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Wastewater-based epidemiology (WBE) has proven its value for public health. Physical concentration of virus
particles is a crucial step for WBE to permit a sensitive and unbiased characterization of the catchment virome.
Here we evaluate five different virion concentration techniques, including polyethylene glycol precipitation

Z;rr?:hment (PEG), vacuum-based direct capture (VDC), ultrafiltration (UF), NanoTrap® (NT), and membrane adsorption
Concentration (MEM) for their suitability to concentrate a wide variety of viral taxa from raw wastewater for PCR detection and
PCR sequencing-based metagenomic readouts. We found that to capture a taxonomically diverse virome from
Sequencing wastewater, PEG and VDC outperform all other methods tested in enrichment rates, reproducibility, species
Virome detection, and captured nucleotide diversity. We observed that different methods exhibit variable concentration

efficiencies across taxonomic groups in a reproducible manner, though we could not identify common physi-
ochemical attributes driving this difference. We conclude that both PEG and VDC are equally capable at detecting
and enriching a broad range of viral taxa, boosting the genomic information potential and reducing blind spots
relative to other tested methods. These results advance WBE towards capturing the complex wastewater virome
and help guide protocol choices for potential future viral threats.

1. Introduction

Wastewater (WW) is increasingly recognized as a valuable source of
information about the health of the contributing population (Choi et al.,
2018) including drug use (Huizer et al. 2021), chemical exposure
(Vitale, Morales Suarez-Varela, and Pico 2021), biomarkers (Gracia-Lor
et al. 2017), and pathogen surveillance (Polo et al. 2020; Kilaru et al.
2023). Of particular interest are viral pathogens, which are shed into the
wastewater catchment through feces, urine, and other bodily fluids, and
transported to centralized sampling points, typically at local wastewater
treatment plants (WWTPs). Such samples can provide an unbiased view
of the viruses circulating in a population. Notably, this is not hindered
by constraints such as available access and participation in a healthcare
system, and symptomatic disease manifestation present in clinical
sampling strategies. Wastewater sampling overcomes these limitations
by passively sampling the population, assuming the population is con-
nected to centralized wastewater infrastructure. Multiple studies have
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shown high concurrence between wastewater load and clinical load
(Melvin et al. 2021; Amman et al. 2022; Ahmed et al. 2023; Tisza et al.
2023). This has been successfully applied to monitor and track the
spread of SARS-CoV-2 variants and outbreaks (Amman et al. 2022;
Karthikeyan et al., 2022; Jahn et al., 2022), Mpox (Oghuan et al. 2023;
Sherchan et al. 2023), Influenza A (Wolfe et al. 2022), Poliovirus
(Tambini et al. 1993), and many other pathogenic targets (Kilaru et al.
2023).

To address the highly diluted nature of viruses in raw wastewater,
concentration methods to enrich virus particles are usually applied
before nucleic acid extraction. Ideally, a suitable concentration method
for a representative surveillance of the circulating virome specifically
enriches virus particles regardless of physicochemical characteristics (e.
g. size, envelope status, isoelectric point, nucleic acid type, shape) while
simultaneously reducing the background of non-viral material and in-
hibitors. Various approaches have been proposed and are routinely used
in wastewater pathogen surveillance programs worldwide (Carcereny
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et al., 2021; Amman et al. 2022; Adams et al. 2024; Krogsgaard et al.,
2024). These methods differ in their mechanism, viral specificity, ease of
use, and scalability. A growing body of literature aims to evaluate the
robustness and efficiency of these methods for concentrating virions
from wastewater. These studies focus largely on respiratory virus targets
like SARS-CoV-2, or surrogates thereof, typically using quantitative PCR
as a readout. Previous work comparing viral concentration methods has
shown that polyethylene glycol precipitation (Hjelmsg et al. 2017; Barril
etal. 2021; Farkas et al. 2021; Salvo et al. 2021), ultrafiltration (Jafferali
et al. 2021; Pino et al. 2021; Farkas et al. 2022; Zheng et al. 2022), and
adsorption-elution with an electronegative membrane (Ahmed et al.
2020; LaTurner et al. 2021) yield high recoveries of the measured viral
targets. More recent methods such as NanoTrap® and vacuum-based
direct capture, based on Promega’s VacMan®, were also shown to
perform well for certain viral targets (Dimitrakopoulos et al. 2022;
Giron-Guzman et al. 2023; Antkiewicz et al. 2024). Given the variable
physicochemical characteristics of virus particles across the viral
kingdom, the generalization of these results to newly considered viruses
are in question. To date few studies have investigated the effects of
concentration methods on the total virome using sequencing based read
outs (Hjelmsg et al. 2017; Jiang et al. 2024; Li et al. 2024; Cheshomi
et al., 2024). These methods suffer from more delicate molecular bio-
logical protocols and are more impacted by inhibitor presence and
sample composition. At the same time, metagenomic sequencing allows
capturing of the full viral diversity, and is already used in WBE appli-
cations to track a wide variety of viruses. Assessing the suitability of
different concentration methods across this wide range of taxa not only
allows evaluation of their suitability for metagenomic applications but
can also inform method choices for future emerging viral pathogens.

To evaluate the process of enriching viral nucleic acids at the virome
scale, we set out to comparatively analyze five different concentration
methods using orthogonal readouts of dPCR against 11 morphologically
diverse viral targets, combined with deep sequencing to evaluate overall
viromic data quality and identify method-associated biases across a
broad spectrum of viral taxa. We then compared the two best in-class
methods to confirm the reproducibility of the observed signals across
different WWTPs of varying contributing population sizes and different
wastewater matrices, offering valuable generalizable insights for future
viral WBE applications.

2. Materials and methods
2.1. Wastewater collection

Samples were collected from the inflows of three different municipal
WWTPs within Central Europe using activated sludge treatment
including nitrification, denitrification and phosphorous removal. Sam-
pling was done volume-proportionally (c.v.v.t — constant volume vari-
able time) using an automatic sampler over a period of 24 h. The
composite samples were subsequently transported to the laboratory
where samples were stored at 4 °C until further use. All samples were
processed within 48 h.

2.2. Experimental setup

To evaluate the performance of different virus particle concentration
methods across the community of viruses in wastewater, we started out
with a 24-hour composite wastewater sample from a large, municipal
WWTP (with a design capacity of >2 million population equivalents),
treating the combined sewer effluent of a big city. Supplemental Figure
S1 visualizes the experimental setup.

A viral spike-in mix was created consisting of five viruses, selected to
include enveloped/non-enveloped, different sizes, genetic nucleic acid
types, and shapes by mixing individual stocks of Influenza A (PR-8
strain), Vaccinia (Western reserve strain), LCMV (Clone 13 strain),
LCMV (Armstrong strain), Bacteriophage MS2, and PhiX174 at a target
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concentration of 1 x 10° genome copies/mL. For details, refer to Table
S1. The spike-in mix was added to 600 mL of raw wastewater and
equilibrated for 2 h at 4 °C with regular inversion every 10 min to ensure
adequate mixing. An equal volume of spike-in mix was added directly
into a 2x volume of DNA/RNA shield for direct TNA extraction. Spike-in
quantifications per target were between 2.8 x 10% and 1.4 x 10 genome
copies per milliliter (Suppl. Table S3).

The spiked wastewater was subjected to five different concentration
methods: Membrane adsorption (MEM), ultrafiltration (UF), Nano-
Trap® (NT), vacuum-based direct capture (VDC), and polyethylene
glycol precipitation (PEG). Negative controls of an equal volume of HyO
(NTC) were run through each concentration protocol to control for lab
contaminants and a non-spiked WW sample (NSC) served as a control for
background levels of the spike-in viruses already present in the WW. The
concentrated wastewater was then used as input for total nucleic acid
(TNA) extraction along with three replicates of 500 pL of raw, uncon-
centrated (UNC) wastewater from both the spiked and non-spiked WW
samples and an extraction control (H20). The unconcentrated extracts
served as an unprocessed reference, which was expected to be less
sensitive due to the reduced input volume, but unaffected by method-
specific bias, or sample loss associated with the additional handling
steps.

Subsequently, all samples were analyzed for selected viral targets by
dPCR and for the bacterial 16S rRNA gene by qPCR (see below) and
prepared for sequencing both by untargeted metagenomics and hybrid-
capture deep sequencing using the Twist Comprehensive Viral Research
Panel (see below).

Finally, we tested the robustness of our findings by expanding our
analyses beyond samples of a single large, urban WWTP by including
wastewater samples from a second time point and two additional
WWTPs in our analysis. To cover different wastewater matrices, we
selected a medium-sized, semi-urban WWTP and a small, rural WWTP,
sewer catchment, with a design capacity of 55,000 and 10,000 popu-
lation equivalents respectively, all located within the same geographic
region in Central Europe. Samples from these three WWTPs were
concentrated with PEG and VDC in triplicates for a total of 18 samples
and analyzed by hybrid-capture sequencing.

2.3. Concentration methods

From the spiked wastewater stock, triplicates of 40 mL were ali-
quoted per concentration method, though for NT only 10 mL was ali-
quoted following suggestions by the manufacturer. After an initial step
for pelleting down large solids from the WW, ultrafiltration (UF) was
carried out using Amicon Ultra-15 (30 kDa) Centrifuge Filter tubes to
concentrate 40 mL to a volume <0.5 mL which was directly put into the
TNA extraction. For the NanoTrap® (NT) concentration method, virus
particles were enriched with Ceres Nanotrap® Microbiome A magnetic
particles according to the manual from the manufacturer. MEM samples
were processed following a vacuum-filtration protocol with 0.45 pm
mixed cellulose ester membrane (Merck Millipore, HAWP04700) as
described in Ahmed et al. (2020) with slight modifications. PEG pre-
cipitation was conducted as described in Radu et al. (2022) with a few
adaptations. Silica membrane adsorption based viral enrichment using a
vacuum-based direct capture device (VacMan®, Promega) was con-
ducted according to manufacturer’s protocol with a few adjustments.
Details on the different concentration methods are given in the supple-
mental text.

2.4. TNA extraction

TNA extraction was conducted using a magnetic bead based, auto-
matic extraction device (Maxwell RSC; Promega) with the “RSC Pure-
Food GMO and Authentication Kit” (Promega). The cartridges were
prepared according to the manufacturer’s instructions. For uncon-
centrated samples as well as samples enriched using PEG, VDC, UF, and
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MEM, 500 uL lysis buffer were added to the extraction cartridges. For NT
samples, no additional lysis buffer was added. Samples were eluted in
100 pL elution buffer. PEG and VDC samples from the repetition
experiment were eluted in 60 uL.

2.5. PCR assays

Quantification of five spiked and six endogenous viruses was per-
formed by dPCR. SARS-CoV-2 and PMMoV (as well as the internal
amplification control, IAC) were measured on the Applied Biosystems
QuantStudio Absolute Q Digital PCR System (Thermo Scientific) with
20.5k partition plates while all other targets were measured on the
QIAcuity dPCR system (QIAGEN) with 26k partition plates. Inhibition of
the dPCR reactions was assessed by comparing the IAC concentrations in
the extraction control (H20) to those in the samples, which didnt show
considerable effect on viral quantifications (Suppl. Fig. S2D). Bacterial
16S rRNA gene (V3-V4 region) quantification was conducted by qPCR
on the Applied Biosystems™ QuantStudio™ 6 Pro Real-Time PCR
(Thermo Fisher Scientific). To address potential inhibition effects in the
qPCR, we applied a dilution approach (for details refer to the supple-
mental text). Details on the PCR targets and their viral characteristics
can be found in Suppl. Table S1 and information on cycling conditions,
primer and probe information and on analysis in the supplemental text
as well as in Suppl. Table S2. Background levels of each spike-in virus
were also measured from the non-spike control WW samples. Measur-
able levels of background signal were negligible and never surpassed 2
% of the total spiked signal (Suppl. Fig. S2). For this reason, background
levels were not considered as a source of bias in downstream dPCR
analysis.

2.6. Library preparation and hybrid-capture

15 uL of each extract was used for input to the library preparation.
Reverse transcription was carried out with New England Biolabs (NEB)
Protoscript II (NEB, E6560L) and NEB Second Strand Synthesis Module
(NEB, E6111L) following manufacturer’s protocol. Each ¢cDNA product
was equalized to 100 ng as input to the NEBNext Ultra Il DNA FS Library
Prep (NEB, E7805L) protocol and subsequent hybrid-capture with the
Twist Comprehensive Viral Research Panel (Twist Bioscience). Full de-
tails can be found in the supplemental text. Both hybrid-captured and
untargeted shotgun libraries were sequenced with a paired-end, 200
cycle NovaSeq SP flow cell at the Biomedical Sequencing Facility of the
Research Center for Molecular Medicine of the Austrian Academy of
Sciences (CeMM).

Concentration performance per target
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2.7. Data and code availability

Sequencing results were processed with an in-house pipeline adapted
from Tisza et al., 2023. Full details concerning the workflow and sub-
sequent analyses are found in the supplemental text. All code used in the
analysis and figure production can be viewed on Github (https://github.
com/thorntonmr/comparative_ww_virome_analysis_manuscript). The
data for this study have been deposited in the European Nucleotide
Archive (ENA) at EMBL-EBI under accession number PRJEB86516
(https://www.ebi.ac.uk/ena/browser/view/PRJEB86516).

3. Results

3.1. Quantification of selected viruses and bacterial background by
dPCR/qPCR

A comparison of the viral quantifications measured by dPCR for six
endogenous and five spiked viruses highlights the pronounced differ-
ences between extracts from different virus concentration methods
(Fig. 1A, Suppl. Fig. S2). Concentration performance was assessed for
each target and defined as the ratio of target concentration per
concentrated sample to a theoretical, expected concentration deduced
from the measured concentration in the unconcentrated samples and the
change in volume for each method from input to extraction (see equa-
tion 1 in the supplemental text). As the unconcentrated values should be
free from concentration method-specific biases this provides a compar-
ative reference value between methods and allows us to expand our
comparison across both spike-in and endogenous viral targets. Thereby
the metric indicates the fraction of virus which is preserved during the
concentration procedure compared to a workflow without any concen-
tration step. Calculating this expected value requires the detection of the
target in the unconcentrated extract, which can be limiting for low
abundance targets, but in our data only rotavirus A was below the limit
of detection in the UNC extracts (Suppl. Fig. S2A).

VDC had the highest mean concentration performance followed by
NT and PEG (0.91, 0.64 and 0.48 respectively; Fig. 1A). Performances
varied between methods with VDC, PEG, and NT outperforming UF and
MEM for most targets except for Vaccinia, where NT and MEM showed
better performance compared to the other enrichment methods (Fig. 1A,
Suppl. Fig. S2, Suppl. Table S1). As targets covered a large range of
concentrations spanning over five orders of magnitude, we also inves-
tigated the effect of target concentration on performance. We found that
performance was largely unaffected by concentration (Suppl. Fig. S3A).
When comparing reproducibility between technical replicates, all
methods produced comparable coefficients of variation with PEG
exhibiting the most uniform variation across all the viruses (Suppl. Fig.
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Fig. 1. Quantification of target viruses by dPCR across different concentration methods. Analysis of target virus quantification from wastewater extracts by dPCR
assays designed against spiked-in and endogenous viruses. (A) Concentration performance across ten target viruses in extracts from different concentration methods
expressed as the measured concentration divided by the expected concentration +standard deviation (error bars) across n = 3 replicates. Box information gives the
overall average performance per method. (B) Display of the ratio between sum of all virus target quantifications and 16S rRNA gene content, as a proxy for con-
centration efficiency of respective methods for virus particles over bacterial cells.
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S3B).

To estimate bacterial contamination, we used 16S rRNA gene
quantifications (qQPCR). PEG and VDC showed a reduced load of bacte-
rial sequences relative to measured virus suggesting a higher specificity
for concentrating viral particles (Fig. 1B).

3.2. Virome assessment by NGS

Hybrid-capture deep sequencing was used to investigate the impact
of method selection on the virome detected in wastewater. The dPCR
quantifications correlated with the relative abundance measures from
the dPCR-tested viruses included in the hybrid capture panel indicating
minimal bias introduction to the relative quantifications measured via
sequencing (R? = 0.47-0.84 for different methods; Suppl. Fig. S5).

All methods had highly reproducibly species resolution data with
PEG and VDC standing out in the number of species detected in the low
abundance range (Fig. 2A). Analyzing the overall picture of sample
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compositions at superkingdom level revealed that all concentration
methods increased the number of viral reads compared to the uncon-
centrated samples. PEG had the highest percentage of viral reads fol-
lowed by VDC (28.9 %+3.73 and 23.8 %+0.83), as well as the lowest
percentage of reads assigned to bacterial taxa (28.6 %+1.75 and 41 %
+1.3). UF, MEM, and NT all had roughly half the percentage of reads on
target (12 %, 14.2 %, 15.4 %) and bacterial content load followed the
trend observed in the 16S rRNA gene dPCR, suggesting the 16S rRNA
gene quantification gives a reliable indicator of background sequence
contamination. We can observe the importance of the concentration step
here as on average only 2.8 % of all reads in the unconcentrated samples
were classified as viral (Fig. 2B).

Expected species richness (SR) was calculated across the full dataset
(all methods, all replicates) with Chao’s lower bound estimator. We then
compared the observed species count per method to this overall estimate
to obtain the species richness ratio (SRR). PEG recovered 76 % of the
maximum detected species number, followed by 67 % for VDC and 51 %
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for UF. All other methods detected fewer than 50 % of the theoretically
detectable viruses (Fig. 2C). A virus was considered detected if our
analysis considered it a reliable signal based on a minimal number of
total unique reads and minimum genomic coverage (see supplemental
text Bioinformatic analysis for details).

Given that the concentration methods differ in their mechanism of
action, the resulting viral community recovered by each method may
differ in both composition and abundances of its individual taxa. To
assess this, beta diversity measures were calculated for the viral com-
munities of each method and visualized with a principal coordinate plot,
showing that the replicates per method separate in distinct, tight clus-
ters, except for MEM and UNC which cluster together (Fig. 2D). This
supports the notion that the evaluated concentration methods repro-
ducibly produce different outcomes for different taxa.

To quantify the enrichment effect of each method on detected viral
taxa, we used the mean read count per viral strain detected in the three
unconcentrated samples as a reference point. Ratios of the read counts
per concentration method were compared to the unconcentrated mean
to obtain an enrichment factor. PEG outperformed all methods, followed
closely by VDC, in enriching read counts per virus with median
enrichment factors of 9.72 and 7.63 respectively. MEM often returned
lower read counts than the unconcentrated samples (median 0.37),
suggesting a major reduction in the data quality of many viral taxa
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(Fig. 2E).

3.3. Assessing taxonomic or physical attribute biases

It would be highly beneficial to identify specific biases associated
with a particular method to unveil the limitations of each method. To
this end, we sought to identify taxonomic or physical attribute biases
associated with method performance. We observed that the method
performance was highly impacted by taxonomy. PEG was able to
significantly improve enrichment in all but Papillomaviridae and was
either significantly better or not significantly worse than all methods for
all taxa outside of Adenoviridae where VDC performed best. MEM was
the only method to perform significantly worse than the unconcentrated
values across several viral families (Astroviridae, Caliciviridae, and
Orthomyxoviridae). The highest enrichments were observed in members
of Coronaviridae in VDC and PEG concentrates with an estimated fold
enrichment of 44 and 37 respectively, supporting their utility during the
SARS-CoV-2 pandemic response. Interestingly, no method significantly
improved Papillomaviridae enrichment even though the morphologi-
cally similar Polyomaviridae showed moderate enrichment performance
in UF, VDC, and PEG concentrates. Altogether these data indicate a
substantial effect of taxonomy of method performance (Fig. 3).

While taxonomy should implicitly capture the morphological
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variations between viruses, we also directly investigated the effects of
the physical attributes of each virus collected at the genus level to un-
derstand if there were sizable biases associated with a particular
method. PEG, in addition to the overall highest enrichment, showed a
very stable performance across all characteristics, only differing signif-
icantly in its improved enrichment of RNA viruses over DNA viruses.
VDC was slightly more variable with an improved enrichment in me-
dium sized particles and decreased performance with large particles
(Suppl. Fig. S7).

3.4. Investigating captured nucleotide diversity

For evolutionary and epidemiological applications of deep waste-
water sequencing it is often important to understand not only how many
viral taxa are identified, but also how much diversity can be captured by
each method for each taxon. An effective concentration method should
capture and concentrate more viral particles per taxa, increasing the
chances to capture more representative nucleotide diversity within a
particular viral sequence. Calculation and pairwise comparison of the
diversity metric © (as defined in Nelson and Hughes, 2015 equation 4)
revealed that PEG significantly increased captured diversity over all
methods except for VDC, where no significant difference was observed.
To maintain comparability, this metric was only compared across the
sequences detected in both methods being compared (Fig. 4).

3.5. Comparing best-in-class methods

Finally, we evaluated how reproducible the trends we observed were
across different WWTPs and time points. We observed a reproducible
method bias across WWTPs where viruses that tended to yield more
reads (considered better enriched) for PEG or VDC did so repeatedly
across varying WW matrices. The lowest correlation was at the strain
level (R = 0.53), which can be expected given the increase in stochastic
effects due to read assignments and presence at strain level but increases
to 0.68 at the family level indicating that this trend holds across repeat
measurements (Fig. 5A-D).

Estimates of method bias from a negative binomial model fit on the
read counts per viral strain for each method were reproducible across
WWTPs with little difference in the methods performance at the family
level. Notably, only taxa within Picornaviridae were significantly
enriched in PEG with >10-fold more reads assigned. Adenoviridae sub-
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taxa tended to be more enriched in VDC in all WWTPs. However, after
controlling for multiple testing, no significance was confidently assigned
to this interaction (Fig. 5E).

4. Discussion

This study aimed to expand upon previous comparisons of waste-
water concentration methods to optimize the accessible information
potential for comprehensive wastewater viromics. Comparison of poly-
ethylene glycol precipitation (PEG), vacuum-based direct capture
(VDC), NanoTrap (NT), membrane adsorption (MEM), and ultrafiltra-
tion (UF) revealed substantial differences between the resulting viral
sequences found in the concentrated extracts. dPCR can provide a more
direct measurement of concentration efficiency, and is a fast, cheap, and
sensitive method for quantifying viral nucleic acids. However, it is
limited by prior sequence knowledge, sensitivity to mutation, and the
number of targets that can be measured in a single run. Our dPCR data
showed that VDC performed best overall, trailed by NT and PEG. Sup-
port for VDC’s high performance in dPCR data is shown in an inde-
pendent study showing that this method outperformed PEG, UF and
MEM in SARS-CoV-2 recovery (Dimitrakopoulos et al. 2022).

However, it is often important to cast a much wider net when
profiling viruses from wastewater to identify and investigate multiple
taxa, including taxa for which little a priori knowledge is available, or
when targeted methods are hampered by sequence variability within the
target species. Virome-scale sequencing provides the advantage over
dPCR in such cases allowing for both detection and probing of the
genomic information across all detectable taxa present in a sample.
Given the compositional nature of sequencing data, the detection suc-
cess and accompanying depth of genomic information are heavily
affected by the specificity of the method for viral particle enrichment.
Method choice highly impacts the ability to detect viral taxa as exem-
plified in Fig. 2C and Supplemental Figure S9, which indicate the level of
false negatives an analyst may encounter when using a sub-optimal
method. While dPCR metrics provided a rough predictor of sequencing
performance, it was necessary to consider the 16S rRNA gene mea-
surement to account for background sequence contamination (Fig. 1B).
We observed large differences in the bacterial content per method sug-
gesting variability in the virus specificity. This greatly hindered the
sensitivity for detecting viral sequences. The impact of high bacterial
content on sequencing success is exemplified in NT samples where viral
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quantifications alone were poor indicators of the downstream
sequencing performance. NT had the second highest mean performance
from dPCR data but the second lowest species richness and median
enrichment factors in the sequencing data likely due to the high back-
ground bacterial sequence content (Fig. 1, 2C, 2E).

Overall, we obtained several lines of evidence indicating that PEG
and VDC are effective methods for concentrating a diverse set of viruses
independent of physiochemical properties. PEG, VDC, and UF methods
all had an initial centrifugation step to remove large particles from the
sample while MEM and NT both used direct inputs without the initial
centrifugation. PEG showed the highest viral specificity, which may be
attributed to bacterial removal during the initial centrifugation step
(Hjelmsg et al. 2017). Additionally, in support of our findings, PEG was
shown to better capture low abundance viral targets over NT in
sequencing data (Farkas et al., 2024). The exact mechanism of action for
PEG remains poorly characterized though the prevailing hypothesis is
that virus particles are aggregated in the extra-polymer space and
precipitated out after exceeding their solubility (Ingham 1990). In
support of our findings, Yamamoto et al. (1970) found that PEG pre-
cipitation efficiency is independent of viral concentration, pH, and ionic
strength and Atha and Ingham (1981) showed that PEG has very little
interaction with proteins supporting a lack of discriminatory features
where performance bias can arise.

VDC s in principle a large-scale extraction and purification and relies
on directly capturing nucleic acids on a silica membrane so there is not
an obvious avenue for large bias introduction across taxonomy or
physical particle attributes. Given this, it is surprising to observe such a
high virus to bacteria ratio though likely the initial centrifugation
influenced the observed viral specificity. The mechanism working via
adsorption of nucleic acids, rather than adsorption of the viral particles
as seen with MEM could explain the increased performance given the
more variable nature of electrostatic charges between different virions.

UF relies solely on size exclusion by allowing liquids to pass through
the 30 kDa filter but retaining everything else and reducing the overall
volume. Poor overall performance from UF could be attributed to viral
adsorption onto the membrane, which may also leave room for the
preferential adsorption of certain particle types. Co-concentration of
inhibitors present in the samples could also affect the assays used to

produce the quantifications and sequencing results, and though inhibi-
tor load was not explicitly investigated here, the enrichment rate for
RNA viruses was significantly less than that of DNA viruses in UF and
reverse transcription is a step sensitive to the presence of inhibitors
(Suppl. Fig. S7).

MEM relies on the charge properties of viruses requiring a negatively
charged particle to bind via MgCly mediated salt-bridging to the elec-
tronegative membrane (Cashdollar and Wymer, 2013), which can be
impacted by properties of the wastewater matrix (pH, turbidity). The
limited performance of MEM relative to the other methods found in the
present study is supported by dPCR-based results from Antkiewicz et al.
(2024) which showed VDC, NT, and PEG outperform MEM methods
when quantifying SARS-CoV-2 and bovine coronavirus.

NT relies on chemical affinity capture of viral particles and has been
shown to vary in capture rate based on virus size and envelope
composition (Lin et al. 2020). NT has also been shown previously to
detect fewer species than PEG following hybrid-capture sequencing
(Jiang et al. 2024). While our data suggests NT to reliably quantify a
range of dPCR targets, it falls short in the sequencing results. The NT
Microbiome A Particles used in this study enrich viral particles as well as
certain bacteria expanding the range of targets for concentration, at the
expense of selectivity which can be beneficial or detrimental depending
on the desired use-case. A benefit to NT is the shorter hands-on time and
ease of automation allowing this method to be readily scaled.

We could not identify systematic differences between the two top
method’s performances outside of the enrichment of Picornaviridae in
PEG. This viral family contains enteroviruses which are of particular
relevance, given that many WBE programs screen for poliovirus se-
quences (Brouwer et al., 2018; Whitehouse et al., 2025). However, the
PEG bias seems to be driven by a subset of genera within Picornaviridae,
namely Kobuvirus and Salivirus, while Enterovirus bias is largely unaf-
fected by method choice (Suppl. Fig. S8).

This study has several limitations. We employed protocols that were
previously shown to perform well in published literature. However, it is
likely that modifications to these protocols could boost or hinder per-
formance. For instance, Farkas et al. (2022) showed that addition of beef
extract-sodium nitrate elution to PEG precipitation greatly improved
viral recovery. Even though we followed protocols for MEM similar to
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those used in Ahmed et al. (2020) and LaTurner et al. (2021), our
findings contradict the high levels of recovery observed in MEM and low
recoveries from PEG. Furthermore, there are additional methods to
concentrate viruses which were not included as it was out of scope of this
study to include all potential methods and variations.

Linking the observed biases to physicochemical properties rather
than the taxonomic identity of detected viruses would allow more
generalizable results as the physical characteristics of the virus directly
interact with the WW matrix and concentration method’s mechanism of
action. However, due to inherent class imbalances these properties are
difficult to adequately model leaving taxonomy as a more balanced
alternative. In general, we did not observe much variation on the genus
level though this observation is only meaningful if a representative
portion of the genus was captured in our sample set. Despite this limi-
tation, PEG and VDC were not outperformed by any method across all
observed taxonomic groups supporting the notion that either method
could be the initial choice for profiling novel viruses, unless alternative
approaches are systematically evaluated and demonstrated to be supe-
rior. As research and public health interest in WBE continues to grow,
the need for standardized protocols and data reporting becomes para-
mount to ensure a coherent and comparable data ecosystem. Further
work should extend these investigations into the effects of physical viral
attributes on concentration efficiency to provide robust recommenda-
tions for methodology when considering future targets of interest.

5. Conclusion

In summary, we investigated the ability of five widely used WW
concentration methods to effectively concentrate a broad range of vi-
ruses from different wastewater sources. dPCR was used to assess raw
quantifications and performances of each method, while deep hybrid-
capture sequencing was used to examine performance across the
detectable human virome in WW. This study aimed to augment previous
work evaluating the suitability of concentration methods for recovering
viral particles from WW by expanding the range of viral targets across
diverse taxonomy and physical attributes. We explore unique readouts,
including captured nucleotide diversity, and detail analysis frameworks
to thoroughly explore the strengths and limits of each method. We found
PEG and VDC to be the best-in-class methods for viral concentration
providing high relative viral concentrations and technical stability
across a broad range of viral taxa, and the highest capture of nucleotide
diversity within detected viral sequences. We observed reproducible
trends with little systematic differences between PEG and VDC across
independent WWTP sampling, highlighting both methods to be viable
choices for virome-scale concentration in support of WBE.
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