
Qualitative experiments were performed prior to sample collection for this study to determine the “optimum”
size of the membrane for BB. See supplemental information for more detail. The BB filters were split by
placing the filter membrane from the filter funnel onto a sterile petri dish and then cutting the filter in half with
a sterile scalpel. Once cut, the half filters were folded in on themselves 3 times and placed in 1 mL 1X
DNA/RNA Shield in a Zymo ZR BashingBead Lysis Tubes (0.1 and 0.5 mm) (cat# S6012-50). The second,
whole filter, set to forego BB, was immediately folded in on itself 4 times and placed within a microcentrifuge
tube in 2 mL 1X DNA/RNA Shield, keeping the ratio between the filter size and amount of DNA/RNA Shield
constant between the RNA and DNA protocols. Generated wastewater concentrates (filters in DNA/RNA

Shield) were kept at 4°C until undergoing separate DNA and RNA extractions and subsequent qPCR.

Nucleic acid extraction procedures: RNA and DNA

Modifications to the long-established RNA extraction process at UM[5],[13],[31],[34] were performed for this
study, with the purpose of expanding workflows to also extract bacterial DNA. The commercial kit used for
DNA extraction was the ZymoBIOMICS DNA Miniprep Kit (Zymo Research cat# D4300) and for RNA
extraction was the Zymo Research Quick-RNA Viral kit (Zymo Research cat# R1034/1035). For the half-filter
concentrates where BB was included prior to extraction, 400 pL of the bashed wastewater concentrate was
transferred directly into the first column of the ZymoBIOMICS Miniprep Kit. The DNA Miniprep Kit was
used according to the manufacturer’s recommendations with an OMNI Bead-Ruptor12 instrument, except for
the increase in the initial centrifugation step (10 000 x g) following BB, wherein the centrifugation speed was
increased by 2000 x g to improve the pelleting of ruptured membrane particles.[39],[41] The RNA protocol
utilized here, corresponding to the Zymo Quick-RNA Viral Kit, starts with BB 400 pL to mimic the DNA
Miniprep Kit followed by the recommended 1:2 ratio of starting sample to binding buffer, wherein 800 pL of -
mercaotpethanol binding buffer was utilized in the first column. Due to the increased starting volume (1200
pL), similarly to the DNA Miniprep Kit, 2 centrifugation steps were conducted to fully bind material to the IC
spin column at 13 000 rpm for 2 minutes each. The 2 wash steps followed the in-house approach performed by
UM, [5],[13],[31],[34] wherein 660 pL of wash buffer was added and centrifuged at 13 000 rpm for 30 seconds
per wash. Similarly, 660 pL of 100% ethanol was added as the final wash step of the RNA and spun at 13 000
rpm for 1 minute prior to elution with 100 pL of nuclease-free water. Like the DNA Miniprep Kit, the final
cleanup Zymo-Spin ITII-HRC filters (Zymo Research cat# C1058-50) were used on the 100 pL. RNA eluate to

remove qPCR inhibitors according to the manufacturer’s instructions. For clarity, Zymo-Spin ITII-HRC filters
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can be utilized for both RNA and DNA to remove inhibitors. nBB whole-filter concentrates utilized brief
vortexing (< 5 seconds) and repeat pipetting to flush suspended solids and homogenize the sample, and 400 pL
was immediately transferred to the first column and then followed by the separate nucleic acid extraction

procedures described above.

The use of the ZymoBIOMICS DNA Miniprep Kit for DNA extraction included the use of BB as step 1 of the
protocol. All other parameters were kept consistent to facilitate comparisons. Thus, the RNA extraction process
was adjusted by raising the starting volume of the wastewater concentrate to be the same as the DNA kit (400
pL), increasing the volume of nuclease-free water used to match the total eluate volume between RNA and
DNA samples (100 pL), and including the III-HRC Prep Columns, used normally within the DNA Miniprep
Kit, to rid the RNA eluate of gPCR inhibitors. Whole-membrane controls, using the long-standing RNA
extraction approach of homogenization with repeat pipetting prior to extraction,[31],[34] were performed to

maintain a set of samples as comparators to the membranes that were bashed.

Nucleic acid concentration analysis

To illustrate the impact BB had on nucleic acid concentration, following extraction, quality assessment tests
were performed using the Synergy BioTek Plate Reader instrument to quantify RNA and double-stranded DNA
(dsDNA) concentrations in ng/pL. Two nuclease-free water blanks (2 pL each) per 16-well, micro-well plate in

addition to 2 pL of sample were assessed per analysis.

Volcano 2nd Generation gPCR and qPCR: RNA and DNA target quantification

The gPCR assay performed for RNA targets, SARS-CoV-2 and OC43, was Volcano 2nd Generation gPCR
(V2G-gPCR) described in earlier publications.[5],[11],[13],[31],[34] The V2G polymerase utilized in the assay
reads both RNA and DNA templates, eliminating the need for prior complementary DNA synthesis before PCR
amplification, allowing the assay to be an equivalent reaction to RT-qPCR but reducing overall run time by half
and removing additional synthesis steps at the bench. Primers (500 nM) and fluorescent reporter probes (250
nM) for the N3 gene of SARS-CoV-2 and OC43 targets are listed in Table 1 and were utilized in the master
mix in addition to V2G buffer (1.1X), deoxyribonucleoside triphosphates (200 nM), V2G polymerase (2 units),
anti-Taq antibody (1 unit), nuclease-free water, and ROX reference dye (1X). gPCR cycling for SARS-CoV-2
and OC43 was 95°C for 1 minute followed by 45 cycles of 95°C for 10 seconds, 60°C for 20 seconds, and
72°C for 15 seconds on a BioRad CFX Connect instrument with efficiencies measuring 95% or higher. The
V2G polymerase was purchased from myPOLS Biotec (Konstanz, Germany), anti-Taq antibody from Thermo
Fisher Scientific (Waltham, Massachusetts), deoxynucleotides from New England Biolabs (Ipswich,
Massachusetts), primers and ROX from Sigma-Aldrich, Inc. (St. Louis, Missouri), and reporter probes from

Integrated DNA Technologies (Coralville, Iowa).

Table 1
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Primer and probe sequence information for molecular targets SARS-CoV-2, OC43, and M. smegmatis quantified by qPCR.

Molecular target Primer/probe Sequence of primer/probe 5’ —> 3’
SARS-CoV-2 CV3b/f TGCTAACAAAGACGGCATCA
(N3) CV3c/r GTAGCACGATTGCAGCATTG
CV3.prb 56-
FAM/ACATTGGCA/ZEN/CCCGCAATCC
TGCT/3IABKFQ
0C43 0C43/t CAACCAGGCTGATGTCAATAC
(NC) 0C43/r AAACCTAGTCGGAATAGCCTCA
0C43.prb SHEX/ACATTGTCG/ZEN/ATCGGGACC
CAAGT/31ABKFQ
M. smegmatis (katG) gqMsmKat/f CCGCTCGAAGAGGTCG
gMsmKat/r GTCCAGGTGACCTCGAGAC
MsmKat.prb SHEX/TCCTTGCCGVZEN/ACGCCGGT
G/3IABKFQ
Table 2

Concentration (ng/uL) of resulting RNA or dsDNA following extraction for each experimental condition. ENF using HAWP membranes

compared against VF using GN-6 Metricel membranes shown with or without the use of BB prior to nucleic acid extraction.

Experimenta ENF (BB) ENF (nBB) VF (BB) VF (nBB)

1 condition

per WW

sample

Nucleic acid dsDNA RNA dsDNA RNA dsDNA RNA dsDNA RNA
type per

WW sample

06-221018 22.8 60.2 5.6 18.0 18.2 71.0 5.5 16.8
Dc-221018  35.2 125.0 3.9 20.6 37.4 142.0 5.7 22.5
Dg-221101 454 161.0 5.8 30.3 40.5 198.0 10.8 32.3
Dg-221102 72.2 191.0 6.2 44.7 62.8 175.0 5.6 19.5
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Dc-221108  44.6 197.0 7.7 26.0 40.0 195.0 5.6 24.4

WWwW 44.0 147.0 5.8 27.9 39.8 156.0 6.6 22.7
average per

condition

The qPCR assay performed for the bacterial target M. smegmatis was designed to specifically amplify a
segment of the catalase-peroxidase gene (katG). The master mix combined 1X TagMan Fast Universal PCR
Master Mix (2X) (Thermo Fisher Scientific cat# 4352042), 400 nM forward and reverse primers (20 pM), and
250 nM fluorescent reporter probes (100 pM) (Table 1) with nuclease-free water.[40] gPCR cycling for M.
smegmatis was 95°C for 2 minutes followed by 40 cycles of 95°C for 10 seconds and 61°C for 25 seconds on a

BioRad CFX Connect instrument with efficiencies measuring 95% or higher.

Master mixes for both assays were set up utilizing appropriate practices for avoiding contamination and loaded
into gPCR plates secured in ice blocks (frozen at -20°C). For all gPCR reactions, 4 of 100 pL either RNA or
DNA were amplified in 40 pL reactions per well run in replicate. Seven no-template controls of nuclease-free
water combined with master mix were added to each qPCR plate to check for cross-contamination. Standards
specific to each molecular target were prepared as 10-fold dilutions in ranges of 10! to 10° for developing the

standard curve for quantification.

Data analysis

Shapiro—Wilk normality assessments were first performed on qPCR data, per molecular target and
experimental condition (ENF versus VF and BB versus nBB), with most data (10 of 12 categories) resulting in
normal distributions. Due to this, paired t-tests and Pearson correlations were utilized to assess the difference
between the mean values per experimental and control groups. The statistical software package SPSS v28.0.0.0
was utilized for all assessments, wherein a = 0.05 (95% confidence) with P values less than 0.05 were
considered significant unless otherwise described. Results from filter halves (half A and half B) were averaged
per sampling site per day, and qPCR replicates were averaged and are reported as quantity per 4 pL input,
wherein no back calculation was made to copies per liter of sewage. Initial wastewater processing volumes,
ratio of filter size to amount of DNA/RNA shield utilized, and quantity of qPCR input remained consistent so
that raw qPCR data could be assessed directly with no need for conversion. Figures were created using the free

version of the online software BioRender and GraphPad Prism.

RESULTS AND DISCUSSION

Nucleic acid concentrations of BB and nBB wastewater concentrates

Results of the measured concentrations of dSDNA and RNA (Table 2) showed that there was a roughly 5 to

10X increase in the amount quantified between nBB and BB samples. This increase is likely attributable to the

10
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increase in DNA and RNA released due to the physical rupturing of microbial cell membranes. DNA present
under the nBB condition may have been due to dsSDNA viruses and/or free dsSDNA from ruptured cells. We
believe that a large portion of the quantified increase in RNA was ribosomal, or other: RNA rather than viral
RNA. Due to the increase in quantity, we do not recommend the use of BB for viral RNA extraction, as this

additional RNA signal may interfere with gPCR results of viral targets.

Although gPCR requires low concentrations of nucleic acids (5 to 15 copies of genetic material), sequencing
technologies generally require larger amounts of starting nucleic acid template.[30],[42] Results from this
study show that the concentrations of RNA were about a factor of 4 to 5 greater than for dsSDNA. The amount
of nucleic acid traditionally needed for approaches like Sanger sequencing has been roughly 1 microgram (i.e.,
1000 ng) as described by Dzunkova et al. 2014.[43] Current and newer sequencing technologies based upon
[llumina (1 ng) and IDT (0.01 ng) do not require these larger amounts within their recommended protocols.
However, wastewater is highly complex and abundant with diverse microbial communities; to evaluate highly
diverse samples from 0.1 to 1 pg is recommended. To describe in relation to the results generated here, at a
nucleic acid concentration of 40 ng/pL, the upper bound of 1 pg can be achieved with only 25 pL of DNA or
RNA eluate. The 40 ng/pL level is reached for RNA for both BB and nBB conditions. However, for dsDNA,
this level is reached only for the BB condition and not for the nBB condition. These results are in agreement
with Luhung et al. 2015[28] in that one of the recommended strategies put forth within this previous study was
the inclusion of heat with sonication to increase the concentration of dsDNA downstream. If nucleic acid
concentrations are to be increased, BB is therefore recommended here for DNA isolation from wastewater

suspended solids, similarly to its standard use with environmental surveillance for bacteria.

For the BB condition, there was no significant difference between dsDNA or RNA quantified at 95%
confidence from either ENF or VF filtration processes (dsDNA: P = 0.083, RNA: P = 0.349). Overall results
show that both concentration processes provide sufficient, equivalent nucleic acid concentrations following

extraction using BB.

For the nBB condition, there was also no significant difference between the ENF and VF method’s impact on
mean nucleic acid concentration (dsDNA: P = 0.550, RNA: P = 0.452). From these results, for the nBB
condition, we observed that the mean nucleic acid concentration was not different between the concentration

methods.

gPCR analysis of ambient SARS-CoV-2 from wastewater

Results show that for the viral target SARS-CoV-2, the highest recoveries were for VF concentrates that were
nBB followed by the ENF concentrates that were also nBB (Figure 2, panel A). The nBB condition showed the
highest detections of SARS-CoV-2 by gPCR. Differences between BB and nBB were statistically different at
95% confidence for the SARS-CoV-2 target via the ENF method (P = 0.030) and at 90% confidence for the VF
method (P = 0.077). The slope between BB and nBB samples for the ENF process (m = 0.507) suggests that

1
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BB decreases the sensitivity of the analysis by 50%. Similarly, for the VF process, the slope between BB and
nBB samples (m = 0.252) suggests that BB decreases the sensitivity of analysis by 75%. To further emphasize
the negative impact of BB on SARS-CoV-2 recovery, in one sample, 06-221018, collected from the UHealth
Tower hospital, SARS-CoV-2 measured below detection limits with the use of BB. However, this same sample
was detectable when BB was omitted. This observation provides evidence that using BB for a target such as
SARS-CoV-2 decreases the efficiency of downstream qPCR. This decrease could be due to multiple factors;
physical rupturing may degrade the viral RNA or increase the quantity of qPCR inhibitors, and vast differences
of nucleic acid concentration could have interfered with the quantified signal by V2G-qPCR. Future research is
needed to determine the utility of BB for viral RNA extraction and downstream quantification due to these

limitations.

12
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Figure 2
Quantitation of molecular targets by gPCR from BB and nBB
wastewater concentrates. (A) SARS-CoV-2, (B) OC43, and (C)
Mycobacterium smegmatis. HAWP membranes illustrated alongside
GN-6 membranes quantified from 4 uL nucleic acid input.
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gPCR analysis of spiked-in targets from wastewater

For OC43, the highest recoveries corresponded to nBB VF concentrates; BB resulted in a decrease in
recoveries at 90% confidence compared to nBB concentrates (P = 0.075) (Figure 2, panel B). Compared to
SARS-CoV-2, larger quantities of the spiked-in OC43 viral target were detected by qPCR following analysis
with all method conditions. Results of the paired t-tests showed significant differences at 90% confidence for
the VF method (P = 0.075) between BB and nBB sample concentrates. Yet, with the ENF method, an opposite
trend was observed; recoveries with BB were higher than for nBB at 95% confidence (P = 0.028). The slope
between BB and nBB conditions for VF was m = 0.742, suggesting that BB sample concentrates for measuring
the OC43 target downstream reduces the sensitivity by 25%. For the OC43 virus, BB improved the quantity
measured with qPCR only when the ENF concentration method was utilized. This suggests that heating by BB
does not lead to RNA degradation, although this claim should be evaluated by future research.

These results address one objective of this study, showing that the concentration method impacts the
downstream molecular quantification for this target, as consistent with current literature.[26],[27],[28] These
results may have been related to the pretreatment process incorporating 10% HCI for pH adjustment with the
ENF method. These results collectively indicate that the chemical lysis of DNA/RNA shield alone (nBB),
which releases viral nucleic acid via disassociation of the viral capsid, evaluated against the coupled
mechanical lysis of the DNA/RNA shield wastewater concentrate (with BB) does not necessarily improve the

overall recovery of OC43, especially if pretreatment includes acidification.

M. smegmatis had the most drastic difference between BB and nBB in that all samples had at least double the
average quantity following BB (Figure 2, panel C). Statistical differences were observed between BB and nBB
for both ENF (P = 0.003) and VF (P = 0.009). These significant differences emphasize the necessity of BB for
bacterial DNA—containing microbes, especially for those characterized by tough lipid cell walls. Results
confirm that the M. smegmatis’s microbial physiology requires mechanical lysis in addition to the chemical
lysis, which DNA/RNA shield provides for an adequate result with gPCR. This agrees with the current
literature for extracting DNA from bacterial targets from wastewater, sludges, and environmental samples.[26],
[28],[32] These results support that this Mycobacterial target is more difficult than viral particles to lyse,
requiring an additional step prior to extraction for releasing DNA. As the ENF concentration method,
incorporating a pH reduction with 10% HC], had a larger difference between BB and nBB conditions, there is
evidence that the incorporation of acid further assisted in the degradation of the cellular membrane of M.

smegmatis for nucleic acid release, similarly to what was seen for OC43.

CONCLUSIONS

Emphasized from the COVID-19 pandemic was the narrative of important method selection for the accurate
reporting of pathogens. In considering the future applications of WBS, optimized workflows stemming from

current programs should be adapted to measure additional targets and expand the role of WBS in protecting
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public health. This study showed that for the ambient SARS-CoV-2 viral target, BB reduced the effectiveness
of RNA quantification by 50 to 75%, and overall, the VF concentration method provided better recoveries as
reported by qPCR coupled with nBB. Overall, separate dedicated workflows for RNA and DNA, rather than
focusing on total nucleic acid extraction, had the advantage of improving the quality of RNA and DNA
recovered. The above results of quantified SARS-CoV-2 between concentrates using or not using BB address
an objective of this study in which we do not recommend the use of BB for measuring SARS-CoV-2, as
measurable nucleic acid may become undetectable following its use—especially if abundance in a community

is low.

Similarly, for the spiked-in OC43 control, differences were noted between the BB and nBB methods prior to
extraction. For the optimum concentration method for OC43 (VF), nBB provided the highest recoveries.
Again, for viral targets, BB resulted in lower recoveries, potentially because of the physical lysis process that
may have degraded the viral RNA and/or released non-viral RNA from the samples, which may have interfered
with subsequent gPCR processes. Overall, for both viral targets considered, SARS-CoV-2 and OC43, the
optimum method resulting in the highest recoveries was VF with nBB. For both target viruses, the inclusion of

BB would decrease recoveries from 25 to 75%.

Another important aspect of this study were the modifications made to the current-standing SARS-CoV-2
program for isolating alternative targets, specifically those containing DNA from microbes with tougher cell
walls such as M. smegmatis. BB has been shown here as a necessity when isolating DNA from these microbe
types. Also, the amount of DNA was larger when BB was included for both ENF and VF with the M.
smegmatis target. Thus, BB can be used to increase DNA concentrations to assure that a sufficient template is

available if samples are to be subjected to sequencing.

Limitations of this study include the low quantities of SARS-CoV-2 measured from wastewater. Moreover, the
results of the OC43 show a general decreasing trend over time (Figure 2, panel B). The storage conditions as
well as heat inactivation and use of OC43 remained consistent throughout the study period, providing that die
off of this control could have been occurring. For a longer study period, fresh viral cultures of OC43 are
recommended to ensure consistent signal over time; as this coronavirus is typically utilized as a recovery
control within WBS research, ensuring minimal degradation of the aliquots utilized for spikes should be
addressed by future research. Additional considerations for future work should address the microbiome of
samples collected with different sequencing applications to ensure the RNA and DNA isolated from wastewater
are representative of the diverse array of organisms found within wastewater. Finally, this study was limited by
the small sample size, testing 5 raw sewage samples, in replicate. Future work should focus on replicating these

experiments with larger sample sizes or additional parameters for comparison.

This investigation applied proof of principle for current SARS-CoV-2—focused WBS protocols for expansion
to alternative pathogens found within wastewater. To our knowledge, this is the first study that addresses the

differences between measured viral and bacterial quantities from wastewater following 2 differing primary
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concentration approaches with and without the incorporation of BB. Approaches must be adapted to the
specific target of focus, and expansion of WBS to additional targets will require considerable experimentation
among different classes of microbes ranging from RNA to DNA viruses (enveloped and non-enveloped), to
bacteria with different types of cell membranes, to fungi and protozoa. For example, the use of this sample
processing workflow for DNA isolation has allowed for accurate detection of Mpox and Candida auris
pathogens from wastewater in 2 recent publications.[39],[41] We envision a menu of methods based upon
microbe morphological properties that would be available to guide WBS researchers for preprocessing

wastewater samples subjected to molecular methods.
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