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Importance of a heat snap in RT-PCR
quantification of rotavirus double-stranded RNA in
wastewater
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Quantification of copies of double stranded RNA using RT-PCR methods may require denaturation of the

double stranded structure using an initial high temperature incubation followed by rapid cooling, herein

called “heat snap”. Papers in the literature that report rotavirus RNA concentrations in fecal and

environmental samples do not consistently report the use of such a “heat snap”. In this study, we quantified

rotavirus RNA in diverse environmental samples (wastewater solids, wastewater, and drainage samples)

using digital RT-PCR methods with and without a heatsnap. Concentrations were higher in samples by a

factor of 125 when a heat snap was applied. This was consistent across sample types, and across

laboratories and PCR instrumentation. We recommend a heat snap be used when enumerating double

stranded RNA from rotavirus and other double stranded RNA viruses in environmental samples.

Introduction

Enumeration of copies of genomic RNA that is natively
double stranded is uncommon in molecular biology as
dsRNA genomes are amongst the rarest found in viruses; an
estimated 3% (430 of 16 215) of known viruses have dsRNA
genomes.1 When using a quantitative RT-PCR approach to
quantify dsRNA, an initial high temperature incubation step
may be needed to denature dsRNA to ensure the RNA
template is available for the reverse transcription (RT)
enzyme to synthesize cDNA. This heating step is typically
accomplished by heating the reaction at 95–100 °C for 5 min,
and then cooling on ice or at 4 °C prior2 to RT. Herein we
refer to this as a “heat snap”. The heat snap step is

sometimes conducted on the extracted dsRNA alone,3 and
sometimes on the dsRNA combined with primers and dNTP.4

Despite the published use of the heat snap to denature
dsRNA prior to RT, we find that it is not universally
implemented in studies quantifying rotavirus from clinical or
environmental samples. In 2024, Awere-Duodu and Donkor5

published a systematic review of prevalence rates of rotavirus
detection in diverse water environments. The review
identified 75 publications that reported detection or
quantification of rotavirus in drinking water, ground water,
sewage, and surface waters, of which 74 used PCR-based
detection of RNA. Amongst these 74 publications, only 17
(23%) reported the steps for the heat snap directly in the
methods. An additional 10 (14%) did not include the heat
snap steps in the methods, but referenced prior studies that
describe clearly the heat snap. The remaining 47 (64%) did
not describe a heat snap step or include a reference to a prior
study or protocol describing a heat snap step, suggesting the
authors did not include or were not aware of this step
(compiled data provided at Stanford Digital Repository:
https://doi.org/10.25740/rk700qq6039). It should be noted
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Water impact

Rotavirus is one of many health relevant double stranded RNA (dsRNA) viruses that is important in water systems. This study presents original research to
improve measurement precision of RNA from dsRNA viruses. We show that an initial high temperature and cooling step is needed (a heat snap) to
accurately measure rotavirus RNA in wastewater samples. As application of molecular methods to measure pathogens in water becomes more and more
common place, it is essential to include a heat snap for measurement of dsRNA viruses.
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that we did not further address data quality of these papers
(e.g., whether they followed MIQE6 guidelines). In many of
the studies that did not include a heat snap, reverse
transcription kits were referenced that do not include
guidance on denaturing dsRNA prior to reverse transcription.
Given the substantial diversity in sample types, locations,
and extraction and detection methods, we did not attempt to
determine the impact of heat snap on prevalence of rotavirus
amongst these studies.

We recently published a systematic review of the literature
to identify studies that report concentrations of rotavirus
RNA in human excretions (for example, feces, sputum,
urine).7 This set of compiled papers, which were evaluated by
us for data quality as part of that study, offered a convenient
set to examine whether or not researchers report using a heat
snap during rotavirus dsRNA quantification from clinical
samples. We identified 25 papers that report rotavirus RNA
in excretions as measured using quantitative RT-PCR
methods, these papers all happened to be focused on RNA
quantification in stool. Of these papers, ten8–17 did not report
using a heat snap, twelve18–28 did report using a heat snap,
and three29–31 did not provide cycling conditions or clear
references to the cycling conditions and therefore it was not
possible to discern whether they used a heat snap. It is not
necessarily appropriate to compare measurements obtained
in the different studies because they each report
concentrations of rotavirus RNA in excretions from
individuals experiencing different stages and severities of
rotavirus infections when RNA concentrations might be
higher or lower due to various biological factors. Despite this
limitation, we found that rotavirus RNA concentrations
reported in papers describing using a heat snap had
significantly higher log10 concentrations than those that did
not (log10-mean of samples with heat snap = 6.9, log10-mean
without heat snap = 6.3 log10 copies per g; t-test, t = 4.428,
dof = 718, p < 10−4, compiled data provided at the Stanford
Digital Repository: https://doi.org/10.25740/rk700qq6039).
These findings suggest not using a heat snap may
underestimate the concentration of a dsRNA target, especially
if the dsRNA is not already denatured in the media where it
is being quantified.

Wastewater measurements of infectious disease
biomarkers can allow public health professionals and
infectious disease researchers to infer information on the
occurrence of diseases in contributing populations.32 As
rotavirus is one of the most important etiologies of diarrheal
disease and can cause significant morbidity and mortality in
children,33 it is a potentially important target for wastewater
surveillance. Rotavirus RNA has been enumerated in
wastewater matrices previously,34–40 but none of the studies
describe using a heat snap in their methods. Rotavirus RNA
in wastewater may be encapsulated in damaged or intact viral
capsids, or exist external to a capsid, and it may be
fragmented, or denatured. If the dsRNA is not denatured in
wastewater, then the use of a heat snap may be needed for
sensitive and accurate rotavirus RNA quantification.

The goal of the present study was to determine whether
inclusion of a heat snap affects quantification of rotavirus
RNA in wastewater using digital RT-PCR. The work was
carried out in two different laboratories using different
instruments.

Methods
Quantification of rotavirus RNA in wastewater solids

Wastewater solids were collected from 31 wastewater
treatment plants located in 13 states across the United States
(Table 1) between 29 April and 27 June 2025. Several plants
provided more than one sample yielding a total of n = 38
samples. Samples were provided to Stanford University
(Stanford, California, USA) for the WastewaterSCAN project.
The methods for wastewater solids sample collection,
nucleic-acid extraction are outlined in detail by Boehm
et al.41 and in published protocols42,43 and not repeated
herein. Nucleic-acids were stored at −80 °C for approximately
7 days prior to analysis. Samples were thawed at 4 °C and
immediately used as template in droplet digital one-step RT-
PCR reactions using rotavirus primers and probes described
previously.44 The assay was run in multiplex with previously
described assays for parvovirus B19,45 adenovirus group F,44

and measles46 RNA using the probe mixing approach
(Table 2). The droplet generator, thermocycler, and droplet
readers were purchased from Biorad, as described
previously.41 Two different cycling conditions were used
using the exact same reaction composition including the
same template. One set of conditions did not include a heat
snap and are reported by Boehm et al.41 The other set of
conditions included an initial denaturation step where the
reaction was heated to 99 °C for 5 min followed by cooling at
4 °C for 5 min. These conditions are subsequently referred to
as conditions without and with a heat snap, respectively.
Nucleic-acid templates were run neat in 6 replicate wells and
results from the replicate wells were merged for post
processing following methods previously described.41 A total

Table 1 Locations (city, state) where wastewater solids were collected in
the United States. Number of samples per sit is 1 per site except for
Kansas City, KS (n = 6), Merced, CA (n = 2), and Turlock, CA (n = 2)

Akron, OH Red Wing, MN
Clinton, IA Rochester, MN
Davis, CA Sacramento, CA
Essex junction, VT San Jose, CA
Gilroy, CA Santa Cruz, CA
Harrison, AR San Mateo, CA
Jackson, MI San Francisco
Jenison, MI Stafford, VA
Kansas City, KS Sunnyvale, CA
Mankato, MN Sunnyvale, TX
Merced, CA Turlock, CA
Napa, CA Union Beach, NJ
Oceanside Wheaton, IL
Orange County, FL Wheeling, WV
Palo Alto Wichita Falls, TX

Youngstown, OH

Environmental Science: Water Research & TechnologyPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

5.
02

.2
02

6 
02

:0
0:

23
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.25740/rk700qq6039
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ew00773a


Environ. Sci.: Water Res. Technol., 2025, 11, 2919–2925 | 2921This journal is © The Royal Society of Chemistry 2025

of six 96-well PCR plates were run (3 with and 3 without a
heat snap). Each plate included 1 well with PCR positive
controls, 2 to 4 wells with extraction negative controls, and 2
to 3 wells with no template PCR controls, as described
elsewhere.41 Concentrations are provided in units of copies
per gram dry weight and errors are provided as standard
deviations. In order for a sample to be scored as positive, it
had to have at least three positive droplets across the
replicate wells.41 The lowest detectable concentration,
calculated as the concentration for a sample with 3 positive
droplets, was approximately 1000 copies per g dry weight
solids. Additional details about the methods that follow
dMIQE guidelines6 can be found elsewhere.41

Quantification of rotavirus RNA in raw wastewater and drain
samples

Raw wastewater and drainage samples (potentially
containing spilled wastewater or fecal material) were
collected from ten drainage channels and two wastewater
treatment plants in Kampala, Uganda, from 17 and 28
March 2025. Sampling occurred over ten working days at
each site, yielding a total of n = 119 samples (99 drainage
samples and 20 wastewater samples). Each grab sample
consisted of 50 mL, treated with MgCl2 to achieve a final
concentration of 25 mM. Samples were vacuum-filtered
using S-Pak® membrane filters (mixed cellulose esters, pore
size 0.45 μm, diameter 47 mm; Merck, Cat. No.
HAWG047S6). The nucleic acids were extracted from the
sample using AllPrep PowerFecal Pro DNA/RNA Kit (Qiagen,
Cat. No. 80254). Filters were subsequently torn into small
pieces with sterile forceps and transferred into the
PowerBead Pro Tube, followed by the manufacturer's

protocol. To remove potential PCR inhibitors, the 100 μL
extracted nucleic acid was purified using the Zymo OneStep
PCR inhibitor removal kit (Zymo Research, Cat. No. D6030).
There were no extraction replicates. Extraction blanks were
included with each day of sampling, prepared using 50 mL
of nuclease-free water and processed in parallel following
the same procedure. Purified extracts were 3× diluted with
nuclease-free water to minimize potential inhibition and
stored at −80 °C until shipment on dry ice to the Eawag
Laboratory (Dübendorf, Switzerland). Upon arrival, extracts
were stored at −80 °C for 83 to 106 days prior to analysis;
differential storage was required for logistical reasons as all
samples could not be run at once. Quantification of
rotavirus RNA was performed using a one-step digital RT-
PCR assay on the naica® PCR system (Stilla Technologies,
France). Samples were run in duplicate. The assay employed
a duplex primer/probe set for simultaneous detection of
rotavirus (HEX-labeled) and norovirus GII RNA (Cy5-labeled).

Each RT-dPCR reaction consisted of a total pre-reaction
volume of 27 μL, including 5.4 μL of RNA template and
21.6 μL of mastermix. The mastermix contained qScript XLT
One-Step RT-qPCR ToughMix (2×) (Quantabio, USA, Cat. No.
95132), 0.5 μM of forward and reverse primer, 0.2 μM of
each probe, 0.05 μM of fluorescein sodium salt (VWR, Cat.
No. 0681-100G), and RNase-free water. The sequences of the
rotavirus and norovirus GII primers and probes are
provided in Table 2.

As with the solid samples above, two different cycling
conditions were used using the exact same reaction
composition including the same template. One set of
conditions did not include a heat snap and the other set
included an initial denaturation step where the template
was heated to 95 °C for 5 min followed by cooling on ice

Table 2 Sequences for PCR primers and probes used in this study. For assays marked with an asterisk, primers and probes were purchased from
Integrated DNA Technologies (Coralville, IA, USA) and those probes contained fluorescent molecules and quenchers (5′ HEX, FAM, Cy5, ROX, and/or
ATTO950/ZEN/3′ IBFQ); FAM, 6-fluorescein amidite; HEX, hexachloro-fluorescein; Cy5, cyanine-5; Cy5.5, cyanine5.5; ROX, carboxyrhodamine; ZEN, a
proprietary internal quencher from Integrated DNA Technologies (Coralville, IA, USA); and IBFQ, Iowa Black FQ. Primers and probes for other assays
were purchased from Microsynth AG (Balgach, Switzerland) and contained one of the fluorescent molecules listed above and a black hole quencher
(BHQ-1 or BHQ-2)

Target Sequences (5′-3′)

Rotavirus47 Forward GGCTTTTAAAGCGTCTCAGT
Reverse AATYTATAGCTATCRTTCTCYARATG
Probe HEX/CCATGGCTGAGCTAGCTTGCTT/BHQ-1

Norovirus GII48 Forward ATGTTYAGRTGGATGAGATTCTC
Reverse TCGACGCCATCTTCATTCAC
Probe Cy5/TGAGCACGTGGGAGGGCGATCGC/BHQ-2

*Parvovirus B19 (ref. 26) Forward CCACTATGAAAACTGGGCAATA
Reverse GCTGCTTTCACTGAGTTCTTCA
Probe ROX/AATGCAGATGCCCTCCACCCAG/ZEN/3′ IBFQ

*Measles46 Forward AGGATGAGGCGGACCARTACTT
Reverse CRATATCTGAGATTTCCTTGTTCTC
Probe FAM/CATGATGATCCAAGTAGTAGTGA/ZEN/3′ IBFQ

*Rotavirus49 Forward CAGTGGTTGATGCTCAAGATGGA
Reverse TCATTGTAATCATATTGAATACCCA
Probe ATTO590/ACAACTGCAGCTTCAAAAGAAGWGT/ZEN/3′ IBFQ

*HAdV44 Forward CCTCCTGTGTTACGCCAGA
Reverse CAGGCTGAAGTASGTATCGG
Probe ROX/ATTO590/CTCGATGATGCCGCAATGGT/ZEN/3′ IBFQ

Environmental Science: Water Research & Technology Paper
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for 5 min and then centrifuged briefly before being added
to the reaction. The reaction mixture (reaction volume 25 μL)
was loaded onto Sapphire chips (Stilla Technologies) were
partitioned into droplets of an average 0.519 nl using a
Geode system (Stilla Technologies; 12 min at 40 °C),
followed by thermocycling with the following conditions:
reverse transcription (50 °C for 1 h), enzyme activation
(95 °C for 5 min), and 45 cycles consisting of
denaturation (95 °C for 15 s) and annealing/extension (54 °C
for 1 min). After the reaction, the chips were scanned
using a Naica Prism3 Crystal Reader v.4.10.0.3 (Stilla
Technologies). Droplet counts and fluorescence signals
across three channels (blue, green, and red) were analyzed
using Crystal Miner software v.4.10.0.3 (Stilla Technologies)
based on manual thresholding using lines in one
dimension. As a quality control measure, samples with
<15 000 droplets generated were considered invalid. Across
all samples, an average 25 305 droplets were generated,
with standard deviation of 2515. Absolute concentration of
rotavirus RNA (cp μLdPCR

−1) was calculated automatically
by the software using Poisson distribution analysis of
positive droplets, and the unit was converted into cp mL−1

considering the volumes of sample (Vsample), reaction
(Vreaction), extract elution (Velution), and PCR template
(Vtemplate) and dilution factor: gc mL−1 = gc μLdPCR

−1 ×
(Vreaction × Velution/Vtemplate) × Dilution factor ÷ Vsample.
Samples were run in technical duplicates, along with a
positive control and a no-template control (NTC). Results
were expressed as copies per milliliter (cp mL−1), with errors
calculated as the standard deviation between duplicates. The
lowest detectable concentration was 8 cp ml−1, the
concentration corresponding to three positive droplets;
samples with less than 3 positive droplets were considered
non-detect.

Ethics approval

The protocols for collecting and processing samples from
Uganda were approved by the Vector Control Division
Research Ethics Committee in Uganda (approval no. VCDR-
2024-65) and the Eawag Ethical Review Committee.

Statistics

The ratio of RNA measured with and without a heat snap was
calculated; the ratio was found to be log-normally distributed
using a Shapiro–Wilks test (p = 0.18). A t-test using the log10-
transformed data was used to test the null hypothesis that
that ratio for solids is the same as for the liquid (wastewater
and drainage) samples, and a p value of 0.05 is used to assess
significance. A linear regression was used to assess the
relationship between measurements made with and without
a heat snap. All analyses were performed using Rstudio
(version 1.4.1106) with R (version 4.0.5). All measurements,
as well as dMIQE checklists,6 are deposited in the Stanford
Digital Repository (https://doi.org/10.25740/rk700qq6039).

Results

All negative and positive controls were negative and positive,
respectively indicating that assay performance was
acceptable. For the work flow for the wastewater solids, the
negative controls all contained 0 positive droplets with the
exception of 1 NTC had 1 positive rotavirus droplet (out of
37 975 total droplets) indicating the limit of blank was 0 to
333 cp g−1 dry weight. For the workflow for the liquid
samples, the negative controls all contained 0 positive
droplets, indicating the limit of blank was 0 cp ml−1.

Twenty-three of 99 drain samples, and 3 of 38 wastewater
solids samples were negative for rotavirus RNA using no heat
snap, yet had detectable RNA when using a heat snap. All raw
wastewater samples had detectable RNA using both
approaches. These results suggest using the heat snap
provides higher sensitivity than not using a heat snap.

Samples for which rotavirus RNA was detected using
both with and without a heat snap are considered in the
following quantitative analysis (n = 131). The concentrations
of rotavirus RNA measured using a heat snap were higher
than those measurements without a heat snap in both
wastewater solids and liquids. The median ratio was 123
(interquartile range 82 to 196, n = 131). Ratios were not
different for liquids versus solids (t-test on log10-transformed

Fig. 1 Concentrations of viral nucleic-acids measured with (y-axis)
and without (x-axis) a heat snap. Error bars are standard deviations;
both y and x error bars are shown and if they cannot be seen then they
are smaller than the symbol. The error bar for one norovirus GII
measurement is omitted from the plot since it suggested the lower
bound was less than 0 and could not be displayed (41 ± 45 cp ml−1,
see data at Stanford Digital Repository). Liquid refers to raw
wastewater or drainage samples. Only samples where both
measurements were above the lowest detectable concentration are
shown. The line represents the 1 : 1 line. Parvo is parvovirus, HAdV is
human adenovirus, Noro is norovirus GII, Rota is rotavirus; the
configuration of their genome is provided next to the name in the
legend. Note that results for measles are not shown because all
samples were non-detect.
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ratios, t = 1.323, dof = 50.302, p = 0.19). The relationship
between log10-transformed concentrations measured with
and without a heat snap (CHS and CNHS, respectively) was
linear with a slope of 1.0 ± 0.02, and intercept of 2.1 ± 0.05
(errors represent standard deviation, r = 0.98, p < 0.05),
suggesting a power-law relationship: CHS = 102.1CNHS

1.
Results suggest that measurements made with a heat snap
are approximately 125 times higher than those made
without a heat snap.

Concentrations of all other targets run with and without a
heat snap fell on a one-to-one line (Fig. 1 shows all samples
where both cycling conditions yielded a positive result).
Measles RNA was not detected in any sample so those results
are not included in the figure. These other targets included
viral genomes of all compositions including single stranded
RNA (ssRNA), ssDNA, and double standard DNA (dsDNA).
These results suggest the heat snap does not affect
quantification of other types of viral nucleic-acids in these
matrices.

Discussion

Rotavirus RNA was detected consistently in samples when a
heat snap was used, suggesting the heat snap increased
sensitivity. In addition, higher concentrations were measured
using a heat snap. This suggests that rotavirus RNA
concentrations in samples based on methods that do not
include a heat snap are underestimated. At least a portion of
the dsRNA rotavirus genome present in wastewater solids,
wastewater, and wastewater impacted drainage is not
denatured endogenously. Therefore a denaturing step is
needed to more accurately characterize rotavirus RNA
concentrations in these matrices. Quantification of other viral
nucleic-acids in other genome configurations (ssRNA, dsDNA,
ssDNA) was not affected by the heat snap. Further work may
be warranted to test the heat snap in other matrices with
other assays.

The linear relationship between the rotavirus
measurements with and without a heat snap is striking. We
note that the relationship was conserved despite samples that
were collected from diverse locations and times, and represent
different matrices, and that the samples were processed in
different laboratories using different extraction methods and
quantified using different digital PCR methods. The goal of
this study was not to evaluate the effects of these different
steps on quantification of rotavirus RNA, there was no sample
sharing or splitting in the study. The linear relationship
suggests that the proportion of rotavirus RNA accessible to the
reverse transcription without heat snap relative to the
proportion accessible after heat snap is conserved. In our
analyses, the ratio is 1 : 125, suggesting that an average 0.8%
of the rotavirus RNA is quantifiable without a heat snap. The
conservation of the linear relationship in our samples also
suggests that measurements made without a heat snap may
be corrected to approximate those with a heat snap by
multiplying by 125, though the applicability of this correction

factor to other sample matrices beyond those tested here or
using alternative extraction methods is uncertain.

A heat snap is likely needed prior to reverse transcription
when dsRNA is not denatured endogenously in a sample or
otherwise during extraction. Although the work here
highlights the impact of heat snap on quantifying rotavirus,
there are a number of other important human and animal
dsRNA pathogens, including other members of the
Sedoreoviridae family (i.e., Bluetongue virus and Colorado tick
fever virus) and members of the Birnaviridae family (i.e.,
infectious bursal disease virus). Failure to denature dsRNA
prior to reverse transcription will likely influence other
studies beyond PCR-based quantification assays, such as
metagenomic sequencing; dsRNA viruses may also be
underrepresented in metagenomic data sets. It is unclear
under what conditions a heat snap is needed, but given the
results reported herein, we recommend that a heat snap be
used when quantifying dsRNA from environmental matrices.
We further recommend manufacturers of molecular
biological products including RT highlight the need to
denature dsRNA prior to RT.

Conflicts of interest

BS and DD are employees of Verily Life Sciences, LLC.

Data availability

Datasets for this manuscript can be found in the Stanford
Digital Repository (https://doi.org/10.25740/rk700qq6039).

Acknowledgements

A portion of this work was supported by a gift from the Sergey
Brin Family Foundation to ABB, from Eawag Discretionary
Funding to SK, LS, and TRJ, and from the Swiss National
Science Foundation [grant number No. CRSII5_205933] to
TRJ. We acknowledge Katja Herter for noting this
phenomenon in her M.Sc. thesis.

References

1 International Committee on Taxonomy of Viruses,
International Committee on Taxonomy of Viruses: Master
Species Lists (MSL), (accessed August 9, 2025).

2 J. Gray and M. Iturriza-Gómara, in Diagnostic Virology
Protocols, ed. J. R. Stephenson and A. Warnes, Humana
Press, Totowa, NJ, 2011, pp. 325–355.

3 J. C. dos S. Alves, D. M. Teixeira, D. R. de Deus, V. C. Smith,
D. S. A. de S. Santos, R. da S. Bandeira, J. A. M. Siqueira,
L. L. C. de S. Morais, J. C. Monteiro, L. da S. Soares, F. N.
Tavares and Y. B. Gabbay, Lat. Am. J. Aquat. Res., 2022, 50(5),
703–713.

4 T. Imagawa, M. Saito, D. Yamamoto, M. Saito-Obata, Y.
Masago, A. C. Ablola, A. O. Tandoc, E. Segubre-Mercado,
S. P. Lupisan and H. Oshitani, Infect., Genet. Evol., 2020, 85,
104465.

Environmental Science: Water Research & Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

5.
02

.2
02

6 
02

:0
0:

23
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.25740/rk700qq6039
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ew00773a


2924 | Environ. Sci.: Water Res. Technol., 2025, 11, 2919–2925 This journal is © The Royal Society of Chemistry 2025

5 A. Awere-Duodu and E. S. Donkor, Environ. Health Insights,
2024, 18, 11786302241276667.

6 The dMIQE Group and J. F. Huggett, Clin. Chem., 2020, 66,
1012–1029.

7 G. Zheng, E. M. G. Chan and A. B. Boehm, EBioMedicine,
2025, 119, 105878.

8 Y. Qiu, S. B. Freedman, S. Williamson-Urquhart, K. J.
Farion, S. Gouin, N. Poonai, S. Schuh, Y. Finkelstein, J.
Xie, B. E. Lee, L. Chui and X. Pang, and on behalf of
the Pediatric Emergency Research Canada Probiotic
Regimen for Outpatient Gastroenteritis Utility of
Treatment (PROGUT) Trial Group, Viruses, 2023, 15(7),
1541.

9 C. Coudray-Meunier, A. Fraisse, S. Martin-Latil, S. Delannoy,
P. Fach and S. Perelle, PLoS One, 2016, 11, e0147832.

10 T. M. Fumian, J. P. G. Leite, M. S. Rocha, J. S. R. de Andrade,
J. M. Fioretti, R. M. S. de Assis, M. R. S. Assis, A. M. Fialho
and M. P. Miagostovich, J. Virol. Methods, 2016, 228,
123–129.

11 M. B. Gutierrez, M. R. de Figueiredo, A. M. Fialho, C. P.
Cantelli, M. P. Miagostovich and T. M. Fumian, Hum.
Vaccines Immunother., 2021, 17, 4654–4660.

12 Y.-C. Hsieh, F.-T. Wu, C. A. Hsiung, H.-S. Wu, K.-Y. Chang
and Y.-C. Huang, Vaccine, 2014, 32, 1199–1204.

13 P. Ray, M. Fenaux, S. Sharma, J. Malik, S. Subodh, S.
Bhatnagar, H. Greenberg, R. I. Glass, J. Gentsch and M. K.
Bhan, J. Infect. Dis., 2006, 194, 588–593.

14 M. B. Gutierrez, A. M. Fialho, A. G. Maranhão, F. C. Malta,
J. D. Andrade, R. M. Assis, S. D. Mouta, M. P.
Miagostovich, J. P. Leite and T. M. Fumian, Pathogens,
2020, 9(7), 515.

15 C. P. Cantelli, A. J. Velloso, R. M. S. de Assis, J. J. Barros,
F. C. do A. Mello, D. C. da Cunha, P. Brasil, J. Nordgren, L.
Svensson, M. P. Miagostovich, J. P. G. Leite and M. T. B. de
Moraes, Sci. Rep., 2020, 10, 6965.

16 I. Mukhopadhya, R. Sarkar, V. K. Menon, S. Babji, A. Paul, P.
Rajendran, T. V. Sowmyanarayanan, P. D. Moses, M. Iturriza-
Gomara, J. J. Gray and G. Kang, J. Med. Virol., 2013, 85,
1661–1668.

17 H. Hiramatsu, R. Suzuki, A. Nagatani, H. Boda, M. Miyata, F.
Hattori, H. Miura, K. Sugata, S. Yamada, S. Komoto, K.
Taniguchi, M. Ihira, N. Nishimura, T. Ozaki and T.
Yoshikawa, J. Infect. Dis., 2018, 217, 589–596.

18 R. Chilengi, M. Simuyandi, M. Chibuye, M. Chirwa, N.
Sukwa, N. Laban, C. Chisenga, S. Silwamba, N. Grassly and
S. Bosomprah, Vaccine, 2020, 38, 7357–7362.

19 C. Yen, K. Jakob, M. D. Esona, X. Peckham, J. Rausch, J. J.
Hull, S. Whittier, J. R. Gentsch and P. LaRussa, Vaccine,
2011, 29, 4151–4155.

20 S. Jacobsen, S. Niendorf, R. Lorenz, C.-T. Bock and A. M.
Marques, Viruses, 2022, 14(8), 1670.

21 S. Richardson, K. Grimwood, R. Gorrell, E. Palombo, G.
Barnes and R. Bishop, Lancet, 1998, 351, 1844–1848.

22 C. M. Donato, L. S. Ch'ng, K. F. Boniface, N. W. Crawford,
J. P. Buttery, M. Lyon, R. F. Bishop and C. D. Kirkwood,
J. Infect. Dis., 2012, 206, 377–383.

23 A. Bennett, L. Pollock, K. C. Jere, V. E. Pitzer, B. Lopman, U.
Parashar, D. Everett, R. S. Heyderman, N. Bar-Zeev, N. A.
Cunliffe and M. Iturriza-Gomara, J. Infect. Dis., 2019, 219,
1730–1734.

24 C. A. Magwira, L. P. Kgosana, M. D. Esona and M. L. Seheri,
Vaccine, 2020, 38, 8260–8263.

25 D. Cowley, K. Boniface, N. Bogdanovic-Sakran, C. D.
Kirkwood and J. E. Bines, Hum. Vaccines Immunother.,
2017, 13, 1908–1915.

26 H. Miura, Y. Kawamura, K. Sugata, N. Koshiyama, A.
Yoshikawa, S. Komoto, K. Taniguchi, M. Ihira and T.
Yoshikawa, J. Med. Virol., 2017, 89, 79–84.

27 S. Mijatovic-Rustempasic, L. C. Immergluck, T. C. Parker, E.
Laghaie, A. Mohammed, T. McFadden, U. D. Parashar, M. D.
Bowen and M. M. Cortese, Hum. Vaccines Immunother.,
2017, 13, 928–935.

28 M. H. Argüelles, G. A. Villegas, A. Castello, A. Abrami, P. D.
Ghiringhelli, L. Semorile and G. Glikmann, J. Clin.
Microbiol., 2000, 38, 252–259.

29 S. B. Freedman, J. Xie, A. Nettel-Aguirre, X.-L. Pang, L. Chui,
S. Williamson-Urquhart, D. Schnadower, S. Schuh, P. M.
Sherman, B. E. Lee, S. Gouin, K. J. Farion, N. Poonai, K. F.
Hurley, Y. Qiu, B. Ghandi, C. Lloyd and Y. Finkelstein, Nat.
Commun., 2020, 11, 2533.

30 R. Pratte-Santos, M. P. Miagostovich, T. M. Fumian, E. L.
Maciel, S. A. Martins, S. T. Cassini and R. Keller, J. Med.
Virol., 2019, 91, 744–750.

31 M. Pacilli, M. M. Cortese, S. Smith, A. Siston, U. Samala, M. D.
Bowen, J. P. Parada, K. I. Tam, K. Rungsrisuriyachai, S. Roy,
M. D. Esona and S. R. Black, Clin. Infect. Dis., 2015, 61, e20–e25.

32 A. Bivins, D. North, A. Ahmad, W. Ahmed, E. Alm, F. Been, P.
Bhattacharya, L. Bijlsma, A. B. Boehm, J. Brown, G. Buttiglieri,
V. Calabro, A. Carducci, S. Castiglioni, Z. Cetecioglu Gurol, S.
Chakraborty, F. Costa, S. Curcio, F. L. de los Reyes, J. Delgado
Vela, K. Farkas, X. Fernandez-Casi, C. Gerba, D. Gerrity, R.
Girones, R. Gonzalez, E. Haramoto, A. Harris, P. A. Holden,
Md. T. Islam, D. L. Jones, B. Kasprzyk-Hordern, M. Kitajima, N.
Kotlarz, M. Kumar, K. Kuroda, G. La Rosa, F. Malpei, M.
Mautus, S. L. McLellan, G. Medema, J. S. Meschke, J. Mueller,
R. J. Newton, D. Nilsson, R. T. Noble, A. van Nuijs, J. Peccia,
T. A. Perkins, A. J. Pickering, J. Rose, G. Sanchez, A. Smith, L.
Stadler, C. Stauber, K. Thomas, T. van der Voorn, K. Wigginton,
K. Zhu and K. Bibby, Environ. Sci. Technol., 2020, 54, 7754–7757.

33 Y. Du, C. Chen, X. Zhang, D. Yan, D. Jiang, X. Liu, M. Yang,
C. Ding, L. Lan, R. Hecht, C. Zhu and S. Yang, Virol. J.,
2022, 19, 166.

34 A. B. Boehm, B. Shelden, D. Duong, N. Banaei, B. J. White
and M. K. Wolfe, mSphere, 2024, 9, e00736-23.

35 M. Wolken, M. Wang, J. Schedler, R. H. Campos, K. Ensor,
L. Hopkins, T. Treangen and L. B. Stadler, Sci. Total Environ.,
2024, 931, 172683.

36 X. Zheng, K. Zhao, B. Xue, Y. Deng, X. Xu, W. Yan, C. Rong,
K. Leung, J. T. Wu, G. M. Leung, M. Peiris, L. L. M. Poon
and T. Zhang, Water Res., 2024, 255, 121513.

37 C. A. Valdivia-Carrera, A. C. Ho-Palma, A. Munguia-Mercado, K.
Gonzalez-Pizarro, C. Ibacache-Quiroga, A. Dinamarca, M. Stehlík,

Environmental Science: Water Research & TechnologyPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

5.
02

.2
02

6 
02

:0
0:

23
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ew00773a


Environ. Sci.: Water Res. Technol., 2025, 11, 2919–2925 | 2925This journal is © The Royal Society of Chemistry 2025

M. Rusiñol, R. Girones, M. T. Lopez-Urbina, A. Basaldua Galarza
and E. Gonzales-Gustavson, Sci. Total Environ., 2023, 905,
167161.

38 H. Wang, M. P. Churqui, T. Tunovic, L. Enache, A.
Johansson, M. Lindh, M. Lagging, K. Nyström and H.
Norder, Sci. Total Environ., 2023, 895, 165012.

39 E. Ito, J. Pu, T. Miura, S. Kazama, M. Nishiyama, H. Ito, Y.
Konta, T. Omura and T. Watanabe, Appl. Environ. Microbiol.,
2021, 87, e02547-20.

40 E. M. G. Chan, A. Zulli and A. B. Boehm, medRxiv, 2025,
preprint, https://www.medrxiv.org/content/10.1101/
2025.07.21.25331943v1.

41 A. B. Boehm, M. K. Wolfe, A. L. Bidwell, A. Zulli, V. Chan-Herur,
B. J. White, B. Shelden and D. Duong, Sci. Data, 2024, 11, 1141.

42 A. Topol, M. Wolfe, B. White, K. Wigginton and A. Boehm,
protocols.io, DOI: 10.17504/protocols.io.btyqnpvw.

43 A. Topol, M. Wolfe, K. Wigginton, B. White and A. Boehm,
protocols.io, DOI: 10.17504/protocols.io.btyrnpv6.

44 A. B. Boehm, B. Hughes, D. Duong, N. Banaei, B. J. White
and M. K. Wolfe, mSphere, 2024, 9, e00736-23.

45 A. Zulli, R. Linfield, D. Duong, B. Hughes and A. Boehm,
Emerging Infect. Dis., 2025, 31, 1442.

46 A. P. Paulos, A. Zulli, B. Shelden, D. Duong, A. B. Boehm and
M. K. Wolfe, medRxiv, 2025, preprint, DOI: 10.1101/
2025.07.18.25331801.

47 M. S. Joshi, S. G. Deore, A. M. Walimbe, S. S. Ranshing and
S. D. Chitambar, J. Virol. Methods, 2019, 266, 65–71.

48 K. Konig, A. Jahun, K. Nayak, L. Drumright, M. Zilbauer, I.
Goodfellow and M. Hosmillo, Wellcome Open Res., DOI:
10.12688/wellcomeopenres.17078.1.

49 N. Jothikumar, G. Kang and V. Hill, J. Virol. Methods,
2009, 155, 126.

Environmental Science: Water Research & Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

5.
02

.2
02

6 
02

:0
0:

23
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://www.medrxiv.org/content/10.1101/2025.07.21.25331943v1
https://www.medrxiv.org/content/10.1101/2025.07.21.25331943v1
https://doi.org/10.17504/protocols.io.btyqnpvw
https://doi.org/10.17504/protocols.io.btyrnpv6
https://doi.org/10.1101/2025.07.18.25331801
https://doi.org/10.1101/2025.07.18.25331801
https://doi.org/10.12688/wellcomeopenres.17078.1
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ew00773a

	crossmark: 


