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Abstract
Modeling the fate and transport of viruses and their genetic material in surface water is 
necessary to assess risks associated with contaminated surface waters and to conduct 
accurate environmental surveillance efforts. Temperature has been identified as a key 
variable affecting virus persistence in surface waters, but the effects of the presence of 
biological and inert particles and of their interaction with temperature have not been well 
characterized. We assessed these effects on the persistence of human norovirus 
(HuNoV) genotype II.4 purified from stool and MS2 in surface water. Raw or filter-
sterilized creek water microcosms were inoculated and incubated in the dark at 10℃, 
15℃, and 20℃.  HuNoV (i.e., genome segments and intact capsids) and MS2 (i.e., 
infectious MS2, genome segments, and intact capsids) concentrations were followed over 
36 days. The range in positive, significant first-order decay rate constants for HuNoV in 
this study was 0.14 to 0.69 day-1 compared with 0.026 to 0.71 day-1 for that of MS2. Decay 
rate constants for HuNoV genome segments and infectious MS2 were largest in creek 
water with more biological and inert particles and higher incubation temperature. In 
addition, for HuNoV and MS2 incubated in raw or filter-sterilized creek water at 15°C, 
capsid damage was not identified as a dominant decay mechanism. Environmental 
processes and events that affect surface water biological and inert particles, temperature, 
or both could lead to variable virus decay rate constants. Incorporating the effects of 
particles, temperature, and their interaction could enhance models of virus fate and 
transport in surface water.
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Environmental Significance Statement
Human norovirus is a leading cause of gastroenteritis that can be transmitted via contact 
with contaminated surface water. However, its fate in surface water is not well 
characterized. This research fills an important knowledge gap by quantifying human 
norovirus persistence in environmental surface water and providing parameters for fate 
and transport models.  

1. Introduction

Surface waters are valuable environmental resources that can be used for recreation and 

as sources of potable water. Surface water can be contaminated with pathogens from 

point and nonpoint sources including untreated wastewater discharge, sewer pipe 

leakage, wastewater effluent, and land-based runoff.1,2 Gastrointestinal illnesses from 

exposure to contaminated surface waters are often attributed to viral pathogens in 

particular,3–5 and modeling the fate and transport of viruses in surface water is necessary 

to assess risks associated with contaminated surface waters. In addition, for some 

unsewered communities, virus occurrence in surface water that receives raw wastewater 

can be used to assess the disease burden in a community (i.e., through environmental 

surveillance6). For environmental surveillance, it is also important to understand the 

impact of environmental conditions on the virus signal. 

Virus persistence in surface water is dependent on the local environmental conditions. 

Temperature has been identified as a key factor that affects virus persistence in water,2,7–9 

but the effect of biological and inert particles is equivocal.8,9 For example, a systematic 

review and meta-analysis of non-enveloped virus persistence found that presence of 

biological and inert particles in surface waters significantly affected first-order decay rate 
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constants of viruses in half of the virus families included in the review (i.e., in 

Herpesviridae, Orthomyxoviridae, and Togaviridae9). Olive et al.10 found that the effect of 

biological and inert particles on the virus decay rate constants in water was dependent 

on the type of virus (i.e., echovirus 11, human adenovirus type 2, or bacteriophage H6) 

and the incubation temperature. Additional research is needed to better understand the 

effects of the presence of biological and inert particles (or “particle content”) on virus 

persistence in environmental waters.

The majority of virus persistence studies in environmental matrices have been completed 

with culture-based methods to enumerate viruses,7–9 but use of molecular methods (e.g., 

quantitative polymerase chain reaction (qPCR) or reverse transcription qPCR (RT-

qPCR)) can be advantageous in some cases. Molecular methods generally have faster 

turnaround and are more sensitive compared to culture-based methods.11 However, 

molecular methods enumerate active viruses as well as naked genomic RNA and DNA, 

which are persistent in environmental matrices under certain conditions.12,13 Persistent 

genetic material could affect the decay rate constants observed for viruses quantified via 

molecular methods when compared to culture-based methods.7,9 In the case of 

environmental surveillance in surface waters, sensitivity and quick turnaround times are 

desired, so molecular methods are particularly useful. In addition, for viruses that are 

difficult to culture, such as human norovirus (HuNoV)14 the decay rate constants 

determined for genome segments are conservative compared to those for infectious virus 

(i.e., virus inactivation).15,16 For HuNoV, additional methods have been developed to 

quantify intact capsids and to assess genome damage specifically.16,17
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HuNoV is a leading cause of gastroenteritis that has been associated with 18% of global 

acute gastroenteritis cases18 and with 22% of outbreaks from recreational environmental 

water exposures in the United States.19 The persistence of HuNoV in environmental water 

has been assessed via a human intestinal enteroid assay15,16,20 as well as molecular 

methods.16,21–23 However, its persistence in surface water is not well characterized. Two 

studies of HuNoV incubated in surface water in dark conditions observed larger first-order 

decay rate constants at warmer compared to cooler incubation temperatures.22,23 In 

contrast, in a recent study, we observed larger HuNoV first-order decay rate constants in 

filter-sterilized surface water incubated at 15°C compared to 20°C.16 To our knowledge, 

the combined effect of biological and inert particles with incubation temperature on 

HuNoV decay rate constants in surface water has not been investigated.

We aimed to quantify the combined effects of particle content with incubation temperature 

on HuNoV persistence in surface water. We followed intact HuNoV capsids as well as 

genome segments over time in raw and filter-sterilized creek water microcosms incubated 

at three temperatures (10, 15, and 20°C). We included the bacteriophage MS2 as an 

internal biological control and followed the loss of MS2 infectivity, intact capsids and 

genome segments over time. The HuNoV decay rate constants determined in this study 

are compared to inactivation rate constants from a previous study of infectious HuNoV 

incubated in the same sample of filter-sterilized creek water.16 To our knowledge, this 

study is the first to assess the effects of particle content on HuNoV decay rate constants 
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in surface water. The 33 decay rate constants provided herein will be useful parameters 

in fate and transport models.

2. Methods

2.1 Overview. To determine the effect of particle content on HuNoV decay rate constants, 

HuNoV was seeded into raw (i.e., including natural biological and inert particles) and filter-

sterilized (i.e., without particles larger than 0.22 μm) creek water microcosms along with 

MS2 as an internal biological control. The microcosms were incubated at a range of 

temperatures that are environmentally relevant to California coastal waters in the United 

States and that reflect the average surface seawater temperatures of many coastal 

communities globally (10, 15, and 20°C).24,25 To isolate the effects of particle content and 

temperature on virus decay rate constants, the reactors were kept in the dark throughout 

the experiments. The persistence of HuNoV and MS2 intact viral capsids and genome 

segments as well as the infectivity of MS2 were followed over time. Molecular methods 

were adapted to quantify long genome segments that were >300 base pairs (bp) as well 

as intact viral capsids by pretreating samples with RNase through enzyme pretreatment 

RT-qPCR (ET-RT-qPCR). RNase was chosen  as the method to assess capsid integrity 

because it was found to work most consistently of the methods tested during heat 

inactivation of HuNoV and human rotavirus.26 In addition, ET-RT-qPCR has been used 

successfully to assess sunlight inactivation of HuNoV and MS2.17 This research was 

approved by the Stanford Administrative Panel on Biosafety and was conducted with 

biosafety level 2 precautions.

Page 5 of 26 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



6

2.2 Preparation of HuNoV and MS2 inoculants. A stool positive for HuNoV (GII.4, 

MK762570) was used to prepare HuNoV inoculants. The stool was diluted into autoclaved 

phosphate buffered saline (PBS; Thermo Fisher Scientific, Waltham, MA, USA), 

centrifuged, and sequentially filtered as described previously.16 The HuNoV inoculant was 

stored at -80°C until use. 

MS2 was propagated as described in United States Environmental Protection Agency 

method 1602,27 and stored in 15% glycerol at -80°C. To prepare the MS2 inoculant for 

the experiments, an aliquot of MS2 glycerol stock was diluted 1:10 in autoclave-sterilized 

PBS and stored at -80°C until the experiments. Additional details of the preparation of the 

inoculants are provided in the SI. 

2.3 Creek water collection. San Pedro Creek in Pacifica, CA, USA (37.59 N,-122.5 W) 

was sampled on 11/08/2021 using sterile technique as described previously.16 The 

temperature and salinity of the raw water were measured upon collection. An aliquot of 

the raw water was filter sterilized using a 0.22-µm pore size filter. The turbidity, pH, UV-

vis absorbance, intracellular and extracellular ATP concentrations were measured for the 

raw and filter-sterilized creek water. No attempt was made to further characterize inert or 

biological particles. Experiments commenced immediately following collection (day 0).

2.4 Experimental setup. Fourteen autoclave-sterilized 100-mL pyrex bottles covered in 

aluminum foil served as reactors. Reactors were filled with 19.5 mL: six with raw creek 

water, six with filter-sterilized creek water, and two with autoclave-sterilized PBS. Waters 

of all but the two negative control reactors (autoclave-sterilized PBS) were inoculated with 
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HuNoV and MS2 such that the concentrations at the start of the experiments were 

approximately 106 gene copies per mL (gc/mL) HuNoV and 108 gc/mL MS2. The reaction 

volume was chosen to ensure that at least 10 mL would remain in the reactor at the end 

of the experiment; given the limited availability of HuNoV seed virus and the needed high 

concentration at time 0 to conduct the experiment, using a larger volume of reactor was 

not feasible. 

Two raw creek water and two filter-sterilized creek water reactors were stored at each of 

three temperatures (10, 15, and 20°C). The two negative control reactors were incubated 

at 15 and 20°C, respectively. All reactors oscillated at 100 revolutions per minute in the 

dark. Samples were collected from the reactors at the following time points: 0, 1, 3, 5, 7, 

10, 14, 22, 29, 36 days. The exception was the negative control reactor incubated at 20°C 

from which samples were collected at the following time points: 0, 1, 7, 14, 21, 28 days 

(logistical constraints precluded sampling this reactor on the same days as the others). 

To collect a sample at each time point, the oscillator was paused, and 1 mL of sample 

was withdrawn from the reactors using sterile technique. 400 µl was used immediately to 

cultivate MS2 and the remaining 600 µl was stored at -80°C until analysis (within five 

months).

At each time point, MS2 infectivity was assessed by a plaque assay. The concentrations 

of a short segment (89 bp) of HuNoV genome (targeting the ORF1-ORF2 junction), a long 

segment (506 bp) of the HuNoV genome, and a long segment (313 bp) of the MS2 

genome, were measured using both RT-qPCR and, for a subset of reactors, in 
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conjunction with enzymatic pretreatment (ET-RT-qPCR). Samples collected from the 

same reactor were pretreated, extracted, and quantified in the same batch. We assumed 

that the recovery efficiency of samples within the same batch would be similar and cancel 

out in equation 1 ln(N(t)/N0) (see data analysis section below). Details of these methods 

are provided below. 

2.5 MS2 infectivity. MS2 infectivity was assessed by following method 1602.27 Fourteen 

technical negative controls of tryptic soy broth and the seven technical positive controls 

of MS2 inoculant were included. Additional methodological details are in the SI. 

2.6 Enzymatic pretreatment. A subset of samples from the experiments included 

paired enzymatic pretreatment to digest RNA not protected by an intact capsid as 

described previously.16,17 250 µL aliquots with 0.1 U/µL of RNase I (Thermo Fisher 

Scientific, Waltham, MA, USA) were incubated at 37°C for 15 minutes, and RNA 

extractions immediately followed the incubation period. 

2.7 RNA extraction and cDNA synthesis. The Qiagen AllPrep DNA/RNA kit (Qiagen, 

Germantown, MD, USA) without bead beating was used to extract RNA from 200-µL 

aliquots of samples and eluted into 60-µL of nuclease-free water as described 

previously.16,17 An iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) with 20 µL 

reactions and 15 µL of template RNA was used to immediately reverse transcribe a 

portion of the RNA extract to cDNA, as per manufacturer specifications. The cDNA and 

the remaining RNA extract were stored at -80°C until RT-qPCR. Four extraction negative 
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controls (nuclease-free water), three MS2 positive controls (MS2 inoculant diluted in 

nuclease free water), and one HuNoV positive control (HuNoV inoculant diluted in the 

filter-sterilized creek water) were included as extraction negative and positive controls.

2.8 RT-qPCR assays. The Environmental Microbiology Minimum Information guidelines 

were followed.28 To quantify HuNoV and MS2, three RT-qPCR assays were used (Tables 

S1, S2 and S3): A probe-based assay in a one-step format using RNA as template 

targeting a short (89 bp) region of the ORF1-ORF2 junction of the HuNoV GII genome 

(ORF) 29 and two intercalating dye-based assays each in a two-step format with cDNA as 

a template targeting long (>300 bp) segments of HuNoV (NR1) and MS2 (MP1).17 qPCR 

plates included standard curves of gBlocks Gene Fragments (Integrated DNA 

Technologies, Coralville, IA, USA; Table S4) and no template controls (NTCs) of 

nuclease-free water. Master standard curves were generated from individual standard 

curves to convert experimental values from threshold cycle (Ct) to quantity (Table S5). 

Values were deemed quantifiable if they had a Ct value less than the Ct value of the 

lowest quantity standard (Table S4). For each RT-qPCR assay, NTCs were deemed 

negative if they were not quantifiable. Additional details are provided in the SI 

(Supplemental Methods, Figure S1, and Tables S1-S5).

2.9 Data analysis. 

R (v4.1.3) was used for all data analysis. Observed first-order decay rate constants (“k”; 

day-1) were calculated using equation 1. N0 is the concentration of HuNoV or MS2 

immediately following reactor inoculation (day 0), Nt is the concentration of the viruses at 
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other time points (“t”) in days, β0 is the intercept, and ε is the error term. The arithmetic 

mean of experimental duplicates for ln(N(t)/N0), the “log fraction of remaining virus,” at 

each time point with at least one quantifiable experimental replicate was plotted versus 

time. The slope (k), its standard error, and its p value were calculated using the lm() 

function in R. In a previous study, HuNoV was incubated in filter-sterilized creek water 

collected from the same creek on the same date (i.e., San Pedro Creek Water collected 

on 11/8/2021), and HuNoV inactivation was assessed a human intestinal enteroid 

assay.16 Decay rate constants for HuNoV from the previous study were included for 

comparison, and the data analysis code was adapted for use in this study. Data analysis 

code and dataset are available through the Stanford Digital Repository [DOI: 

10.25740/hk584kf2556].

(1)   𝑙𝑛(
𝑁(𝑡)
𝑁0

) = 𝛽0 ― 𝑘𝑡 + ɛ

A multiple linear regression was used to assess the effect of incubation temperature, 

particle content, and their interaction on the persistence of HuNoV short genome 

segments and infectious MS2 (equation 2). For this multiple linear regression, we 

included only virus targets most commonly measured in environmental waters (i.e., the 

MS2 plaque assay and the RT-qPCR assay targeting the ORF1-ORF2 junction of 

HuNoV). Temperature (“T”) was modeled as a continuous variable, where 15°C was 

subtracted from all incubation temperatures (in Celsius) to set the reference condition at 

15°C.7 A dummy variable was generated for the filter-sterilized water type (“F”). The 

coefficients (β0, β1, β2, β12, β3, β13, β23, and β123), their standard errors, and their p values 
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were calculated using the lm() function in R. For equation 2, the reference conditions were 

the raw water type incubated at 15°C.

(2)  𝑙𝑛(
𝑁(𝑡)
𝑁0

) =  𝛽0 + 𝛽1𝑡 + 𝛽2𝐹 + 𝛽12𝑡𝐹 𝛽3𝑇 + 𝛽13𝑡𝑇 + 𝛽23𝐹𝑇 + 𝛽123𝑡𝐹𝑇 +  ɛ

The persistence of most virus targets were measured for all conditions in the study (i.e., 

infectious MS2, long genome segments, and short genome segments), but intact capsids 

were measured for a subset of conditions. The subset of conditions with a complete 

dataset for all virus targets for both MS2 and HuNoV was raw and filter-sterilized water 

incubated at 15°C. Thus, to compare the decay of various virus targets, and thereby gain 

insight into potential decay mechanisms, a multiple linear regression was used that 

included all measured virus targets for HuNoV and MS2 incubated at 15°C (equation 3). 

Dummy variables were generated for the filter-sterilized water type (“F”), long genome 

segments (“L”) and intact capsids (“I”). The coefficients (β0, β1, β2, β12, β3, β13 β4, and β14), 

their standard errors, and their p values were calculated using the lm() function in R. The 

reference conditions are the persistence measured for short genome segments (HuNoV) 

or infectious virus (MS2) in raw water.

(3)  𝑙𝑛(
𝑁(𝑡)
𝑁0

) =  𝛽0 + 𝛽1𝑡 + 𝛽2𝐹 + 𝛽12𝑡𝐹 + 𝛽3𝐿 + 𝛽13𝑡𝐿 + 𝛽4𝐼 + 𝛽14𝑡𝐼 + ɛ

3 Results

Upon collection, the San Pedro Creek water sample had a salinity of 0.3 ppt and 

temperature of 11.3°C (Table S6). Raw and filter-sterilized creek water had turbidity of <1 

NTU and similar absorption spectra (Figure S2). The biological activity in the raw creek 
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water was higher than that of the filter-sterilized creek water, with intracellular ATP of 

4.71x10-2 ± 3.15x10-3 compared to 8.97x10-4 ± 3.69x10-4 nM respectively (error is the 

standard deviation of triplicates; Table S6). Uninoculated raw and filter-sterilized creek 

water had no amplification of genomic RNA targets from MS2 or HuNoV (MP1 and NR1 

RT-qPCR assays). Additional details are in the SI. 

3.1 Quality Assurance and Quality Control

We included experimental negative controls as well as extraction, infectivity, and RT-

qPCR negative and positive controls. All positive controls were positive and negative 

controls were negative. Two reactors containing only PBS and incubated at 15 and 20°C 

had no amplification for RT-qPCR assays (MP1 and NR1) and no plaques (MS2 plaque 

assay) at all time points. The extraction negative controls had no amplification (MP1 and 

NR1), the MS2 extraction positive controls ranged from 3.9x106 to 1.1x1010 gene copies 

per mL (gc/mL; MP1), and the HuNoV extraction positive control had 1.9x105 gc/mL 

(ORF). For the MS2 plaque assay, the fourteen technical negative controls of tryptic soy 

broth had no plaques and the seven positive controls of MS2 inoculant ranged from 

1.4x108 to 2.3x1010 plaque forming units per mL (PFU/mL). The RT-qPCR no template 

controls were negative. Additional details are in the SI. 

3.2 Effect of temperature and particles on HuNoV persistence

The persistence of HuNoV incubated in raw and filter-sterilized creek water at 10, 15, and 

20°C in dark conditions was assessed by following the concentration of short HuNoV 

genome segments, long HuNoV genome segments or intact HuNoV capsids over 36 

days. The decay rate constants (“k values”) were generally larger in raw creek water and 
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at higher incubation temperatures (Figure 1). The positive, significant (p < 0.05) k values 

ranged from 0.17 ± 0.020 to 0.69 ± 0.080 day-1 (errors are standard errors of the slope in 

equation 1, k) in raw creek water compared to 0.14 ± 0.025 to 0.16 ±0.015 day-1 in filter-

sterilized creek water (Table S7). The effect of incubation temperature on the k values 

was more prominent in raw creek water compared to filter-sterilized creek water (Figure 

2). Five of the incubation conditions tested had no significant decay (Table S7), with four 

of them from filter-sterilized creek water. Two k values were significant and negative, and 

both were long genome segments incubated in filter-sterilized creek water (k = -0.076 ± 

0.017 and -0.016 ± 0.0065). This result reflects experimental error (not captured by the 

standard error and p value of k) as there is no mechanism whereby concentrations of 

HuNoV genome segments may increase in the experiments.

To test the effect of incubation temperature and particle content on the decay rate 

constants of HuNoV short genome segments, a multiple linear regression was used 

(equation 2). Incubation temperature had a significant negative effect (Table S8; β12 = -

0.042 day-1; p < 0.0001) while particle content (i.e., filter-sterilization) had a significant 

positive effect (Table S8; β13 = 0.34 day-1; p < 0.0001) on the log fraction of remaining 

HuNoV over time. These results suggest that significantly larger decay rate constants 

were observed for HuNoV at higher temperatures and that significantly smaller decay rate 

constants were observed in filter-sterilized water. In addition, a significant interaction 

effect between temperature and particle content was observed (Table S8; β123 = 0.026 

day-1; p < 0.001). For example, in raw water, the log fraction of remaining HuNoV 

decreased by 0.60 units each day incubated at 20°C and 0.39 units at 15°C. In 
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comparison, in filter-sterilized water, the log fraction of remaining HuNoV decreased by 

0.13 units each day incubated at 20°C and 0.05 units at 15°C. These results suggest that 

the decay rate constants for HuNoV were largest in water with the higher particle content 

(raw water) and combined with higher incubation temperature (20°C).

3.3 Effect of temperature and particles on MS2 persistence

The persistence of MS2 incubated in raw and filter-sterilized creek water at 10, 15, and 

20°C in dark conditions was assessed by following the concentrations of infectious MS2, 

long MS2 genome segments, and intact MS2 capsids over 36 days. The k values of long 

MS2 genome segments and infectious MS2 were larger in magnitude in raw creek water 

and at higher incubation temperatures (Figure 1). The k values observed ranged from 

0.089 ± 0.0094 (p < 0.0001) to 1.5 ± 0.37 (p = 0.055) day-1 in raw creek water compared 

to 0.026 ± 0.011 (p < 0.05) to 0.40 ± 0.063 (p < 0.001) day-1 in filter-sterilized creek water 

(Table S7). The effect of incubation temperature on the k values was more prominent in 

raw creek water compared to filter-sterilized creek water, especially for infectious MS2 

(Figure 2). 

A multiple linear regression was used to test the effect of incubation temperature and 

particle content on the decay rate constants of infectious MS2 (equation 2). Similar to the 

findings for HuNoV, incubation temperature had a significant negative effect (Table S9; 

β12 = -0.12 day-1; p < 0.0001) and particle content had a significant positive effect (Table 

S9; β13 = 0.62 day-1; p < 0.0001) on the log fraction of remaining MS2 over time, with a 

significant interaction effect between these variables (Table S9; β123 = 0.10 day-1; p < 

0.0001). For example, the log fraction of remaining MS2 in raw water decreased by 1.39 
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units each day incubated at 20°C and 0.79 units at 15°C. In comparison, in filter-sterilized 

water, the log fraction of remaining MS2 decreased by 0.25 units each day incubated at 

20°C and 0.18 units at 15°C. These results suggest that the decay rate constants for MS2 

were largest in water with higher particle content (raw water) and combined with higher 

incubation temperature (20°C).

3.4 HuNoV target persistence

The persistence of HuNoV was assessed by following the concentrations of different virus 

targets (e.g., short genome segments compared to long genome segments or intact 

capsids) during the experiment. k values for long or short genome segments were similar 

in magnitude when measured for the same incubation conditions and virus (Figure 2). 

However, positive, significant k values for HuNoV intact capsids were larger in magnitude 

than those of genome segments incubated in raw water at the temperatures tested: 10°C 

(0.29 ± 0.052 compared to 0.17 ± 0.020 day-1 respectively) and 15°C (0.69 ± 0.080 

compared to 0.51 ± 0.082 day-1 respectively). For HuNoV incubated in raw or filter-

sterilized water at 15°C, a multiple linear regression (equation 3) was used to assess the 

effect of virus target on HuNoV persistence. Intact capsids and long genome segments 

had similar log fraction of remaining HuNoV over time compared to short genome 

segments (Table S10). This finding suggests that k values for HuNoV virus targets 

incubated at 15°C were not significantly different when incubated in water with the same 

particle content.

To compare k values from HuNoV genome segments and intact HuNoV capsids to those 

of infectious HuNoV, k values from our previous study were compared to all k values in 
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this study (Figure 3).16 In the previous study, HuNoV (GII.4, OL913976) was incubated at 

20°C in filter-sterilized creek water collected from the same creek on the same day as 

was used herein. It should be noted that this study used a different specimen of HuNoV 

(GII.4, MK762570). The k values from infectious HuNoV (in filter-sterilized water 

incubated at 20°C) were the largest k values in magnitude of all HuNoV targets in filter-

sterilized water (Figure 3). However, when compared with all of the k values assessed, 

the eight largest k values were from viruses incubated in raw creek water, regardless of 

virus target (Figure 3). 

3.5 MS2 target persistence

The persistence of MS2 was assessed by following the concentrations of different virus 

targets (e.g., infectious virus compared to long genome segments or intact capsids) 

during the experiment. k values for intact viral capsids were similar to those of genome 

segments within the same incubation conditions for all incubation conditions tested 

(Figure 2). For MS2 incubated in raw creek water, k values observed for infectious MS2 

were larger in magnitude compared to long genome segments when incubated at 10°C 

(0.20 ± 0.042 compared to 0.089 ± 0.0094 day-1 respectively) and 15°C (0.71 ± 0.16 

compared to 0.37 ± 0.016 day-1 respectively). A multiple linear regression (equation 3) 

was applied to assess the effect of virus target on persistence of MS2 incubated in raw 

or filter-sterilized water at 15°C specifically. No significant effect on the log fraction of 

remaining MS2 over time was observed for capsids and long genome segments 

compared to infectious MS2 (Table S11). This finding suggests that k values for MS2 

virus targets incubated at 15°C were not significantly different when incubated in water 

with the same particle content, as was found for HuNoV.
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4 Discussion

The persistence of HuNoV and MS2 was assessed in surface water incubated with varied 

particle content (i.e., raw or filter-sterilized creek water) and temperature (10, 15, and 

20°C) conditions. Surface water temperature fluctuates with season and is a key variable 

affecting virus decay rate constants.7,8 Biological and inert particles in surface water also 

fluctuate with environmental events. For example, a four year study of a coastal sea 

identified estuary freshets, rainstorms, phytoplankton blooms, and jellyfish blooms as 

environmental events that affected particle flux.30 However, to our knowledge, the effect 

of particle content on the persistence of HuNoV in surface water has not been studied. 

This study filled that important knowledge gap, and we found that decay rate constants 

(“k values”) were larger in water with higher particle content. Furthermore, an interaction 

between particle content and temperature was observed such that the largest decay rate 

constants for MS2 and HuNoV were from water incubated at a higher incubation 

temperature and particle content. These findings demonstrate the importance of 

quantifying interactions between environmental conditions on the fate and transport of 

viruses in surface water. The k values reported herein provide parameters that can be 

incorporated to enhance fate and transport models.

In our study, HuNoV and MS2 had k value ranges that were comparable to other studies 

of infectious HuNoV and MS2 persistence in environmental waters. The range in positive, 

significant k values for HuNoV in this study was 0.14 ± 0.025 to 0.69 ± 0.080 day-1, which 

corresponds to the time to 90% reduction in concentration (“T90”) of 3.3 to 16 days. 

Previous studies of infectious HuNoV found a similar T90 range when significant decay 
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was observed during the study period (1.0 to 29 days).15,16 In one previous study, HuNoV 

remained infectious following inoculation in groundwater and incubation at room 

temperature in dark conditions for up to 61 days.31 More work has been done with MS2 

and the range in significant k values for infectious MS2 in this study (0.095 ± 0.040 to 

0.71 ± 0.016 day-1) and T90 (3.2 to 24 days) are within the range identified in the 

systematic review by Boehm et al.7. Boehm et al.7 identified 20 k values (median k = 0.39 

day-1) for MS2 incubated in surface water in dark conditions and at temperatures from 

4°C to 25°C (k ranged from 0.00001 to 5.1 day-1).7,32,33 Of these studies, three included 

infectious MS2 incubated in raw freshwater in the dark at temperatures included in this 

study: 10°C (k = 0.41 day-1), 15°C (k =0.44 day-1), and 20°C (k = 0.16 day-1).32,34,35,7 For 

these three studies, the k values notably did not correlate with temperature. In addition, 

the k values from these studies were smaller than those reported herein for infectious 

MS2 incubated in raw water at 15°C (k =0.71 day-1, p < 0.05) and 20°C (k = 1.5, p = 

0.055) and larger than our findings of that at 10°C (k = 0.20 day-1, p < 0.01). 

We observed larger decay rate constants for HuNoV and MS2 at higher incubation 

temperatures in raw and filter-sterilized freshwater. Incubation temperature has been 

shown to affect virus persistence in surface waters,7,8 including for six of eight viruses 

included in a systematic literature review (i.e., Enterovirus, Norwalk virus, Rotavirus A, 

Mastadenovirus, somatic coliphage, and F+ coliphage).7 However, recent findings from 

individual studies of the effects of incubation temperature on the persistence of HuNoV 

and the surrogates murine norovirus and F+ coliphage are equivocal. A study that 

included HuNoV and F+ coliphage incubated in freshwater in dark conditions found that 
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HuNoV persisted longer at 4°C (T90 = 12.1 days) compared to 15°C (T90 = 5.5 days) in 

dark conditions, but the effect was not as pronounced for F+ coliphage (4°C T90 = 2.6 

days compared to 15°C T90 = 1.7 days).36 We previously observed larger decay rate 

constants at 20°C compared to 15°C for infectious HuNoV incubated in filter-sterilized 

creek water.16 In addition, one study found largest decay rate constant at an incubation 

temperature of 24°C (T90 = 7.6 days) as opposed to the highest temperature tested 

(37°C; T90 = 25.7 days) for murine norovirus incubated in autoclaved freshwater.37 

Environmental conditions beyond the type of surface water (i.e., marine, estuarine, or 

fresh) and temperature may obfuscate relationships between incubation conditions and 

decay rate constants. Indeed, we previously observed large differences in k values for 

HuNoV incubated at 15°C in freshwater collected from the same creek on different 

dates.16

Raw water includes a microbial community that could contribute to virus inactivation 

through complex microbial interactions, including predation,38 as well as organic and 

inorganic inert particles that could affect virus fate and transport through adsorption.39–41 

In this study, particle content in raw water contributed to the variation in decay rate 

constants observed for HuNoV and MS2, with the effect sizes for particle content larger 

than that of incubation temperature (Tables S8 and S10): HuNoV and MS2 incubated in 

raw water had larger decay rate constants than when incubated in filter-sterilized creek 

water. These findings are consistent with previous studies of enterococcal 

bacteriophages42 and echovirus 1110 in raw and filter-sterilized fresh and marine waters. 

In contrast, organic substances (>0.45 μm in diameter) had a shielding effect on F+ 
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coliphage in autoclaved freshwater.34 In another study, the persistence of adenovirus 

40/41 and of crAssphage in raw compared to filter-sterilized freshwater were similar.43 

However, the experimental design included spiking sewage into the samples after the 

filter-sterilization, which likely introduced biological and inert particles. In general, the 

effect of particle content on virus persistence in environmental waters is not well 

characterized,8 and, to our knowledge, has not been assessed for HuNoV in 

environmental water prior to this study. 

We found that particle content and incubation temperature interacted to produce larger 

decay rate constants in water with higher particle content and incubation temperatures. 

These findings are consistent with others who have studied the effect of particle content 

and incubation temperature for enterococcal bacteriophages and echovirus 11 in 

environmental waters.10,42 Predation could contribute to this interaction effect: others have 

observed temperature dependence in predation response for protists consuming 

viruses.10 More research is needed testing interaction effects between particle content 

and incubation temperature on virus decay rate constants as well as to develop a 

mechanistic understanding of the effect. 

Infectious virus, intact capsid, and genome segment decay rate constants can be 

compared to assess virus inactivation mechanisms. For MS2, these targets were 

compared via a multiple linear regression for raw and filter-sterilized water incubated at 

15°C. The decay rate constants from intact capsids and genome segments were similar, 

which suggests that capsid damage was not a major contributor to the overall decay of 
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infectious virus (Table S11). In addition, the decay rate constants for infectious virus and 

genome segments were similar, which suggests genome damage was a major contributor 

to the inactivation of MS2 for the conditions tested. Genome damage was previously 

identified as a likely inactivation mechanism for HuNoV incubated in filter-sterilized water 

from the same creek at 15°C.16 However, it should be noted that k values for infectious 

MS2 were generally larger in magnitude than that of genome segments for all incubation 

conditions, particularly in raw water. Thus, damage to viral proteins could have 

contributed to MS2 inactivation. Indeed, we observed non-linear decay behavior for 

infectious MS2 incubated at 10°C in raw creek water and at all temperatures in filter-

sterilized creek water (Figure 1), and others have hypothesized that nonlinear decay in 

phage could be from multiple inactivation mechanisms combined with varied phenotypic 

states.44 We were not able to directly compare the persistence of infectious HuNoV to 

that of intact capsids and genome segments. In addition, the capsid integrity methods 

applied in this study cannot distinguish active from inactive viruses, but instead only 

distinguish intact viruses from naked genomic RNA. However, for raw and filter-sterilized 

water incubated at 15°C, the decay rate constants from intact capsids and genome 

segments were similar, which suggests that capsid damage was not a major contributor 

to HuNoV decay (Table S10).

5. Conclusion

Our findings suggest that environmental processes and events that affect particle content 

in surface waters could also affect the persistence of viruses; such processes and events 
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include stormwater runoff, 45 earthquakes, 46 and particle deposition of dust,47 black 

carbon,48 and soot.49 Variable virus decay rate constants could be observed following 

these processes and events, particularly following those wherein both particle content 

and temperature of surface waters are affected (e.g., droughts exacerbated by high 

ambient temperatures). Incorporating the effects of particle content, incubation 

temperature, and their interactions could enhance virus fate and transport models. For 

example, Li et al.50 found that incorporating the effects of environmental stressors on 

rotavirus and enterovirus persistence in a lake reduced the estimated risk of infection 

while swimming by 1000 times. In addition to infectious virus persistence, HuNoV genome 

segment persistence is useful when data for infectious viruses are not available as well 

as for environmental surveillance efforts. The global burden of HuNoV is likely 

underreported due to factors like healthcare-seeking behaviors and limited resources,51,52 

and, thus, environmental surveillance of HuNoV in surface water could be a useful tool in 

unsewered communities.6 The decay rate constants presented herein will be useful to 

estimate HuNoV signal decay in surface water. 
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