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Enteroviruses, which are commonly circulating viruses shed in the stool, are released into the sewage system
and only partially removed or inactivated, resulting in the discharge of infectious enteroviruses into the
environment. Activated sludge and chlorination remove or inactivate enterovirus genotypes to different
extents, and thus have the potential to shape the population that will be discharged. The goal of this study
was to evaluate how activated sludge and chlorination treatment shape an enterovirus population at the
genotype level, using a population of eight genotypes commonly found in sewage: CVA9, CVB1, CVB2,
CVB3, CVB4, CVBS5, E25, E30. Our results show that the extent of inactivation varied among genotypes, but
also across sludge samples. We find that the effluent of activated sludge systems will be depleted in CVA9,
CVB1 and CVB2 while E25 together with CVB3, CVB4 and CVB5 will be prevalent. Furthermore, we found
that microbial inactivation was the main mechanism of infectivity loss in the activated sludge, while
adsorption to the sludge flocs was not significant. During effluent chlorination, we also observed that CVBS,
CVB3 and to a lesser extent E25 were less susceptible to chlorination while E30 was readily inactivated, and
activated sludge-derived EPS provided further protection against chlorination. This study contributes to a
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better understanding of the variability of sewage treatment efficacy against different enteroviruses.

Enteroviruses (EV) are important contaminants of water and wastewater. Their removal during wastewater treatment is typically measured as a bulk
parameter. In this work we show that different EV genotypes exhibit different susceptibilities to wastewater treatment processes. This implies that the most

persistent genotypes rather than the totality of EV should be used as indicators for treatment success.

1. Introduction

Enteroviruses are commonly circulating viruses worldwide,
that comprise 106 human genotypes. Many enteroviruses
reproduce in the gastrointestinal tract and are therefore shed
into the sewage, where they are subsequently subjected to
various sewage treatment processes. Sewage treatment lowers
the viral load, but it is well known that only partial removal
of enteroviruses is achieved, implying that infectious viruses
are regularly discharged into the environment."

Activated sludge and effluent chlorination are commonly
used unit processes in sewage treatment that contribute to
reductions in infectious virus loads. While the primary
purpose of activated sludge treatment is the removal of
nutrients and biological oxygen demand, activated sludge has
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also been found to reduce pathogen concentrations by 1 to 3
log10.1'4 The reduction in viral load as a result of chlorination
in full scale treatment plants is more difficult to measure,
because virus concentrations in chlorinated effluent are often
very low.? Costan-Longares et al.” reported a reduction in the
enterovirus load of 2.3 to 4.2log;, for tertiary treatment
trains that include chlorination. In water reuse treatment
trains which recycle sewage for potable or non-potable
purposes, a 4log;, virus removal credit is typically attributed
to high dose chlorination.’

The reduction of the enterovirus load during sewage
treatment is typically estimated for the total population of
enteroviruses,”>*® though many different enterovirus
genotypes can be found in sewage.”” This assumed
homogeneity is due to the difficulty in measuring infectious
enterovirus genotypes individually. However, exposure to
activated sludge and chlorine remove or inactivate different
enterovirus genotypes to differing extents."”™" During activated
sludge treatment, enteroviruses are removed by both
adsorption to the sludge''* as well as by microbially mediated
inactivation."”* Gerba et al.'* and Tao et al.'® found that the
adsorption of enteroviruses onto sludge was genotype-specific.

This journal is © The Royal Society of Chemistry 2023
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Similarly, inactivation in activated sludge can be expected to be
genotype-specific, for several reasons. First, not all genotypes
are equally susceptible to antiviral activity by microorganisms
or their metabolites."®™® Second, activated sludge operation
temperatures between 4 °C and 32 °C'" can result in
differentiated inactivation for different enterovirus genotypes.>’
And third, polysaccharides and peptidoglycans, two types of
molecules present in extracellular polymeric substances (EPS)
produced in activated sludge, have been shown to interact with
the enterovirus capsid and influence its thermal and
environmental stability in a genotype-specific fashion.**
Similar to activated sludge, the susceptibility of enteroviruses
to disinfection treatment has also been shown to vary among
genotypes when in the form of free chlorine,'>**?°
monochloramine® or chlorine dioxide.>” Activated sludge and
chlorination thus both have the capacity to shape the
population prior to discharge into the
environment, yet the selectivity is not known.

The goal of this study was to evaluate how activated sludge
and chlorination treatment shape an enterovirus population
at the genotype level and to identify the mechanisms involved
in virus decay. To this end, a population of eight genotypes
commonly found in sewage was exposed to activated sludge
and free chlorine. Removal kinetics were monitored for each
genotype, using ICC-RTqPCR as this method allows genotype-
specific quantification of infectious enteroviruses.

enterovirus

2. Materials and methods
2.1 Preparation of viral stock solutions

Our starting enterovirus population was comprised of eight
genotypes typically found in sewage.”® One environmental
isolate was obtained for each genotype: coxsackieviruses B4
and B5 (CVB4 and CVB5) were previously isolated from
Lausanne sewage (Meister et al®® accession numbers
MG845888 and MG845891) and coxsackieviruses A9, B1, B2
and B3 (CVA9, CVB1, CVB2, CVB3) and echoviruses 25 and 30
(E25 and E30) isolated from sewage were kindly provided by

Soile Blomqvist and Carita Savolainen-Kopra (Finnish
National Institute for Health and Welfare).
Buffalo Green Monkey Kidney cells (BGMK; kindly

provided by Spiez Laboratory, Switzerland) were used for the
propagation of coxsackieviruses while Rhabdomyosarcoma
cells (RD; ATCC CCL-136) were used to propagate
echoviruses. BGMK and RD cells were grown at 37 °C in 5%
CO,, on minimum essential medium (MEM, Life
Technologies) and Dulbecco's modified Eagle medium
(DMEM, Life Technologies) respectively, supplemented with
10% fetal bovine serum (FBS, Life Technologies) and 1%
penicillin/streptomycin (Life Technologies). The maintenance
media was prepared analogously to the growth media except
that the FBS content was lowered to 2%.

To propagate viral stock solutions, confluent T-150 flasks
(TPP™, 90150) were inoculated with one genotype in
maintenance media and were incubated at 37 °C in 5% CO,
until full cytopathic effect (CPE) was observed. The flask
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underwent three cycles of freeze-thawing, the supernatant was
collected, centrifuged 10 min at 300 x g and filtered at 0.2 pm
(Sarstedt 83.1826.001). The stocks were aliquoted and stored at
—-20 °C. Concentrated stocks were prepared by concentrating
the filtered supernatant 40- to 270-fold with Amicon centrifugal
filters with a cutoff of 100 kDa (Millipore, UFC9100). The
concentrated stocks were aliquoted and stored at =80 °C.

Titers of the stocks and concentrated stocks were
determined by end-point dilution on their respective cell line.
Specifically, the stocks were serially diluted in ten-fold series
and 100 pL of each dilution was inoculated in five replicates
on confluent 96 well plates (CELLSTAR® Greiner Bio-One,
7.655 180). The cytopathic effect in the wells was observed
after five or six days of incubation at 37 °C and 5% CO,, and
the Most Probable Number of infectious virus was calculated
using the EPA MPN calculator.”

2.2 Virus enumeration

Two different methods were applied to enumerate viruses in
experimental samples containing multiple enterovirus
genotypes: reverse transcription RT-qPCR was used to
quantify the total (infectious and inactivated) concentration of
each genotype in a sample, and integrated cell culture reverse
transcriptase quantitative PCR (ICC-RTqPCR) was used to
enumerate the infectious concentration of each genotype.

2.2.1 RNA extractions. All RNA extractions were performed
using the Maxwell® 16 Viral Total Nucleic Acid Purification
kit (Promega) according to the manufacturer's instructions
with the Maxwell® 16 Instrument, extracting 200 pL of
sample and eluting in 50 pL of RNase-free water. All RNA
extracts obtained from experiments using activated sludge
were additionally treated using the OneStep™ PCR Inhibitor
Removal Kit (Zymo). Inhibition of the qPCR reaction was
tested through running several ten-fold dilutions of few
samples, and was found negligible. RNA extracts were stored
at —20 °C for a maximum of 30 days prior to RT-qPCR.

2.2.2 RT-qPCR. One-step RT-qPCR was performed using
genotype-specific primers designed previously.*® RT-qPCR
was performed on a Mic qPCR Cycler (Bio Molecular Systems)
using the One Step SYBR® PrimeScript™ RT-PCR Kit
(Takara). Each reaction (20 pL) contained 3 pL of template,
10 pL of 2x One Step SYBR RT-PCR Buffer III, 0.4 pL of
TaKaRa Ex Taq HS (5 U pL™"), 0.4 uL of PrimeScript RT
enzyme mix II, 250 nM of each primer and 5.2 pL of water.
The same thermocycling conditions were used for all primers
(RT at 42 °C for 5 min, 10 s at 95 °C, followed by 40 cycles of
95 °C for 5 s, 52 °C for 20 s and 60 °C for 30 s). Each sample
was run once, and the Cq values were determined using the
micPCR software (v2.10.0; Bio Molecular Systems).

Cq values were converted to genome copy concentrations
(N) by means of a standard curve. DNA standards were
purchased for each genotype (GeneBlocks, Integrated DNA
Technologies) and were diluted to create calibration curves
ranging from 3.34 to 3.34 x 10° genome copies (gc) per uL. A
calibration curve for each genotype of interest was included in
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each RT-qPCR run. Slopes and intercepts are given in Table
S1.t The limit of quantification (LOQ) was determined for each
primer pair in R using a curve-fitting method developed by
Klymus et al.*® with a coefficient of variation (CV) threshold of
35%, applied to the measurement of ten replicates of the three
lowest concentrations of the calibration curve. Concentrations
of samples below the LOQ were set to the LOQ. RT-qPCR data
were excluded if they exhibited interfering peaks in the melt
analysis. Extraction blanks and no-template controls (molecular
grade water) were analyzed in each run and yielded negative
results. A checklist of experimental details as requested by the
minimum information for publication of quantitative real-time
PCR experiments (MIQE) guidelines® is provided in Fig. S1.}

2.2.3 ICC-RTqPCR. ICC-RTqPCR was performed according
to a method described previously.*® Briefly, 1 mL of sample
in maintenance media was inoculated onto the confluent
well of a 6-well plate (CELLSTAR® Greiner Bio-One, 657 160)
in duplicate plates. One plate was immediately processed (t0
sample), while the other plate was placed at 37 °C and 5%
CO, for 24 hours prior to processing (t24 sample). After 24 h,
wells were checked to ensure that no cytopathic effect was
visible. Each well was scraped and the entire content of the
well was recovered and frozen at —20 °C. The frozen samples
were stored for a maximum of 2.5 months and were then
thawed, centrifuged for 10 min at 1000 x g and the
supernatant was collected. RNA was extracted from 200 pL of
the t0 and t24 supernatants, the genome copy number in
each supernatant was quantified by RT-qPCR, and the
increase in genome copies over 24 hours (deltage (24 h)) was
calculated. Deltage (24 h) is proportional to the infectious
concentration (C) of virus present in the sample, and
calibration curves relating the deltage (24 h) to the infectious
concentration have been previously established for each
genotype used in this study.>® The slope of these calibration
curves was found to be reproducible, while the intercept
varied depending on the age of the cells used. Here, we
therefore used the calibration curve slopes determined
previously (Table S27), but determined the intercept for each
ICC-RTqPCR run by analyzing a standard of known infectious
concentration in parallel to the samples.

2.3 Activated sludge experiments

2.3.1 Reactor setup. Activated sludge was collected on
three different days (sludge 1 on the 26th of June 2021,
sludge 2 on the 30th of September 2021, and sludge 3 on the
9th of February 2022) from the sewage treatment plant of
Morges, Switzerland. The sludge was stored at 4 °C until use,
for a maximum of 5 hours. Depending on the experiment,
200 mL to 900 mL of activated sludge were placed in a beaker
stirred continuously with a magnetic stirrer and aerated to
reach a dissolved oxygen (DO) concentration of at least 2 mg
L™'. Temperature, pH and oxygen in the sludge were
monitored with a MeterMulti 3630 IDS (WTW, Xylem
Analytics Germany GmbH) and results reported in Fig. S2.f
The parameters were measured punctually in experiments
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with sludge 1 and 2 and continuously for sludge 3. Over the
course of the experiments, the sludge temperature was ~24
°C in sludge 1, 20-22 °C in sludge 2 and 23-24.7 °C in sludge
3. pH was 7.7 in sludge 1, 8 in sludge 2, between 8.2-8.6 in
sludge 3. DO was always superior to 4 mg L™".

Viruses were spiked into the reactor as a mixture of all
eight enteroviruses genotypes at approximately equal
infectious concentration. Samples were taken at different
time points to determine the physical and chemical
parameters of the sludge (see section 2.3.2), as well as the
virus concentrations in sludge and supernatant fractions (see
section 2.3.3). At the end of each experiment, the residual
sludge volume in the beaker was measured to determine the
volume of evaporated liquid, and concentrations were
adjusted correspondingly.

2.3.2 Measurement of chemical and physical sludge
parameters. Total suspended solids (TSS) measurement was
adapted from the standard methods.** Briefly, 5 to 10 mL of
activated sludge were filtered through a 0.7 um glass fiber
filter (Whatman, WHA1825047) and the weight of the solids
on the filter was determined after drying for one hour at 105
°C in the oven and equilibrating for 15 minutes in a
desiccator. Over the course of the experiments, TSS was in
the range of 0.9-1.4 g L™ in sludge 1, 0.9-1.4 g L™" in sludge
2, 1.1-2.4 g L™" in sludge 3. Detailed TSS measurements are
reported in Table S3.f

For chemical characterization, 5 to 30 mL of activated
sludge were sampled, centrifuged for 10 min at 4000 x g, and
the supernatant was filtered at 0.2 um and exposed to UV for
20 min for sterilization. Samples were stored at 4 °C for a
maximum of 7 days (with the exception of one instance
where it was kept for 30 days) before being analyzed.
Dissolved organic carbon (DOC), dissolved inorganic carbon
(DIC) and total nitrogen (TN) were measured with a DOC/
TOC Analyzer (Elementar Vario TOC Cube). DOC was in the
range of 10-40, 10-15, 5-25 mg C L™, in sludges 1, 2 and 3
respectively. Detailed measurements are shown in Fig. S3.f
TN was in the range of 20-45, 30-45, 30-60 mgy L.
Ammonium (NH,"), nitrate (NO5"), nitrite (NO, ), phosphate
(POs*), and chloride (Cl") ions were measured by ion
chromatography (Thermo Scientific Intergrion HPIC). Results
are shown in Fig. S4.f

2.3.3 Inactivation experiments. Experiments were
conducted to determine the inactivation kinetics of each
enterovirus genotype in activated sludge reactors. In a first
step, inactivation curves were established. To this end 7.5 mL
of a stock solution containing all enterovirus genotypes at an
average concentration of ~2 x 10" MPN mL™" each (ranging
from 7.4 x 10° to 3.8 x 10”) were spiked into a reactor of 900
mL of activated sludge. Samples were taken after 30 min, 4 h,
21 h, 45 h and 68 h, and TSS/VSS, and chemical sludge
parameters were determined. In addition, the infectious and
total concentrations of each genotype were determined in
both the supernatant and the sludge fraction. To this end,
triplicates of 5 mL of activated sludge were sampled and
centrifuged for 20 min at 4000 x g at 4 °C. The supernatant

This journal is © The Royal Society of Chemistry 2023
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was filtered through a 0.2 pm PES (Sarstedt, 83.1826.001)
filter and the filtrate was collected and is hereafter termed
the supernatant fraction. The sludge pellet was amended
with 5 mL beef extract (100 g L™ beef extract; Merck
Millipore, B4888-50G, pH 7.2) and was resuspended by briefly
vortexing followed by shaking for 30 min at RT at 400 rpm.
The resuspended pellet was then centrifuged for 20 min at
4000 x g at 4 °C and the supernatant was filtered through a
0.2 um PES filter (Sarstedt, 83.1826.001). The filtrate was
retained and termed the sludge fraction. 5 mL of 2% MEM
was added to both the sludge and supernatant fraction
samples before storage at 4 °C for a maximum of 15 days
prior to enumeration by ICC-RTqPCR, and RT-qPCR.
Depending on the sludge sample, this protocol allowed for
the recovery of 10 to 61% of total virus. Recovery was
measured after 30 min exposure to the activated sludge, to
ensure sufficient time for partition between sludge and
supernatant while also limiting the extent of inactivation.

To exclude confounding effects from thermal inactivation,
experiments were conducted in sterile phosphate-buffered
saline (PBS; pH 7.4, Gibco™, 18912014, 10 mM Na3POy, 2.68
mM KCl, 140 mM NacCl) and infectivity was monitored by
ICC-RTqPCR over the course of five days.

Next, the experiment was repeated two more times using
two different new samples of sludge (sludge 2 and sludge 3),
to assess the variability in genotype inactivation among
sludge samples. For this purpose, samples were only taken at
times 30 min and 45 h. For sludge 2, this experiment
simultaneously served as the control sample in experiments
to determine the role of microbial activity (section 2.3.4).

2.3.4 Experiments to determine the role of adsorption and
microbial activity in virus removal. To determine the role
microbial activity versus adsorption in the removal inactivation

Control

Normal sludge:
supernatant +
solids
Microbially active

active

Heat-sterilized
sludge

(supernatant +
solids) heated

Not microbially
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and degradation of enteroviruses, a batch of activated sludge
(sludge 2) was split into three portions (Fig. 1). One portion
was maintained as described above (section 2.3.3), used as is
and termed control sludge. The second portion was sterilized
in a water bath at 65 °C for more than 40 min and was then
cooled down on ice before the start of the experiment. This
portion was termed sterilized sludge. The third portion was
decanted and only the supernatant was kept while the solids
were discarded. This portion was termed decanted sludge. 900
mL of each portion were placed in three beakers, and were
spiked with 2.3 mL of a solution containing all enterovirus
genotypes at an average concentration of ~5 x 10" MPN mL™"
each (ranging from 8.7 x 10° to 5 x 10" MPN mL™"). Triplicates
samples were taken after 30 min and were enumerated for total
concentrations of each genotype. Triplicate samples were also
taken after 44 h and were enumerated for both infectious and
total concentrations of each genotype as described above. TSS/
VSS and chemical parameters were measured as described
above. An additional sample taken after 5.5 h was only
analyzed for TSS/VSS and chemical parameters.

2.3.5 EPS extraction and quantification. EPS were
extracted from activated sludge to assess their effect on
chlorination following activated sludge treatment (see section
2.4.). The extraction was performed following the protocol by
Felz et al®’ 50 mL falcon tubes were filled with activated
sludge and centrifuged at 4000 x g at 4 °C for 20 minutes.
The supernatant was discarded and the wet weight of the
pellets was determined. Pellets were combined to obtain a
mass of 3 g of wet sludge. The wet sludge was then placed in
a 250 mL baffled flask filled up to 50 mL with deionized
water, and 0.25 g Na,CO; anhydrous (Fluka) were added to
the flask to obtain a 0.5% (w/v) Na,CO; concentration. The
baffled flask containing the mixture was placed in a 1 L

Decanted
sludge

65°C

Solids settled and
removed, no
solids
Microbially active

Fig. 1 Schematic of the conditions in the activated sludge reactors ran in parallel to determine the viral decay mechanisms.
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beaker containing 150 mL of tap water heated to 80 °C. Both
flask and beaker were covered separately with aluminum foil,
and the baffled flask was stirred for 35 min at 400 rpm. The
mixture was then transferred to a 50 mL tube and centrifuged
at 4000 x g at 4 °C for 20 min. The supernatant collected
comprised the EPS extract. The extract was then concentrated
approximately 12-fold using Amicon (Millipore, UFC900324
and UFC901024) ultrafiltration filters with a cut-off of 3 kDa
and 10 kDa to achieve an EPS concentrate of about 1250 mg
of glucose equivalent per L, in order to reach similar
concentrations as used by Waldman et al>' This EPS
extraction procedure will trigger some cell lysis, thus the EPS
fraction will be composed of both extra- and intracellular
polymeric substances.

The amount of polysaccharide in the EPS concentrate was
determined using the phenol-sulfuric acid protocol based on
Felz et al** and Dubois et al®® Briefly, 400 uL of a sample
were pipetted into a cuvette (Brand™, 759115), 10 uL of 80%
phenol (Sigma Aldrich, 33517) were added, followed by 1 mL
of concentrated acid (95-98%, Sigma-Aldrich,
258105). The cuvette was left 10 min at room temperature,
then 10 minutes in the water bath at 25 °C. The absorbance
was read at 490 nm on a UV-vis spectrophotometer (UV-2550,
Shimadzu) instrument. Glucose (Acros Organics, 410955000)
diluted in MilliQ water to concentration between 0.1 and 100
mg L' were used as a calibration curve to allow an
approximate quantification.

sulfuric

2.4 Chlorination experiments

20 mL beakers were soaked overnight in a 200 mg L™
sodium hypochlorite solution (Reactolab SA, Vaud,
Switzerland) to remove chlorine demand. A working solution
of sodium hypochlorite at a concentration between 2 and 4
mg L™ free chlorine was prepared in 1 mM phosphate buffer.
Before the experiment, the beakers were rinsed twice with
MilliQ water and once with the working solution. They were
then filled with 12.5 mL of the working solution and spiked
with an enterovirus solution containing all eight genotypes to
a concentration of approximately 1.1 x 10° MPN mL™" per
genotype. Two different enterovirus solutions were used for
spiking: one solution consisted only of viruses in PBS, and
the second solution contained viruses in 1:1 PBS:EPS
concentrate (pH adjusted to 7.4), for a final polysaccharide
concentration of about 625 mg L™". This latter matrix served
to simulate the effect of activated sludge-derived EPS on the
downstream chlorination process. Both PBS-free and PBS-
containing enterovirus solutions were prepared in in
triplicate, were incubated for 2 hours at room temperature,
and were then spiked into separate reactors containing the
chlorine working solution. Aliquots of 500 pL were taken
after 10, 30, 45, 70 and 120 seconds and collected in a tube
containing 5 pL of 5000 mg L™" sodium thiosulfate (Sigma-
Aldrich, Germany) to quench residual chlorine. The free
chlorine in the reactor was measured prior and at the end of
the experiment to estimate the exposure, using DPD Free

1624 | Environ. Sci.: Water Res. Technol., 2023, 9, 1620-1633
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Chlorine Reagent, Swiftest™ and DR300 pocket colorimeter
(Hach Company, Loveland, CO). The chlorine dose (CT; mg
min L") was calculated as the integral of free chlorine
concentration over time of exposure, assuming a first-order
decay of free chlorine concentration between the start and
the end of the run. The initial concentration of chlorine had
to be higher when the virus was in the EPS matrix, to
compensate for the decrease in chlorine caused by the EPS
matrix. Concentrations during each run are presented in
Table S4.f We cannot exclude the formation of combined
chlorine resulting from the reaction of free chlorine with
ammonia residues in EPS. However, because combined
chlorine it is much less efficient at inactivating enteroviruses
than free chlorine,”® we here neglected its contribution to
inactivation.

2.5 Data analysis

Statistical analyses were performed in R using the packages
stats®® and the segmented package.’” To determine the
enterovirus decay rate constants in activated sludge, a
segmented linear regression was fitted to In-transformed
decay curves of both solids and sludge using the segmented
function from the segmented package, in order to determine
the bending point of the curve. A linear regression was then
fitted to the first segment, and the negative of the slope
corresponded to the decay rate constant k(solids) (h™") or
k(supernatant) (h™) (eqn (1) and (2)).

E _ efk(supernatant)Xt [1]
Co
£ _ eka(solids)Xt (2)
Co

Here C is the concentration of infectious virus at time ¢ and
C, is the concentration of infectious virus at ¢ = 0. A one-way
ANCOVA (a = 0.05) was run for supernatant and solids
separately using the aov function, to determine if the values
of k for the eight genotypes were significantly different. If a
significant effect of genotype was found, a post hoc analysis
(o = 0.05) was then performed using the TuckeyHSD (a = 0.05)
function to determine which pairs of genotypes had
significantly different values of k.

To determine if the inactivation by free chlorine differed
depending on the genotypes, a one-way ANOVA (a = 0.05) was
run, on each disinfection dose separately, using the aov
function in R. It was then followed by a genotypes
comparison using the TukeyHSD (« = 0.05) function. To
determine if the addition of EPS had a significant effect on
the decay rates, we first fitted the In-transformed decay
curves to a Chick-Watson model (eqn (3)).

E _ e—k(chlorine)[HOCl]Xt [3)
Co

Here k is the inactivation rate constant (mg ' min™' L) and

[HOCI] is the free chlorine concentration (mg L™'). The model

This journal is © The Royal Society of Chemistry 2023
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was fitted when at least one disinfectant dose resulted in
quantifiable virus in both PBS and EPS matrices. Then, an
ANCOVA analysis (o = 0.05) was performed on the decay
curves using the aov function in R

2.6 Data availability

Data will be made available on Zenodo upon acceptance of
the manuscript.

3. Results

3.1 Inactivation kinetics of different enterovirus genotypes in
activated sludge reactors

The infectious concentration of each genotype was monitored
in the supernatant and in the solid fractions of activated
sludge (sludge 1) over 68 hours (Fig. 2). Our results indicate
that the inactivation was faster in the supernatant than in
the solids of this sludge. In the supernatant, all genotypes
decayed below the LOQ within 21 hours. In the solids,
infectious viruses were still detected for all genotypes except
CVA9 and E30 after 68 hours. The observed decay could not
be attributed to thermal inactivation, because all genotypes
remained stable in sterile PBS (Fig. S57).

In the supernatant, statistical analysis determined that the
decay kinetics of the different genotypes varied (p < 0.001)
and post-hoc analysis determined that the decays of CVA9
and CVB2 were significantly different from all other
genotypes (Table S2t). CVA9 was reduced the fastest, with a 1
log;o reduction in 30 min or less and CVB2 was among the
fastest reduced, with a 1log;, reduction in less than 2.5
hours. Although CVB1 was reduced faster than CVB2, its
decay rate was only statistically different from CVA9 and E25,
probably due to the fact that only data up to 30 min were
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used in the linear regression of CVB1 (Table S57). In the
solids, infectivity loss followed two phase kinetics, with a
rapid initial decay, followed by a later, slower one. A
comparison of the initial decay phase (k values reported in
Table 1) revealed that the decay kinetics
significantly different across genotypes (p = 0.38), despite an
important difference in k value between CVA9 and the rest of
genotypes. Again the lack of statistical significance likely
results from the limited number of measurable data points
for CVA9 in solids (Table S57).

were not

3.2 Variability in virus decay among different sludge samples

To determine if the extent of infectivity loss and the observed
differences among genotypes were generalizable across
sludge samples, we analyzed virus removal in two additional
batches of sludge. The inactivation of each genotype after 45
hours in the supernatant and solid fractions is shown in
Fig. 3A and B respectively, for all three activated sludge
samples tested (sludge 1, sludge 2, sludge 3). In the
supernatant (Fig. 3A), the three sludges exhibited variability
in the magnitude of infectivity loss across sludges, with most
genotypes in sludges 1 and 2 decaying below the LOQ within
45 h. In contrast, most genotypes retained quantifiable
infectious concentrations in the supernatant of sludge 3 and
displayed a wide range of infectivity loss. CVA9 was readily
removed from the supernatant (>2.81log;,), while E30 was the
most stable (<0.810g;o). In the supernatant of sludge 2, E25
was the least removed (<1.5log;,) and was the only genotype
that remained quantifiable after 45 h.

In the solid fraction (Fig. 3B), infectious concentrations of
most genotypes were still measurable after 45 hours. Virus
decay in the solid fraction ranged from 0.3 to >2.6log;, in
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Fig. 2 Inactivation curves of the different enterovirus genotypes in supernatant and solid fractions of sludge 1. Lines indicate linear regression

curve on the first segment of the decay curve. Red stars indicate values below the limit of quantification.
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Table 1 Decay rate constants k (+95% confidence intervals) measured by ICC-RTqPCR in the supernatant and solid fractions of activated sludge (sludge
1), along with the calculated time to reach 1log;o reduction in infectious virus titer

Hours to reach

Hours to reach

Genotype k(supernatant) (h™) £95% CI 1log;, reduction k(solids) (h™) +95% CI 1log;, reduction
CVA9 7.1 4.2 0.3 4.8 3.7 0.5
CVB1 2.4 4.3 0.9 0.1 0.0 10
CVB2 1.0 0.1 2.5 0.1 0.1 10
CVB3 0.3 0.3 10 0.1 0.0 10
CVB4 0.5 0.1 5 0.2 0.1 10
CVB5 0.4 0.2 5 0.2 0.0 10
E25 0.4 0.1 5 0.1 0.1 10
E30 0.7 3.7 3.3 0.1 0.4 33.3
upernatant
logo
Sludge1 Sludge 2 Sludge 3 Sludge 1 Sludge 2  Sludge 3 infectivity loss
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CcvB1

CvB2

CcvB3

Genotype
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Fig. 3 heat map of infectivity loss of each genotype in three different activated sludge sample in (A) supernatant and (B) solids fraction after 45
hours. Each combination of genotype and sludge was tested in three replicates. White stars indicate that samples at 45 h were below the LOQ; the
extent of inactivation was therefore determined based on the LOQ and hence indicates the minimal extent of inactivation in a sample.

sludge 1, from 1.2 to >2.31og;, in sludge 2 and from 0.6 log;,
to >2.8log;, in sludge 3. CVA9 was readily removed in the
solids of all sludges, while E25 was among the least removed.
CVB5 was consistently well removed compared to the other
genotypes (except CVA9), whereas the other genotypes
exhibited variable relative removal across the three sludge
samples. For example, E30 was the least removed in sludge 3,
but was among the most removed in sludge 2.

3.3 Mechanism of virus removal in sludge: adsorption to
solids versus microbial activity

To determine the mechanism by which activated sludge leads
to virus decay, we next investigated the contributions of

1626 | Environ. Sci.. Water Res. Technol., 2023, 9, 1620-1633

adsorption to solids and microbial activity. To this end, virus
removal was measured in the supernatant of a regular
activated sludge reactor (control), in the supernatant phase
after decanting and removal of the solids (decanted) and in
the supernatant of heat-sterilized activated sludge (sterilized)
(Fig. 1). In the decanted reactor, some microbial activity was
likely maintained, while the solid fraction and hence the
possibility for adsorption to particles was largely eliminated.
In the sterilized reactor, biological activity was likely reduced,
but the solid fraction was maintained as a site for virus
adsorption. Note that heat sterilization did not alter the
adsorption capacity of the solid fraction compared to the
regular activated sludge after 30 minutes: in a time span that
allows sufficient time for partitioning between sludge and
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supernatant while also limiting the extent of inactivation (30
min), the fraction of spiked virus found on the solids was
similar in both the control and the heat sterilized sludge
(Fig. S6AT), indicating that the amount of virus adsorbed was
similar in both reactors.

Fig. 4 illustrates the infectivity loss and reduction in
genome copies of each genotype in the supernatant fraction
after 45 hours in the different reactors. In the control reactor,
the infectious concentration of most genotypes decayed
below the LOQ, corresponding to at least 2log;, loss in
infectious titer (Fig. 4A). Simultaneously, a loss in genome
copies of up to >4log;, was observed for most genotypes
(Fig. 4B).

When the solids were removed from the reactor,
inactivation was still observed, which we attribute to either
microbial activity or chemical inactivation. However, it was
greatly reduced compared the control reactor, with most
genotypes except CVA9 experiencing around 1log;, loss in
infectivity (Fig. 4A). The reduction in genome copies was even
smaller, with a maximum loss of 0.6log and 0.5 log for CVB2
and E30 respectively (Fig. 4B). Decanting the sludge thus
leads to a partial suppression of virus decay, confirming that
solids play an important role in virus removal. This role
could either be to serve as an adsorption site for physical
removal from the supernatant, or to serve as a source of
microorganisms that facilitate virus inactivation.

To further explore the role of solids, we compared
experiments in the control reactor to those in heat-sterilized
sludge. In the sterilized sludge, infectivity loss was again
greatly reduced compared to the control reactor (Fig. 4A).
Nevertheless, a residual decay in infectious viruses was
observed, ranging from 0.7log;, for E30 to >2.2log;, for
CVA9 (Fig. 4A). Furthermore, the genome copies of all
genotypes were almost fully recovered in the supernatant
after 45 h (Fig. 4B). Only approximately 10% of the spiked
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virus were adsorbed to the solids, and this fraction remained
stable over the course of the experiment (Fig. S6t). This latter
finding indicates that irreversible adsorption of viral particles
to the solids is not an important mechanism contributing to
the observed virus removal in our experimental system.
Instead, as only microbially active solids cause substantial
inactivation, the role of solids is likely to serve as a source of
microorganisms. The slight inactivation observed in sterilized
sludge may then stem from residual microbial or enzymatic
activity retained in the solid after heat treatment, or from
chemical inactivation by solution components of activated
sludge supernatant.

3.4 Inactivation of different enterovirus genotypes by
chlorination

Finally, we assessed how chlorination affects the fate of
different enterovirus genotypes. Exposure of the enterovirus
population to chlorine resulted in a broad range of responses
from the different genotypes (Fig. 5, black dots, Table 2). At a
CT of 0.3 mg min L', E30 was inactivated below the LOQ
with around 2 log,, inactivation, while CVB3 and CVB5 were
inactivated by less than 0.5log;,. Statistical analysis
determined that there were three groups of genotypes that
had significantly different degrees of inactivation across
groups but not within the group (Table S61). CVB3, CVB5 and
E25 were reduced the slowest; CVA9, CVB2 and CVB4
exhibited intermediate inactivation; and inactivation of E30
was most significantly faster than all the other genotypes. At
a CT of 1 mg min L™, only CVB3 and CVB5 could still be
quantified by ICC-RTqPCR with between 1.1 and 1.4log;,
inactivation, while all other genotypes were below the LOQ.
CVB3 and CVB5 were both found to have significantly
different inactivation than all other genotypes, except each
other. It should be noted that the CVB3 primers are not fully

Supernatan

[

Sludge
g £ D Control
E P O = =! O @ Sterilized
B Decanted
&) N YV ] ™ 2] \o) Q
YR R R R R D
&P f & ¢

(A) infectivity loss (C/Cp) and (B) reduction in genome copies (N/Ng) of each enterovirus genotype in the supernatant of activated sludge

(white squares), heat-sterilized activated sludge (black dots), and decanted sludge without solids (grey triangles) after 45 hours.
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Fig. 5 Inactivation kinetics of each enterovirus genotype exposed to free chlorine with and without pre-exposure to activated sludge-derived EPS.

Grey dotted lines indicate linear regression for the EPS-exposed enteroviruses, while black dotted lines indicate linear regression for the PBS only-
exposed enteroviruses. Note that CVB1 did not yield measurable results in this experiment.

Table 2 Log inactivation and 95% confidence interval of each genotype for different free chlorine exposure

CT = 0.3 mg min L™

CT =1 mg min L™

Log;, inactivation

Log;, inactivation

Genotype (number of observations) Lower 95% CI Upper 95% CI (number of observations) Lower 95% CI Upper 95% CI
CVA9 1.1 (n=3) 0.9 1.3 >2 (n = 3) 1.8 2.2
CVB2 1.3 (n=3) 1.2 1.4 >2.2 (n=3) 2 2.4
CVB3 0.3 (n=3) 0.2 0.4 1.3 (n=3) 1.2 1.4
CVB4 1.1 (n=3) 1.0 1.2 >2 (n=3) 1.9 2.1
CVB5 0.3 (n=3) 0.2 0.4 1.2 (n=3) 1.1 1.3
E25 0.6 (n=3) 0.3 1.1 >1.8 (n = 3) 1.6 2.1
E30 >2 (n=3) 1.9 2.0 >2 (n=3) 1.9 2.0

selective and also measure CVB5, albeit at a much lower
efficiency.”® We that the
inactivation results for CVB3 were influenced by the presence

can therefore not exclude
of CVB5, in particular if CVB5 was present at a much higher
infectious concentration.

3.4.1 Effect of EPS addition on chlorination kinetics. To
simulate the effect of activated sludge treatment prior to

chlorination, we then evaluated the effect of virus exposure

to activated sludge-derived EPS prior to chlorination. Only
three genotypes (CVB3, CVB5 and E25) yielded quantifiable
data by ICC-RTqPCR. For these three genotypes inactivation
by chlorine was reduced in the presence of soluble EPS,
though the effect was not statistically significant for CVB3
(p-value = 0.05). Statistical analysis indicated a significant
difference between PBS and EPS k values for CVB5 and E25,
as shown in Table 3.

Table 3 Rate constants k (mg™ min™ L) for the inactivation of enterovirus genotypes by chlorine, in the presence or absence of EPS supplemented
matrix. Rate constants were determined based on eqn (3), and p values stem from an ANCOVA analysis to determine the effect of EPS addition on virus
inactivation. The rate constants and comparison are provided for the genotypes for which at least two disinfectant doses resulted in quantifiable virus

PBS EPS Pvalue
Genotype k (number of observations) 95% CI k (number of observations) 95% CI ANCOVA
CVB3 31(n=9) 0.1 2.2 (n=9) 0.3 0.08
CVB5 2.7 (n=9) 0.1 2.0 (n=9) 0.2 0.05
E25 41(n=9) 0.4 2.3 (n=9) 0.3 <0.01
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4. Discussion

In this work, we investigated the effect of activated sludge
treatment and chlorination on eight commonly encountered
enterovirus genotypes. The variability of viral decay among
genotypes and across sludge samples, and the mechanisms
of decay in activated sludge are discussed here, as well as the
variability of responses to chlorination.

Genotype-dependence of virus decay during activated sludge
treatment

Inactivation occurred both in the supernatant and in the
solid fraction, and the relative degree of inactivation in each
fraction was dependent on the activated sludge sample
(Fig. 2, 3 and S7f). In all sludge samples tested, most
enteroviruses retained infectivity for 45 hours (Fig. 3),
suggesting that solids may be a source of infectious virus,
either by resuspension into the supernatant or when used in
land application. The overall extent of infectivity loss after 45
hours is sludge dependent (Fig. 3), as is the difference in
decay observed among genotypes. Nevertheless, some
consistent patterns can be identified. Sludge treatment will
likely lead to a depletion of the enterovirus population in
CVA9, CVB1, and CVB2 which were removed more readily
than the other genotypes in the supernatant of both sludge 1
and 3, and were also removed below the LOQ in sludge 2
(Fig. 3 and Table 1). Furthermore, the enterovirus population
will be enriched in E25, since it was among the least removed
in sludges 1 and 2, and relatively stable in sludge 3. CVB3,
CVB4 and CVB5 were also among the most stable in sludge 1
(Table 1) and sludge 3 (Fig. 3), though their relative stability
could not be assessed in sludge 2.

Potential drivers of variability in virus decay among sludge
samples

The variability in virus decay among the three sludge samples
is likely linked to differences in sludge characteristics,
though it is not clear which sludge parameter drives the
observed differences. A potential contributor of virus decay is
TSS, because sludge with higher TSS offers more surface area
for virus removal by adsorption. In this study, the TSS in all
sludge samples used was within the lower range of typical
activated sludge reactors (Table S3t). Counter-intuitively, the
highest TSS concentration (sludge sample 3) was associated
with a low overall virus decay in the supernatant (Fig. 3),
suggesting that TSS is not an important driver virus decay.
Instead, microbial processes exerted by the sludge may
exhibit a greater influence on virus stability. In this work,
sludges 1 and 2 appeared to display nitrification (Fig. S4t),
while sludge sample 3 did not. This difference, however, is
also unlikely to be linked to the observed virus removal,
because previous literature suggests a minor effect of
nitrification on virus stability."”*® Alternatively, the bacterial
production of flocs may dictate virus decay. Specifically, Kim
and Unno' reported inactivation of poliovirus only occurred
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in presence of floc-forming bacteria. Floc-forming ability is
linked to secretion of EPS, which has been found to be a
place of high concentration of hydrolytic enzymes,**™*' and
may thus enhance virus inactivation. Floc production was not
addressed in this study but may be an interesting parameter
to investigate in future work.

Further work is needed to capture the full extent and
drivers of variability in virus decay among sludges. In this
respect, the current work has two important limitations.
First, we only investigated three sludges, whereas a greater
number of samples is needed to fully characterize inter-
sludge variability in virus decay. Replicate experiments with
the same sludge would furthermore allow to estimate the
intra-sludge variability in viral inactivation. And second, we
used a hydraulic retention time that was higher than in a
regular activated sludge reactor, where it is around 4-24
hours,*” with continuous feeding of the sludge. Haun et al.*’
found that hydraulic retention time and sludge retention
time had an effect on virus removal. Therefore, the extent of,
and variability in, inactivation in a real activated sludge
reactor may differ from that observed in this study.

Mechanisms of virus decay during activated sludge treatment

Our data suggests that inactivation mediated by
microorganisms in the sludge is an important cause of viral
infectivity loss in the supernatant. Virus stability was
enhanced if microbially active solids were decanted,
indicating their importance in the viral decay. Similarly, virus
stability was enhanced if solids were heat-sterilized,
confirming that only microbially active solids promote
inactivation. In contrast, adsorption to solids was a negligible
source of virus removal, since genome copies of spiked virus
could be almost fully measured in supernatant of heat-
sterilized sludge. We cannot exclude additional protective
mechanisms exerted by sludge heating, such as the lysis of
cells and resulting increase in DOC (Fig. S3T), which may
include protective EPS. Nevertheless, reducing microbial
activity, either by removing the solids or heat-sterilizing
them, coincides with higher virus stability, which suggests an
important role of microbial activity in virus removal and
inactivation by sludge. The measurement of microbial activity
under the different conditions studied herein was beyond the
scope of this study but will contribute to ascertain these
hypotheses in future experiments.

Viruses were still inactivated (though not physically
removed) in the supernatant when the sludge was heat
sterilized, though to a lesser extent than in the control. A
similar extent of inactivation was also observed after
decanting microbially active solids. This small extent of
inactivation may result from residual microbial activity in the
decanted and sterilized sludge. In addition, inactivation may
be mediated by chemical processes induced by molecules in
the supernatant. A contribution of chemical inactivation is
supported by a shift in inactivation mechanism: in
microbially active sludge, virus loss is accompanied by
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extensive loss in viral RNA (Fig. 4), indicating that both the
viral capsid and genome were readily degraded. In contrast,
in the absence of microbially active solids, the number of
genome copies remained constant, consistent with an
inactivation mechanism that mainly targets the viral capsid
while protecting the RNA from complete degradation. These
mechanisms remain to be confirmed in future work with
additional sludges.

Adsorption onto the solids has previously been described
as one of the main sources of virus removal in activated
sludge."** In contrast, here we show that compared to
microbial activity, adsorption is a negligible process in virus
decay in our experimental system. While adsorption onto the
solid fraction of the sludge did occur, and while the
concentration of enteroviruses on the solid fraction can be
important, adsorption did not explain the extent of infectivity
loss in the supernatant. Our findings are consistent with
other studies which have found that adsorption was not the
main virus removal mechanism during activated sludge
treatment.'>** However, in contrast to our findings, Kelly
et al.,"* Knowlton and Ward'* and Kim and Unno'? found no
inactivation in the supernatant after removal of solids,
indicating an absence of chemical inactivation in their
experimental system. Nevertheless, these authors reach the
same conclusion as this work that virus infectivity loss
mainly occurs in the presence of microbially active solids.
Specifically, they conclude that inactivation is due to
microbial activity, and that antiviral compounds are either
short-lived  or only when associated with
microorganisms.’® Knowlton and Ward'* furthermore found
that untreated mixed liquor suspended solids caused
inactivation of poliovirus 1 and release of its RNA, which is
consistent with our observations that enterovirus inactivation
resulted in RNA degradation (Fig. 4).

active

Variability of responses to chlorination

Similar to activated sludge treatment, we found that
enterovirus  genotypes exhibited a wide range of
susceptibilities to free chlorine disinfection. Among the
genotypes studied, E30 was the most chlorine susceptible,
and CVB5 and CVB3 the most stable. Torii et al,** who
compared the chlorine sensitivities of CVB3, CVB4 and CVB5
also found CVB5 to be the most chlorine resistant, and
Meister et al.>® found that among environmental strains of
CVB, CVB5 and CVB1 were more resistant to free chlorine
than CVB4.

We furthermore found that the presence of EPS was
protective against chlorine treatment for CVB3, CVB5, and
E25, although not significantly so for CVB3. This protection
was provided by polysaccharide extracted from wet sludge at
a concentration of 625 mg L' glucose equivalent. For the
other genotypes tested, inactivation in the presence of EPS
remained sufficiently rapid that they readily decayed below
the LOQ, and we could therefore not determine if there was a
protective effect. Waldman et al’' found substantial
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protection of E30 from chlorination provided by commercial
lipopolysaccharides and peptidoglycans at a concentration of
1000 mg L. Our experiment was in the same concentration
range, but with unknown composition of the polysaccharides,
and possible uncertainty in the polysaccharide concentration
estimation.>® The protection was less pronounced than that
observed by Waldman et al.,*" though the EPS used herein is
likely more representative of the composition and
concentration of EPS in sewage. Some protection to
chlorination may be provided by attachment of enteroviruses
to polysaccharides from the activated sludge, and
consequently higher chlorine doses may be required to
achieve the targeted extent of inactivation. Finally, the extent
of protection will likely differ between, as shown by Waldman
et al.,” and as we see here with E25 that seems to get more
protection than CVB5 and CVB3, though it would require
further investigation to confirm it.

Shifts in enterovirus population composition by sequential
treatment by activated sludge and chlorine

Overall, our results demonstrate that not only the enterovirus
load, but also the population composition will change in a
sewage treatment train that includes activated sludge and
chlorination. This shaping of the population is illustrated in
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Fig. 6 Simulation of the change in composition of an enterovirus
population subjected to activated sludge treatment followed by
chlorination. The initial population is assumed to consist of all eight
genotypes studied at equal concentrations. Inactivation rate constants
from the supernatant of sludge 1 (Table 1) were used to estimate the
decay in infectious virus concentrations after 6 hours exposure to the
sludge. Inactivation values listed in Table 2 were used to estimate titer
reductions during chlorination. Since no data was collected for
inactivation of CVB1 by free chlorine, the same inactivation as CVB5
was used, as Meister et al.?®> and Liu and McGowan'® found similar
inactivation by free chlorine for both genotypes. To evaluate the
protection provided by EPS, inactivation at 0.3 and 1 mg min L™ were
estimated for CVB3, CVB5 and E25 based on the k values in EPS matrix
(Table 3).
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Fig. 6, which visualizes how these treatment processes affect
the relative genotype abundance in a hypothetical enterovirus
population with equal starting concentrations. Hereby, we
assume a hydraulic residence time of 6 hours in the sludge
with the decay rates observed in sludge 1 supernatant
(k(supernatant)), and a chlorine residual of 0.3 mg min L. It
is evident that CVA9 and CVB1 were readily depleted in
activated sludge, while E25 is enriched. CVB3, CVB4 and
CVB5, which have medium sensitivity to activated sludge
treatment, also remain prevalent in the effluent. The
prevalence of CVB3, CVB5 and E25 in the effluent was then
further enhanced during chemical disinfection, due to their
relative resistance to chlorine treatment, in particular in the
presence of protective EPS. We emphasize that the
population shifts shown in Fig. 6 may differ between sludges
and treatment systems.

A shift in composition may affect the susceptibility of the
overall enterovirus population to both wastewater treatment
and natural virus decay. While the load of enteroviruses in
wastewater continues to decrease during treatment, the
different unit processes continuously select for the most
resistant phenotypes (here CVB3, CVB5 and E25; Fig. 6),
which may lead to decreasing success in virus removal over
the course of the treatment. The final enterovirus population
in the wastewater effluent is then enriched in resistant
genotypes, which ultimately become released into the
environment. Treatment resistance has previously found to
be associated with environmental persistence,”” such that
genotypes released from wastewater treatment plants can be
expected to also better withstand natural stressors than
treatment-susceptible  genotypes. Knowledge of such
population shifts are important to identify the most critical
serotypes to focus on with respect to assessment of public
health risks arising from wastewater discharge.

While our findings for enteroviruses cannot be directly
generalized to other virus families, similar population shifts
may occur in other virus families of common enteric viruses
containing multiple genotypes or genogroups, such as
rotavirus, norovirus, adenovirus. Future studies should
address the population dynamics of these other virus
populations, to identify resistant genotypes or genogroups to
focus on during wastewater treatment and environmental
risk assessment.

5. Conclusion

This study investigated the decay of eight ubiquitous
enterovirus genotypes during exposure to three different
activated sludge samples, and found that microbial
inactivation is the main driver of infectivity loss. To a lesser
degree, viruses also underwent chemical inactivation, while
adsorption to the solids was found to be a negligible
contributor to virus removal. The extent of inactivation varied
among genotypes and activated sludge samples. Overall, our
results suggest that effluent of activated sludge will be depleted
in CVA9 and CVB1, while E25 will be prevalent, along with
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CVB3, CVB4 and CVB5. CVB5 and CVB3, and to a lesser extent
E25, were also less susceptible to chlorination compared to the
other genotypes, such that they are further enriched in the final
effluent. Activated sludge-derived EPS provided them further
protection against chlorination, suggesting that activated
sludge treatment prior to chlorination reduces the disinfection
outcome for these viruses. Taken across the whole sewage
treatment process, CVB3, CVB5 and E25 emerged as suitable
indicators to monitor virus control.
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