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ARTICLE INFO ABSTRACT
Editor: Warish Ahmed Wastewater based epidemiology (WBE) has emerged as a strategy to identify, locate, and manage outbreaks of
COVID-19, and thereby possibly prevent surges in cases, which overwhelm local to global health care networks. The
Keywords: WBE process is based on assaying municipal wastewater for molecular markers of the SARS-CoV-2 virus. Standard
’égt\‘l’glja;‘;d processes for purifying viral RNA from municipal wastewater are often time-consuming and require the handling of
Detroit- large quantities of wastewater, negatively affecting throughput, timely reporting, and safety. We demonstrate here
Wastewater an automated, faster system to purify viral RNA from smaller volumes of wastewater but with increased sensitivity
RNA purification for detection of SARS-CoV-2 markers. We document the effectiveness of this new approach by way of comparison to

Viral RNA the PEG/NaCl/Qiagen method prescribed by the State of Michigan for SARS-CoV-2 wastewater monitoring and
show its application to several Detroit sewersheds. Specifically, compared to the PEG/NaCl/Qiagen method, viral
RNA purification using the PerkinElmer Chemagic™ 360 lowered handling time, decreased the amount of wastewater
required by ten-fold, increased the amount of RNA isolated per pl of final elution product by approximately five-fold,
and effectively removed ddPCR inhibitors from most sewershed samples. For detection of markers on the borderline of
viral detectability, we found that use of the Chemagic™ 360 enabled the measurement of viral markers in a significant
number of samples for which the result with the PEG/NaCl/Qiagen method was below the level of detectability. The
improvement in detectability of the viral markers might be particularly important for early warning to public health
authorities at the beginning of an outbreak. Applied to sewersheds in Detroit, the technique enabled more sensitive
detection of SARS-CoV-2 markers with good correlation between wastewater signals and COVID-19 cases in the
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sewersheds. We also discuss advantages and disadvantages of several automated RNA purification systems, made by
Promega, PerkinElmer, and ThermoFisher.

1. Introduction

The rapid global spread of severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2), the RNA virus that causes coronavirus disease 2019
(COVID-19), has put enormous strain on healthcare institutions and on ep-
idemiological efforts to monitor, track, and predict the spread and evolu-
tion of SARS-CoV-2. Early knowledge of the sequences of the SARS-CoV-2
virus (Wu et al., 2020) enabled molecular tests for the presence of the
virus to be developed for its presence in both clinical samples and in virus
shed by infected individuals into wastewater. Community-wide monitoring
efforts in the United States were hampered initially by applying tests only to
symptomatic individuals who had traveled from China and by lack of avail-
ability of tests (Bendix, 2020; CDC Health Alert Network, 2020). However,
even with tests subsequently made more widely available, resistance or low
response rates to requests to be tested have occurred in various settings,
including college campuses (Gibas et al., 2021). The testing of only symp-
tomatic individuals was especially problematic for controlling the disease
because after infections a delay occurs between capability to spread the
virus and the occurrence of symptoms. Furthermore, some individuals
remain asymptomatic even with observed viral RNA quantities similar to
people presenting symptoms (Arons et al., 2020; Oran and Topol, 2021).

For assessing community levels of COVID-19 disease, detection of the
virus in wastewater can be a successful strategy. Molecular markers for
SARS-CoV-2 virus are shed in feces early in infection and have been ob-
served in raw wastewater collected from locations where infected people
are present (Ahmed et al., 2020a, 2020b). Wastewater monitoring has
been used to surveil diseases and other public health relevant markers in
the past (Castiglioni et al., 2006; Heijnen and Medema, 2011; Brouwer
et al., 2018; Xiao et al., 2019). Accordingly, wastewater based epidemiol-
ogy of SARS-CoV-2 has been underway in multiple locations (Naughton,
2020; Rose et al., 2021). The State of Michigan funded 19 health depart-
ment and university laboratories across the state to implement wastewater
analysis of SARS-CoV-2 for the purposes of providing early warning signs of
COVID-19 infections in various communities across the state (State of
Michigan, 2021).

Numerous reports have confirmed the value of detecting SARS-CoV-
2 markers in wastewater for public health purposes. Researchers have
found that wastewater measurements of SARS-CoV-2 markers provide
population-level insights including data about disease prevalence and
predicted symptomatic cases and hospitalizations (Panchal et al.,
2021; Galani et al., 2022). Wastewater monitoring detected SARS-
CoV-2 six to eight days before positive tests were reported in New
Haven, Connecticut, USA (Peccia et al., 2020), 12-16 days before COVID-
19 cases were declared in four municipalities in Spain (Randazzo et al.,
2020) and before the exponential growth of the epidemic in Paris, France
(Wurtzer et al., 2020). A further advantage of measuring SARS-CoV-2
markers in wastewater as a way of assessing the presence of COVID-19 in
the community is that such tests can be accomplished with a comparatively
small burden on local healthcare resources compared to frequent and inten-
sive testing of multiple individuals.

In order to successfully detect viral particles from large volumes of
wastewater from hundreds to thousands of individuals, the viral RNA in
the wastewater samples must first be concentrated and purified. The two
steps are usually accomplished sequentially and listed in separate columns
of methods review tables (see, for example, Ali et al. (2021) and Alygizakis
et al. (2021)). Among previously used methods for concentrating RNA vi-
ruses from wastewater are precipitation with polyethylene glycol (PEG)
8000 and high salt followed by centrifugation (Ye et al., 2016; Borchardt
et al., 2017), ultracentrifugation (Ye et al.,, 2016), ultrafiltration
(Borchardt et al., 2017; Medema et al., 2020), adsorption-extraction on
electronegative membranes (Ahmed et al., 2020a, 2020b; Ahmed et al.,

2021), and dead-end filtration on InnovaPrep's Concentrating Pipette de-
vice (Ahmed et al., 2021; McMinn et al., 2021). A recent study by Flood
et al. (2021) compared the PEG, ultracentrifugation, and ultrafiltration
methods using spiked-in Pseudomonas phage Phi6 to compare efficiency
of these methods in concentrating enveloped RNA viruses from wastewater.
The PEG method significantly increased recovery of Phi6, yielding between
2-times and up to 13-times more Phi6 detected in PEG concentrate than
the in the concentrate isolated by ultracentrifugation or ultrafiltration
methods. However, as noted above, concentration is usually followed by
a subsequent purification step. For example, in the study by Flood et al.
(2021), RNA from wastewater was purified from the concentrate on
silica-based spin columns (QIAmp Viral RNA Minikit by Qiagen). Other pu-
rification methods have been based on binding and selective elution from
magnetic silica beads (Biomerieux Nuclisens kit), as implemented by
Medema et al. (2020) and many others, as reviewed by Ali et al. (2021).

These approaches, (concentration first, then purification), are time-
consuming and may be equipment-intensive. For example, the PEG/
NaCl/Qiagen protocol recommended for use in the State of Michigan is
based on the method described by Flood et al. (2021) and comprises several
hours precipitation time and centrifugation of large volumes (100 mL) of
wastewater prior to removal of supernatant, transfer of pellets that may
vary in size and consistency, and ultimately running the concentrated
extract through Qiagen columns. This may also allow PCR inhibitors to ac-
company the final product resulting in varying analytical efficiency
(Monteiro et al., 2022). In the present study, we investigated whether
viral RNA could be obtained from the sewershed by adapting an automated
method with novel manipulations. This combined concentration and puri-
fication of RNA in a single automated, viral RNA concentration and purifi-
cation process. We describe here our success in achieving improved
recovery of RNA with low levels of PCR inhibitors based upon adapting a
rapid automated method on the PerkinElmer Chemagic™ 360 platform to
our process. We further apply the system to the detection and SARS-CoV-
2 in sewersheds in Detroit, MI.

2. Material and methods
2.1. Collection of wastewater

Wastewater was collected once a week from 20 sites in Detroit, MI dur-
ing most of this study (exceptions occurred during the early weeks of the
study). Access to the sewer system at each site was by manhole, with
many being located in local roads. One 250 mL grab sample was collected
in a 250 mL or 500 ml high density polyethylene bottle from each site be-
tween 7 am and 9:30 am at approximately the same time each week. At
least one out of every 10 samples was collected as a “field blank” of deion-
ized water transferred in the field into a high-density polyethylene bottle
identical to those used for wastewater samples. Sample bottles were placed
in a Ziplock bag with a sheet of paper towel and stored on ice at 4-6 °C in
coolers until delivery to the laboratory by 10:15 a.m.

Chain-of-custody (CoC) forms were used to document sample collection
information (location, date-time of sample collection, sample type [grab vs.
composite]) and to record the transfer of sample custody from the field
sampling crew to the laboratory. Physical parameter data, including
pH, temperature, dissolved oxygen, and specific conductance, were also
measured at each sampling location on each day of sampling using a YSI
ProDSS with GPS (YSI, Yellow Springs, OH). The data is collected on a phys-
ical field sheet that is transferred to the lab after collection. A digital record
of each CoC and each YSI data sheet has been preserved and archived with
the project records. Weekly numbers of positive COVID-19 tests among resi-
dents and staff of long-term care facilities (LTC) in some of the sewersheds
was obtained from public data on a Michigan COVID-19 dashboard
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((Michigan.gov, 2022), https://www.michigan.gov/coronavirus/0,9753,7-
406-98163 98173-526,911-,00.html.

2.2. PEG/NaCl/Qiagen protocol to assay wastewater

This study directly compared the Chemagic™ 360 method to the PEG/
NaCl/Qiagen method, as described by Flood et al. (2021) and in protocols
provided by the State of Michigan. The PEG/NaCl/Qiagen method de-
scribed here is required for use by Michigan Department of Health and
Human Services (MDHHS)-funded SARS-CoV-2 monitoring laboratories,
with exceptions allowed (as with our laboratory) where justified by demon-
strated improvements over the state protocol method. The PEG/NaCl/
Qiagen method, described in more detail by Flood et al. (2021), is briefly
described as follows: 100 mL of wastewater was added to 8 g PEG and
1.7 g NaCl, held at 4 °C for 2 h with continuous agitation, then centrifuged
at 4696 x g at 4 °C for 45 min. Most of the supernatant was removed, leav-
ing a soft pellet of 2 to 4 mL volume (depending on the sample quality and
non-fecal matter). RNA in 200 pl of the resuspended pellet was then puri-
fied using Qiagen QIAmp Viral RNA mini kit, yielding 80 L of purified
RNA.

Phi6 virus is used as a “spiked-in” internal standard, required in the
state protocol, for assessing RNA recovery and potential PCR inhibition.
Phi6 virus was added either (a) to all wastewater and field blank controls
prior to processing (100 pL of 10° PFU/mL added per 100 mL of the sample,
prior to the addition of PEG and NaCl) to test overall recovery and inhibi-
tion or (b) to the 200 pl pellet aliquot (10 pL of 10° PFU/mL) of all waste-
water and field blank samples prior to purification on the Qiagen column.
The higher concentration of the Phi6 spike when put directly into the
wastewater is to compensate for losses expected to occur in the precipita-
tion step in comparison to adding the spike directly to the pellet.

2.3. Chemagic™ 360 adapted protocol

We adapted a Chemagic™ 360 instrument (catalog number, 2024-0020)
with the 12-rod head (CMG-371, PerkinElmer Health Sciences Inc.,
Shelton, CT, USA) to process 10 mL wastewater samples without prior con-
centration. Previous publications have described using the Chemagic™ in-
strument with a 96-rod head for processing 1 mL samples, for which
wastewater RNA must first be concentrated from a larger volume by a
time-consuming concentration step such as PEG/NaCl (Laturner et al.,
2021) or ultracentrifugation (Hokajérvi et al., 2021). Here we describe
application of the Chemagic™ instrument to concentrate and purify PCR-
ready viral RNA from 10 mL wastewater samples in a single integrated
Chemagic™-based procedure without a preceding concentration step re-
quired. The method is described in detail in a published protocol
(Vasquez et al., 2021) and briefly here: Prior to placing samples on the au-
tomated instrument, 45 mL of the wastewater sample is centrifuged at
4696 x g for 15 min; 10 mL of the supernatant is transferred and mixed
into a tube containing Poly A RNA (7 pL PerkinElmer CMG842), Proteinase
K (50 pL PerkinElmer CMG749), and lysis buffer 1 (8 mL PerkinElmer
CMG749); incubated for 30 min at 55 °C; and then magnetic beads (50 pL
PerkinElmer CMG749) are added and mixed. After placement of the in-
cubated sample into the Chemagic™ 360 instrument and a set of
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receiving tubes (4 mL Sarstedt®, containing 100 pL elution buffer
CMG749), the instrument is run with protocol chemagic™Viral10k 360
H12 prefilling drying VD210119.che for 75 min. The product, in the
Sarstedt® tube in a final volume of ~85 pL elution buffer, is then trans-
ferred to a 1.5 mL Lo-Bind centrifuge tube for subsequent analysis or long-
term storage at —80 °C. Depending on the purpose of the experiment,
Phib6 virus was added as an internal standard either to the 10 mL of waste-
water (10 pL of 10° PFU/mL added to 10 mL wastewater) after the initial
centrifugation or, alternatively, to the eluted sample (10 pL of 10° PFU/
mL to the eluate) or to elution buffer that had not undergone processing
(reference positive control; 10 pL 10° PFU/mL added to 75 pL elution
buffer).

2.4. ddPCR analysis

Primers and TagMan® probes were designed to amplify and detect nu-
cleocapsid gene markers 1 and 2 (N1 and N2) of SARS-CoV-2 and the P8 nu-
cleocapsid gene of bacteriophage Phi6. The primer and probe sequences
used in this study, including citations, are shown in Table 1.

Reactions are assembled in a PCR hood using Bio-Rads One-step RT-
ddPCR Advanced Kit for Probes and their suggested protocol (Bio-Rad,
CA, USA). Briefly, a 16.5 pL reaction is prepared to contain a final
concentration of 1 x Supermix, 20 U/pL reverse transcriptase, 15 mM
DTT, 900 nmol/pL of gene target primers, 250 nmol/pL of gene target
probe, and 1.1 puL RNAse-free water. TagMan® probes are labeled
with different fluorescent markers enabling primers and probes for
both N1 and N2 to be included in the same reaction with duplex detec-
tion. To this reaction 5.5 pL of template nucleic acids purified either
by Chemagic™ or PEG/NaCl/Qiagen is added for a final reaction mix
of 22 pL, of which 20 pL is processed for each ddPCR reaction. ddPCR reac-
tions for each sampling site and quality controls (positive, no-template,
extraction, and processing controls) are prepared in triplicate and loaded
onto a 96-well PCR plate. The plate is sealed using the Bio Rad PX1 PCR
Plate Sealer at 180 °C for 5 s. The plate is vortexed thoroughly and centri-
fuged for 1 min at 850 X g on a microplate centrifuge (Thermo Fisher Sci-
entific, MA, USA) and then transferred to the QX200 Automated Droplet
Generator (Bio-Rad, CA, USA). Upon completion of droplet generation
according to the manufacturer's instruction, the 96-well plate containing
droplets is removed and sealed with the PX1 PCR Plate Sealer at 180 °C
for 5.

The plate is then transferred to the Bio-Rad C1000 Thermo Cycler and
PCR is initiated with the following settings: Hold 25 °C for 3 min., reverse
transcription 50 °C for 60 min., enzyme activation 95 °C for 10 min, dena-
turation 95 °C for 30 s., annealing/extension 55 °C for 1 min, denaturation
and annealing/extension steps cycled 40 times, enzyme deactivation 98 °C
for 10 min, and hold 4 °C until ready for droplet reading. The 96-well plate
is transferred to the Bio-Rad QX200 Droplet Reader which is prepared for
analysis by using the Bio-Rad QuantaSoft software package version
1.7.4.0917. Once droplet reading is complete and signal threshold values
entered for each reaction the resulting file is exported in comma separated
value (.csv) format for subsequent analysis.

Results were calculated in terms of # of copies of PCR targets per
100 mL of the original wastewater (or field blank) sample as described by

Table 1
Primer and probe sequences used for ddPCR.
Target Primer/probe Sequence Reference
SARS-CoV-2 2019-nCoV_N1-F 5-GACCCCAAAATCAGCGAAAT-3’ Lu et al. (2020)
2019-nCoV_N1-R 5-TCTGGTTACTGCCAGTTGAATCTG-3"
2019-nCoV_N1-P 5’-FAM-ACCCCGCATTACGTTTGGTGGACC-BHQ1-3"
2019-nCoV_N2-F 5’-TTACAAACATTGGCCGCAAA-3"
2019-nCoV_N2-R 5-GCGCGACATTCCGAAGAA-3’
2019-nCoV_N2-P 5’-HEX-ACAATTTGCCCCCAGCGCTTCAG-BHQ1-3"
Phi6 Phi6-F 5’-TGGCGGCGGTCAAGAGC-3’ Gendron et al. (2010)

Phi6-R
Phi6-P

5’-GGATGATTCTCCAGAAGCTGCTG-3’
5’-6FAM-TCCGCCTGGCACGGTACTCCCT-BHQ1-3"
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Flood et al. (2021) for PEG/NaCl/Qiagen. Similarly, adjustment of various
volumes in the calculation enabled a comparable calculation of SARS-CoV-
2 per 100 mL wastewater for samples processed here by Chemagic™ 360.

Statistics and graphics mainly used the Data Analysis Tools of Excel
(Microsoft Office Professional Plus 2019, Excel Version 1808 Build
10,387.20023), supplemented by various on-line calculators using
https://mycurvefit.com/ for additional curve-fitting analysis and
https://www.statskingdom.com/shapiro-wilk-test-calculator.html for
the Shapiro-Wilks normality test and outlier identification.

3. Results
3.1. Recovery of spiked-in Phi6

3.1.1. Amount of spiked-in Phi6 purified from field blank compared to eluate
blank

To assess the ability to recover a known amount of RNA, without any in-
terfering factors from wastewater, the recovery of bacteriophage Phi6 RNA
was compared by the amount of ddPCR copies detected from Phi6 spiked
into 10 mL of pure water (field blank control) to the same amount of Phi6
spiked directly into elution buffer (eluate control) similar in volume to
the final eluate from the Chemagic™ process. For sixteen pairs of spiked-
in field blank and eluate controls analyzed between 15 November 2021
and 29 December 2021, the Phi6 measured by ddPCR from the pure
water field blank averaged 70 = 9 % (mean * SD, n = 16) of the spiked
eluate control.

3.1.2. Amount of spiked-in Phi6 recovered from wastewater varies from site
to site

Over the same period during which the amount of Phi6 measured in the
field blank was evaluated (15 November to 29 December 2021), we simi-
larly spiked 10 mL wastewater samples with Phi6 and then purified RNA
using the Chemagic™ process. The amount of spiked-in Phi6 measured in
wastewater from 21 sewersheds, sampled on 7-10 occasions for each site,
averaged 29 + 20 % of the Phi6 eluate control, significantly less than the
70 * 9 % that was measured in spiked-in field blank controls (p < 0.001,
t-test). The amount of spiked-in Phi6 measured in wastewater samples aver-
aged 39 + 18 % of the spiked-in Phi6 measured in same day field blanks.
For a subset of these wastewater samples, we compared the amount of
spiked-in Phi6 measured by ddPCR when the RNA had been purified by
the Chemagic™ process versus RNA from the same set of wastewater sam-
ples that had been purified by the PEG/NaCl/Qiagen protocol. Chemagic™
samples averaged 25 *+ 15 % of the eluate blank (n = 10 wastewater sam-
ples); whereas PEG/NaCl/Qiagen samples averaged 6.5 = 3.3 % of the
comparable spiked-in Qiagen blank (p < 0.01, paired t-test, two tailed).

While the Chemagic™ process clearly enabled the measurement of more
of the spiked-in Phi6 than the PEG/NaCl/Qiagen method, Table 2 shows
that a significant amount of variation occurred in the amount of spiked-in
Phi6 measured in wastewater samples collected from different locations
(One way ANOVA, p < 0.0001). As percent of the eluate controls, the
amount of spiked-in Phi6 in wastewater samples varied from as low as
5 * 3 % for wastewater samples from site WH to as high as 53 = 13 %
for wastewater samples from site DB (significantly different, post-hoc
Tukey, p < 0.05).

To determine if the variation between Phi6 measured from different
sites might be due to varying amounts of PCR inhibitors present in the pu-
rified RNA, these results are compared to a set of experiments in which the
Phi6 was spiked into all wastewater samples at the elution step and com-
pared to the elution control for the same experiments (Table 3).

This procedure was done for 52 wastewater samples and 5 field blanks,
yielding an average amount of Phi6, compared to Phi6 spiked into the elu-
ate control, of 98.9 * 9.6 % for wastewater samples and 96.0 + 5.4 % for
the field blanks. This indicates that, PCR inhibition due to factors in the
eluted RNA solution did not usually occur. The Shapiro-Wilks test for nor-
mality indicates a normal distribution of values (W = 0.956, p = 0.462),
and that only site AS, exhibiting an average recovery of Phi6 of 74.9 %, is
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Table 2
P§i6 ipiked into wastewater purified by Chemagic™, as percent of eluate control.
Sample Average  SD N significance post-hoc Tukey Test*
Field blank 9% 16 a
DB 53% 13% 7 a,b
KF 51% 18% 7 a,b,c
CcT 45% 17% 8 b,c,d
BG 42% 5% 7 b,c,d,e
PA 41% 12% 8 b,c,de
cs 39% 19% 8 b,c,de
LW 39%  12% 7 b,c d, e
HP 37% 13% 7 b,c,d, e
cc 36% - 8 b,c d,e
ER 34% 16% 7 b,c,d, e, f
SG 33% 17% 8 b,c,d, e, f
SS 21% 5% 7 c,def
SE 20% 14% 8 def
EB 20% 9% 7 de,f
i\ 19% 16% 7 d,e,f
HH 18% 8% 7 d,e,f
uc 18% 16% 9 d,ef
ME 17% 13% 8 d,ef
AS 15% 17% 10 e f
WG 14% 16% 7 e f
wi (s f

a low significant outlier and likely to be partially inhibited. Thus, except
for samples from site AS, the differences in Phi6 measurements observed
for the various sites when Phi6 was spiked into wastewater before
Chemagic™ processing were predominantly due to differences in recovery
of RNA in the purification process, rather than the presence of PCR inhibi-
tors in the eluted RNA solutions.

3.2. Recovery and detection of SARS-CoV-2 markers

3.2.1. More sensitive detection of SARS-CoV-2 with Chemagic™, compared to
PEG/NaCl/Qiagen

The performance of the Chemagic™ process for detection of SARS-CoV-
2 markers in wastewater was compared to the PEG/NaCl/Qiagen protocol.
On several occasions during August, October, and November 2021 waste-
water samples from various sewersheds in Detroit were processed with
both the Chemagic™ process and the PEG/NaCl/Qiagen protocol, spanning
a period in which the markers were rarely detected by either method
(August), only detected in about half the samples (October), and detected
in most samples (November). Out of a total of 20 samples analyzed on the
dates for which both processes were used, 9 samples occurred for which
SARS-CoV-2 was detected in wastewater by one method and not the
other. For all 9 samples, SARS-CoV-2 was detected in samples processed
via the Chemagic™ process and not after processing by PEG/NaCl/Qiagen
(significantly different, Fisher exact test, p < 0.0001). Fig. 1 illustrates a rep-
resentative example of the greater number of positive droplets detected
after Chemagic™ purification than after PEG/NaCl/Qiagen purification.
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Table 3

Phi6 spiked into Chemagic™ wastewater eluate as per-

cent of eluate control.
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3.2.2. Higher amount of SARS-CoV-2 measured in wastewater samples
processed via Chemagic™ compared to the PEG/NaCl/Qiagen protocol

For wastewater samples processed by both PEG/NaCl/Qiagen and
Chemagic™ protocols, the amounts of SARS-CoV-2 molecular markers

Sample Average SD N . .
that were measured by ddPCR was usually greater with the Chemagic™
field blank 96.0% 5.4% 5 process. In our data set, 10 sites processed by both protocols had detect-
able signals from at least 1 of the 2 gene markers. The N1 gene target
0
AS 74.9% 3 was detected in all 10 samples processed via Chemagic™ but only 8 of
BG 16.3% 3 the samples processed by PEG/NaCl/Qiagen. The N2 gene target was
. detected in all 10 samples processed by Chemagic™ while only 9 sam-
cc 103.8% 6.0% 2 ples processed by PEG/NaCl/Qiagen were detectable. The quantity of
viral copies per 100 mL of wastewater for all samples that were above
cs 104.0%  4.8% 2 the limit of detection for each method was correlated, as illustrated in
T 95.9% - ) the linear regression in Fig. 2. In all but 2 samples the Chemagic™ puri-
. 0
fication produced more signal than its PEG/NaCl/Qiagen counterpart
DB 89.6% 9.4% 5 (significantly different for both markers: N1: Paired t-test, two-tailed
p = 0.007; N2: Paired t-test, two-tailed p = 0.013). On average, the num-
EB 94.8% = 3.2% 2 ber of copies of SARS-CoV-2 detected per 100 mL in the Chemagic™-puri-
fied samples was 4.9 + 3.4 times the number of copies measured in the
0
ER 106.1% | 2 PEG/NaCl/Qiagen-purified samples.
HH 105.3% 20.1% 3
HP 99.8% 20.0% 3 3.3. SARS-CoV-2 markers in wastewater from three sites in Detroit
v BN 21.7% 2 Here we illustrate application of these processes to analyze SARS-CoV-2
KE 97.6% 6.3% 2 molecular markers in wastewater collected from three sites in Detroit from
the second week of August through the last week of December. Initially, the
LW 97.8% 24.8% 2 PEG/NaCl/Qiagen protocol was used for sample processing and continued
until the last week of September, after which samples were processed on
ME 99.2% 3.8% 2 - . -
the Chemagic™ platform. During August and September, the majority of
PA 106.9% 16.8% 3 samples had no detectable signal and this trend continued after switching
to Chemagic™. Beginning in November we observed increases in samples
SG 98.3% 3.7% 2 from all three sites, with two of them rising simultaneously to a high level
. (and the third one moderately) on the last illustrated sampling day, the be-
55 92.5% | 27.3% 3 ginning of the “omicron surge.”
uc 93.1% 15.9% 3 Ea.ch of the sewersheds fo'r 'whlch tl'1e data are 11}us}rated in Flg. 3
contained a long-term care facility (nursing home or similar) accounting
WG 100.1% - 3 for a part of the input to that wastewater stream. Comparing the levels
of SARS-CoV-2 markers in wastewater in the three sewersheds to the
WH 91.3% 11.6% 3 number of COVID-19 cases (positive tests occurring the first time
average of all . . ) the same week that the sewage was collected) in the LTC facilities by lin-
sites 98.9% 9.6% 20sites ear regression yielded the significant relationship illustrated in Fig. 4
(R? = 0.73,p < 0.001).
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Fig. 1. Representative example of detection of N1 and N2 from the same wastewater sample processed by Chemagic™ compared with PEG/NaCl/Qiagen, out of nine for
which detection occurred with one method but not the other (all nine were positive for the Chemagic™ purified sample but not for PEG/NaCl/Qiagen; see text). ddPCR
droplet results are shown for the same wastewater sample processed by PEG/NaCl/Qiagen (A: N1 and B: N2) and Chemagic™ (C: N1 and D: N2). All ddPCR results are
technical triplicates with dashed vertical line separating the droplet results of the three reactions. Positive droplets are the points above the horizontal threshold line; the
broad band of droplets below the threshold is negative droplets, approximately 17,000 per reaction. Bio-Rad considers three or more positive droplets to yield reliable
Poisson statistics, which was achieved for this sample using Chemagic™ purification but not for PEG/NaCl/Qiagen.
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Fig. 2. Comparison of the amounts of N1 and N2 markers measured in samples
purified by the Chemagic™ process versus the PEG/NaCl/Qiagen method, for
samples in which both processes yielded a detectable measurement. Note the
much higher values on the Chemagic™ axis versus the PEG/NaCl/Qiagen axis.

4, Discussion

Application of an improved viral purification procedure based on the
12-Rod PerkinElmer Chemagic™ 360 platform enabled a more sensitive de-
tection of SARS-CoV-2 in wastewater. Compared to the PEG/NaCl/Qiagen
protocol described by Flood et al. (2021) and used by many laboratories
in Michigan, the Chemagic™ system enabled a more sensitive detection of
SARS-CoV-2 at the lowest detectable limit, as exemplified by 9 wastewater
samples in which SARS-CoV-2 markers was detected after purification with
Chemagic™ but not after purification by PEG/NaCl/Qiagen (Section 3.2.1).

The increased sensitivity of detection using the Chemagic system is ev-
ident in the measurement of N1 and N2 markers in wastewater from three
small sewersheds in Detroit over a 5-month period, illustrated in Fig. 3.
Most detections in these sewersheds occurred after October 4, 2022,
when the RNA purification method was switched to the Chemagic auto-
mated system although that result also largely reflects the overall increase
in COVID-19 prevalence in the community. Indeed, the N1, N2 marker
measurements as a whole correlated well with “same week” COVID-19
case rates of nursing home facilities in the sewersheds (Fig. 4. Not shown:
much worse R? levels for these sewersheds when the comparison was
made to case data in later weeks). While some reports (summarized re-
cently by Shah et al. (2022)) have shown wastewater to provide an “early
warning” of outbreaks a week or two later, a question for the future is
whether rapid mitigation efforts taken in response to new infections
detected by symptoms, clinical tests, or wastewater can prevent correlation
with a later surge. The illustrated data are part of a city-wide project
to monitor 20 sewersheds in Detroit (https://www.ramlabwsu.org/

SARS-CoV-2 markers in 3 Detroit sewersheds

35,000
-B-BG -O-SS (o]
30,000
- KF
25,000

20,000
15,000
10,000

5,000

per 100 mL of wastewater)

SARS-CoV-2 markers
(average of N1 and N2 copies

Fig. 3. Levels of SARS-CoV-2 markers in wastewater collected from 3 sewersheds in
Detroit located in southeast, central, and northwest areas of the City. These are
small sewersheds with estimated populations ranging from 400 to 1000 people
and therefore their exact locations are restricted. The number of people in the
LTC facilities in these sewersheds are estimated to account for 20 % to 70 % of
the people in the sewershed. On October 4, the method of viral RNA purification
was changed from PEG/NaCl/Qiagen to Chemagic™ 360.
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Fig. 4. SARS-CoV-2 marker levels in sewershed wastewater compared to COVID-19
cases in long term care facilities in the sewersheds. Data points represent the
average N1 and N2 marker levels for sewersheds BG, KF, and SS, the same sites
described in the caption and illustrated in Fig. 3, versus the average of the staff
and resident cases for the facilities as reported by Michigan.gov (2022). Data
were transformed and analyzed on a logarithmic (base 10) scale and do not
include weeks when no COVID-19 cases were reported for the facilities as log
(0 cases) cannot be plotted.

public-data-page.html) in which sewersheds range from closely monitored
facilities (e.g. long-term care institutions, as illustrated here, in small
sewersheds) to larger sewersheds sampling more people in less supervised
communities. Future comparisons of these sewersheds and associated
case data may enable examination of the effects of sewershed size on detect-
ability and variability of the SARS-CoV-2 markers in wastewater, as has
been studied by others comparing detectability in a range of sizes of
much larger sewersheds (Weidhaas et al., 2021). Regardless of the size of
the sewershed, the increased speed and greater sensitivity of the automated
method described here is more likely to yield detections that could trigger
public health actions than the less sensitive PEG/NaCl/Qiagen method.
Application of a PEG/NaCl/Qiagen method similar to the one used here
by Flood et al. (2021) reported obtaining a Phi6 recovery from the initial
amount spiked into wastewater of about 20 %, which is 3-fold higher than
we report here for the PEG/NaCl/Qiagen protocol. The recovery calculated
by Flood et al. (2021) is for the PEG/NaCl concentration step and does not
include losses from the Qiagen step. Using a comparable PEG/NaCl/RNA pu-
rification method, Torii et al. (2022) reported RNA virus recoveries of 0.07 %
- 2.6 % and values from other recent PEG/NaCl/RNA purification, publica-
tions ranging from <1 % to 50 %. Our recovery of 4-times as much Phi6
spiked-in RNA (25 + 15 % of the eluate control for Chemagic™ v 6.5 +
3.3 % for the PEG/NaCl/Qiagen protocol) and the 4.9:1 fold ratio of the
amount of N1 and N2 measured (Sections 3.1.2 and 3.2.2 and Fig. 2) could
potentially provide better data for management of public health responses.
The higher amounts measured for both SARS-CoV-2 markers and Phi6
using the Chemagic™ method v the PEG/NaCl/Qiagen method might be re-
lated to various differences in the methods. Among those differences are:
(a) no preliminary “solids removal step” (the 15 minute centrifugation
step at the beginning of the Chemagic™ method) is done prior to adding
PEG/NaCl for precipitation in the PEG/NaCl/Qiagen procedure. We in-
cluded centrifugation in the Chemagic™ protocol because ddPCR droplet
generation in preliminary experiments without centrifugation often had
unacceptably low droplet counts (<10,000 droplets); low droplet counts
were not a problem for the state-prescribed PEG/NaCl/Qiagen procedure,
(b) the Qiagen purification step uses only a part of the pellet after PEG/
NaCl precipitation; the Chemagic™ method final product is from the entire
10 mL starting material, and (c) PCR inhibitors may be present after the
Qiagen purification step that the magnetic bead separation method seems
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Table 4

Comparison of manual and automated wastewater processing systems.

PerkinElmer Chemagic

Promega Maxwell® RSC Thermo Fisher Kingfisher

PEG/NaCl/Qiagen

Instrument or process

Feature being compared

Centrifugation: 45 mL, 15 min; Lysis

incubation: 30 min

Centrifugation: 40 mL, 10 min; Lysis N/A

incubation: 30 min

Agitation: 100 mL, 2 h

Sample preparation

Load 1 tip and 3 tubes per sample

1st run: Load 2 sample plates and 1 lysis plate per
sample. 2nd run: Load 5 plates per sample with

reagents as indicated by protocol

Load 1 cartridge and 1 tip per sample

N/A

Machine preparation

Combined with purification

First automated run with 24-well deep well plate, 2 h,

up to 24 samples

Vacuum Filtration: 10-60 min, time varies

by sample composition

Centrifugation: 100 mL, 45 min

Sample concentration

Volume of resuspended pellet: 2-5 mL
(typically 2.5 mL, varies by sample

composition)

Automated, 75 min per run, up to 12

Manual transfer of lysate from 24-well first run to 2nd

automated run on 96-well plate, 1.5 h, up to 24

samples

Automated, Maxwell Cartridge, 45 min per

run, up to 48 samples

Manual, Qiagen kit, 40 min- 1.5 h
depending on sample number

Sample purification

samples; can prepare a second run

while first run is operating

B R

$30

Fh

$40

o+

$40

N/A
$20

Automated instrument cost

Supplies cost/sample (to nearest $5)

Total time
Labor

2.5-3h

3-4h

2-4h

++

5-7h

+ 4+ +

o R e

Vasquez et al. (2021)

Appliedbiosystems (2021); Karthikeyan et al. (2021)

Promega (2021)

Flood et al. (2021), Method 3

Reference
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to have effectively removed. The effective removal of inhibitors from the
Chemagic™ eluates is demonstrated by the >95 % measurement of Phi6
spiked into the wastewater eluates compared to spikes directly into the elu-
tion medium control (Table 3).

Besides Chemagic™, alternative systems for automated recovery of
nucleic acids from wastewater include the Promega Maxwell® RSC and
the Thermo Fisher Scientific Kingfisher™. Table 4 provides a comparison
of these systems and the PEG/NaCl/Qiagen process based on hands-on test-
ing (PEG/NaCl/Qiagen, Chemagic™ and Maxwell® platforms) and analysis
of published protocols (Kingfisher™) (Karthikeyan and Humphrey, 2020;
Appliedbiosystems, 2021; Karthikeyan et al., 2021).

All three automated platforms utilize magnetic beads to isolate and pu-
rify nucleic acids, yet each system uses different approaches with their own
unique benefits and drawbacks. The Promega Maxwell® system utilizes a
vacuum-based sample filtration concentration step prior to application of
1 mL concentrated samples to the Maxwell® RSC. The filtration system
can be applied to up to 20 samples simultaneously but functioned variably
from sample to sample; the use of cartridges prefilled with reagents for the
Maxwell® RSC was convenient; and the Maxwell® RSC can purify nucleic
acids from up to 48 sample concentrates simultaneously.

The Kingfisher™ does not utilize prefilled cartridges and requires the
reagents to be manually aliquoted before the samples can be processed.
Although this manual prefilling step is time consuming it does allow the
greatest flexibility and control over reaction conditions among the auto-
mated platforms. The Chemagic™ instrument is the most expensive of the
three; however, it utilizes a large reservoir for its reagents and unlike the
other automated systems, Chemagic™ combines the sample concentration
and purification steps into a single process, greatly reducing the amount
of sample handling and pipetting required. Of the automated systems, the
cost of the reagents and supplies per sample was lowest for the Chemagic™.
Supplies for the PEG/NaCl/Qiagen method were less expensive than for the
automated systems but processing required more time and labor.

Despite the higher instrument cost, the improvement in sensitivity of
detection with the Chemagic™ instrument, its lower labor requirements,
its fast processing time, and the cost-savings for Chemagic™ supplies
compared to the other automated instruments can justify the use of this
instrument to process wastewater samples. The more sensitive detection
of SARS-CoV-2 markers and the rapid reporting of wastewater data to pub-
lic health partners, made more possible by this automated system, may be
especially important to obtain the earliest warning of resurgences of infec-
tions in the community and for considering the application of mitigation
and other public health policies that may prevent a larger outbreak.
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