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ABSTRACT: Human norovirus (HuNoV) is an important cause
of acute gastroenteritis and can be transmitted by water exposures,
but its persistence in water is not well understood. Loss of HuNoV
infectivity in surface water was compared with persistence of intact
HuNoV capsids and genome segments. Surface water from a
freshwater creek was filter-sterilized, inoculated with HuNoV
(GII.4) purified from stool, and incubated at 15 or 20 °C. We
measured HuNoV infectivity via the human intestinal enteroid
system and HuNoV persistence via reverse transcription-
quantitative polymerase chain reaction assays without (genome
segment persistence) or with (intact viral capsid persistence)
enzymatic pretreatment to digest naked RNA. For infectious
HuNoV, results ranged from no significant decay to a decay rate
constant (“k”) of 2.2 day−1. In one creek water sample, genome damage was likely a dominant inactivation mechanism. In other
samples from the same creek, loss of HuNoV infectivity could not be attributed to genome damage or capsid cleavage. The range in
k and the difference in the inactivation mechanism observed in water from the same site could not be explained, but variable
constituents in the environmental matrix could have contributed. Thus, a single k may be insufficient for modeling virus inactivation
in surface waters.
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■ INTRODUCTION
Human norovirus (HuNoV) is a leading cause of acute
gastroenteritis globally1−4 and an important contributor to
recreational waterborne illness.5−8 HuNoV can be detected in
environmental water,5−7,9−13 and a recent systematic review
and meta-analysis detected HuNoV in 31.7% of global
environmental water samples (n = 9970).14 HuNoV is
exclusively measured in the environment using molecular
methods like reverse transcription-quantitative polymerase
chain reaction (RT-qPCR), which detect viral genomic RNA
(gRNA) from both noninfectious and infectious viruses.
Depending on the environmental conditions, gRNA can persist
for extended periods in environmental water.15,16 Thus, it is
uncertain what proportion of detected gRNA is from infectious
virus. The relationship between the presence of HuNoV gRNA
compared to infectious virus persistence (i.e., the amount of
time each remains detectable) is not well understood in surface
water.
Two systematic reviews have summarized the persistence of

nonenveloped and enveloped viruses in surface waters.17,18

Those reviews found that water temperature was one of the
most important factors affecting decay (i.e., the loss of virus
molecular signal) and resulting first-order decay rate constants.

At the time of those reviews, there were only two studies19,20

with available first-order decay rate constants for HuNoV
(quantified via RT-qPCR). The only other data available for
caliciviruses used murine norovirus (quantified via RT-qPCR
and/or culture methods).20−22 Since then, additional studies
have been published describing inactivation (i.e., loss of
infectious virus) of murine norovirus using cell culture (RAW-
264.7)23 and HuNoV using cell culture (human intestinal
enteroid (HIE) cells).24,25 Given the importance of norovirus
globally as an etiology of acute gastrointestinal illness, there is
an urgent need to better understand its inactivation in water.
Enteric virus inactivation in water can be affected by physical

(e.g., sunlight, temperature), chemical (e.g., pH, salinity), and
biological (e.g., predation by protozoa, bacterial activity)
factors.26,27 These factors can cause loss of virus infectivity
from damage to its genome or proteins, including capsid
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cleavage.26,28,29 For HuNoV, in particular, the loss of infectivity
is difficult and costly to assess using cell lines.30 In some
studies, molecular methods have been used to estimate viral
infectivity through whole-genome persistence (i.e., extrapolat-
ing the damage incurred by long segment(s) of the viral RNA
genome to estimate that of the whole genome) and intact viral
capsid persistence (i.e., pretreating samples to remove the
genetic material that is not shielded by a viral capsid or
capturing and concentrating intact viral capsids).29,31−38 These
methods can also provide insight into inactivation mechanisms
by comparing if the capsids were cleaved or if the genome was
destroyed over time at a comparable rate to loss of infectivity.
However, few studies have assessed HuNoV capsid and
genome damage concurrently in environmental contexts.35,37

Mechanistic studies of HuNoV inactivation in environmental
waters are needed.
To fill these knowledge gaps, we aim to measure the loss of

infectivity of HuNoV in surface water (measured by viral
replication using the HIE system), to compare the loss of
infectivity to the intact HuNoV capsid and HuNoV genome
persistence, and to assess the mechanism of inactivation for
different surface water conditions. The first-order decay rate
constants for HuNoV reported in this study are valuable
parameters for fate and transport models. This work also
provides insight into the inactivation mechanisms of HuNoV
in surface water.

■ METHODS
Overview. Laboratory microcosm experiments were

conducted to measure the loss of infectivity of HuNoV
suspended in filter-sterilized surface water from a freshwater
creek incubated at 15 and 20 °C, to compare the persistence of
infectious HuNoV to that of the intact viral capsid and HuNoV
genome, and to infer the cause of the loss of infectivity.
Experiments were conducted by adding HuNoV purified from
stool filtrates to filter-sterilized creek water, incubating the
waters in the dark at 15 and 20 °C. Filter-sterilized creek water
was used to quantify the effects of small (<0.22 μm) biotic
(e.g., enzymatic) and abiotic factors on the decay rate
constants of HuNoV. The 15 and 20 °C incubation
temperatures represent the range of annual average water
temperatures in freshwater bodies in the United States.39 The
infectivity of the virus, as well as the intact viral capsid and
HuNoV genome signal decay, was followed over time. For
simplicity, the experiments are referred to as 15-1, 15-2, 20-1,
and 20-2 to indicate the temperature of the experiment and the
replicate number (Table 1).

Preparation of HuNoV Inoculant. Human stool samples
positive for HuNoV were used to prepare HuNoV inoculants.
Briefly, each stool sample was diluted into autoclaved
phosphate-buffered saline (Fisher Scientific), sonicated to
homogenize the sample, centrifuged to remove debris, and
sequentially filtered through four filters (smallest pore size 0.2
μm) to purify the inoculant. Though we did not characterize
viral aggregates in the inoculate, sonication has been shown to
reduce virus aggregation.40 The HuNoV inoculant was stored
at −80 °C until use. The inoculant was quantified via RT-
qPCR prior to experiments. Additional details are provided in
the Supporting Information (SI).
Creek Water Collection. Surface water was obtained from

San Pedro Creek in Pacifica, CA (37.59°N, −122.5°W) using
sterile technique on three different dates during dry weather
conditions. Water was collected three times (creek water A:
July 2019, creek water B: January 2020, and creek water C:
November 2021). Raw water samples were visually clear. An
aliquot of water was filtered using 0.22 (Experiments 20-1 and
20-2) or 0.1 μm (Experiments 15-1 and 15-2) pore size filters
and stored at 4 °C until use in the experiments (between 1 and
4 months). Filtration was applied in place of other sterilization
methods, such as autoclaving, to avoid altering the biotic (e.g.,
enzymatic) and abiotic components remaining in the water.
Multiple samples of creek water were collected intentionally to
reduce the time between sample collection and use in
experiments and to include intrinsic surface water quality
variability in the experimental design.
The salinity and temperature of the raw water were

measured at the time of collection. After the sample was
transported on ice and filtered, turbidity, pH, UV−vis
absorbance, intracellular and extracellular adenosine triphos-
phate (ATP) concentrations were measured. No water quality
data were collected for one sample date, but previous research
at this site indicated stable bulk water quality characteristics
during dry weather.41 Additional details are provided in the SI.
Experimental Setup. Experiments followed the infectivity

of HuNoV, as well as the signal decay of the intact viral capsid
and RNA genome in creek water (15-1, 15-2, 20-1, and 20-2;
Table 1 and Figure S1). For all experiments, creek water was
inoculated with HuNoV GII.4 Sydney strain such that the
starting concentration was between 2.4 × 105 ± 4.3 × 104 and
7.1 × 105 ± 3.5 × 104 gene copies per mL (gc/mL) of HuNoV
(error is the standard deviation). Water samples were
aseptically divided into 1 mL aliquots and stored in the dark
at 15 °C (15-1 and 15-2) or 20 °C (20-1 and 20-2). One 1 mL
aliquot was sacrificed at each time point (Table 1); time points
were generally 7 days apart and the duration of the

Table 1. Details of Experiments Assessing the Persistence of HuNoV in Filter-sterilized Water Collected from San Pedro
Creeka

experiment temp. (°C) rep. start date (m/y)

San Pedro Creek
water collection
date (m/d/y)

filter pore
size (μm)

HuNoV
accession # time points (day) quantification methods

15-1 15 1 08/2019 07/22/2019 0.1 MK764019 0, 1, 7, 14, 21, 28 HIE assay, RT-qPCR
15-2 15 2 02/2020 01/14/2020 0.1 MK764019 0, 1, 3, 5 HIE assay, RT-qPCR, ET-RT-qPCR
20-1 20 1 01/2022 11/8/2021 0.22 OL913976 0, 1, 7 HIE assay, RT-qPCR
20-2 20 2 02/2022 11/8/2021 0.22 OL913976 0, 1, 7, 14, 21, 28 HIE assay, RT-qPCR, ET-RT-qPCR

aThe experiment name is provided in the experiment column. Remaining columns provide the temperature (temp.) at which the experiment took
place, the replicate number (Rep.), the start date of the experiment in the laboratory, the date on which the creek water was collected, the pore size
of the filter used to filter-sterilize the water, the accession # for the genome sequence of the HuNoV strain used to inoculate the experiments, the
time points at which HuNoV was quantified after inoculation (day 0), and the last column on the right provides the methods used to quantify
HuNoV.
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experiments was 5 and 28 days. Experiments 20-1 and 20-2
were each completed with replicate 1 mL aliquots at each time
point (Figure S1). At each time point, each sacrificed aliquot
was divided into two: one subaliquot was used to evaluate
HuNoV infectivity in HIE cells and the other to evaluate
HuNoV decay using five different RT-qPCR assays. Additional
details can be found in the SI.
The concentrations of one short segment of gRNA

commonly used to quantify HuNoV in the environment (89
nt, hereafter referred to as “ORF”), and four different long
segments (∼500 nt) of gRNA were measured at each time
point using RT-qPCR. The combined damage incurred by the
long genome segments was extrapolated to estimate that of the
whole genome.31 For the short-genome segment dsDNA assay,
the R2 and efficiency of the master standard curve were 0.99
and 84.3%, respectively (Table S7). Across all long genome
segment dsDNA assays used on experimental samples, the R2

and efficiency of the master standard curves ranged from 0.93
to 1 and 76.6 to 100.1%, respectively (Table S7). In two
experiments (15-2 and 20-2), RT-qPCR was completed with
samples pretreated with RNase I (Thermo Fisher Scientific;
enzyme-treated RT-qPCR; ET-RT-qPCR) to eliminate gRNA
not protected within an intact viral capsid.42−44 The details of
these methods are provided below.
Positive HuNoV stool samples were limited and so different

HuNoV stool filtrates were used for experiments 15-1 and 15-2
(accession #MK764019) and experiments 20-1 and 20-2
(accession #OL913976). Although the genomic sequences of
these HuNoV strains have 97.7% pairwise nucleotide identity
and were genotyped as GII.4 Sydney, separate RT-qPCR
assays targeting long segments of each genome had to be
designed for use with each (see details below).
HuNoV Infectivity. HuNoV infectivity was assessed via in

vitro HIE assay as previously described.25,45 Importantly, this
method uses RT-qPCR to assess viral replication in HIE cells
by comparing the increase of norovirus genomic copies at 72 h
postinfection with the genomic copies at 1 h postinfection (no
amplification). Additional details are provided in the SI.
Enzymatic Pretreatment. A subset of samples from the

experiments were subjected to enzymatic pretreatment to
digest gRNA not protected by an intact viral capsid. Two-
hundred and fifty microliters of the sample was treated with 0.1
U/μL of RNase I (Thermo Fisher) with a 30 min (20-2) or 15
min (15-2) incubation period at 37 °C, and RNA extractions
immediately followed the incubation period. The validity of
this method was tested using creek water inoculated with intact
HuNoV and naked gRNA.
RNA Extraction and cDNA Synthesis. RNA was

extracted from 200 μL aliquots of samples using a Qiagen
AllPrep DNA/RNA kit (Qiagen) without bead beating
following manufacturer specifications. The extracted RNA
was incubated with 60 μL of nuclease-free water for 5 min at
room temperature before elution. A portion of the RNA extract
was immediately reverse-transcribed to cDNA with an iScript
cDNA synthesis kit (Bio-Rad), as per manufacturer specifica-
tions, with 20 μL reactions and 15 μL of template RNA. The
cDNA and the remaining RNA extract were stored at −80 °C
until molecular testing. Extraction controls included filter-
sterilized creek water without (negative) and with (positive)
seeded intact HuNoV.
RT-qPCR Assays. The Environmental Microbiology

Minimum Information Guidelines46 were followed. A
previously developed probe-based assay was used47 in addition

to intercalating dye-based assays described below. The probe-
based assay targeted a short region of the HuNoV GII genome
(89 nt) located at the ORF1-ORF2 junction (“ORF”). The
ORF assay was used in a one-step format using RNA as the
template.
Intercalating dye-based (EvaGreen qPCR dye, Biotium)

assays were designed that target long segments (∼500 nt) of
the specific HuNoV genomes used as inoculants in the study. A
total of four assays targeting distinct regions of the RNA
genome were designed for each of the two HuNoV strains. For
experiments 15-1 and 15-2, the four assays (MK1, MK3, MK5,
and MK7) in total captured about 27% of the HuNoV genome.
In total, the targeted genome segments covered 2030 nt of the
7511 nt genome. For experiments 20-1 and 20-2, the four
assays (OL1b, OL3a, OL5a, and OL7b) in total captured
about 26% of the HuNoV genome. In total, the targeted
genome segments covered 1957 nt of the 7560 nt genome. All
intercalating dye-based assays used cDNA as the template.
Details of assay design and validation methods are in the SI.
For RT-qPCR plates that included experimental samples,

standard curves and no-template controls were completed in
technical duplicate, and standard curves were combined into
master standard curves to calculate quantities (Table S7).
Samples were considered below the limit of quantification and
were considered not detectable if they had a threshold cycle
(Ct) value greater than the Ct value of the lowest quantity
standard for each assay. Negative and positive extraction and
PCR controls were included. Negative controls were
considered negative if they did not amplify or amplified at a
Ct value greater than the highest Ct value in the master
standard curve. A subset of samples were tested for inhibition
by comparing no dilution to a 1:5 dilution factor of samples on
the same RT-qPCR plate, and it was determined that there was
no inhibition. All RNA and cDNA templates were added
undiluted to the reactions. Additional details of the master-mix,
cycling conditions, instrumentation, assay performance, stand-
ard curves, and inhibition testing for all assays are provided in
the SI (Tables S2−S7and Figures S4, S6, and S7).
Data Analysis. Data analysis was completed in R (v4.1.3).

The observed first-order decay rate constants (“k values”) were
calculated based on eq 1,48 where N0 and N(t) are the amount
of HuNoV gc/mL on day 0 or at time (t), respectively, β0
represents the intercept, and ε represents the error. The k
values were calculated by plotting ln (N(t)/N0) as a function of
time for each experiment and calculating the slope, its standard
error, and its p value. Each data point represented the
arithmetic mean of technical triplicate (HIE assay) or technical
duplicate (all other assays) measurements. Note that the HIE
assay units are reported as gc/mL despite the fact that it is an
infectivity assay because RT-qPCR was used to measure the
number of infectious particles produced in HIE cells 72 h
postinfection.45 For experiments 20-1 and 20-2, the data points
represent the arithmetic mean of the experimental duplicates.
ln (N(t)/N0) values that were not quantifiable were excluded
from the linear regression (Tables S5 and S6).
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Multiple Linear Regression Analysis. The effects of
incubation temperature (20 °C compared to 15 °C) and of
genome segment length on HuNoV persistence were
investigated using multiple linear regression with interaction
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effects.49 The effect of temperature on the persistence of
infectious HuNoV or HuNoV genome segments in creek water
was tested using a multiple linear regression model of ln(N(t)/
N0) versus time (t; days), where time was allowed to interact
with a dummy variable for the 20 °C temperature condition
(R) and β1, β2, and β12 represent coefficients (eq 2). For
HuNoV genome segments, the effect of amplicon length on
the persistence of HuNoV genome segments in creek water
was tested using a similar multiple linear regression model,
where time was allowed to interact with a dummy variable for
long genome segments (L;∼500 nts) (eq 3).
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Genome-Wide Decay Rate Constant Calculation. Ge-
nome-wide decay rate constants were calculated as described
previously.31,35 Briefly, the HuNoV whole-genome persistence
was estimated by extrapolating the damage incurred by four
long segments of the HuNoV genome (in regions 1, 3, 5, and
7) to that of the whole genome, assuming single-hit
inactivation kinetics for HuNoV. It should be noted that
results from previous studies of virus inactivation suggest that a
single-hit model of inactivation for virus genomic damage may
be an oversimplification for some conditions.35,50 The
proportion of the HuNoV genome that persisted (NG,t/NG,0)
was estimated using eq 4, where Ni,0 and Ni,t are the amount of
HuNoV gc/mL on day 0 or at time (t), respectively, for each
long RT-qPCR target, i. The genome-wide decay rate constant
(kG) was calculated by plotting ln(NG,t/NG,0) as a function of
time for each experiment and calculating the slope, its standard
error, and its p value (eq 5). The p values herein are regression
coefficient p values from eqs 1−3, or 5. The smallest first-order
decay rate constant obtained in this study that was significantly
different from zero was 0.078 day−1, so first-order decay rate
constants that were not significantly different from 0 were

substituted with <0.01 day−1 on plots. The code and dataset
are available at the Stanford Digital Repository (https://doi.
org/10.25740/tr061rz9792)
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■ RESULTS
The persistence of infectious HuNoV (GII.4), short and long
HuNoV genome segments, and intact HuNoV capsids was
assessed in fresh, filter-sterilized surface waters from San Pedro
Creek at two incubation temperatures (15 and 20 °C; Figure
1). The salinity of the raw water was <0.3 ppt, and the water
temperature was between 10 and 20 °C upon collection (Table
S1). After filter sterilization, the pH was 7.6, the total ATP was
2.7 × 10−2 nM, and the intracellular ATP was 9.0 × 10−4 nM
for the creek water sample tested. The water was clear, as
indicated by the turbidity (<1 NTU) and the absorbance
spectra in Figure S2. Additional details are provided in the SI.
Quality Assurance/Quality Control. We included

controls to confirm that the RNase pretreatment and RT-
qPCR assays worked as intended. After RNase pretreatment,
the concentration of intact HuNoV (i.e., the signal from RT-
qPCR after RNase digestion) seeded into water did not change
substantially: The concentration was 1.5 × 105 ± 5.0 × 104 gc/
mL before pretreatment with RNase compared to 1.1 × 105 ±
4.3 × 104 gc/mL after pretreatment (as measured by ORF,
where the error is the standard deviation). However, the
concentration of naked HuNoV gRNA seeded into the same
water diminished: The concentration was 1.3 × 103 ± 6.2 ×
102 gc/mL before pretreatment with RNase compared to no
amplification after pretreatment (as measured by ORF, where
error is the standard deviation). Three of 58 RT-qPCR no-

Figure 1. Persistence of HuNoV in filter-sterilized surface water incubated at 15 and 20 °C under dark conditions over time assessed via HIE assay
(A) and via RT-qPCR assays targeting short and long HuNoV genome segments in different regions of the genome (color) with (B) and without
(C) RNase pretreatment. Decay rate constants (k values) are provided in each plot (units are day−1); k values that were not significantly different
from 0 are denoted as “k < 0.01.” Error bars depict the standard deviation of technical replicates, except for experiments 20-1 and 20-2 for which
they depict the standard deviation of experimental replicates. RNase pretreatment was not completed for experiments 15-1 and 20-1.
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template controls amplified to produce Ct values within the
range of those produced by running the standard curve, but
these Ct values were at least 3 Ct higher than any other
experimental sample on the plate and, based on our
calculations, were at concentrations too low to affect
concentrations of the experimental samples on the plate (see
the SI). Thus, the data from these two plates were retained in
our analyses. Additional positive and negative analytical and
preanalytical controls (positive and negative extraction
controls, and positive and negative RT-qPCR controls) gave
expected positive and negative results, confirming the lack of
contamination during RNA extraction and RT-qPCR.
Persistence of Infectious HuNoV. The first-order decay

rate constant, or “k value,” measured in experiment 15-1 was
2.2 day−1, which is larger than those observed in the other
experiments, including experiment 15-2 (Figure 2). Note that
no standard error value can be provided for this k value
because only two data points in the time series were
quantifiable (Figure 1). The k values were similar for
experiments 15-2 and 20-2 at 0.36 ± 0.083 and 0.21 ±
0.056 day−1, respectively (Table S11; the standard error on the
slope of the regression is the error used throughout, unless
otherwise noted). No significant decay was observed for
experiment 20-1 (0.32 ± 0.06 day−1; p = 0.12). The k value
observed for experiment 15-1 was larger in magnitude
compared to that of all other experiments, including 15-2

(2.2 compared to 0.36 ± 0.083 day−1; Table S11). Based on
the multiple linear regression, the HuNoV inactivation rate
constants of replicate experiments were not significantly
different for the 20 °C condition compared to that of the 15
°C condition (β12 in eq 2 was not significantly different from 0;
p > 0.05; Table S8).
Persistence of the HuNoV Genome. The persistence of

one short (89 nt) and four long (∼500 nt) segments of the
HuNoV genome was assessed via RT-qPCR. Short and long
genome segments were more persistent (k values were
significantly smaller) compared to infectious HuNoV assessed
via the HIE assay (Figure 1). For experiment 15-1, the long
genome segment k values were similar to that of the short
genome segment, ORF: the k values assessed via RT-qPCR
were 0.095 ± 0.023, 0.093 ± 0.020, and 0.12 ± 0.016 day−1 for
region 3, region 5, and region 7, and 0.078 ± 0.016 day−1 for
ORF (Table S11 and Figure 2). No significant decay was
observed for all other experiments and the region 1 amplicon
for experiment 15-1 (p > 0.05; Figure 2).
We used multiple linear regression models to test if 20 °C

compared to 15 °C incubation temperature condition and if
genome segment length affected the persistence of HuNoV
genome segments (Tables S9 and S10). The genome segment
persistence in the 20 °C condition was significantly different
from that of the 15 °C condition (β12 in eq 2 was significantly
different from 0; p < 0.0001). HuNoV genome segments

Figure 2. Variation in k values by experiment. The dashed vertical dashed line denotes 0. Error bars depict the standard error of the first-order
decay rate constant (k). The red, open points are not significantly different from 0. No error bars are shown for experiment 15-1 HIE assay because
only two data points were used to calculate k and an error could not be calculated.
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persisted longer at 20 °C compared to 15 °C: ln(N(t)/N0)
decreased by 0.021 units for each additional day incubated at
20 °C compared to 0.10 units at 15 °C. The persistence of
HuNoV long genome segments was not significantly different
from that of short genome segments (β12 in eq 3 was not
significantly different from 0; p > 0.05).
The four RT-qPCR assays targeting long segments of the

HuNoV genome were used to quantify overall HuNoV
genome persistence by determining a genome-wide k value
for each experiment. The genome-wide k value for experiment
15-1 (1.5 ± 0.27 day−1) was larger than those determined with
individual long RT-qPCR assays (0.093 ± 0.020 to 0.12 ±
0.016 day−1) and similar in magnitude to the k value assessed
via the HIE assay (2.2 day−1; Figure 2). No significant decay
was observed for the other experiments (genome-wide k values
were not significantly different from 0; Figure 2 and Table 2).

Persistence of Intact HuNoV. For a subset of experiments
(experiments 15-2 and 20-2), HuNoV capsid cleavage was
assessed by treating samples with RNase prior to RNA
extraction to digest gRNA not protected by an intact HuNoV
capsid. No significant decay was observed for all genome
segments after RNase pretreatment (k values were not
significantly different from 0; Figure 1 and Table S11).

■ DISCUSSION
This study fills an important knowledge gap on the persistence
of human norovirus in the environment by presenting new
first-order decay rate constants (hereafter, “k values”). We
found that the k values varied not significantly different from 0
to 2.2 day−1 for infectious HuNoV incubated in filter-sterilized
creek water. These k values correspond to a time for 90% (T90)
inactivation as fast as 1.1 days; the upper limit for T90 could
not be determined since k was not significantly different from 0
for one experiment. The range of k values compares well to
those of other viruses measured using culture-based methods
under dark conditions in environmental water, including
nonenveloped viruses, such as other caliciviruses, and
bacteriophage, such as MS2. For example, a recent review
and meta-analysis of mammalian viruses in environmental
water under dark conditions identified a range from 0.00085
day−1 (Coxsackievirus A9 in estuarine water incubated at 15
°C51) to 7.89 day−1 (Coxsackievirus A13 in freshwater
incubated at 25 °C52), which corresponds to a wide range in
T90 (from over 7 years to <1 day).17 A recent study conducted
experiments similar to those described herein and found that
HuNoV suspended in lake water, drinking water, and ultrapure
water incubated at room temperature in the dark had k values
within the range we observed from 0.08 to 0.11 day−1 or a T90
from 21 to 29 days.25 A human ingestion study found that

infectious HuNoV (GI) incubated in groundwater for 61 days
at room temperature still caused illness.53

We found that incubation temperature (i.e., 20 °C compared
to 15 °C) did not explain variation in persistence of infectious
HuNoV, but HuNoV genome segments persisted longer at a
higher temperature tested in this study. Temperature has been
identified to have a significant positive effect on k values for a
variety of mammalian viruses in environmental waters: viruses
persist longer at lower temperatures.17 In contrast, in this
study, HuNoV genome segments persisted longer at 20 °C
compared to 15 °C. It should be noted that the experiments at
different temperatures were completed using different strains
of HuNoV and creek water collected on different dates. We do
not expect that strain-level differences affected the outcome of
these experiments but cannot rule out that possibility. Variable
constituents in the creek water could have affected these
findings.
We observed a large difference between HuNoV k values

when the virus was incubated in water collected from the same
location on different dates and stored at the same incubation
temperature (for example, 2.2 compared to 0.36 ± 0.083 day−1

for water stored at 15 °C). This variability has also been
demonstrated for infectious HuNoV (GII.4) persistence in
seawater, where HuNoV seeded into filter-sterilized seawater
and was detectable via the HIE assay for between 7 and 14
days in one sample and for at least 35 days in another from the
same location (no k values were reported).24 These findings
suggest that k values may vary greatly within environmental
sample matrices; the cause is not clear but could be due to the
transient presence of variable constituents in the environ-
mental matrix, which could be biotic (e.g., enzymatic) or
abiotic.
For HuNoV genome segments, regardless of length, results

ranged from no significant decay observed to a k value of 0.12
± 0.016 day−1. The k values observed are similar in magnitude
to what has been previously reported for HuNoV (GII) seeded
into river water and incubated at 25 °C (0.037 day−1) and
HuNoV (GI) seeded into surface water and incubated at 25 °C
(0.18 day−1), both under dark conditions.17,19,20 HuNoV
infectivity is difficult and costly to assess,30 and PCR-based
methods are commonly applied to infer the occurrence of
HuNoV in environmental waters.14 Generally, RT-qPCR is
used to amplify a short HuNoV segment (∼100 nt) relative to
the size of the HuNoV genome (∼7600 nt),29 and both active
and inactive viruses are quantified.54 This study included short
(89 nt) and long (∼500 nt) HuNoV genome segments, which
had similar overall rates of decay. In this study, HuNoV
genome segments persisted longer than infectious HuNoV,
which has been observed previously for other mammalian
viruses,17 and was noted in a recent study for HuNoV.25 These
findings indicate that k values for genome segments of HuNoV
are conservative proxies for infectious virus k values.
By comparing k values obtained using the genome-wide

extrapolation approach, the RNase pretreatment (which
measures gRNA inside intact viral capsids), and the HIE
assay, it is possible to infer information about mechanisms of
inactivation of HuNoV. For experiments 15-2 and 20-2, both
the genome-wide k value and k values obtained by measuring
intact HuNoV capsids were not significantly different from 0.
At the same time, these experiments had k values of 0.21 ±
0.056 and 0.36 ± 0.083 day−1 for infectious HuNoV. This
finding suggests that, in those experiments, genome damage
and capsid cleavage cannot explain the loss of viral infectivity.

Table 2. Genome-Wide First-Order Inactivation Rate
Constants (kG) for Each Experimenta

experiment temperature (°C) kG (day−1) standard error p value

15-1 15 1.5 0.27 0.0059
15-2 15 −0.11 1.7 0.95
20-1 20 1.4 2.1 0.61
20-2 20 0.23 0.47 0.65

akG was calculated by plotting ln(NG,t/NG,0) as a function of time for
each experiment and calculating the slope, its standard error, and its p
value (eq 5), and units for kG are day−1.
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It is possible that the loss of viral infectivity in those cases can
be explained by damage to the capsid that interfered with virus
adhesion to host cells (but not severe enough to allow
penetration of RNase), damage to other proteins needed for
replication, or damage to the HuNoV genome that was not
covered by the RT-qPCR targets applied in this study. For
experiment 15-1, the experiment for which we observed the
largest k value for infectious HuNoV (2.2 day−1), the genome-
wide k value was the same order of magnitude as that derived
using the infectivity assay. In this experiment (15-1), we did
not measure capsid damage, and only two time points were
used to estimate the k value for the HIE experiment, which
resulted in uncertainty in that k value of virus inactivation.
Despite these limitations, the similarities between the
magnitudes of the genome-wide k value and the k value for
infectious HuNoV suggest that genome damage was likely a
dominant mechanism of inactivation of HuNoV in experiment
15-1. San Pedro Creek drains a highly urbanized catchment
and could contain any number of contaminants from
automobiles or business and residential units that might
cause genome damage.
The experiments conducted herein were carried out using

filter-sterilized water and thus do not include the effect of
particle-mediated or microbial-mediated decay of HuNoV in
surface waters. Filter sterilization was necessary because the
HIE cell line demonstrated cytopathic effects when exposed to
raw creek water during initial pilot experiments. Particle−virus
interactions have been observed in a waste-stabilization pond,
where the highest fraction of HuNoV (GII) was associated
with particles that were between 0.45 and 180 μm,55 and
similar particle−virus interactions could be important in
surface water. The effect of indigenous bacteria or protists
on the decay of HuNoV in surface water could also be
significant. For example, Olive et al.56 identified a temperature-
and virus-dependent interaction between microorganisms and
the decay of echovirus 11, adenovirus type 2, and
bacteriophage H6 in surface water. It is important to note
that the relationship between HuNoV measured via the HIE
infectivity assay and HuNoV infectious to susceptible humans
has yet to be quantified.25 Recent work indicates that HuNoV
can replicate in salivary glands,57 and human salivary gland cell
lines may serve in future studies to assess the loss of infectious
HuNoV in more complex environmental matrices.
Environmental Implications. There is a striking lack of

knowledge on the fate and transport of viruses in the
environment that limits our ability to create effective policies
to protect human health. HuNoV, in particular, is a leading
cause of gastrointestinal illness globally, can be transmitted via
the fecal−oral route, and causes waterborne illness, yet there is
little information on its persistence and inactivation in
environmental water. This study begins to fill that knowledge
gap by providing first-order decay rate constants for infectious
norovirus as measured by the HIE assay. Inherent in this work
is that the HIE assay measures HuNoV with the ability to
infect humans and that the measurements (RT-qPCR
quantification of viral genomes pre- and postinfection) can
be used to deduce first-order decay rate constants, as has been
done previously.25 The wide range in k values of infectious
HuNoV observed in the surface water samples collected at the
same site highlights variability in HuNoV persistence that is
inherent in a complex environment and for which fate and
transport models will need to account: a single k value may be
insufficient for modeling virus inactivation in surface waters.

This variability can be explained, in part, by different
inactivation mechanisms at work in different samples with
the same bulk water quality characteristics. In one creek water
sample from this study, genome damage was likely a dominant
inactivation mechanism, but in other samples from the same
creek, loss of HuNoV infectivity could not be attributed to
genome damage or capsid cleavage. Inactivation mechanisms
of viruses in environmental waters are understudied, and
continued work identifying inactivation mechanisms and
refining methods to assess inactivation mechanisms in complex
environmental systems will inform decay and transport model
development.
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