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ABSTRACT: Despite the widespread adoption of wastewater surveillance,
more research is needed to understand the fate and transport of viral genetic
markers in wastewater. This information is essential for optimizing
monitoring strategies and interpreting wastewater surveillance data. In this
study, we examined the solid−liquid partitioning behavior of four viruses in
wastewater: SARS-CoV-2, respiratory syncytial virus (RSV), rhinovirus (RV),
and F+ coliphage/MS2. We used two approaches: (1) laboratory partitioning
experiments using lab-grown viruses and (2) distribution experiments using
endogenous viruses in raw wastewater. Partition experiments were conducted
at 4 and 22 °C. Wastewater samples were spiked with varying concentrations
of each virus, solids and liquids were separated via centrifugation, and viral
RNA concentrations were quantified using reverse-transcription-digital
droplet PCR (RT-ddPCR). For the distribution experiments, wastewater samples were collected from six wastewater treatment
plants and processed without spiking exogenous viruses; viral RNA concentrations were measured in wastewater solids and liquids.
In both experiments, RNA concentrations were higher in the solid fraction than the liquid fraction by approximately 3−4 orders of
magnitude. Partition coefficients (KF) ranged from 2000−270,000 mL·g−1 across viruses and temperature conditions. Distribution
coefficients (Kd) were consistent with results from partitioning experiments. Further research is needed to understand how virus and
wastewater characteristics might influence the partitioning of viral genetic markers in wastewater.
KEYWORDS: virus, partitioning, wastewater, RSV, rhinovirus, SARS-CoV-2, MS2, F+ coliphage

■ INTRODUCTION
Multiple countries are currently monitoring the spread of
COVID-19 by measuring the genetic markers of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) variants in
wastewater and primary settled solids (hereafter referred to as
wastewater matrices). A few wastewater surveillance programs
also monitor the genetic markers of common respiratory
diseases like influenza, respiratory syncytial virus (RSV),
rhinovirus (RV), and human metapneumovirus (HMPV).1−5

This information can be used by public health officials to
monitor infection trends, complement clinical surveillance
data, and strengthen public health responses.6 Despite the
widespread adoption of wastewater surveillance, research is still
needed to understand the fate and transport of viral genetic
markers in wastewater matrices. This information is essential
for optimizing monitoring strategies and interpreting waste-
water surveillance data. Also, efforts to estimate the number of
infected individuals in a sewershed have been increasingly
proposed;7−9 however, the feasibility and efficacy of these
models remain uncertain, particularly given the paucity of data
on virus fate in wastewater.
Viral adsorption can be influenced by the physical, chemical,

and biological characteristics of wastewater (e.g., temperature,

pH, organic matter) and the characteristics of viruses (e.g.,
virus structure and size).10−13 Previous studies suggest that
viruses and their genetic markers tend to partition more
favorably into the solid fraction of wastewater matrices than
the liquid fraction.2,14−17 For example, Mercier et al.2 studied
the distribution of endogenous influenza A virus (IAV) in
wastewater influent and primary sludge and found that the
majority of IAV RNA was in settled solids compared to
suspended solids (larger than 0.45 μm) and the liquid fraction
of these matrices. Note that in this context, we use the term
“endogenous” to refer to viruses that are naturally present in
wastewater samples (i.e., samples that have not been spiked
with an external source of viruses). Li et al.16 also examined the
distribution of endogenous SARS-CoV-2 RNA (N1, N2, and E
gene targets) in wastewater influent and found that the
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majority of viral genetic markers were in the solid fraction of
wastewater. A few studies have also reported higher
concentrations of viral genetic markers in primary sludge
compared to paired wastewater influent samples. For instance,
Wolfe et al.18 found that IAV RNA concentrations were 1000
times higher in paired primary sludge samples than wastewater
influent samples, on mass equivalent basis. Similar results have
been reported for SARS-CoV-2, MPOX virus (formerly known
as monkeypox), and pepper mild mottle virus (PMMoV)
RNA, where viral RNA concentrations were enriched by 3−4
orders of magnitude in primary sludge compared to wastewater
influent.14−16,19 Yin et al.20 summarized the solid−liquid
distribution of different strains of enteroviruses, hepatitis A,
adenovirus, rotavirus, and bacteriophages in wastewater and
activated sludge and found that viral adsorption can vary
greatly between viruses and wastewater matrices. Still, in all
cases, viruses tended to partition into wastewater solids.
A few lab studies have also examined the equilibrium and

kinetic adsorption of viruses and their genetic markers in
wastewater matrices. For example, Ye et al.12 studied the
sorption kinetics of four infectious lab-grown virus surrogates
(MHV, Phi6, MS2, and T3) in wastewater influent and found
that enveloped viruses partitioned more to the solid fraction of
wastewater compared to non-enveloped viruses. A similar
study was conducted by Yang et al.11 using quantitative PCR to
measure the concentrations of four lab-grown surrogates (Phi6,
MS2, T4, and Phix174) in activated sludge. Partition
coefficients (converted from log KF; also known as the
Freundlich coefficient) were 4.1 × 106, 5.4 × 105, 1.2 × 105,
and 8.5 × 103 mL·g−1 for Phi6, MS2, T4, and Phix174 in
sludge, respectively. Yin et al.20 also evaluated the sorption of
human Adenovirus 40 (HAV40) in primary and secondary
sludge and found that the majority of HAV40 DNA was
adsorbed onto the solid fraction of these matrices. Partition
coefficients (reported as Kp in the paper) were 3.7 × 104 and
4.0 × 104 mL·g−1 in primary and secondary sludge,
respectively. Researchers have also examined the equilibrium
and kinetic adsorption of SARS-CoV-2 RNA onto passive
samplers designed for wastewater surveillance.21

In our review of the previous work described above, we
noted the lack of laboratory partitioning and/or distribution
data on key respiratory viruses in wastewater, including SARS-
CoV-2, RV, and RSV, which have been shown to be present in
wastewater matrices and correlate to community disease
occurrence.22,23 In addition, we noted that the experiments
typically did not include temperature as an experimental factor
and that laboratory and field experiments were rarely coupled.
In the present study, we fill these knowledge gaps by examining
the partitioning behavior of four viruses in wastewater: SARS-
CoV-2, RSV, RV, and MS2/F+ coliphage. We achieve this
through laboratory partitioning experiments and examination
of the distribution of these viruses in raw wastewater influent
samples. SARS-CoV-2, RSV, and RV were chosen for the study
because their equilibrium partitioning and distribution in
wastewater have not been previously studied. MS2 was chosen

because it is widely used as a surrogate for pathogenic
respiratory viruses in fate and persistence lab experiments.
These viruses represent both enveloped (SARS-CoV-2 and
RSV) and non-enveloped (RV and MS2) viruses. Additionally,
the human pathogenic viruses chosen in this study are targets
for wastewater-based epidemiology monitoring efforts. Besides
establishing the partitioning coefficients for these viruses, we
also tested the hypotheses that temperature and virus type
affected the partitioning coefficient, and we tested whether
partitioning (derived from lab experiments with spiked viruses)
and distribution coefficients (derived from actual samples)
were different. Understanding the partitioning behavior of viral
genetic markers could inform wastewater sampling strategies
and help optimize methods for processing wastewater and
primary sludge samples. Partition and distribution coefficients
can also help inform complex mathematical models that aim to
estimate or predict the number of positive cases in
communities.24

■ MATERIALS AND METHODS
Overview. We conducted two sets of experiments to

examine the partition and distribution of SARS-CoV-2, RSV,
RV, and F+ coliphage in wastewater influent. The character-
istics of these viruses are shown in Table 1. The partitioning
experiment was conducted using lab-grown SARS-CoV-2,
RSV-A, RV-B, and MS2; wastewater influent samples were
spiked with varying concentrations of each virus and incubated
at two different temperatures (4 and 22 °C) to allow the
system to equilibrate. After incubation, influent samples were
centrifuged and decanted to obtain an aliquot from the liquid
and solid fractions. RNA was extracted from the aliquots and
quantified using reverse-transcription-digital droplet PCR (RT-
ddPCR). The distribution experiment examined the distribu-
tion of endogenous SARS-CoV-2, RSV, RV, and F+ coliphage
in raw wastewater influent samples. Influent samples were
collected from six wastewater plants and processed using the
same pre-analytical procedures (i.e., centrifugation to separate
solid and liquid fractions) but without spiking with exogenous
(lab-grown) viruses. The following sections provide a detailed
description of the experiments. Reporting of methods follows
EMMI guidelines25 (Figure S1 provides EMMI checklist and
details).
Wastewater Sample Collection. The partitioning experi-

ment was conducted using two raw wastewater influent
samples from the Palo Alto Regional Water Quality Control
Plant (PA). The plant serves approximately 215,000 people
and treats an annual average daily flow of 19.8 million gallons
per day (MGD). Total suspended solids (TSS) and pH levels
range from 220−360 mg/L and 7.5−7.8, respectively. We
collected approximately two liters of a 24 h raw influent
composite sample on September 20, 2022, for the 4 °C
experiment and on October 28, 2022, for the 22 °C
experiment. Samples were collected in 10% HCl acid-washed
plastic containers, acclimated to the respective experimental
temperatures, and spiked with a mixture of lab-grown SAR-

Table 1. Characteristics of SARS-CoV-2, RSV, RV, and MS239

virus family/genus genome type structure shape genome size (kb) virion size (nm)

SARS-CoV-2 coronaviridae + ssRNA enveloped spherical 30 50−140
RSV pneumoviridae − ssRNA enveloped spherical 15 150−250
rhinovirus picornavirus + ssRNA nonenveloped icosahedral 7 15−30
MS2 leviviridae + ssRNA nonenveloped icosahedral 3.6 23−28
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CoV-2, RSV-A, RV-B, and MS2 within 24 h of sample
collection (see detailed methods below) for experiments.
Virus Purification and Spike Cocktails. Heat-inactivated

SARS-CoV-2 (Isolate: USA-WA1/2020; catalog no.
0810587CFHI), RSV-A (catalog no. 0810040ACF), and RV-
B (catalog no. 0810284CF) were purchased from ZeptoMetrix
(Buffalo, New York). The manufacturer inactivates SARS-
CoV-2 by heating the virus at 60 °C for 1 h. RSV-A and RV-B
are viable viruses suspended in cell culture fluids. Escherichia
coli phage MS2 (DMS no. 13767) was purchased from the
DSMZ German Collection of Microorganisms and Cell
Cultures. Viruses were purified to remove viral culture fluid
using Amicon Ultra-0.5 mL centrifugal filters (100 kDa
MWCO; Millipore UFC5100) following the manufacturer’s
instructions. Briefly, 0.5 mL of virus stock, as received from the
vendor, was added to individual centrifugal filters and
centrifuged at 14,000 × g for 5 min. The filters were
immediately flipped and centrifuged at 1000 × g for 2 min
to recover the retentate. A series of dilutions were prepared
using the filter retentate and autoclaved phosphate-buffered
saline (PBS; Fisher BioReagents, Pittsburgh, Pennsylvania) to
achieve a viral gene concentration of approximately 1 × 103, 1
× 104, 1 × 105, 1 × 106, and 1 × 107 cp/μL PBS. A total of five
spike cocktails were prepared by mixing equal volumes of
purified, heat-inactivated SARS-CoV-2, RSV-A, RV-B, and
MS2 stock. The final concentrations of the five stock cocktails
ranged from approximately 1 × 103−1 × 107 cp/μL PBS (103,
104, 105, 106, 107) for each virus.
Preanalytical Processing. Wastewater samples were

consistently mixed by inverting 3−4 times and aliquoted into
eighteen 50 mL centrifuge tubes (hereafter referred to as
subsamples). Five sets of three subsamples were then spiked
with one of the five different concentrations of spiked cocktails
to achieve a final concentration of approximately 103, 104, 105,
106, or 107 cp/mL wastewater for each virus. Three additional
subsamples were reserved to measure the background
concentration of endogenous SARS-CoV-2, RSV, RV, and F
+ coliphage RNA. After spiking, subsamples were stored at 4 or
22 °C, depending on the isotherm experiment, and gently
mixed (∼20 rpm) using a tube roller (Globe Scientific, GSCI-
GTR-AVS) for approximately three hours to allow the system
to equilibrate. The time needed to reach equilibrium (<3 h)
was determined based on a preliminary experiment (see
Figures S2 and S3), the results of which are consistent with
other virus adsorption studies conducted in wastewater.11,12

After three hours, subsamples were centrifuged at 24,500 × g
for 20 min at the temperatures of the experiments. This
process removes solid particles with hydrodynamic radii
greater than 0.3 μm in diameter.26 200 μL of the supernatant
was transferred to a 2 mL collection tube. These aliquots
represent the liquid fraction of the wastewater sample. Note
that the liquid fraction was not further processed (concen-
trated) given the relatively high concentration of spiked viruses
and to prevent potential losses of RNA signal typically
associated with additional pre-analytical processing. Liquid
aliquots were then spiked with 5 μL of bovine coronavirus
vaccine (BCoV; Zoetis, CALF-GUARD; Parsippany-Troy
Hills, NJ) as an extraction recovery control. The BCoV
vaccine contains attenuated strains of the live virus and comes
in a lyophilized form. We reconstituted the vaccine by adding 3
mL of molecular-grade water.
The remaining supernatant was decanted, and the pellet

represents dewatered solids. A portion of the dewatered solids

was reserved to calculate the dry weight. Dewatered solids
were weighed before and after drying at 105 °C for 24 h. To
collect solids for viral analysis, approximately 0.1 g of
dewatered solids was collected from the bottom of the
centrifuge tube and aliquoted into 2 mL microcentrifuge tubes
using a disposable spatula (Fisher Scientific, catalog no. 50-
476-569). Dewatered solids were resuspended in a BCoV-
spiked DNA/RNA shield (Zymo Research, catalog no. R1100-
250) at a concentration of approximately 75 mg/mL; this
concentration of solids in the buffer has been shown to
alleviate downstream RT-ddPCR inhibition.27 Spiked DNA/
RNA shield was pre-prepared using 1.5 μL of BCoV per ml of
DNA/RNA shield. Three to five grinding balls (OPS
DIAGNOSTICS, GBSS 156-5000-01) were added to a 2 mL
microcentrifuge tube, and the mixture was homogenized at 4
m/s for 1 min using the MP Bio Fastprep-24TM (MP
Biomedicals, Santa Ana, CA). The homogenized aliquots were
then centrifuged for 5 min at 5250 × g, and 200 μL of the
supernatant was transferred to a 2 mL collection tube. This
aliquot contains viral targets from the solid fraction of the
wastewater sample. Liquid and solid aliquots were stored at 4
°C overnight, and the nucleic acids were extracted from them
the next day.
RNA Extraction. RNA was extracted from the solid and

liquid aliquots using the Qiagen AllPrep PowerViral DNA/
RNA kit and further purified using the Zymo OneStep PCR
inhibitor removal columns (Zymo Research, Irvine, CA)
following the manufacturer’s instructions. RNA extracts were
aliquoted into 1.5 mL DNA LoBind tubes, stored at −80 °C
for less than two weeks, and thawed once (1 freeze−thaw
cycle) before quantification. Nuclease-free water and BCoV-
spiked DNA/RNA shields were used as negative and positive
extraction controls, respectively. These controls were carried
throughout the extraction process, with one set of positive and
negative controls per extraction batch (∼15 solid or liquid
aliquots/batch of extraction).
RNA Quantification. SARS-CoV-2 and RSV were

quantified using a duplex assay described in Hughes et al.22

and RV, MS2, and BCoV were quantified using singleplex
assays from previous studies.1,15,28 Primers and probes were
purchased from Integrated DNA Technologies (IDT, San
Diego, CA) and are provided in Table S1. Using NCBI Blast,
we determined that the MS2 assay will detect, in addition to
MS2, the following sequenced and deposited strains of
genotype group 1 (GI) F+ RNA coliphages: JP501, M12,
DL16, DL52, and DL54, which could potentially be present in
wastewater. There could be additional unsequenced/undepos-
ited endogenous wastewater F+ RNA coliphages that are also
detectable using this assay. Therefore, detections with MS2 in
wastewater will be referred to as F+ coliphage, hereafter.
All viral targets were quantified using the One-Step RT-

ddPCR Advanced Kit for Probes (Bio-Rad 1863021). For the
RT-ddPCR, 20 μL of a 22 μL reaction mix was prepared for
each well. The reaction consisted of 5.5 μL of template RNA,
5.5 μL of Supermix, 2.2 μL of 200 U/μL Reverse Transcriptase
(RT), 1.1 μL of 300 mM dithiothreitol (DDT), 4.4 μL of
nuclease-free water, and 3.3 μL of primer and probe mixture
with a final concentration of 900 and 250 nM, respectively.
RNA extracts were processed undiluted and in duplicate (two
technical replicates). Nuclease-free water and viral RNA
extracts for each target were used as negative and positive
PCR controls, respectively, and each run in three wells per
plate. Positive controls were extracted from the SARS-CoV-2,
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RSV, RV, and MS2 purified stocks, which are the same virus
stocks used to prepare the spike cocktails. Droplets were
generated using the AutoDG Automated Droplet Generator
(Bio-Rad, Hercules, CA) and amplified using the C1000
Touch Thermal Cycler (Bio-Rad, Hercules, CA). The thermal
cycling conditions for each RT-ddPCR assay are shown in
Table S2. After amplification, droplets were analyzed using the
QX200 droplet reader (Bio-Rad, Hercules, CA) and the
Quantasoft Analysis Pro Software. Wells with less than 10,000
droplets were excluded, and technical PCR replicates (wells)
were merged before performing dimensional analysis. Merged
wells needed to have at least three positive droplets to be
considered positive. The estimated lower measurement limits
for solids and liquid aliquots were 3500 cp/g and 0.7 cp/mL,
respectively.
Distribution of Endogenous Viruses in Wastewater.

The second experiment examined the distribution of
endogenous SAR-CoV-2, RSV, RV, and F+ coliphage between
liquid and solid fractions in wastewater samples. Raw influent
samples (∼1 L of a 24 h composite sample) were collected
from six wastewater treatment plants on November 18, 2022.
Samples were stored at 4 °C and processed within 24 h. These
plants are part of an ongoing wastewater surveillance program
and include the following: Oceanside Water Pollution Control
Plant (OS), Southeast Water Pollution Control Plant (SE),
Silicon Valley Clean Water Wastewater Treatment Plant (SV),
Sunnyvale Water Pollution Control Plant (SU), San Jose-Santa
Clara Regional Wastewater Facility (SJ), and South County
Regional Wastewater Treatment Plant (GI). The location,
estimated population served, annual daily average flow, pH,
and TSS for each plant can be found in Table S3. Figure S4
provides a map of the sewershed (area served) for each
wastewater treatment plant.
Wastewater samples were consistently mixed, poured into 50

mL centrifuge tubes, and processed. Three subsamples were
prepared for each wastewater treatment plant, for a total of 18
subsamples. Solid and liquid aliquots were obtained from the
wastewater samples, and nucleic acids were extracted. Viral
targets were quantified from the aliquots using the methods
described above for the partitioning experiments.
Dimensional Analysis, Adsorption Models, and

Statistical Analysis. SARS-CoV-2, RSV, RV, and MS2/F+
coliphage RNA concentrations were expressed in units of
copies per gram dry weight solids (cp/g) or per ml liquid (cp/
mL) for the solid and liquid fractions of wastewater,
respectively, using dimensional analysis. Note that the volume
used in the dimensional analysis only refers to the liquid
fraction (i.e., the supernatant without solids). BCoV recovery,
used as an extraction and inhibition control, was calculated for
the solid and liquid fractions as follows:

N

N
BCoV recovery 100%

copies

copies,spiked
= ×

(1)

where Ncopies is the number of gene copies in the solid or liquid
fraction and Ncopies,spiked is the number of gene copies in the
spiked DNA/RNA solid or liquid fraction.
For the partition experiment using lab-grown viruses, 36

RNA concentrations (solids: N = 18 and liquids: N = 18) were
obtained for each virus and isotherm experiment (4 and 22
°C). These concentrations represent triplicate measurements
for six different initial conditions: one unspiked and five
different spiked concentrations of viruses. For each virus and

temperature condition, average viral RNA concentrations
(solids: N = 6 and liquids: N = 6) and standard deviations
were calculated across triplicate subsamples. To calculate the
recovery of spiked viruses, we first subtracted the background
concentrations of viral genetic markers from liquid and solid
fractions of spiked subsamples and estimated the total RNA
recovery in spiked subsamples as follows:

C m C V

N
RNA recovery 100%RNA,s s RNA,l l

copies,spiked,tot
=

× + ×
×

(2)

where CRNA,s and CRNA,l are the concentrations of RNA in the
solid and liquid fractions, respectively, ms is the mass of solids,
Vl is the volume of the liquid sample, and Ncopies,spiked,tot is the
total number of gene copies spiked into the sample.
Partition Experiment. Viral RNA concentrations in the

solid and liquid fractions of wastewater were fit to the Linear,
Langmuir, and Freundlich isotherm models. These models
have been used in previous virus partitioning studies11,14,20,21

and describe a multi-layer (Freundlich) or monolayer
(Langmuir) adsorption process. A linear model is generally
used when the coverage ratio of adsorption sites is minimal.29

The Linear, Freundlich, and Langmuir isotherm parameters
were determined for each virus and temperature condition.
The average relative error (ARE) was calculated for each
model and compared to identify the model with the best fit.
The Freundlich model produced the smallest ARE overall and
therefore is discussed in the main paper (see Table S4 for
results of other models). The nonlinear and linear forms of the
Freundlich model are described as follows:

q K C n
e F e= (3)

q K n Clog log loge F e= + (4)

where qe is the equilibrium concentration of viral gene copies
in solids (cp/g), Ce is the equilibrium concentration of viral
gene copies in the liquid fraction of wastewater, KF is the
Freundlich adsorption capacity parameter, and n is the
adsorption intensity. A higher n indicates a stronger interaction
between the adsorbent (i.e., wastewater solids) and the
adsorbate (i.e., spiked viruses). We determined the Freundlich
isotherm parameters, log KF (y-intercept) and n (slope), using
a linear regression model (lm function) in R. Standard errors
(SE) were also obtained from the linear regression model in R
(summary function). Finally, we compared the KF obtained for
the viruses under different temperature conditions by
examining whether their values and standard deviations
overlapped.
For the distribution experiment (examining endogenous

viruses in wastewater samples), six RNA concentrations
(solids: N = 3 and liquids: N = 3) were obtained for each
virus and wastewater treatment plant. Only a few liquid
fractions resulted in non-detects (ND). NDs were substituted
with half of the lower measurement limit (0.35 cp/mL for
concentrations measured in liquid fractions). The average
concentration and standard deviation for each virus were
calculated using data from the three replicate subsamples. The
distribution coefficient was calculated as the ratio of average
viral gene concentrations detected in the solid and liquid
fractions of wastewater influent; Kd = Cs/Cw; errors were
determined by propagating errors on the numerator and
denominator. We tested the null hypothesis that Kd were the
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same for endogenous viruses using a Kruskal−Wallis test; p <
0.05 was used to assess statistical significance. Statistical
analysis was performed in R (version 4.1.2). Finally, we
compared the partition coefficients (KF) for spiked viruses at 4
and 22 °C to the distribution coefficients (Kd) for endogenous
viruses in wastewater for each virus to determine if KF and Kd
values and errors overlapped. We also summarized the results
from previous experiments measuring the concentration of
viral genetic markers in wastewater matrices to see if our
results were consistent with previously reported KF and Kd
values (see Table 2).

■ RESULTS
Extraction and PCR Controls. Positive and negative

extraction and PCR controls were positive and negative,
respectively. BCoV was used as a process recovery and gross
inhibition control. It is important to note that measuring virus
recovery in wastewater presents certain limitations and
challenges, which are comprehensively discussed in Kantor et
al.30 In our study, BCoV recoveries were similar between the
solid and liquid fractions of wastewater. Solid and liquid
aliquots had a median BCoV recovery of 0.40 and 0.35,
respectively. Viral gene concentrations were not adjusted by
recovery given the complexities associated with estimating

recovery using surrogate viruses30 and given that the recoveries
were similar. The total recovery of spiked SARS-CoV-2, RSV-
A, RV-B, and MS2 RNA was approximately 35, 45, 22, and
33%, respectively. These recoveries are similar to those of
BCoV. Although inhibition can vary between assays, our
previous work has determined that there is minimal inhibition
with the pre-analytical and analytical workflow,27 and the
similar and high detection of BCoV and spiked viruses
indicates that inhibition is minimal.
Partitioning of Lab-Grown Viruses in Wastewater

Influent. Endogenous SARS-CoV-2, RSV, RV, and MS2/F+
coliphage RNA were detected in the liquid and solid fractions
of wastewater influent samples from PA (Table S5).
Concentrations of endogenous virus make up 22−95% of
viral RNA in subsamples spiked with the lowest concentration
of virus cocktail (i.e., 103 cp/mL), but otherwise represent a
negligible percentage of the RNA in subsamples spiked with a
higher concentration of virus cocktail.
At equilibrium, the results from the partitioning experiments

showed that RNA concentrations of spiked viruses were higher
in solids than the liquid fraction of wastewater influent on a
mass equivalent basis, by approximately 3−4 orders of
magnitude. In the 4 and 22 °C isotherm experiments, qe
ranged from 1.3 × 104−5.6 × 107 cp/g for SARS-CoV-2, 4.2 ×

Figure 1. qe and Ce from partition experiments at 4 °C (circles) and 22 °C (triangles) and CS and CL from distribution experiments at 4 °C
(squares, with black edges). Lines represent the Freundlich isotherm model and error bars represent the standard deviation across triplicate
subsamples. Note that the values for CL for RSV represent an upper bound since the concentration of RSV RNA was below the lower detection
limit; a value of 1/2 the lower detection limit was used for the plot. If a smaller value had been used, it is possible that the points would fall in the
same line as those from the RSV partition experiment.

Table 3. Isotherm Parameters (KF and n) and Average Relative Error (ARE) of Freundlich Models for the Adsorption of
SARS-CoV-2, RSV-A, RV-B, and MS2 in Wastewater at 4 and 22 °Ca

lab-grown viruses virus structure temperature (°C) KF (LE-UE) (mL·g−1) n ± SE ARE

SARS-CoV-2 enveloped 4 18,000 (4100−41,000) 0.81 ± 0.07 0.40
22 270,000 (74,000−630,000) 0.64 ± 0.09 0.91

RSV-A enveloped 4 32,000 (2000−67,000) 1.24 ± 0.02 0.25
22 19,200 (10,000−60,000) 1.32 ± 0.21 1.18

RV-B nonenveloped 4 13,000 (1500−28,000) 0.84 ± 0.03 0.15
22 8900 (2400−21,000) 0.74 ± 0.07 0.39

MS2 nonenveloped 4 18,000 (7400−49,000) 0.66 ± 0.09 0.64
22 2000 (760−5200) 0.70 ± 0.08 0.78

aSE, LE, and UE are the standard error, the lower SE bound, and the upper SE bound as reported by lm function in R, respectively. n and ARE are
dimensionless.
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103−1.9 × 108 cp/g for RSV, 2.3 × 104−1.3 × 107 cp/g for RV,
and 4.1 × 103−3.2 × 107 cp/g for MS2. In the liquid fraction,
Ce concentrations ranged from 0.1−1.3 × 103 cp/mL for
SARS-CoV-2, 0.2−4.5 × 102 cp/mL for RSV, 1.6−4.8 × 104
cp/mL for RV, and 0.8−4.3 × 104 cp/mL for MS2. The
reported ranges represent measurements across spiking
conditions and the two experimental temperatures.
Viral RNA concentrations (qe and Ce, see Figure 1) were fit

to a Linear, Freundlich, and Langmuir model. The Freundlich
isotherm models produced the lowest ARE compared to the
other models based on the calculated partition coefficient (see
Table S4 for results of the Linear and Langmuir models).
Table 3 shows the Freundlich isotherm parameters (KF and n)
for each virus and temperature condition. In the 4 °C
experiment, KF and n ranged from 1.8 × 103−3.2 × 103 mL·g−1

and 0.66−1.24, respectively. Similar results were obtained in
the 22 °C experiments except for the partition coefficient of
SARS-CoV-2. In the 22 °C experiment, KF and n ranged from
2.0 × 103−2.7 × 105 mL·g−1 and 0.64−1,32 respectively. The
partition coefficient of SARS-CoV-2 in the 22 °C experiment
was significantly higher (approximately one order of
magnitude) compared to other viruses and temperature
conditions. However, partition coefficients were not different
across other viruses and temperatures (see Figure S5).
Distribution of Endogenous Viruses in Wastewater

Influent. Across samples collected from the six wastewater
treatment plants, we observed results similar to those obtained
in the laboratory partitioning experiment. Viral RNA
concentrations were higher in the solid fraction than the
liquid fraction of wastewater by approximately 3−4 orders of
magnitude (see Figure 1). Across six wastewater treatment
plants, Cs ranged from 1.2 × 103−4.2 × 103 cp/g (median =
2.2 × 103 cp/g) for SARS-CoV-2, 9.1 × 102−3.7 × 103 cp/g
(median = 1.7 × 103 cp/g) for RSV, 2.4 × 102−6.3 × 102 cp/g
(median = 3.7 × 102 cp/g) for RV, and 4.9 × 102−6.1 × 103
cp/g (median = 1.1 × 103 cp/g) for F+ coliphage. CL ranged
from 0.4−1.1 cp/mL (median = 0.4 cp/mL) for SARS-CoV-2,
0.4−2.7 cp/mL (median = 0.8 cp/mL) for RV, and 0.4−1.3
cp/mL (median = 0.7 cp/mL) for F+ coliphage. For RSV, CL
were ND across wastewater treatment plants; NDs were
replaced with half of the lower measurable limit (0.35 cp/mL
for viral concentrations in liquid fractions) to calculate the
distribution coefficient (Kd).
Kd was calculated as the ratio of Cs/CL. Across wastewater

treatment plants, Kd ranged from 3.5 × 103−1.2 × 104 mL·g−1

(median = 5.0 × 103 mL·g−1) for SARS-CoV-2, 2.1 × 103−1.6
× 104 mL·g−1 (median = 7.6 × 103 mL·g−1) for RV, and 4.9 ×
102−7.4 × 103 mL·g−1 (median = 1.2 × 103 mL·g−1) for F+
coliphage (see Table 4). Since RSV concentrations were ND

for the liquid phase, we could only estimate lower bounds for
Kd: 5.0 × 102−2.0 × 103 mL·g−1 (median = 1.3 × 103 mL·g−1.
RV had the highest solid−liquid distribution, followed by
SARS-CoV-2 and F+ coliphage. RSV cannot be compared as
our estimates are lower bounds; Kd for RSV could be higher.
RV Kd was statistically higher than F+ coliphage Kd (Kruskal−
Wallis and Dunn’s post hoc test, both p < 0.05). Note that
RSV was excluded from the statistical analysis because we were
only able to estimate a lower bound and a direct comparison
with other Kd values might result in misleading conclusions.

■ DISCUSSION
This is the first batch experiment examining the solid−liquid
partitioning of SARS-CoV-2, RSV, and RV in wastewater and
the first experiment to examine the distribution of endogenous
RSV and RV in this matrix. Higher concentrations of viral
RNA were observed in solids compared to the liquid fraction
of wastewater, for all viruses and temperature conditions; viral
RNA concentrations were higher in solids by 3−4 orders of
magnitude on a mass equivalent basis. Partition and
distribution coefficients were similar across viruses and
temperature conditions, with KF and Kd ranging from 490−
270,000 mL·g−1. Our results are consistent with previously
reported partition/distribution coefficients for viral genetic
markers in wastewater. For example, Li and co-workers31

evaluated the distribution of endogenous SARS-CoV-2 RNA
(N1, N2, and E genes) in wastewater samples and found
higher concentrations of SARS-CoV-2 RNA in solids
compared to the liquid fraction; Kd (reported in their paper
as the solid−liquid concentration ratio) ranged from 4000−
20,000 mL·g−1. Kim et al.31 also studied the distribution of
endogenous SARS-CoV-2 RNA (S and N genes) in wastewater
samples from two K-12 schools and observed similar results;
viral RNA concentrations were higher in solids by three orders
of magnitude, and Kd (reported in their paper as the
concentration ratio in solid to liquid samples) were 8600
and 16,000 mL·g−1 for SARS-CoV-2N and S genes,
respectively. We observed similar partitioning behavior for
SARS-CoV-2, RSV, RV, and MS2 RNA in our study; except for
SARS-CoV-2 RNA at 22 °C, which had a higher partition (by
approximately one order of magnitude) compared to other
viruses and temperature conditions. A study by Breadner et
al.32 found that a large proportion of virus RNA may remain in
the liquid fraction of wastewater samples after centrifugation.
However, it is important to note that in their study, samples
were spiked and incubated for 10 min before processing, which
might not have allowed enough time for the system to
equilibrate.33

Table 4. Distribution Coefficient (Kd = Cs/Cw) of Endogenous SARS-CoV-2, RSV, RV, and F+ Coliphage RNA in Wastewater
Influenta

wastewater treatment plant

Kd ± SD (mL·g−1)

SARS-CoV-2 RSV RV F+ coliphage

Gilroy 3500 ± 820 1300 ± 650 7200 ± 1400 490 ± 380
San Jose 11,000 ± 6200 2000 ± 760 16,000 ± 4100 2800 ± 1800
Sunnyvale 12,000 ± 7600 1800 ± 460 8000 ± 4800 950 ± 710
SVCW 5600 ± 4300 1300 ± 450 11,000 ± 7200 7400 ± 6300
SEP 4400 ± 1400 500 ± 320 2100 ± 1400 1200 ± 760
OSP 3000 ± 2500 700 ± 470 2800 ± 1000 1300 ± 470

aSD is the standard deviation across triplicate subsamples. Endogenous refers to viruses present in wastewater (not seeded). Note that the values
for RSV represent lower bound estimates since the concentrations in the liquid phase were below the lower limit of detection.
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There are limited studies in the literature on the effects of
temperature on virus adsorption to particles. One study
examined how temperature may influence the isotherm and
kinetic adsorption processes of viral genetic markers in
wastewater solids. Yang et al.11 examined the kinetic
adsorption of Phi6, MS2, T4, and Phix174 RNA in primary
sludge at two temperature conditions (4 and 25 °C). They
found that the rate of virus adsorption increased with
increasing temperature (i.e., the time needed to reach
equilibrium was reduced). Other studies have examined how
temperature affects viral adsorption to clays. Syngouna et al.
examined the isotherm and kinetic adsorption of infectious
MS2 and ΦX174 in clay particles at 4 and 25 °C and found
results similar to Yang et al.34 However, Bellou et al.35

evaluated the adsorption of MS2, ΦX174, and human
adenovirus (hAdV) nucleic-acids on clay particles at 4 and
25 °C and found that the adsorption of hAdV was inversely
proportional to temperature, whereas adsorption of MS2 and
ΦX174 was directly proportional to temperature. In our
isotherm (equilibrium) experiments, wastewater temperature
did not seem to have an impact on the adsorption of viral
genetic markers, except for the case of SARS-CoV-2. For
SARS-CoV-2, a higher partition coefficient was observed at 22
than at 4 °C. The equivocal results described here suggest that
additional work is needed to better understand if and how
temperature affects viral adsorption.
Limited previous research suggests that the presence of a

lipid envelope outside the viral protein capsid of a virus may
impact the solid−liquid partitioning of viruses and viral genetic
markers in wastewater. For example, Ye et al.12 measured the
adsorption of infectious MHV, ϕ6, MS2, and T3 in wastewater
samples and found that enveloped viruses (MHV and ϕ6)
were more strongly associated with solids than non-enveloped
viruses (MS2 and T3). Similar results were reported in the
study by Yang et al.,11 where they examined the solid−liquid
partitioning behavior of Phi6, MS2, T4, and Phix174 nucleic-
acids in primary sludge samples; researchers found that the
majority of viral genetic markers were in the solid fraction of
primary sludge. KF ranged from 8500−4,100,000 mL·g−1 for
Phi6, MS2, T4, and Phix174 RNA. In our study, the partition
and distribution behavior across enveloped (SARS-CoV-2 and
RSV) and non-enveloped (RV and F+ coliphage/MS2) viruses
appeared to be similar. Our results were also similar across the
partition and distribution experiments, which suggest that lab-
grown viruses and endogenous viruses for SARS-CoV-2, RSV,
RV, and F+ coliphage/MS2 RNA may exhibit similar solid−
liquid partitioning behavior in wastewater.
Efforts to estimate the number of infected individuals in a

sewershed have been increasingly proposed. For example,
Soller et al.36 developed a mechanistic model that estimates the
fraction of a sewershed population actively infected with SARS-
CoV-2. Wolfe et al.37 also developed a mass balance model
that links SARS-CoV-2 RNA concentrations in solids to the
number of individuals shedding SAR-CoV-2 RNA in stool
within the sewershed. These models can potentially be applied
to other viruses of interest; however, a key parameter of these
mechanistic models is the solid−liquid partitioning coefficient
of viral genetic markers in wastewater solids. The availability of
viral-specific partitioning data is limited, which hinders the
application of these models and the interpretation of
wastewater surveillance data. Our results presented here fill a
knowledge gap by providing information on virus partitioning
that can be used in these modeling applications. It should be

noted that other model input variables, such as the longitudinal
shedding of viruses by infected individuals, are also needed.38

Understanding the fate and transport of viral genetic
markers could inform wastewater sampling strategies and
help optimize methods for processing wastewater and primary
sludge samples. For example, a study by Kim et al.14 showed
that methods for processing influent and settled solids have
comparable sensitivity. However, targeting the solid fraction of
wastewater matrices might be a more advantageous medium in
sewersheds that have a low level of active infections because it
requires less sample volume compared to influent methods and
may be more scalable and automatable than processing liquids
due to reduced pre-analytical steps.14,37 Targeting wastewater
solids could be a valuable strategy for wastewater-based
epidemiology (WBE) efforts aiming to achieve early detection
and timely warning of infectious diseases. Understanding the
solid−liquid partitioning of viruses may also provide valuable
insights into the mechanisms through which viruses may be
removed from wastewater. For example, primary treatment
units may contribute to the removal of solid-associated viruses
by settling out wastewater solids. Before WBE efforts begin at a
particular plant, it may be advantageous to conduct experi-
ments to investigate the distribution of the infectious disease
target between the liquid and solid phases of wastewater.
Further research should be conducted to examine the solid−
liquid partitioning of other viruses of interest for WBE efforts
and evaluate how their characteristics (e.g., virus size and
structure) might influence their partitioning behavior in
wastewater. Additional research is also needed to evaluate
how solid characteristics (e.g., particle size and biological/
chemical composition) and extracellular polymeric substances
(EPS) might influence virus adsorption. Enhanced under-
standing of the properties (e.g., virus and wastewater matrix)
and mechanisms underpinning partitioning behavior may
improve and inform sampling and monitoring strategies.
Environmental Implications. This study fills an im-

portant knowledge gap on the partitioning of respiratory
viruses in wastewater and indicates that they partition
preferentially to the wastewater solids. This information is
useful in WBE applications, including both sampling and
modeling. These findings add to a growing body of evidence
suggesting that the solids in wastewater (defined as material
generally larger than 0.3 μm in hydrodynamic diameter) are
enriched with infectious disease targets like viral RNA relative
to the liquid phase on a mass-equivalent basis (note that intact
bacteria and fungi, given their sizes, automatically fall into this
size class). There has been some confusion among researchers
and practitioners in interpreting this statement. A given volume
of raw wastewater typically contains a small mass of solids
(typically on the order of 102 mg/L), so it can be true that
most of the infectious disease target (mass or number) in that
volume is in the liquid phase, and that the concentration of the
infectious disease target is enriched by orders of magnitude in
the solid phase relative to the liquid phase. The fact that
infectious disease targets are enriched in the solid phase
indicates that sample efforts that enrich solids and choose the
solids as a measurement matrix will improve the sensitivity of
measurement approaches.
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