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Abstract

In this study, two virus concentration methods, namely Adsorption-Extraction (AE) and
Nanotrap® Magnetic Virus Particles (NMVP) along with commercially available extraction

kits were used to quantify endogenous pepper mild mottle virus (PMMoV) and severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) in nucleic acid extracted from 48 wastewater
samples collected over six events from eight wastewater treatment plants (WWTPSs). The main aim
was to determine which workflow (i.e., concentration and extraction methods) produces greater
concentrations of endogenous PMMoV and SARS-CoV-2 gene copies (GC) in comparison with
each other. Turbidity and total suspended solids (TSS) of wastewater samples within and among
the eight WWTPs were highly variable (41-385 NTU and 77-668 mg/L TSS). In 58 % of
individual wastewater samples, the log;y GC concentrations of PMMoV were greater by NMVP
workflow compared to AE workflow. Paired measurements of PMMoV GC/10 mL from AE and
NMVP across all 48 wastewater samples were weakly correlated (r= 0.455, p=0.001) and
demonstrated a poor linear relationship (r2 = 0.207). The log;o GC concentrations of SARS-CoV-2
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in 69 % of individual samples were greater by AE workflow compared to NMVP workflow. In
contrast to PMMoV, the AE and NMVP derived SARS-CoV-2 GC counts were strongly correlated
(r=0.859, p< 0.001) and demonstrated a strong linear relationship (r2 = 0.738). In general,

the PMMoV GC achieved by the NMVP workflow decreased with increasing turbidity, but the
PMMoV GC by the AE workflow did not appear to be as sensitive to either turbidity or TSS
levels. These findings suggest that wastewater sample turbidity or suspended solids concentration,
and the intended target for analysis should be considered when validating an optimal workflow for
wastewater surveillance of viruses.
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Introduction

Infectious diseases caused by exposure to pathogens are rapidly increasing and responsible
for many human deaths and significant economic losses around the world (Lindahl and
Grace, 2015). Among these pathogens, enteric and respiratory viruses are the most important
etiological agents due to mutations, greater transmissibility, and low infectious doses (Hall,
2012; Leung, 2021). The transmission of these viruses occurs via the fecal-oral, nasal
mucosa, the conjunctiva, direct contact, fomite, droplet, and aerosol routes (Leung, 2021).
Infected individuals may shed up to 1011 viral particles/g in feces (La Rosa et al., 2012), and
107-8 viral particles per unit volume in bodily fluids such as saliva and nasopharyngeal fluid
(Kidd-Ljunggren et al., 2006).

Historically, wastewater surveillance of poliovirus has played an important role for the
eradication of polio from Southeast Asia and Africa (EI Bassioni et al., 2003; Chowdhary
and Dhole, 2008). Recently, Sabin-like type 2 poliovirus has been detected in environmental
samples in the USA and genetically linked to viruses detected in wastewater samples from
United Kingdom and Israel (https://www.who.int/emergencies/diseaseoutbreak-news/item/
2022-DONA408). Wastewater surveillance has been conducted for enteric viruses (Chacon

et al., 2021) and monitoring of bacterial antimicrobial resistance genes (Mtetwa et al.,
2021). More recently, surveillance of wastewater for SARS-CoV-2 has gained much
attention throughout the world to provide (i) an early warning system for the emergence

or re-emergence of COVID-19 in the community (Medema et al., 2020; La Rosa et al.,
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2021a; Peccia et al., 2020; Hata et al., 2021), (ii) spatial and temporal trends that mirror

the magnitude of COVID-19 in the community, (iii) information on the circulating and
emerging variants (La Rosa et al., 2021b; Ahmed et al., 2022b; Reynolds et al., 2022). More
recently, surveillance of wastewater has also proven useful to track other respiratory viruses
circulating in communities including influenza and respiratory syncytial virus (Hughes et al.,
2022; Wolfe et al., 2022).

In wastewater samples, the concentration of certain enteric (i.e., norovirus) and respiratory
viruses (i.e., SARS-CoV-2) can be very low, depending on the variable shedding rates

by the infected individuals and low disease prevalence in the community. Furthermore,
other factors such as variability in wastewater composition, sampling approaches, flow and
precipitation may influence the detection of low levels of viruses in wastewater (Ahmed et
al., 2022c). Therefore, a concentration step is often required to obtain detectable amounts of
virus nucleic acid (Ahmed et al., 2015). A wide range of virus concentration and extraction
methods have been applied to concentrate viruses from wastewater samples (Ahmed et al.,
2015; McMinn et al., 2021; Pecson et al., 2021; Sapula et al., 2021).

Recovery of viruses from wastewater using these workflows can be highly variable spanning
several orders of magnitude (Ahmed et al., 2020a; McMinn et al., 2021; Pecson et al., 2021).
Furthermore, recovery efficiency of viruses from wastewater samples can vary between and
within WWTPs, even with the same concentration and extraction workflow, presumably

due to variations in wastewater composition as well as types of viruses. Consequently,

virus concentration efficiency may be a significant impediment to wastewater surveillance
applications where virus levels are low, and the recovery efficiency is highly variable (Chik
et al., 2021; Pecson et al., 2021).

Among these concentration methods, an Adsorption-Extraction (AE) protocol with a
negatively charged membrane has been very effective for quantifying low concentrations
of enteric and enveloped viruses from wastewater samples with minimal PCR inhibitory
effects (Ahmed et al., 2015; Ahmed et al., 2020a; Jafferali et al., 2021). This workflow
involves adding MgCl, and/or HCI to a sample, adsorbing the viruses onto negatively
charged membranes during filtration, followed by direct nucleic acid extraction from the
membrane itself (Symonds et al., 2014; Ahmed et al., 2015; Babler et al., 2022). A

recent study compared the efficiency of seven wastewater virus concentration protocols
including AE, centrifugal filter devices, polyethylene glycol (PEG 8000) precipitation, and
ultracentrifugation by seeding murine hepatis virus (MHV) in wastewater (Ahmed et al.,
2020a). The mean MHYV recoveries ranged from 26.7 to 65.7 % across all concentration
methods. The most efficient method was AE with MgCl, pre-treatment. There are several
advantages of the AE concentration method including its speed (i.e., takes <15 min to
process a typical 50 mL wastewater sample), ability to concentrate viruses from both

the solid and liquid phases, use of filtration assemblies and vacuum pumps often readily
available in microbiology laboratories, and multiple samples can be processed in parallel if
filtration units and manifolds are available (Ahmed et al., 2020a).

Another concentration approach uses Nanotrap® Magnetic Virus Particles (NMVP)
which utilize the NMVP materials high affinity for viruses to attract, capture
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and enrich low abundance viruses in solution. The NMVP concentration

method has been demonstrated to capture and concentrate a wide range of

viruses, including: influenza A, respiratory syncytial virus, coronavirus 229E
(https://www.ceresnano.com/post/respiratory-pathogendetection), coronavirus OC43 (https://
WW\W.ceresnano.com/post/app-notecapture-and-concentration-of-coronavirus-oc43), SARS-
CoV-2 (https://www.ceresnano.com/post/app-note-capture-and-concentration-of-sars-cov2-
from-viral-transport-medium), Zika, chikungunya (Lin et al., 2020), and pepper mild mottle
virus (https://www.ceresnano.com/post/app-notenanotrap-enhancement-reagent-1-improves-
detection-of-viral-rna-fromwastewater-samples) from wastewater and clinical samples. The
concentration method is inexpensive and wastewater processing workflows are available

for manual or automated workflow. Karthikeyan and colleagues (2021) reported that when
automated on the KingFisher Flex liquid-handling robot (Thermo Fisher Scientific, USA),
using a 24-plex head, NMVP allowed the processing of 24 wastewater samples in single
40-min run. They also compared the performance of NMVP with electronegative membrane
filtration and PEG workflows by seeding heat-inactivated SARS-CoV-2 into ninefold serial
dilutions of a single 10-mL volumes of untreated wastewater sample. The average virus
recovery efficiencies were 27, 15 and 8 %, for the NMVP, HA membrane filtration, and
PEG methods, respectively. Furthermore, it has been reported that NMVP can improve
sequencing workflows by enhancing current standard nucleic acid extraction methods
(Andersen et al., 2021).

Little is known regarding the performance of NMVP (i.e., concentration and extraction
workflow) in comparison with other concentration workflows. For the efficient surveillance
of viruses, well-optimized, rapid, efficient (high recovery), and cost-effective virus
concentration workflows are needed worldwide. The main aim of the present study was to
compare the performance of two virus concentration workflows: (i) AE (i.e., direct nucleic
acid extraction from a negatively charged membrane), and (ii) NMVP. The concentrations
of endogenous PMMoV and SARS-CoV-2 were determined in nucleic acid extracted from
wastewater samples from several wastewater treatment plants (WWTPs) to determine which
workflow yields greater concentrations of PMMoV and SARS-CoV-2 gene copies (GC).
PMMoV, which is an indicator virus for enteric viruses was selected because it has been
used to normalize SARS-CoV-2 concentration data (Wu et al., 2021). The findings from this
study can aid in selecting an optimal concentration workflow for wastewater surveillance
studies.

2. Materials and methods

2.1. Sources of wastewater samples

Wastewater samples used in this study were from the Queensland Health Wastewater
Surveillance program. Wastewater samples were collected between 01/02/2022 and
09/03/2022 from eight wastewater treatment plants (de-identified as WWTPs A to H
hereafter) in Queensland, Australia over six weeks yielding a total of 48 wastewater samples
(i.e., six from each WWTP). The selected WWTPs employ activated sludge processes and
treat mainly domestic wastewater from approximately ~15,000 to ~100,000 people. At each
WWTP, 500 mL to 1 L of untreated wastewater samples were collected via time-based
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compositing using an automated sampler operating in time-proportional mode (taking 5-10
mL subsamples every 15 min for 24 h) at ambient temperature (Ahmed et al., 2022d).

2.2. Turbidity and total suspended solids measurements

The turbidity and total suspended solids (TSS) of wastewater samples can be highly variable
within and between WWTPs. Furthermore, a recent study reported that sample turbidity can
affect virus recovery from wastewater samples. Therefore, the turbidity of each wastewater
sample was measured in nephelometric turbidity units (NTU) using a HACH turbidimeter
(Model TU5200) following the method described in Standard Methods 2130 B (Standard
Methods for the Examination of Water and Wastewater. http://standardmethods.org/). To
measure total suspended solids (TSS), an aliquot of each wastewater sample was filtered
through a pre-weighed standard glass-fibre filter, and the filter and resulting residue was
dried at 103-105 °C (for 2 h). The measured increase in weight between the glass-fibre
filter alone and the filter with dried residue was attributed to the retained solids (mg) and
expressed as mg/L of TSS in proportion to the sample volume (L) tested. Owing to limited
sample volume available, for turbidity and TSS, 40-mL and 500-mL wastewater samples
were used, respectively. The samples were mixed well prior to subsampling to minimize
subsampling variation.

2.3. Virus concentration

Endogenous viruses were concentrated from the wastewater samples using the AE and
NMVP workflows. In this study, the AE workflow began with the addition of dissolved
MgCl, (Sigma-Aldrich, St. Louis, Missouri, USA) to a 10 mL wastewater sample to achieve
a final concentration of 25 mM MgCl,. After amendment with MgCls,, wastewater samples
were immediately filtered through a 0.45-um pore-size, electronegative HA membrane
(47-mm diameter HAWPO04700; Merck Millipore Ltd., Sydney, Australia) via a magnetic
filter funnel (Pall Corporation, Port Washington, New York, USA) and filter flask (Merck
Millipore Ltd.) (Ahmed et al., 2020a). Following filtration, using aseptic technique, the
membrane was immediately removed, rolled, and inserted into a 5-mL-bead-beating tube
(Qiagen, Valencia, CA, USA) for nucleic acid extraction.

For the NMVP workflow, a 10 mL of wastewater sample was transferred into a 15 mL sterile
conical falcon tube (Eppendorf, Hamburg, Germany). Each 10 mL wastewater sample was
amended with 100 pL of Nanotrap® Enhancement Reagent 2 (ER2) (Ceres Nanosciences
SKU 10112) and then vortexed thoroughly for 10 s. Next, 150 uL of NMVP (Ceres
Nanosciences SKU 44202) were added to each sample. Samples were mixed thoroughly
by inverting the tubes two to three times and then incubated at room temperature (24

+ 1 °C) for 10 min after mixing. The tubes were then placed on a magnetic rack

(Dynal MPC™-6) to pelletize the NMVP at the bottom of the tube. The supernatant was
carefully removed without disturbing the pellet via pipette and discarded, and then the
pellet was resuspended by adding 1 mL of molecular grade water into each tube. The
resulting virus particle suspension was transferred into a sterile 1.5 mL microcentrifuge
tube using a pipette and placed on a magnetic rack (Invitrogen™ DynaMag™'-2 Magnet)
to create a final NMVP pellet, and then the supernatant was carefully discarded

without disturbing the pellet for nucleic acid extraction. This concentration protocol
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was performed as described in Ceres Nanosciences APP-034 (https://www.ceresnano.com/
_files/ugd/f7710c_215bbh60d02c04572ae60153e24770650.pdf).

2.4. Nucleic acid extraction

Immediately after AE virus concentration, nucleic acid was extracted directly from the HA
membranes using the RNeasy PowerWater Kit (Cat. No. 14700-50-NF) (Qiagen, Valencia,
CA, USA). Prior to homogenization, 990 pL of buffer PM1 and 10 pL of p-Mercaptoethanol
(Cat. No. M6250-10 mL) (Sigma-Aldrich) were added into each 5 mL bead-beating tube.

A known concentration (~1.5 x 104 gene count (GC)) of murine hepatitis virus (MHV)

was added into each bead-beating tube as an inhibition process control. The bead-beating
tubes were then homogenized using a Precellys 24 tissue homogenizer (Bertin Technologies,
Montigny-le-Bretonneux, France) set for 3 x 15 s at 10,000 rpm at a 10 s interval. After
homogenization, the tubes were centrifuged at 4000g for 4 min to pellet the filter debris and
beads. Sample lysate supernatant ranging from 600 to 800 pL in volume was then passed
into the extraction to yield purified nucleic acids following the manufacturer’s specified
protocol. One modification was made: the use of DNase | solution was omitted from the
protocol to isolate nucleic acid (i.e., both RNA and DNA). This was done to reduce the
sample processing time in the laboratory. Omission of DNase | solution does not affect RNA
quantification (data not shown).

Immediately after separating the NMVP from the sample as described above, nucleic acids
were extracted from the resulting pellet using the QlAamp Viral RNA Mini Kit (Qiagen)
and the procedure described in Ceres Nanosciences APP-034. Briefly, 150 uL of 1x PBS,
560 uL of Buffer AVL and 5.6 pL of carrier RNA were added to each pellet. A known
concentration (~1.5 x 104 GC of murine hepatitis virus (MHV) was added into each 1.5 mL
microcentrifuge tube as an inhibition process control. The NMVP pellet was homogenized
by vortexing the tube for 30 s followed by incubation at room temperature for 10 min.

The Invitrogen™ DynaMag™-2 Magnet rack (Invitrogen™, Waltham, Massachusetts, USA)
was used to separate the NMVP from the resulting lysate suspension. The supernatant was
transferred into a new sterile 1.5 mL microcentrifuge tube using a pipette and the pellet was
discarded. Nucleic acid was then extracted from each lysate according to the manufacturer’s
instructions.

The Agilent TapeStation 4200 was used to determine the quality score of the purified
nucleic acid resulting from the extraction of each AE and NMVP sample. The integrity

was assessed via the RNA integrity number (RIN). The instrument makes use of the entire
electrophoretic trace of the purified nucleic acid to assign a RIN between 0 and 10, with 10
indicating maximum integrity. Nucleic acid purity (as measured by the Aogg/280 ratio) and
concentration of nucleic acid (ng/uL) were measured using a DeNovix Spectrophotometer &
Fluorometer (DeNovix, Wilmington, DE, USA).

Inhibition assessment

The presence of PCR inhibition in nucleic acid samples extracted from wastewater was
assessed using an MHV RT-PCR assay (Besselsen et al., 2002). Known quantities (~1.5 x
10% GC of MHV were seeded into each bead tube containing membrane and lysis buffer (for
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AE workflow) and each pellet (for NMVP workflow) (described in ‘Nucleic acid extraction’
above) and added to a distilled water extraction control and subjected to extraction. The
reference PCR quantification cycle (Cq) values obtained for MHV seeded into distilled
water were compared with the Cq values of the MHV seeded into wastewater lysate to
obtain information on potential RT-qPCR inhibition for nucleic acid samples extracted

by both the AE and NMVP workflows. If the Cq value resulting from the sample was

>2 different from the reference Cq value for the distilled water control, the sample was
considered inhibited (Ahmed et al., 2022a). In addition to the extraction control, all samples
were analyzed alongside three PCR negative controls.

2.6. MHV RT-PCR, PMMoV RT-gPCR and SARS-CoV-2 RT-dPCR analysis

A previously published RT-PCR assay was used for MHV detection (Besselsen et al., 2002),
US CDC N1 RT-digital PCR (dPCR) assay was used for SARS-CoV-2 quantification (CDC,
2019), and RT-qPCR assay was used for PMMoV quantification (Rosario et al., 2009;
Haramoto et al., 2013) (Supplementary Table ST1). For the MHV RT-PCR and PMMoV
RT-gPCR assays, positive control materials in the form of gBlocks gene fragments were
purchased from Integrated DNA Technologies (Integrated DNA Technology Coralville, 1A,
US). PMMoV standard curves were prepared from gBlocks with dilutions ranging from 6 x
10° to 0.6 GC/reaction. Gamma-irradiated SARS-CoV-2 was used as an RT-dPCR positive
control for the CDC N1 dPCR assay (Ahmed et al., 2022a—d). Primer and probe sequences,
reaction concentrations, and thermal cycling conditions are listed in Supplementary Table
ST1. MHV RT-PCR and PMMoV RT-qPCR analyses were performed in 20-uL reactions
using TagMan™ Fast Virus 1-Step Master Mix (Applied Biosystem, California, USA). The
RT-PCR (for MHV) and RT-qPCR (for PMMoV) experiments were performed using a
Bio-Rad CFX96 thermal cycler (Bio-Rad Laboratories, Richmond, CA, USA) using manual
settings for threshold and baseline.

The US CDC N1 RT-dPCR assay was performed in 40-pL reaction mixtures using the
QIlAcuity One-Step Viral RT-PCR Kit (Cat No. 1123145; Qiagen) and 26 K 24-well
Nanoplates (Cat No. 250001; Qiagen). Two RT-dPCR replicates were analyzed for each
sample. Each RT-dPCR nanoplate contained duplicate RT-dPCR no-template and positive
(gamma-irradiated SARS-CoV-2 RNA) controls. Data were analyzed using the QlAcuity
Suite Software V1.1.3193 (Qiagen, Germany) and quantities exported as GC/uL of reaction.
The RT-dPCR assays were performed using automatic settings for threshold and baseline.

2.7. PMMoV RT-gPCR and SARS-CoV-2 RT-dPCR assay limit of detection

To determine the PMMoV RT-qPCR assay limit of detection (ALOD), gBlocks were diluted
(6 x 10° to 0.6 GC/reaction) and analyzed using RT-qPCR. At each dilution, 15 replicates
were analyzed. The 95 % ALOD was defined by fitting an exponential survival model to the
proportion of PCR replicates positive at each step along the gradient (Verbyla et al., 2016).
The ALOD for SARS-CoV-2 RT-dPCR was previously determined in our study (Ahmed et
al., 2022d).
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2.8. Quality control

To minimize RT-qPCR and RT-dPCR contamination, nucleic acid extraction and RT-gPCR/
dPCR set up were performed in separate laboratories. A sample negative control was
included during the concentration process. An extraction negative control was also included
during nucleic acid extraction to account for any contamination during extraction. All
sample and extraction negative controls were negative for the analyzed targets.

2.9. Data analysis

For PMMoV RT-gPCR, samples were considered positive (SARS-CoV-2 detected) if
amplification was observed in all three replicates within 45 cycles. Samples were considered
quantifiable if amplification was observed in all three replicates with concentrations above
the ALOD. For SARS-CoV-2 RT-dPCR, samples were considered positive if amplification
was observed in both replicates within 45 cycles. Samples were considered quantifiable

by RT-dPCR if the concentrations were above the ALOD, and the average number of
partitions was >18,000 per sample well. Statistical differences in the extraction yields

and RIN resulting from each concentration/extraction workflow combination were assessed
using unpaired t-tests with Welch’s correction for unequal variances with a false discovery
rate of 1 %. Inhibition control Cq values for samples from each WWTP were compared
using the Kruskal-Wallis test with Dunn’s correction for multiple comparisons. Differences
between paired PMMoV and SARS-CoV-2 GC derived from AE and NMVP performed on
single samples were assessed by paired t-tests stratified by WWTP. Owing to the limited
sample size from each WWTP tests of normality were not performed. However, since the
basis of comparison was the difference in the log;o mean value of independent replicate RT-
gPCR/RT-dPCR measurements and the standard curves displayed linearity, an assumption
of normality of replicate measurements is not unreasonable. Correlations between PMMoV
and SARS-CoV-2 GC/10 mL by each workflow across all samples were assessed by means
of Pearson’s coefficient (/) and linear regression, according to the assumption that perfect
agreement between the two would yield a line with slope equal to one and intercept equal
to zero. Correlation between turbidity (NTU) and TSS was also assessed by means of
Pearson’s coefficient (/) and linear regression.

3. Results

3.1. Turbidity and total suspended solids

Summary statistics for measured turbidity and TSS are tabulated in Table 1. For 7 of the

8 WWTPs the mean NTU was in the typical range for domestic wastewater with means
from 40 to 130 NTU, while WWTP H had mean of 385 NTU (i.e. far greater than other
WWTP samples). Similar trends were observed for TSS with WWTP H having much greater
mean TSS than the other WWTPs. Large variabilities of NTU and TSS were observed in
wastewater samples collected from the same WWTP over time. For example, WWTP B
showed 88 % variability in NTU over time, followed by 83 and 73 % variability in NTU for
WWTP G and F. Similarly, high levels of variability were observed for TSS measurements,
where WWTP B showed 98 % variability in TSS over time, followed by WWTP F (82 %)
and WWTP D (76 %). The observed turbidity and total suspended solids concentration in
the 48 wastewater samples were strongly and significantly correlated (r= 0.97, p< 0.0001).
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A linear regression fit to the paired NTU (x) and TSS (y) data points (Fig. 1) indicated a
good linear fit (TSS = 1.713 NTU + 22.53, r2 = 0.94).

3.2. Nucleic acid purity and yield

Summary statistics for measured RIN, yield and Aygo/280 are shown in Table 2 for nucleic
acid extracted through both AE and NMVP workflows. Purified nucleic acid yields from
the extracts of both concentration and extraction workflows were statistically equivalent
except for extractions from WWTP H samples. For WWTP H, AE yielded significantly
higher nucleic acid yields than NMVP (p < 0.0001). For nucleic acid integrity as assessed
by the RIN, NMVP yielded significantly greater RIN for extractions from WWTP B, C, and
F while AE yielded significantly greater RIN from WWTP H. Extractions of concentrates
from both AE and NMVP produced Aygo280 ratios within or above the acceptable the range
(2.0 to 2.2) for “pure” nucleic acid.

3.3. PCR inhibition

Median Cq values of the MHV inhibition control were significantly different between
WWTPs for both the AE and NMVP workflows (Fig. 2). For AE, samples from WWTPs

F and G yielded significantly greater Cq values compared to results for all other WWTPs,
while WWTP E was significantly greater than WWTP A, and WWTP E and H were
significantly greater than WWTP B. NMVP, on the other hand, yielded significantly greater
median Cq values only for samples from WWTP G. Of the 48 wastewater samples extracted
using the AE workflow, nucleic acid extracts of 46 samples were within the 2-Cq values of
the reference Cq value, whereas Cq values of two samples from (WWTP F and G) were

> 2-Cq values of the reference sample. Of the 48 wastewater samples extracted using the
NMVP workflow, nucleic acid extracts of 43 samples were within the 2-Cq values of the
reference Cq value, whereas Cq values of five samples from (one sample from WWTP A
and four samples from WWTP G) were > 2-Cq values of the reference sample.

3.4. RT-gPCR and RT-dPCR performance characteristics

The PMMoV RT-gPCR standard curves had a linear dynamic range of quantification from
6 x 10° to 0.6 GC/reaction. The slope of the standard curve was —3.36. The amplification
efficiency and y-intercept values were 98.4 % and — 40.2, respectively within the prescribed
range of MIQE guidelines (Bustin et al., 2009). The correlation coefficient (/2) value was
0.99. All positive controls or standard curves amplified in each PCR run and negative
controls were negative. For US CDC N1 RT-dPCR, the number of partitions ranged from
19,212 to 25,320 with a mean * standard deviation (SD) of 20,904 + 2765. The ALOD for
the PMMoV RT-qPCR assay was 6.80 GC/reaction.

3.5. Concentrations (log1g GC) of PMMoV and SARS-CoV-2 by AE and NMVP methods

The logyg GC concentrations of PMMoaV in 28 (58.3 %) of 48 individual samples

were greater by NMVP workflow compared to AE workflow (the other 20 had greater
concentrations by AE workflow). As shown in Fig. 3, across all six sampling events NMVP
produced greater mean PMMoV logyg GC/10 mL than AE for WWTPs B (p=0.039), C
(p=0.007), and F (p=0.027) while AE yielded greater PMMoV GC concentrations for
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WWTP H (p<0.001). For the remaining four WWTPs, AE and NMVP produced PMMoV
log1g GC concentrations that were statistically similar across the six sampling events. Paired
measurements of PMMoV logyg GC/10 mL from AE and NMVP across all 48 sampling
events (Fig. 5) were weakly correlated (r= 0.455, p=0.001) and demonstrated a poor linear
relationship (r% = 0.207).

The logyg GC concentrations of SARS-CoV-2 in 33 (68.8 %) of 48 individual samples
were greater by AE workflow compared to NMVP workflow (the other 15 had greater
concentrations by NMVP workflow). Mean SARS-CoV-2 concentrations (log;g GC/10 mL)
for each sampling event and pooled across all sampling events at each WWTP are shown in
Fig. 4. For samples from WWTPs C, E, and H, AE concentration yielded greater SARCoV-2
log1g GC/10 mL than NMVP with p-values of 0.027, 0.001, and 0.002, respectively. For
the remaining WWTPs AE and NMVP vyielded statistically similar SARS-CoV-2 GC/10
mL across the six sampling events. As shown in Fig. 5 across all 48 samples, AE

and NMVP derived SARS-CoV-2 GC counts were strongly correlated (r=0.859, p<
0.001) and demonstrated a strong linear relationship (r2 = 0.738). For PMMoV-normalized
SARS-CoV-2 counts (SARS-CoV-2 log1g GC/PMMoV logyg GC), when the workflows
produced significantly different counts of PMMoV or SARSCoV-2 GC, the resulting
PMMoV-normalized counts were also significantly different from one another.

3.6. Trends between NTU/TSS and viruses

PMMoV and SARS-CoV-2 GC/10 mL versus turbidity and TSS are displayed in Fig. 6.

In general, NMVP-derived PMMoV counts decreased with increasing turbidity. Meanwhile,
AE-derived PMMoV GC counts did not appear to be sensitive to turbidity or TSS levels.
For SARS-CoV-2, however, both NMVP and AE workflows yielded the greatest GC/10

mL in the middle ranges of turbidity (100-200 NTU) and TSS (150-450 mg/L). For low
turbidity and TSS samples, SARS-CoV-2 GC/10 mL increased for both workflows up to the
mid-range and then decreased with further increased turbidity and TSS.

4. Discussion

Viral pathogens, including SARS-CoV-2 and enteric viruses, are typically present in low
concentrations in wastewater and thus require a concentration step to attain levels of

viral nucleic acids detectable using molecular methods (Ahmed et al., 2015). Considering
the multitude of concentration methods available, ranging from AE to different types

of ultrafiltration, chemical precipitation, and centrifugation (Ahmed et al., 2020a), each
with its own caveats (recently reviewed in Rusifiol et al., 2020; Cervantes-Avilés et al.,
2021; Pecson et al., 2021; Ahmed et al., 2022c), and often with highly variable recovery
efficiencies (Ahmed et al., 2020a; McMinn et al., 2021; Pecson et al., 2021), selecting the
optimal concentration and extraction workflow is paramount for wastewater surveillance
or environmental studies. Additionally, adsorption dependent methods, such as AE and
NMVP, rely on electrostatic interactions that are dependent on the isoelectric points of
the viruses being adsorbed (Armanious et al., 2016). In this study, we compared two
rapid and inexpensive workflows (i.e., AE and NMVP) for their ability to concentrate
endogenous SARS-CoV-2 and PMMoV nucleic acid from wastewater samples. We did
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not seed exogenous viruses as seeding exogenous stock viruses may result in inaccurate
recovery assessment due to differential structural form and partitioning behaviour of viruses
in the stock compared to those shed by infected humans (Kantor et al., 2020). Ultimately,
the observations in the current study are empirical in nature as an investigation of the
fundamental electrostatic interactions for each of the workflows and viruses was beyond

the scope of the investigation. It is important to note that the inherent methodological
differences between the two concentration methods necessitated use of two different nucleic
acid extraction Kits, which precludes a direct comparison between the two workflows.

We acknowledge that the extractions kit efficiency used in the AE workflow may be
significantly greater than that of the NMVP workflow, or vice versa, and require further
investigation. We have compensated for this limitation through a carefully executed
experimental design by using the same wastewater sample volume (i.e., 10 mL) to ensure
comparability and by challenging both concentration techniques with multiple wastewater
samples from eight different WWTPs with variable physico-chemical parameters.

Across the 48 wastewater samples analyzed in this study, turbidity and total suspended
solids were highly variable and ranged from 10 to 490 NTU and 12-950 mg/L of

TSS, respectively, and were the lowest for WWTP A and the highest for WWTP H.

The composition of the wastewater affected the performance of the workflows regarding
both nucleic acid yield and purity, as well as estimated concentrations of PMMoV and
SARS-CoV-2. Measured nucleic acid mass was comparable across all WWTPs and both
workflows, except for WWTP H where turbidity and TSS were notably greater. However,
NMVP generated higher purity nucleic acid for samples from three WWTP, while AE
produced higher purity nucleic acid for only one WWTP (H). As previously mentioned,
different nucleic acid extraction kits were used with each concentration method, so the result
must be interpreted considering the concentration/extraction workflow as a whole method.
Nonetheless, this finding has important implications for concentration and extraction method
selection for applications other than quantitative PCR, such as next generation sequencing,
which require higher concentrations and greater purity of the nucleic acids for high
resolution of SARS-CoV-2 variants detection (Karthikeyan et al., 2022).

Despite the higher purity nucleic acid (sometimes observed with the NMVP workflow),
RT-gPCR inhibition was more frequently detected in more wastewater samples that were
concentrated using the NMVP workflow when compared to results using AE workflow.
Again, this could be an artifact of the different extraction kits used with each concentration
method. The QlAamp Viral RNA Mini Kit employed with the NMVP concentration method
does not have PCR inhibitor removal technology; whereas, the RNeasy PowerWater Kit used
with the AE concentration method does. The manufacturer does provide a protocol for using
the NMVP with an extraction kit that features inhibitor removal technology (Qiagen AllPrep
PowerViral DNA/RNA Kit); however, the performance of the NMVP concentration method
in conjunction with this kit has not yet been characterized in the literature and merits further
investigation.

The ability of the AE concentration and extraction methods to successfully concentrate
a variety of viruses, including PMMoV and SARS-CoV-2, from wastewater has been
previously documented (Ahmed et al., 2020a; Ahmed et al., 2021; Ahmed et al., 2022a),
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along with its improved performance compared to other concentration and extraction
protocols (Ahmed et al., 2020a). Additionally, prior to the COVID-19 pandemic and
widespread application for wastewater surveillance, the AE concentration method was
explicitly developed and widely used to concentrate low abundance targets from aqueous
matrices in the environment (Ahmed et al., 2020b). The NMVP concentration method,

on the other hand, was initially developed to concentrate multiple viruses from urine,

cells, viral supernatants, and a variety of clinical samples (e.g., saliva, nasal fluid, nasal
aspirate) with improved sensitivity and detection rates (Jaworski et al., 2014; Shafagati

et al., 2013; Shafagati et al., 2015; Shafagati et al., 2016; Barclay et al., 2020; Lin et

al., 2020). However, there are now several published studies reporting the application

of NMVP to concentrate SARS-CoV-2 and indicator viruses from wastewater for both
RT-gPCR and sequencing (Karthikeyan et al., 2021a; Karthikeyan et al., 2021b; Karthikeyan
etal., 2021b; Babler et al., 2022; Hall et al., 2022; Lawal et al., 2022; Safford et

al., 2022). For samples derived from clinical matrices, NMVP has improved both the
analytical sensitivity of RT-gPCR and sequencing coverage for SARS-CoV-2 (Andersen

et al., 2021; Barclay et al., 2020). But much less is known regarding the performance

of the NMVP workflow compared to other concentration and extraction workflows for
wastewater. In a four-sample comparison, Safford et al. (2022) found NMVP appeared

to be more effective than centrifugal ultrafiltration for the detection of SARS-CoV-2 in
wastewater. While Karthikeyan et al. (2021a) reported comparable results for NMVP and
electronegative membrane filtration (n= 24), critical methodological details surrounding the
processing of the membranes (e.g., homogenization and extraction) were not described. The
largest electronegative membrane filtration and NMVP comparison yet published featured
65 samples, but variations between the method workflows (e.g., different sample volumes
processed) and from previously published protocols (e.g., pipette mixing homogenization
of membranes) make an “apples to apples” comparison more difficult (Babler et al., 2022).
While the current study also has methodological limitations (e.g., different extraction kits),
we sought to execute a robust comparison utilizing the manufacturer’s recommendations,
especially concerning volumetric equivalency for both concentration methods. We have
prioritized volumetric equivalency in our comparison, because the assumption that “more is
more” regarding the volume of wastewater concentrated only holds if the recovery efficiency
is not itself dependent on the volume concentrated — a hypothesis which as of yet has not
been systematically tested.

Across all samples in the current study, we found the NMVP workflow yielded greater
PMMoV concentrations in 58.3 % of samples, while the AE workflow generated

greater concentrations of SARS-CoV-2 in 68.8 % of samples. Interestingly, the estimated
concentration of SARS-CoV-2 was more strongly correlated (= 0.859) between two
workflows than PMMoV (r= 0.455). Safford et al. (2022) also reported mixed results with
a centrifugal ultrafiltration workflow yielding greater concentrations of PMMoV, and NMVP
yielding greater concentrations of SARS-CoV-2. These results suggest the concentration
and extraction workflow performance is likely influenced by characteristics of both the
wastewater and the morphology and structural characteristics of the target virus. Thus,
concentration and extraction workflow performance should be validated for individual virus
in wastewater.
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When considering concentration workflow performance on a per-WWTP basis, comparable
concentrations of PMMoV were derived at four WWTPs, irrespective of the concentration
workflow employed. The NMVP workflow yielded greater PMMoV concentrations at three
WWTPs (compared to yields by AE), and the AE workflow performed better than NMVP
for the remaining one WWTP. For SARS-CoV-2, both workflows yielded comparable
concentrations at five WWTPs, but the AE workflow performed better at the remaining
three WWTPs. On the whole, these results suggest comparable performance for many
WWTPs, but there was a non-negligible proportion of WWTP samples where the AE
workflow was better for SARS-CoV-2 and the NMVP workflow was better for PMMoV. In
their comparison, Babler et al. (2022) concluded that NMVP and electronegative membrane
concentration and extraction methods provide equivalent results during RT-gPCR analysis.
Although, they also noted variability for individual measurements which is consistent

with our observations. Concentration methods combining liquid and solid fractions of the
wastewater (such as AE and NMVP) generally outperform those that concentrate only liquid
portions (Ahmed et al., 2020a), which could explain similar concentrations observed at five
out of eight WWTPs.

While it is convenient to accept the concentration and extraction methods as equivalent,
further development of wastewater surveillance methodology, especially for trace detection
of biological analytes, must concern itself with the fundamental parameters driving method
performance. In this regard, our study also yields some suggestive results. For the WWTPs
with divergent results, the NMVP workflow yielded greater PMMoV concentrations at three
WWTPs with low to moderate turbidity and TSS while the AE workflow only performed
better at the WWTP with the greatest observed turbidity and TSS (WWTP H). For SARS-
CoV-2 concentration, turbidity and TSS at the three WWTPs where the AE workflow
performed better were above the 50th percentile including the two WWTPs with the highest
turbidity and TSS (H, E). These results suggest that suspended solids loading, especially

at the extremes, may affect the overall workflow performance, which is consistent with
observations that substantial portions of enveloped viruses may be bound to particulate
matter (Gundy et al., 2009; Ye et al., 2016).

Others have also noted decreased recovery efficiency with increasing solids loading for
electronegative membrane concentration (Feng et al., 2021). In general, we found both
concentration and extraction workflows yielded the greatest SARS-CoV-2 concentrations
in the middle range of suspended solids loading and then decreased with further increases
beyond this range. However, for SARS-CoV-2 the AE workflow appeared to be more
resilient against extremely high solids loading than the NMVP workflow. PMMoV
enumerations, meanwhile, seemed less affected by solids loading for both workflows. The
effect of wastewater turbidity on chemical precipitation and ultrafiltration methods has been
demonstrated before (Kevill et al., 2022), but the finding that the AE workflow appears

to be less influenced by turbidity is novel. Owing to the constraints of our experimental
design, it was outside of the scope of the current study to provide possible explanations for
this observation, but nonetheless our results indicate that characteristics of the wastewater
should be taken into consideration when selecting the concentration and extraction method.
Our results, also suggest opportunities to further optimize virus concentration methods by
controlling suspended solids loading.
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If equivalent in performance, AE and NMVP workflows may provide additional advantages
over other concentration and extraction workflows including demonstrated effectiveness
for diverse groups of viruses, cost-effectiveness, and rapid concentration. However, one
primary drawback of either approach presented in this study is the relatively limited
sample volume (10-mL) processed for workflow comparison purpose. We acknowledge
this volume may not be sufficient for trace detections and may represent a major limitation
when virus loads in the wastewater are very low due to low infections in the community
especially in the early stage of a pandemic. However, sample volume can be increased for
both workflows if more reagents and larger pore membranes are used. Some additional
considerations specific to each approach are propensity for clogging, more frequently
observed with AE (Ahmed et al., 2020a), and requirements for expensive and specialized
equipment (e.g., magnetic racks for NMVP and homogenizers for AE) that may not be
readily available in many microbiology laboratories. AE clogging issues may be alleviated
through initial centrifugation or prefiltration step or using a larger pore size membrane,
this could also result in target loss and should be carefully considered when selecting
pretreatment steps. To circumvent the need for expensive equipment, vortexing the filter
paper using less-expensive vortex adaptors can be a substitute for a homogenzier and some
laboratories have reported fabricating their own magnetic racks with plans available on the
NIH 3D Print Exchange (https://3dprint.nih.gov/discover/3dpx-009008). One advantage that
several wastewater surveillance studies have noted for NMVP is the ability to automate

the wastewater concentration and extraction steps on liquid handling platforms such as the
KingFisher Flex for high throughput processing (Karthikeyan et al., 2021a; Karthikeyan

et al., 2021b; Safford et al., 2022). While possible, such high throughput efforts will
require additional high-cost specialized equipment; whereas membrane filtration apparatus
are likely to be found in many microbiology laboratories.

In this study, we compared two rapid and inexpensive concentration and extraction
workflows (i.e., AE and NMVP) for their ability to concentrate endogenous PMMoV

and SARS-CoV-2 from wastewater. Our findings indicate that the performance of each
workflow was affected by the wastewater characteristics, namely suspended solids, as well
as morphology of the viral target. The influence of turbidity and TSS on the recovery of
enveloped and non-enveloped viruses requires further investigations using studies design for
such a priori. The NMVP workflow performed better than the AE workflow for PMMoV at
four of eight WWTPs, while the AE workflow performed better than the NMVP workflow
for SARS-CoV-2 at three of eight WWTPs. For the remaining WWTPs, the performance of
the two concentration and extraction workflows were comparable. These findings suggest
that wastewater characteristics, such as suspended solids concentration, and the intended
target for analysis should be considered when validating an optimal concentration and
extraction workflow for wastewater surveillance.
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HIGHLIGHTS

. AE and NMVP methods were used to quantify endogenous PMMoV and
SARS-CoV-2.

. The concentrations of PMMoV were greater by NMVP method than AE
method.

. The concentrations of SARS-CoV-2 were greater by AE method than NMVP
method.

. Suspended solids concentration and the viral target should be considered for
WBE.
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Fig. 1.
Linear relationship between turbidity (NTU) and total suspended solids (TSS) (mg/L) as

observed in 48 untreated wastewater samples from eight WWTPs (8 samples per WWTP).
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Fig. 2.
Observed Cq values from RT-qPCR of the inhibition control (MHV) seeded into purified

nucleic acids derived from six untreated wastewater samples per WWTP shown.

Sci Total Environ. Author manuscript; available in PMC 2024 February 10.



1duosnuep Joyiny vd3 1duosnuepy Joyiny vd3

1duosnue Joyiny vd3

Ahmed et al.

Fig. 3.
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Comparative logig GC/10 mL of pepper mild mottle virus (PMMoV) in 48 wastewater
samples from eight WWTPs using Adsorption Extraction (AE) and Nanotrap® Magnetic
Virus Particles (NMVP) methods.
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Fig. 4.
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Fig. 5.
Correlation (logyg GC/10 mL) between Adsorption Extraction (AE) and Nanotrap®

Magnetic Virus Particles (NMVP) as observed in 48 untreated wastewater samples from
eight WWTPs (8 samples per WWTP).
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