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This study examined the inactivation of human norovirus (HuNoV) GI.1
and GII.4 by chlorine under conditions mimicking sewage treatment. Using a porcine
gastric mucin-magnetic bead (PGM-MB) assay, no statistically signiﬁcant loss in HuNoV
binding (inactivation) was observed for secondary efﬂuent treatments of ⱕ25 ppm
total chlorine; for both strains, 50 and 100 ppm treatments resulted in ⱕ0.8-log10
unit and ⱖ3.9-log10 unit reductions, respectively. Treatments of 10, 25, 50, and 100
ppm chlorine inactivated 0.31, 1.35, ⬎5, and ⬎5 log10 units, respectively, of the norovirus indicator MS2 bacteriophage. Evaluation of treatment time indicated that the
vast majority of MS2 and HuNoV inactivation occurred in the ﬁrst 5 min for 0.2-mﬁltered, prechlorinated secondary efﬂuent. Free chlorine measurements of secondary efﬂuent seeded with MS2 and HuNoV demonstrated substantial oxidative burdens. With
25, 50, and 100 ppm treatments, free chlorine levels after 5 min of exposure ranged
from 0.21 to 0.58 ppm, from 0.28 to 16.7 ppm, and from 11.6 to 53 ppm, respectively.
At chlorine treatment levels of ⬎50 ppm, statistically signiﬁcant differences were observed between reductions for PGM-MB-bound HuNoV (potentially infectious) particles
and those for unbound (noninfectious) HuNoV particles or total norovirus particles.
While results suggested that MS2 and HuNoV (measured as PGM-MB binding) behave
similarly, although not identically, both have limited susceptibility to chlorine treatments
of ⱕ25 ppm total chlorine. Since sewage treatment is performed at ⱕ25 ppm total
chlorine, targeting free chlorine levels of 0.5 to 1.0 ppm, these results suggest that traditional chlorine-based sewage treatment does not inactivate HuNoV efﬁciently.
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IMPORTANCE HuNoV is ubiquitous in sewage. A receptor binding assay was used to

assess inactivation of HuNoV by chlorine-based sewage treatment, given that the virus cannot be routinely propagated in vitro. Results reported here indicate that chlorine treatment of sewage is not effective for inactivating HuNoV unless chlorine levels are above those routinely used for sewage treatment.
KEYWORDS GI.1 norovirus, GII.4 norovirus, MS2 bacteriophage, chlorine, sewage

treatment

H

uman norovirus (HuNoV) causes a high incidence of person-to-person-, foodborne-,
and waterborne-transmitted illness worldwide. Published estimates indicate that
approximately 23 million illnesses per annum occur in the United States, and HuNoV is
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the most common cause of foodborne illnesses in the United States (1). It is evident
that a great deal of HuNoV enters sewage treatment facilities (2, 3), given the high
frequency of HuNoV-related illnesses, with an estimated shedding period of ⱖ4 wk
during infection and virion shedding at levels as high as 109 virions/g of stool (4).
HuNoV is commonly found in sewage (5–9). Typical assessments of sewage treatment
are based on reductions of fecal indicator coliforms rather than fecal viruses, which
probably overestimates the microbiological safety of the water from a virological
perspective (10, 11). Given that considerable amounts of HuNoV enter sewage treatment facilities, key questions to answer are as follows. (i) What fraction of HuNoV is
inactivated by chlorine treatment? (ii) How is inactivation inﬂuenced by chlorine
contact time? (iii) How is inactivation inﬂuenced by reduced chlorine treatment concentrations necessitated by high facility inﬂows, which are often a response to heavy
precipitation events? The research described here was developed to provide insights
into these questions.
HuNoVs are nonenveloped, which is a feature that makes them difﬁcult to inactivate
and environmentally resilient. Exactly how resilient these strains are has been difﬁcult
to determine, since HuNoVs cannot be reliably and reproducibly propagated in vitro
(12–14). Some human volunteer studies have been performed, but the speciﬁc treatments that are required to chemically or thermally inactivate HuNoVs are largely
unknown or uncharacterized. Estimates of HuNoV inactivation have relied on measurements of total virus (the sum of detectable infectious and noninfectious particles),
propagable HuNoV research surrogates such as murine norovirus or Tulane virus, or
other robust nonenveloped viruses, such as hepatitis A virus or male-speciﬁc coliphage
(MSC).
Because HuNoV is currently very difﬁcult to propagate, the principal means of
detection for this virus are nucleic acid ampliﬁcation techniques, such as reverse
transcription (RT)-quantitative PCR (qPCR). This may result in false-positive test results,
as detection of HuNoV RNA does not necessarily indicate that the virus particle was
infectious, although some RT-PCR assays have been designed to assess RNA damage as
an indicator of virus inactivation (15, 16). An alternative method, termed the porcine
gastric mucin-magnetic bead (PGM-MB) binding assay, in combination with RT-qPCR, is
a potential means of determining inactivation (17, 18). This assay estimates the virus
capsid’s ability to bind to a porcine gastric mucin (PGM), which is chemically similar to
histo-blood group antigens in the human intestine to which the virus naturally binds
during the initiation of infection (19). Recent work with Tulane virus, a rhesus macaque
norovirus that is propagable and also binds histo-blood group antigens, supports the
premise that the PGM-MB assay can discriminate between infectious and noninfectious
virus particles (20). Research by Lou et al. (21) showed that assessments of HuNoV, after
high-pressure processing, with the PGM-MB assay and with gnotobiotic swine were
equivalent.
The PGM-MB assay was used to demonstrate that HuNoV is not damaged by
repeated freeze-thaw cycles (22) and to evaluate HuNoV’s sensitivity to chemical
sanitizers. Use of the PGM-MB assay to assess chemical inactivation has suggested that
HuNoV is somewhat resistant to some common sanitizing agents and food disinfectants, such as hydrogen peroxide and peroxide-acetic acid (PAA) mixtures, as well as
350 ppm chlorine dioxide (23). When used at relatively high concentrations, chlorine
bleach was found to inactivate HuNoVs, as judged by the PGM-MB assay. For example,
1-min treatments of a 10% human stool ﬁltrate with 33 and 189 ppm free chlorine
reduced PGM-MB binding by 1.5 and 4.1 log10 units, respectively (23). Notably, chlorinebased sewage treatment is typically performed using free chlorine levels of ⱕ1 ppm
(24, 25).
In this study, we mimic chlorine treatment of sewage, analyze the effects of total
(input) and free (residual) chlorination levels and contact times on HuNoV, and compare
the results with those for MS2 bacteriophage, which is commonly found in sewage and
is frequently used as a municipal sewage indicator (8). This work was performed by
aem.asm.org 2

Chlorine Inactivation of HuNoV

Applied and Environmental Microbiology

Downloaded from http://aem.asm.org/ on September 30, 2020 by guest

FIG 1 Comparison of reductions of bound, unbound, and total HuNoV particles after treatment with 50
ppm initial total chlorine. (A) GI.1 HuNoV. (B) GII.4 HuNoV. Amounts of PGM-MB-bound HuNoV (black
bars), unbound HuNoV (light gray bars), and total HuNoV (sampled before the PGM-MB assay) (dark gray
bars) are shown. Error bars represent standard deviations (SDs).

treating secondary efﬂuents seeded with GI.1 and GII.4 HuNoV strains or MS2 with low
levels of chlorine bleach and characterizing changes in PGM-MB binding by RT-qPCR.
RESULTS
HuNoV and MS2 reductions. The ability of chlorine to inactivate HuNoV and MS2
bacteriophage in wastewater after secondary treatment was assessed in order to mimic
chlorine sewage treatment. Initial experiments evaluated the effects of 1, 5, 10, 25, 50,
and 100 ppm total chlorine treatments for up to 60 min on GI.1 and GII.4 HuNoVs.
Results indicated that 1, 5, and 10 ppm total chlorine treatments for ⱕ60 min did not
lead to losses of the GI.1 or GII.4 HuNoV strains tested, as judged by the PGM-MB
binding-RT-qPCR assay (data not shown). Instead, we observed a slight enhancement of
PGM-MB binding at these levels of chlorine exposure, which was not signiﬁcant; the
reasons for this are unknown. For 25 ppm total chlorine treatments of GI.1 and GII.4,
reduction of PGM-MB binding was not statistically signiﬁcant (data not shown). For 50
ppm treatments, HuNoV binding reduction across all contact times averaged 0.4 ⫾ 0.1
and 0.8 ⫾ 0.1 log10 units for GI.1 and GII.4, respectively (Fig. 1A and B). For 100 ppm
December 2017 Volume 83 Issue 23 e01270-17
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FIG 2 Effects of chlorine treatments on GI.1 HuNoV (A), GII.4 HuNoV (B), and MS2 bacteriophage (C).
HuNoV or MS2 seeded in 0.2-m-ﬁltered secondary efﬂuent was exposed to initial total chlorine levels
of 25 (black bars), 50 (light gray bars), or 100 ppm (dark gray bars) for periods ranging from 0 to 60 min.
Reductions of HuNoV were based on loss of PGM-MB-binding ability, and MS2 was assessed by plaque
formation. Error bars represent SDs.

treatments, average binding reductions of 4.5 ⫾ 0.5 and 3.9 ⫾ 0.5 log10 units were
observed for GI.1 and GII.4, respectively. The data for 25, 50, and 100 ppm treatments
as a function of contact time are illustrated in Fig. 2A and B.
For bacteriophage seeded into secondary efﬂuent (Prechlor), the inactivation of MS2
by chlorine treatment was assessed by plaque assay. Treatment with 1 and 5 ppm total
chlorine levels had no discernible inactivation effect on MS2 (data not shown). However, plaque reductions of 0.3 ⫾ 0.1 and 1.4 ⫾ 0.2 log10 units were observed for 60-min
treatments with 10 and 25 ppm chlorine, respectively, and 50 and 100 ppm total
chlorine treatments reduced MS2 to undetectable levels (⬎5 log10 units) (Fig. 2C).
Inﬂuence of contact time. Results from the PGM-MB binding assays with GI.1 and
GII.4 indicated that the greatest reduction of PGM binding occurred upon initial contact
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with chlorine, rather than gradually over the 60-min time course, speciﬁcally since the
5-min reductions were similar to the 60-min reductions observed for total chlorine
treatments of 25, 50, and 100 ppm (Fig. 2A and B). Mimicking the results observed for
HuNoV, the MS2 plaque assay results indicated that most plaque reduction with 25, 50,
and 100 ppm total chlorine treatments occurred within the ﬁrst 5 min of treatment
(Fig. 2C).
Chlorine rapidly reacts with available organic compounds, ammonia, and sulfur ions
in solution (25). Thus, there is an oxidative chlorine burden that can substantially
reduce effectiveness in different solutions and substrates. After the chlorine demand
has been satisﬁed, the remaining effective chlorine is free chlorine. In order to understand how free chlorine levels were affected by the inherent organic content of
prechlorinated secondary efﬂuent (Prechlor) and further seeding with HuNoV stool and
MS2, free chlorine levels were evaluated before and after ﬁltration and after mixing with
GI.1 and GII.4 norovirus stool stocks or MS2 stocks. Free chlorine levels for total chlorine
treatments are shown in Fig. 3A to C. For the 25 ppm total chlorine treatment, free
chlorine levels were generally minimal, measuring 0.21 to 0.58 ppm after 60 min (Fig.
3A). Samples treated with 50 ppm total chlorine yielded higher free chlorine levels after
60 min of contact with Prechlor, ranging from 0.28 to 16.7 ppm (Fig. 3B). Additionally,
the amount of free chlorine with 60-min 100 ppm treatments increased substantially,
compared to the 50 ppm treatments, ranging from 11.6 to 53 ppm (Fig. 3C). Thus,
measurements of free chlorine levels suggested that, until the initial treatments exceeded 25 ppm, most of the initial chlorine was rapidly lost due to the high chlorine
demand and organic content of Prechlor sewage. It is noteworthy that free chlorine levels
of spiked Prechlor samples were substantially different; measured free chlorine levels
indicated that different stool sources from the GI.1 and GII.4 stocks inﬂuenced the
oxidative chlorine burden somewhat differently. Interestingly, Prechlor samples seeded
with the GII.4 stool reduced free chlorine levels substantially more than those seeded
with the GI.1 stool.
To evaluate the effects of ﬁltration and seeding on the chlorine demand, free
chlorine levels were evaluated in unﬁltered Prechlor, 0.2-m-ﬁltered Prechlor, and GI.1-,
GII.4-, and MS2-seeded Prechlor samples. As noted previously, analysis of chlorine
concentrations indicated that most chlorine was rapidly lost during initial contact with
Prechlor and residual free chlorine levels generally remained similar throughout the
60-min period (Fig. 3A to C). One exception was unﬁltered Prechlor, which presumably
had larger fecal particles present; when samples were treated at 25 ppm, the free
chlorine level was initially 1.6 ppm but gradually declined to 0.24 ppm over 60 min
(Fig. 3A).
HuNoV reductions assessed by detection of RNA alone (without PGM-MB
binding). We examined the impact of chlorine treatments, as measured with RT-qPCR,
on all HuNoV particles before the PGM-MB assay and on the population of HuNoV
particles that did not bind during the PGM-MB assay, and we compared these data with
the data obtained for PGM-MB-bound HuNoV. These data can potentially provide
insights into the mechanism of chlorine disinfection, as well as information regarding
whether RT-qPCR data alone can provide an accurate description of the impact of
chlorine treatment.
For HuNoV GI.1 after chlorine treatment but prior to interaction with PGM-MBs, the
average log reductions across all contact times were 0.02 ⫾ 0.08, 0.2 ⫾ 0.2, and 4.2 ⫾
0.84 log10 units after 25, 50, and 100 ppm total chlorine treatments, respectively. For
GII.4 after chlorine treatment but prior to interaction with PGM-MBs, the mean log
reductions across all contact times were 0.3 ⫾ 0.3, 0.4 ⫾ 0.1, and 4.4 ⫾ 0.3 log10 units
after treatments of 25, 50, and 100 ppm total chlorine, respectively. Overall log
reductions of unbound HuNoV particles were not statistically different from those of
total HuNoV particles, since the amount bound was a limited fraction of the total
HuNoV present. However, the log reductions of bound HuNoV after 50 ppm total
chlorine treatment were signiﬁcantly larger (P values of ⱕ0.05 for all times) than those
of total HuNoV prior to the binding assay. Statistical differences between bound HuNoV
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FIG 3 Evolution of free chlorine levels after initial chlorine treatment. Free chlorine levels observed after
total chlorine treatments of 25 ppm (A), 50 ppm (B), and 100 ppm (C) for raw secondary sewage efﬂuent
(light gray bars), 0.2-m-ﬁltered secondary efﬂuent (light gray hatched bars), 0.2-m-ﬁltered secondary
efﬂuent seeded with GI.1 HuNoV (crosshatched bars), 0.2-m-ﬁltered secondary efﬂuent seeded with
GII.4 HuNoV (dark gray bars), and 0.2-m-ﬁltered secondary efﬂuent seeded with MS2 (dark gray hatched
bars) were assessed as a function of time (0 to 60 min).

and total HuNoV were not observed for the 100 ppm total chlorine treatment, with
which all levels were substantially reduced, or for ⱕ25 ppm total chlorine treatments,
for which only small log reductions were observed.
While MS2 viability was reduced by 0.31 and 1.35 log10 units after treatment with 10
and 25 ppm total chlorine, respectively, an effect of chlorine on RT-qPCR detection of
MS2 bacteriophage RNA was also noted. Compared to untreated samples, 10 and 25
ppm total chlorine treatments somewhat reduced the amounts of ampliﬁable RNA; the
RT-qPCR threshold cycle (CT) values increased by 1.0 and 2.3 cycles, respectively. Log10
December 2017 Volume 83 Issue 23 e01270-17
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for standard curve determinations. Treatments with 50 and 100 ppm total chlorine were
observed to render MS2 RNA undetectable by RT-qPCR.
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DISCUSSION
The principal goal of this study was to determine and to characterize the chlorine
inactivation of HuNoV associated with the sewage treatment process. Here, wastewater
after secondary treatment, prior to disinfection, was used to imitate actual sanitization
conditions. While treatments are reported as total chlorine levels, it is important to note
that actual or free chlorine levels are dependent on the chlorine demand of the solution
matrix, which is a function of the organic content and suspended solids, as well as
ammonia and sulﬁde levels. For this reason, free chlorine levels after treatments were
measured by colorimetry. For the two strains tested, GI.1 and GII.4, total chlorine levels
of ⱕ25 ppm did not appear to be effective against HuNoV. We found that, as judged
by PGM-MB binding and RT-qPCR assays, HuNoV was not substantially inactivated,
suggesting that typical chlorine levels and contact times used for sewage treatment are
ineffective.
The use of chlorine by sewage treatment plants is closely managed, to reduce costs.
Typical total chlorine levels used by a traditional sewage treatment plant are ⱕ25 ppm,
with targeted free chlorine levels of approximately 0.5 to 1 ppm (24, 25). Thus, it
appears that substantial inactivation of HuNoV during traditional chlorine-based sewage treatment should not be expected. The results of this study suggest that a
substantial fraction of HuNoV present in wastewater treatment plant inﬂuent may pass
through the plant without inactivation.
There are a number of caveats that must be noted regarding use of the PGM-MB
assay to assess HuNoV inactivation. Without use of an animal model, human volunteers,
or an in vitro replication system, it cannot be stated for certain that HuNoV is not
inactivated at chlorine levels of ⱕ25 ppm and contact times of ⱕ60 min, which are
typically used for sewage treatment. The PGM-MB assay is principally a measure of the
loss of the virus’ ability to interact with its receptor. Loss of binding thus reﬂects
inactivation, since a virus that cannot bind to its receptor cannot initiate infection.
However, it is possible that chlorine could cause subtle damage to capsid peptides not
involved in attachment (or to other virus proteins) that does not prevent PGM-MB
binding, possibly resulting in the PGM-MB assay underrepresenting actual inactivation.
Results indicated that, as chlorine treatment levels were increased from 25 to 50
ppm, greater loss of HuNoV binding to PGM-MB occurred, compared with the overall
reduction of total RT-qPCR counts. This suggests that, while chlorine-associated damage to the virus RNA undoubtedly occurs, virion damage is substantial enough to
inactivate HuNoV (eliminate binding) but not substantial enough to have a discernible
effect on ampliﬁcation of the genome by RT-qPCR. A caveat would be that this assumes
that damage would not be targeted to a speciﬁc location within HuNoV genomic RNA.
It is noteworthy that, for hepatitis A virus, a virus with some characteristics in common
with HuNoV, chlorine was shown to predominately damage the 5= end of the virus
genome (26). Since the HuNoV RT-qPCR primers used in this study do not amplify this
region of HuNoV, it is conceivable that chlorine damage to the HuNoV genome may not
be reﬂected in the qRT-PCR results.
Other considerations might also have inﬂuenced the results reported here. It is likely
that viruses naturally present within sewage treatment efﬂuent are largely associated
with or sequestered within suspended fecal solids. First, since levels of HuNoV higher
than those ordinarily found in sewage after secondary treatment were desirable for
testing purposes, Prechlor samples were seeded with GI.1 and GII.4 virus. HuNoV
particles are on the order of 30 nm in size. The virus used to seed the Prechlor was
ﬁltered using a ﬁlter with an average pore size of 200 nm (0.2 m), making it conceivable
that some HuNoV was sequestered within the fecal matrix, which perhaps shielded the
virus from chlorine exposure. In nonﬁltered efﬂuent, the particles are highly variable,
being as large as 100 m, with a median particle size of approximately 5 to 50 m (27).
aem.asm.org 7

Kingsley et al.

Applied and Environmental Microbiology

December 2017 Volume 83 Issue 23 e01270-17

Downloaded from http://aem.asm.org/ on September 30, 2020 by guest

Thus, ﬁltered and nonﬁltered Prechlor samples may have different proportions of
virus sequestered within fecal solids and different responses to chlorine treatment.
Indeed, for unﬁltered Prechlor, a more gradual decline of free chlorine levels was
observed, presumably because organic compounds were not immediately accessible to
chlorine. This will be an important area of further research in quantifying the efﬁcacy
of treatments.
A comparison of the free chlorine values observed when MS2 plaque reductions and
PGM-MB binding reductions become apparent suggests that MS2 bacteriophage and
GI.1 and GII.4 HuNoVs behaved similarly, although not identically, when exposed to
similar levels of free chlorine. For example, in this study, 60-min free chlorine levels
were associated with observed virus reduction. A free chlorine level of 1.4 ppm (from
50 ppm initial treatment) yielded a reduction of 0.4 ⫾ 0.3 log10 units for GI.1 HuNoV.
For the GII.4 samples treated with 25 and 50 ppm initial chlorine for 60 min, 0.21 and
0.28 ppm free chlorine were observed, respectively, and yielded PGM-MB binding
reductions of 0.3 ⫾ 0.37 log10 units and 0.8 ⫾ 0.2 log10 units, respectively. For MS2, a
60-min total chlorine treatment of 10 ppm yielded a free chlorine level of 0.27 ppm and
a corresponding plaque reduction of 0.31 ⫾ 0.12 log10 units.
Previous studies using RT-qPCR have shown that, while sewage treatment can
reduce enteric virus levels, a substantial amount of virus RNA is commonly detected
in treatment plant efﬂuent (6, 8, 10, 28). The degree to which this is representative of
infectious viruses is largely unknown, although one study on virus viability for some
propagable enteroviruses suggested that viruses in ﬁnal efﬂuents and biosolids of
wastewater treatment plants are infectious (29). Secondary wastewater treatment by
itself reduces viral loads, presumably via ﬂocculation and sedimentation of virus
particles. For example, Flannery et al. (5) reported reductions of GI and GII HuNoV levels
of ⬍1 log10 unit after secondary treatment, based on total RT-qPCR, while Kitajima et al.
(6) reported reductions of 1.7 to 2.6 log10 units for GI.1 HuNoV and 2.1 to 2.9 log10 units
for GII.4 HuNoV, as assessed by RT-qPCR. A recent meta-analysis estimated that
chlorine-based sewage treatment resulted in average reductions of 2.4 and 2.7 log10
genomic copies/liter for GI HuNoV and GII HuNoV, respectively, and 2.9 log10 PFU/liter
for MSC, although substantial variation in the performance of wastewater treatment
plants was noted (8). This meta-analysis evaluated the disinfection effects for GI and GII
HuNoVs in these wastewater treatment plants and found no statistically signiﬁcant
effects on the levels of GI and GII HuNoVs, as measured with RT-qPCR alone, and a small
effect for MSC, as measured with a plaque assay. These data are consistent with the
results of this study. Presumably, while the MS2 plaque assay is a direct and sensitive
method for assessing reductions in response to chlorine treatment, the results reported
here suggest that the RT-qPCR assay could potentially be associated with MS2 (or MSC)
plaque reductions and with HuNoV RT-qPCR results, to provide some assessment of
virus inactivation during sewage treatment.
The results presented here indicate that only limited amounts of virus are inactivated by current sewage treatment protocols. Increasing chlorine levels would ostensibly reduce HuNoV levels in wastewater efﬂuent. However, chlorine can combine with
organic compounds to generate chlorinated organic compounds, which may be a
source of environmental carcinogens (30). Also, all additional chlorine needs to be
neutralized before release into the sewage plant efﬂuent, to prevent harm to aquatic
fauna. For these reasons, wastewater chlorine treatment levels are closely managed to
minimize expenses and to comply with environmental regulations.
An early study by Keswick et al. (31), utilizing human volunteers, suggested that 1
ppm free chlorine treatment of drinking water for 30 min would not be sufﬁcient to
render HuNoV noninfectious. However, subsequent work suggested that this result was
due to the use of nonpuriﬁed, unﬁltered virus samples (15). In our study, ﬁltered
efﬂuent was spiked with frozen stocks of 0.22-m-ﬁltered HuNoV stool. Thus, our
results are consistent with those of Keswick et al. (31), since we also found that ⱕ25
ppm total chlorine was not sufﬁcient to substantially inactivate HuNoV and a measured
free chlorine level of 1.4 ppm gave reductions of GI.1 HuNoV levels of ⬍0.5 log10 units.
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In this study, chlorine treatments were performed at room temperature. Real-world
chlorine treatments are performed at different temperatures. Typically, oyster-associated
norovirus outbreaks occur in cooler seasons, since the virus is known to be more
prevalent in winter (i.e., causing winter vomiting disease). How temperature might
inﬂuence inactivation by chlorine-based sewage treatment is currently unknown. Pouillot et al. (8) found no signiﬁcant impact by month for HuNoV reductions, while the
MSC reductions were signiﬁcantly smaller than average from February to June and
signiﬁcantly larger from August to December.
With regard to MS2 inactivation, results indicate that the bacteriophage is not
substantially inactivated by traditional chlorine treatment of sewage. MSCs have been
proposed as HuNoV surrogates by food safety researchers and regulators, on the basis
of their ubiquity in community sewage efﬂuent and their similarities to HuNoVs, such
as being nonenveloped, being environmentally stable, and containing a similar-sized
RNA genome (32, 33). The results presented here suggest that MSC may be a viable
surrogate with regard to the effects of sewage and may act as an indicator of the
potential environmental presence of infectious HuNoV in estuaries.
MATERIALS AND METHODS
MS2 and HuNoV stocks. HuNoV stock 8FIIa was prepared from stool containing the GI.1 Norwalk
strain of HuNoV 8FIIa, from a volunteer study (34). GI.1 HuNoV-positive stool was suspended and diluted
1:10 in Dulbecco’s modiﬁed Eagle’s medium (DMEM) (Gibco-Thermo Fisher Scientiﬁc, Wilmington, DE),
followed by centrifugation at 12,000 ⫻ g for 20 min at 4°C. GII.4 HuNoV-positive stool was obtained from
the New Hampshire Health Department. This stool stock was diluted 1:10 in distilled water, followed by
centrifugation at 3,200 ⫻ g for 15 min at 4°C. Diluted GI.1 and GII.4 supernatant HuNoV stocks were
passed through a polyethersulfone 0.22-m ﬁlter (Nalgene, Rochester, NY), and 1-ml aliquots were stored
at ⫺80°C. Escherichia coli bacteriophage MS2 15597-B1 was obtained from the American Type Culture
Collection (ATCC) (Manassas, VA) and propagated by inoculation of E. coli HS(pFamp)R (ATCC 700891) in
growth medium for 24 to 48 h at 37°C. Growth broth consisted of 10.0 g of tryptone (Becton, Dickinson
and Co., Sparks, MD), 1.0 g of dextrose, 5.0 g of NaCl, and 1 liter of distilled water. Contents were
dissolved after mixing, autoclaved at 121°C for 15 min, and stored at 4°C until use. Bacterial cells and
debris were pelleted at 3,000 ⫻ g for 15 min, and supernatant containing MS2 bacteriophage was ﬁltered
through a 0.2-m ﬁlter and stored at 4°C prior to use.
Chlorine treatments. Chlorine (8.25% sodium hypochlorite) was obtained at a local market. Prechlor
samples were obtained from a sewage treatment plant in Mobile, Alabama, and ﬁltered through a
0.22-m ﬁlter. These were grab samples taken from the ﬁnal secondary efﬂuent just prior to disinfection.
Samples were shipped with refrigeration packs and stored at ⫺80°C prior to use. Prior to the laboratory
chlorine treatments, HuNoV and MS2 were equilibrated to room temperature.
For initial experiments, separate sewage aliquots of 1 ml for bioassays and 20 ml for chlorine analysis
were prepared; the Prechlor ﬁltrate was seeded with GI.1 or GII.4 HuNoV-infected stool stock (105
genomic copies/ml) or MS2 (106 PFU/ml) and subsequently treated for 60 min with initial chlorine
concentrations of 1, 5, 10, 25, 50, or 100 ppm, at 25°C. To address the effects of 25, 50, and 100 ppm
chlorine treatments over time, separate 1-ml bioassay samples and 20-ml chlorine analysis aliquots of
Prechlor were initially incubated for 60 min at room temperature with 105 genomic copies/ml of either
GI.1 or GII.4 or 106 PFU/ml of MS2. After equilibration to room temperature, aliquots were treated with
different chlorine concentrations and incubated at 25°C for 5, 10, 15, 30, 45, or 60 min. After chlorine
treatment, 1 M sodium thiosulfate was used to inactivate residual chlorine in the bioassay samples. All
bioassay experiments were performed in triplicate.
In separate experiments that did not assess PGM binding or HuNoV inactivation, free chlorine
concentrations of Prechlor, with or without HuNoV or MS2, were evaluated before and after 0.2-m
ﬁltration. For safety purposes and prevention of equipment contamination, HuNoV stocks were heated
to 99°C for 15 min, to inactivate the virus, and then were cooled to room temperature prior to chlorine
treatments and free chlorine measurements. Assessment of free chlorine was performed using a Hach
DR900 colorimeter (Hach Inc., Loveland, CO) and U.S. EPA DPD method 8021.
HuNoV assay. PGM-MBs were prepared as described by Tian et al. (35) and Kingsley et al. (23). A
magnetic bead attractor was used to separate the PGM-MBs from the treated virus-laden sewage and the
beads were washed three times, as described previously (23). After HuNoV was bound to the PGM-MBs,
viral RNA was extracted from viruses bound to PGM-MBs by using the Qiagen viral RNA minikit (Qiagen
Inc., Germantown, MD). Samples were immediately stored on ice pending RT-qPCR assay. The HuNoV GI
and GII primer sets and TaqMan probes used for the RT-qPCR assay were originally described by Stals
et al. (36). Preparation and performance of RT-qPCRs were also as described previously (17, 23).
Inactivation was assessed on the basis of the reduction of virions bound after treatment, compared to
untreated bound samples.
MS2 bacteriophage assay. MS2 was enumerated using a plaque assay based on the method
described by Debartolomeis and Cabelli (37). The modiﬁed double-agar overlay method assayed 100 l
of sewage in 5 ml of soft agar, seeded with 200 l of log-phase E. coli Famp host and plated in a 100-mm
petri dish containing 15 ml of bottom agar. Bottom agar contained 10 g tryptone, 1 g dextrose, 5 g NaCl,
December 2017 Volume 83 Issue 23 e01270-17
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