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ABSTRACT

Viruses transmitted via contaminated water pose a major public health risk, requiring accurate detection and quantification in diverse water matrices. This review
assessed the occurrence of selected human enteric viruses and commonly used viral indicators using 30,085 data points from 3094 sites across surface waters (e.g.,
lakes, reservoirs, rivers and streams), groundwater, treated effluents and reclaimed waters, and treated drinking water. Viral genomes were primarily quantified
using reverse transcription-quantitative polymerase chain reaction ((RT-)qPCR), while infectivity was evaluated in a smaller subset of studies using cell culture
approaches (e.g., integrated cell culture-PCR and cytopathic effect-based observations). Culturable coliphages were also reported as indicators of faecal
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Federal Regulations; CPE, Cytopathic Effect; DALY, Disability-Adjusted Life Year; DeUF, Dead-End Ultrafiltration; DNA, Deoxyribonucleic Acid; DWTP, Drinking
Water Treatment Plant; EMA, Ethidium Monoazide; EU, European Union; FRNAPH, F-Specific RNA Bacteriophages; GC, Genome Copies; GI, Genogroup I (commonly
referring to Norovirus GI); GII, Genogroup II (commonly referring to Norovirus GII); IESWTR, Interim Enhanced Surface Water Treatment Rule (USEPA); ISO, In-
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contamination and as operational surrogates for treatment performance, but data in treated drinking water remain limited, emphasising the need to understand their
strengths and limitations. Regulatory and guidance frameworks are evolving, with increasing emphasis on demonstrating virus log reduction through multi-barrier
treatment and on risk-based operational monitoring (including somatic coliphages in some jurisdictions). Low-level virus detection remains constrained by the need
to concentrate large sample volumes, particularly for on-site sampling at drinking water treatment works. Across the studies reviewed, reported viral genome
concentrations spanned approximately 1.5-7 log1o genome copies/L, and culturable indicator concentrations varied widely across matrices. Recovery of both gene
targets and infectious virus varied substantially between methods, indicating methodological challenges that can affect interpretation and risk assessment. Overall,
the evidence supports standardised, multi-method monitoring (molecular and, where feasible, infectivity-informed approaches) and improved surveillance designs to

better protect public health from viral contamination.

1. Introduction

The vast majority of global viruses exist in water, including the
oceans, rivers, and lakes (Suttle, 2007). These aquatic viruses, primarily
bacteriophages, play an indispensable role in regulating bacterial pop-
ulations, thereby maintaining ecological balance and nutrient cycles. A
small subset of enteric viruses are pathogenic to humans and can
contaminate drinking water sources, posing significant public health
risks (Jamal et al., 2020).

Contamination of water sources by enteric pathogens can occur via
multiple mechanisms and transmission routes. Sources include sewer
leakage, septic systems, human and animal faeces, and treated or un-
treated wastewater discharges to rivers, lakes, reservoirs and coastal
waters that may be used for drinking-water abstraction (Singh et al.,
2022). Sewage-impacted waters can pose a public health risk because
pathogens can be transmitted via recreational exposure and via short-
comings or failures in water treatment and distribution. Most pathogens
of concern in drinking water are associated with human and livestock
wastes and are primarily linked to faecal-oral transmission (Xagoraraki
et al., 2014).

Sewage and untreated wastewaters typically contain higher con-
centrations of enteric viruses than source waters or finished drinking
water. Direct contact with raw sewage is relatively uncommon, whereas
exposure can occur via recreational use of sewage-impacted surface
waters and via abstraction of impacted surface water or groundwater for
potable supply. Key contamination sources include sewer leakage, septic
discharges and combined sewer overflows, as well as treated and un-
treated wastewater effluents, particularly during wet-weather events
(Guo et al., 2022; Rusinol et al., 2015). Agricultural runoff and land
application of manure or biosolids can also introduce viruses to catch-
ments, and wildlife and livestock may act as reservoirs of zoonotic vi-
ruses (Xagoraraki et al., 2014). Hydroclimatic events (snowmelt and
heavy rainfall) can trigger spikes in viral loads through runoff and sewer
overflows, and projected climate change is expected to increase the
frequency and intensity of such events, placing additional strain on
water and wastewater infrastructure (Fauvel et al., 2016; Sylvestre et al.,
2021; Semenza and Paz, 2021).

Diarrhoeal disease remains a major contributor to global morbidity,
and viral agents such as norovirus and rotavirus are leading causes of
acute gastroenteritis across age groups (Anderson and Weber, 2004;
Bartsch et al., 2020). In the United States, norovirus gastroenteritis has
been estimated to impose a substantial annual clinical and economic
burden (Bartsch et al., 2020), while in England norovirus-associated
hospitalisations contribute to avoidable bed occupancy and opportu-
nity costs (Hassard et al., 2017; Sandmann et al., 2018). Because enteric
viruses can persist in the environment and are often present at low
concentrations in drinking-water sources, sensitive monitoring ap-
proaches are needed to inform risk management (Fong and Lipp, 2005;
Haramoto et al., 2018).

This review focuses on selected human enteric viruses and commonly
used viral indicators relevant to potable-water safety. Specifically, we (i)
synthesise reported occurrence (detection frequencies and concentra-
tions) across key matrices (surface waters, groundwater, treated efflu-
ents, reclaimed water and finished drinking water) and (ii) critically
evaluate sampling strategies and virus concentration/detection

workflows used to monitor low-level viral contamination in source and
treated waters. We also discuss how methodological choices (sample
volume, concentration approach, process controls, inhibition manage-
ment and infectivity assessment) influence recovery and interpretation,
and we highlight practical priorities for routine monitoring and risk
assessment. Accordingly, this review does not attempt to catalogue the
broader freshwater virome or metagenomics detections of non-enteric
viruses. There has been an increase in studies using qPCR-calibrated
metagenomics (Wang et al., 2020), but these studies were outside the
predefined scope of this review.

Interpreting viral occurrence data requires explicit consideration of
how viruses partition and persist in water, and of what the analytical
signal represents. Viruses may occur as free virions, associated with
microorganisms, or adsorbed to suspended particles and natural organic
matter (Fig. 1). Capsid surface charge and isoelectric point, together
with water chemistry (e.g., pH, ionic strength and natural organic
matter), influence adsorption, detachment and analytical recovery
(Michen and Graule, 2010; Heffron and Mayer, 2021). Virus survival in
source waters is shaped by intrinsic viral characteristics and by envi-
ronmental conditions such as temperature, sunlight/UV exposure,
salinity, pH and organic matter (Fong and Lipp, 2005; Boehm et al.,
2019). Culture-based methods quantify infectious virus through plaque
assays, endpoint dilution or cytopathic effect in permissive host systems,
whereas (RT-)qPCR and digital PCR quantify nucleic acids and therefore
require careful interpretation in relation to infectivity (Fig. 2).

2. Data search and inclusion criteria

We reviewed studies published from 2000 onwards, with a focus on
those published after 2007. Studies were initially identified through
literature searches in 2023 (July) and 2024 (September) using database
search terms including: virus, bacteriophage, coliphage, drinking water,
water supply, groundwater, surface water, raw water, treated water,
wastewater, treated effluent, reclaimed water, and quantitative PCR.
Terms related to treated effluent and reclaimed water were included
because wastewater discharges and water reuse can influence source
waters (including via de facto reuse) and because potable reuse schemes
increasingly rely on virus log-reduction verification.

(i) contained quantification results for one or more of the 10 human
pathogenic viruses (Aichivirus, Adenovirus, Astrovirus, Entero-
virus, Hepatitis A virus, Hepatitis E virus, Norovirus, Poly-
omavirus, Rotavirus and Sapovirus); or one or more of the two
surrogate viruses (pepper mild mottle virus (PMMoV), tobacco
mosaic virus (TMV)).

(ii) contained quantification results for phages (coliphage (F-specific,
somatic), crAssphage).

(iii) were published in English.

(iv) For the prevalence sections only field studies that reported
naturally occurring phages were retained; laboratory spiking
trials were excluded. However, for the methods and recovery
analysis studies using spiked virus/phage were included.

Studies focused exclusively on non-enteric viruses (e.g., SARS-CoV-2,
influenza viruses, or rat hepatitis E virus) and metagenomic surveys
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without matrix-specific quantitative data were excluded. Such studies
broaden understanding of freshwater viromes, but they fall outside the
scope of this review. Broader syntheses of coliphage occurrence in raw
wastewater, ambient waters and wastewater effluents are already
available elsewhere (Nappier et al., 2019; Jones et al., 2022); accord-
ingly, the present review retained a potable-water focused scope and
included wastewater-derived matrices only where they inform drinking-
water sources, treated waters or potable reuse.

Data points were extracted and analysed using Excel 2016 (Micro-
soft, USA) and graphreader web interface. Data from articles meeting the
inclusion criteria outlined above were categorized into five different
water matrices as: treated effluent (tertiary treated effluents from
wastewater treatment plants), reclaimed water, surface water (includes
waters from lakes, reservoirs, watersheds, catchments, dams, rivers,
creeks and streams), subsurface water (groundwater and well water), and
treated potable water (treated drinking water from drinking water treat-
ment plants (DWTPs), the distribution system and point of use supply).
Where available, the following information for the abovementioned 12
viruses and 3 phages was extracted matrix-wise from each of the studies
into a database (Microsoft Office Excel) (Table S1, S2, Table 1):

(i) The virus and phage type monitored,
(ii) Viral quantification method employed (i.e., gene, infectivity),
(iii) Number of sampling data points (nD), number of positive detects
(nD+), number of sampling sites (nS),
(iv) Maximum abundance of viruses and phages including genome
copy (GC) and infectivity results (when available),
(v) Sampling location,
(vi) Sampling volume,
(vii) Sample concentration methods (primary concentration method,
eluant technique, secondary concentration method, tertiary
concentration).

3. Nomenclature

Virus taxonomy and nomenclature follow the International Com-
mittee on Taxonomy of Viruses (ICTV) recommendations (accessed
December 2024) (ICTV, 2024). Because many studies use common
names and epidemiological groupings, we retain those terms (e.g.,

VIRUS PARTITIONING
(A) (8) )
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‘norovirus GI/GII’) alongside the corresponding ICTV genus/species
where useful. ‘CrAssphage’ is an informal term for crAss-like bacterio-
phages; ICTV currently classifies many of these viruses within the order
Crassvirales.

e Adenovirus: Human adenoviruses are members of genus Mastade-
novirus (family Adenoviridae) and are currently classified into spe-
cies Human mastadenovirus A-G.

e Astrovirus: Human astroviruses belong to genus Mamastrovirus

(family Astroviridae), with multiple species/lineages; clinical liter-

ature often refers to ‘human astrovirus’ or specific genotypes/

serotypes.

Enterovirus: Enteroviruses are members of genus Enterovirus (family

Picornaviridae); human-infecting enteroviruses span several species

(e.g., Enterovirus A-D) and include polioviruses, coxsackieviruses

and echoviruses.

Norovirus: Noroviruses belong to genus Norovirus (family Cal-

iciviridae). Human-associated strains are commonly reported by

genogroup (e.g., GI, GII); ICTV species nomenclature includes Nor-
ovirus norwalkense (prototype Norwalk virus).

Rotavirus: Rotaviruses belong to genus Rotavirus within family

Sedoreoviridae (formerly Reoviridae in older literature); the clini-

cally important human group is most often Rotavirus A.

Sapovirus: Sapoviruses belong to genus Sapovirus (family Calicivir-

idae). Human-associated strains are commonly grouped into gen-

ogroups (e.g., GI, GII, GIV and GV), which are epidemiological/
phylogenetic groupings rather than ICTV taxonomic ranks.

e Aichivirus: Human Aichi virus is classified within genus Kobuvirus
(family Picornaviridae), species Aichivirus A (formerly referred to as
‘Aichi virus’).

e Hepatitis A virus: Hepatitis A virus is in family Picornaviridae, genus
Hepatovirus, species Hepatovirus A.

Polyomavirus: Human polyomaviruses are in family Polyomaviridae;
common human-associated targets in water studies include JC poly-
omavirus and BK polyomavirus (genus Betapolyomavirus).

e Hepatitis E virus: Human hepatitis E virus is in family Hepeviridae,
genus Paslahepevirus, species Paslahepevirus balayani (a taxon that
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Fig. 1. Partitioning of viruses within a water system: (A) as free-floating, monodispersed particles; (B) associated with microorganisms; or (C) adsorbed to natural
organic matter (NOM) aggregates and macromolecules. (D) The size range of these different particles is shown for comparison. (E) depicts how viruses/bacterio-

phages are discharged into the urban water cycle.
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supersedes the older species name Orthohepevirus A in ICTV
taxonomy).

Overview of the compiled occurrence dataset: most studies that
quantify viruses in drinking-water sources use targeted assays for a
limited number of priority pathogens or indicators, because compre-
hensive characterisation of viral diversity across matrices (including
metagenomic approaches) is resource-intensive and not yet routinely
feasible for drinking water treatment works (Bibby et al., 2019).
Accordingly, this review focuses on a defined set of human enteric vi-
ruses and viral indicators commonly used in the potable-water litera-
ture, while recognising that other viruses (e.g., respiratory viruses such
as SARS-CoV-2) and metagenomic findings may be relevant in specific
contexts.

In this study, viral prevalence estimates reported from 3094 distinct
sampling sites were quantified using both genome copies (GC) and
plaque forming units (PFU). Genome copies refer to the total number of
viral DNA or RNA segments detected in the samples, while PFU measure
the number of virus particles capable of forming plaques on a host cell
layer. The 10 human pathogenic viruses (Aichivirus, Adenovirus,
Astrovirus, Enterovirus, Hepatitis A virus, Hepatitis E virus, Norovirus,
Polyomavirus, Rotavirus and Sapovirus), the coliphages (total, somatic,
F-specific) and three emerging indicators (crAssphage and plant viruses -
TMV and PMMoV) were represented by 24,285, 3629 and 2171 data
points, obtained from 2307, 327 and 460 sampling sites, respectively.
The complete dataset is available: 10.17862/cranfield.rd.20227497.

Virus extraction
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3.1. Viral sampling, concentration, and elution

Determining viral concentrations in water requires multiple
sequential steps because viral abundance is usually low in most
drinking-water-relevant matrices. This often entails sampling and
capturing viruses from relatively large volumes (or from pre-
concentrated solids), followed by elution and secondary concentration
(e.g., centrifugation, precipitation or ultrafiltration) prior to nucleic-
acid extraction and (RT-)qPCR (Fig. 3; Table 2). To support reliable
interpretation, studies should include appropriate quality controls such
as field blanks, extraction blanks, whole-process controls, and PCR in-
hibition checks (e.g., internal amplification controls, matrix spikes, or
sample dilution). Whole-process controls help track performance across
concentration, elution and extraction steps, whereas extraction/ampli-
fication controls isolate later analytical stages; both are important
because humic substances, suspended solids and other co-concentrated
matrix constituents can suppress enzymatic amplification and bias
virus quantification (Pang et al., 2012; Haramoto et al., 2018).

Recovery efficiency depends on the concentration method, water-
matrix characteristics (e.g., particulate matter, pH and natural organic
matter), virus properties (e.g., size and charge), the choice of lysis/
elution chemistry, and the spiked virus concentration (Fig. 1). For effi-
ciency testing, non-pathogenic coliphages (e.g., ®X174 and MS2) are
commonly employed because they can reasonably reflect recovery for
other viruses (Fig. 3). However, their baseline prevalence in some water
matrices can complicate interpretation of spike-and-recovery experi-
ments. Where endogenous levels are expected, background should be
quantified in unspiked aliquots and subtracted from spiked recoveries.
Alternative whole-process controls such as mengovirus, murine
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Fig. 2. Measuring viruses in aquatic systems, modified from Ahmed et al. (2020).
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Table 1

Number of samples reported as positive for virus presence, compared with the number of samples tested, by either enumerating genome copies (using PCR), applying
infectivity-informed methods, or observing cytopathic effects (CPE). The ‘Infectivity-informed methods’ column groups integrated cell culture (e.g., ICC/ICC-qPCR)
with capsid-integrity or host-binding proxy approaches (e.g., EMA-(RT-)qPCR, SD-CDDP-(RT-)qPCR and PGM-MBs); these should not be interpreted as equivalent to
direct culture-based infectivity measurements unless explicitly identified as ICC/ICC-qPCR. The column ‘% infectivity/GC’ represents the percentage of samples
estimated as infective or intact relative to the samples that tested positive for viral genome copies. Data are sorted by virus type and matrix type. ZnD+ denotes the
cumulative number of positive detections, while nD indicates the cumulative number of sampling data points. Where ‘ID not found’ = no robust infectious-dose

estimate (e.g., ID50 or HID50) was identified in the cited literature for that virus.

Virus Matrix Genome Infectivity-informed CPE % infectivity ratio (Infectivity: References
copy methods g/ GC)
(ngy/ np) (nD+/ nD) np)
Treated 10/10 4/10 ICC 10/10* 40-100 (Simmons and Xagoraraki,
effluent 2011)
50/50 10/50 ICC 20 (Qiu et al., 2018)
17/24 13/24 1CC 9/12 53-76 (Fongaro et al., 2013)
39/180 1/180 ICC 2.6 (Pang et al., 2019)
15/20 9/20 ICC 60 (Schijven et al., 2019)
21/24 15/24 71.4 (Mackowiak et al., 2018)
Surface waters 15/15 11/151CC 73.3 (Sedji et al., 2018)
15/20 14/20 EMA-(RT)-qPCR 93.3 (Prevost et al., 2016)
53/68 0/68 ICC 0 (Merrett et al., 2013)
Adenovirus 5/15 8/151CC 160 (Dong et al., 2010)
(HIDsg 6.6 particles) 13/20 9/20 SD-CDDP-(RT-)gPCR 69 (Canh et al., 2021)
16/16 8/16 ICC 50 (Sylvestre et al., 2021)
24/964 5/24 1CC 1/24 4-21 (Stokdyk et al., 2020)
Subsurface 157/1204 40/157 ICC 25.5 (Borchardt et al., 2012)
water 15/15 0/15 0 (Betancourt et al., 2014)
0/6 2/6 ICC positive ICC-PCR but not positive  (Sylvestre et al., 2021)
Treated water for gPCR
8/12 7/12I1CC 4/12 50-87.5 (Fongaro et al., 2013)
16/49 27/49 EMA-(RT)-qPCR 168 (Prevost et al., 2016)
2/11 4/11 ICC 200 (Dong et al., 2010)
Surface waters 4/20 4/20 EMA-(RT)-qPCR 100 (Prevost et al., 2016)
13/20 4/20 SD-CDDP-(RT-)gPCR 31 (Canh et al., 2021)
Aichi virus (ID not found) Subsurface 15/15 0/15 0 (Betancourt et al., 2014)
water
Treated water 2/43 0/43 SD-CDDP-(RT-)gPCR 0 (Canh et al., 2021)
3/49 0/49 EMA-(RT)-qPCR 0 (Prevost et al., 2016)
Treated 10/23 5/23 ICC 50 (Morsy El-Senousy et al.,
Astrovirus (ID not found) effluent 2007)
Surface waters 2/20 2/20 EMA-(RT)-qPCR 100 (Prevost et al., 2016)
1/12 1/12 100 (Morsy El-Senousy et al.,
2007)
Treated water 1/12 0/12 0 (Morsy El-Senousy et al.,
2007)
46/50 7/50 ICC 15 (Qiu et al., 2018)
Treated 6/10 0/10 10/10* 0-166 (Simmons and Xagoraraki,
effluent 2011)
26/180 2/180 ICC 7.7 (Pang et al., 2019)
1/20 0/20 EMA-(RT)-qPCR 0 (Prevost et al., 2016)
Surface waters 9/20 4/20 SD-CDDP-(RT-)qPCR 44.4 (Canh et al., 2021)
Enterovirus (0.07-175 x 10° 3/16 1/16 33.3 (Sylvestre et al., 2021)
PFU) 5/24 5/24 100 (Mackowiak et al., 2018)
15/15 0/15 0 (Betancourt et al., 2014)
Subsurface 9/964 0/9 ICC 0/9 0 (Stokdyk et al., 2020)
water 109/1204 31/109 ICC 28 (Borchardt et al., 2012)
Treated water 5/49 0/49 EMA-(RT)-qPCR 0 (Prevost et al., 2016)
Hepatitis E virus (TCIDso 160- Surface waters 21/27 3/13 23* (Salvador et al., 2020)
27,000) Treated water 24/36 5/19 26* (Salvador et al., 2020)
Polyoma virus (ID not found) Surface waters 14/40 9/40 SD-CDDP-(RT-)gPCR 64 (Canh et al., 2021)
Treated 14/39 8/39 Capsid integrity 57 (Farkas et al., 2018)
effluent (PGM-MBs)
Norovirus GI (HIDsq 1320- Surface waters 16/20 15/20 EMA-(RT)-qPCR 94 (Prevost et al., 2016)
2800 GC) f 4/52 1/52 Capsid integrity 25 (Farkas et al., 2018)
(PGM-MBs)
9/20 6/20 SD-CDDP-(RT-)qQPCR 66.67 (Canh et al., 2021)
Treated water 4/49 0/49 EMA-(RT)-qPCR 0 (Prevost et al., 2016)
Treated 16/39 12/39 Capsid integrity 75 (Farkas et al., 2018)
effluent (PGM-MBs)
5/52 2/52 Capsid integrity 40 (Farkas et al., 2018)
Norovirus GII (HIDso 1320- Surface waters (PGM-MBs)
2800 GC) 1 9/20 4/20 SD-CDDP-(RT-)qQPCR 44.44 (Canh et al., 2021)
11/20 9/20 EMA-(RT)-qPCR 81.2 (Prevost et al., 2016)
2/24 0/24 0 (Mackowiak et al., 2018)
Treated water 5/49 0/49 EMA-(RT)-qPCR 0 (Prevost et al., 2016)
Treated 50/50 4/50 8 (Qiu et al., 2018)
effluent

(continued on next page)
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Table 1 (continued)

Virus Matrix Genome Infectivity-informed CPE % infectivity ratio (Infectivity: References
copy methods g/ GC)
(n5/ np) (nD+/ nD) np)
Rotavirus 4/24 3/24 75 (Mackowiak et al., 2018)
(HIDso 10PFU) Surface waters 111/180 0/180 ICC 0 (Pang et al., 2019)
4/20 4/20 EMA-(RT)-qPCR 100 (Prevost et al., 2016)
16/16 0/16 ICC-gPCR 0 (Sylvestre et al., 2021)
Treated water 3/6 0/6 ICC-qPCR 0 (Sylvestre et al., 2021)
Surface waters 3/20 4/20 EMA-(RT)-qPCR 133 (Prevost et al., 2016)

Sapovirus (1000-2800 GC)

HID50 - 50 % human infectious dose; TCID50 — 50 % tissue culture infectious dose; * — generic CPE, not confirmed to virus type; CPE — cytopathic effects; ICC/ICC-
qPCR - integrated cell culture with qPCR readout where stated; EMA-(RT-)qPCR - ethidium monoazide; SD-CDDP-(RT-)qPCR - sodium deoxycholate cis-
dichlorodiamineplatinum; PGM-MBs — porcine gastric mucin-magnetic beads. The ‘Infectivity-informed methods’ column includes integrated cell culture and
capsid-integrity/host-binding proxy methods and is not equivalent to direct culture-based infectivity measurements unless ICC/ICC-qPCR is specified.  Norovirus
HID50 estimates vary by genotype, measurement approach (GC vs PFU), and host susceptibility; reported minimum infectious doses may be lower than 1320-2800 GC.
Some ratios may use subset denominators when infectivity-informed testing was performed only on a subset and may therefore not be directly comparable.

(©) (D)

(F)

Positive

Nucleic acid . I <
extraction kit

Fig. 3. Steps involved in the concentration and detection of viruses and phages in water matrices: (A) Collection of samples from various water matrices; (B) Primary
concentration of viruses and phages, typically accomplished using membranes (through processes like VIRADEL with electronegative filters, or ultrafiltration in
either dead-end or tangential flow modes); (C) Safeguarding membrane transport using cold storage (on ice); (D) Elution, or back-washing of viruses and phages that
have been retained on the membrane using an elution buffer; (E) Secondary concentration of the eluted solution, which contains the initially retained viruses and
phages. The detection of these viruses and phages is done by either (F) evaluating virus or phage infectivity or integrity, or (G) extracting nucleic acids to estimate the
quantity of viral or phage gene copies present.

norovirus, Pseudomonas bacteriophage phi6, or armoured DNA/RNA
surrogates may therefore be preferable in matrices with persistent
indigenous phage backgrounds (Coudray et al., 2013).

3.1.1. Impact of water matrix on virus recovery

Across the reviewed studies (Table 3), sampling volumes and con-
centration approaches varied substantially by matrix. For surface waters
(rivers, lakes/reservoirs and streams), reported sampling volumes
ranged from approximately 10 to 710 L; higher turbidity and particulate
loads can reduce effective volumes through filter clogging and can lower
recovery, particularly for larger viruses or for viruses strongly associated
with particulates. Both adsorption-based membrane methods

(electronegative/electropositive filters) and ultrafiltration approaches
(e.g., hollow-fibre or dead-end ultrafiltration) have been applied, and
performance is influenced by water chemistry and the choice of eluants,
including proteinaceous eluants (e.g., beef extract, glycine) and
surfactant-based formulations (e.g., Tween-80 or sodium poly-
phosphate) (Hill et al., 2005; Hill et al., 2007; Rhodes et al., 2016).
For groundwater samples, electropositive filtration was commonly
used, and eluants such as beef extract with surfactants (e.g., Tween-80)
and salts (e.g., NaCl) were frequently reported. Small volumes (often
around 0.5 L) were used in several method-evaluation studies because of
lower turbidity and fewer interfering substances; however, these were
typically controlled recovery experiments using spiked surrogates and
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Table 2

Advantages and disadvantages of commonly used primary concentration
methods for viral concentration in drinking water. The methods recommended
for onsite viral concentration of large volumes of drinking water are denoted by
an asterisk (*). TFUF - Tangential Flow UltraFiltration, DeUF — Dead-End Ul-
traFiltration, PCR - Polymerase Chain Reaction, PEG — PolyEthylene Glycol,
DEAE-silica — DiEthylAminoEthyl-silica.

Concentration Concentration Advantages Drawbacks
principle method
Ultrafiltration TFUF* Useful for large May require filter
volumes conditioning
DEUF* Can be
automated
Useful for large
volumes
Adsorption- Electropositive Useful for large Turbid samples
Elution filters* volumes may clog filters
Field deployable Expensive
Virocap/ Multiple steps
NanoCeram® lead to viral loss
Recommended
by USEPA
Method 1615
Can be
automated
Reduces amount
of PCR inhibitors
Electronegative Direct extraction  Turbid samples
filters can be done may clog filters
directly from Requires
membrane conditioning
Reduces amount Multiple steps
of PCR inhibitors  lead to viral loss
Not feasible for
large volume
samples
Centrifugation- All Good recoveries Expensive
based equipment
needed
Useful for turbid Not feasible for
samples large volume
samples
Ultracentrifugation No Not feasible for
preconditioning large volume
One step method  samples
Precipitation/ All Useful for turbid Not feasible for
Flocculation samples large volume
samples
Low cost May require
preconditioning/
centrifugation
PEG/Dextran Recommended Concentrates
for poliovirus enzymatic
surveillance by inhibitors (PCR
WHO inhibitors)
Skimmed Milk Field deployable Time consuming
Flocculation (Virwatest)
One-step method
Upto40L
samples
Others Sorption Good recoveries Expensive
chromatographic for small equipment and
columns (DEAE volumes consumables

silica gel, monolithic
chromatography)

should not be interpreted as typical field surveillance volumes. For
routine pathogen surveillance in groundwater or treated water, larger
volumes and/or replicate sampling may be required because virus
concentrations are often very low. Reporting the sampled volume,
effective processed volume and overall concentration factor is therefore
essential for comparability and for interpreting non-detects (Cashdollar
and Wymer, 2013; Ikner et al., 2012).

In addition to matrix-driven method selection, sampling design
(where, when and how much) strongly influences detection. Most
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studies relied on grab sampling at raw-water intakes, downstream of
wastewater discharges, or within distribution networks; fewer used
time- or flow-weighted composite samples, even though composites
better integrate temporal variability and characterise average exposure
rather than instantaneous concentration. Event-based sampling during
rainfall-runoff and combined sewer overflow events, and seasonally
resolved sampling, can improve characterisation of peak viral loads and
treatment challenges (Fauvel et al., 2016; Sylvestre et al., 2021). Where
feasible, larger sample volumes and replicate samples increase detection
probability at low concentrations, but practical limits arise from filter
clogging and processing capacity; transparent reporting of sampling
context, hydraulics, antecedent weather and other meteorological con-
ditions improves interpretation of occurrence and persistence data.

3.2. Coliphages as viral indicators in aquatic systems

Various phage groups are used to assess water quality, with somatic
and F-specific coliphages being the most common viral indicators. Total
coliphages (somatic + F-specific) are also widely used, and phages
infecting Bacteroides spp. can be valuable for detecting human-specific
contamination. International guideline and regulatory frameworks
increasingly recognise coliphages as practical viral indicators to support
water safety plans (WSPs) and to verify disinfection and physical
removal efficacy for viruses (WHO, 2017b; Goodwin et al., 2015; Gun-
narsdottir et al., 2020). For example, North Carolina regulations for
Type 2 reclaimed water specify coliphage limits of 5 PFU/100 mL
(monthly mean) and 25 PFU/100 mL (daily maximum) (NC OAH, 2011),
while the EU Drinking Water Directive includes somatic coliphages as a
risk-based operational parameter in certain circumstances (EU Drinking
Water Directive, 2020).

Comparing coliphage measurement methods, ISO and USEPA have
protocols tailored to different matrices and analytical volumes. ISO
10705-1 (F-specific RNA coliphage) and ISO 10705-2 (somatic coli-
phage) use a double-layer agar (DAL) plaque assay, typically inoculating
1 mL aliquots; in practice these methods can also be applied to con-
centrates derived from much larger sample volumes (ISO, 1995; 2000).
USEPA Method 1601 provides a qualitative two-step enrichment
approach for total coliphage, and Method 1602 provides a single-agar-
layer (SAL) enumeration approach for total coliphage, commonly
applied to 100 mL groundwater samples (USEPA, 2001a, 2001b).
USEPA Method 1642 applies dead-end hollow-fibre ultrafiltration to 1 L
recreational water samples (fresh and marine) prior to SAL enumeration,
whereas Method 1643 is a SAL enumeration method for untreated sec-
ondary wastewater (USEPA, 2018a, 2018b). In general, larger analytical
volumes can improve sensitivity for low-concentration waters, but
method selection should consider matrix effects, practicality and the
availability of validated concentration steps. Commercial rapid formats
have also been developed to simplify culture-based coliphage detection
(e.g., Bluephage for somatic coliphages) (Muniesa et al., 2018).

Multiple guidelines exist to ensure sufficient log reduction values
(LRVs) for pathogenic viruses across drinking water treatment steps, and
viral indicators such as coliphages are often used to verify performance.
In the US, the Surface Water Treatment Rule (SWTR) requires at least 4-
log (99.99 %) removal/inactivation of viruses and 3-log (99.9 %)
removal/inactivation of Giardia lamblia for systems using surface water
or groundwater under the direct influence of surface water (SWTR,
1989). The Interim Enhanced SWTR added strengthened requirements
for Cryptosporidium, including a minimum 2-log (99 %) removal
requirement for systems that provide filtration (IESWTR, 1998). Cal-
ifornia's indirect potable reuse regulations specify cumulative treatment
targets of 12/10/10 log reductions for viruses, Cryptosporidium and
Giardia, respectively, from raw wastewater to potable output (CDPH,
2014; Olivieri et al., 2020), and pathogen log-reduction targets for direct
potable reuse are also being refined (Gerrity et al., 2023). In Canada,
guidance recommends at least 4-log removal and/or inactivation of
enteric viruses in drinking water systems (Health Canada, 2019).
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Table 3

Recovery of phages and viruses (including cucumber green mottle mosaic virus (CGMMYV), murine norovirus (MNV), and mengovirus (MengoV)) utilized as whole
process controls (WPC) in various water matrices, as reported in the selected studies. The legend displays the sampling volume, viral concentration (primary and/or
secondary), and elution methods employed. Onsite concentration of samples is indicated by an asterisk (*). PEG refers to polyethylene glycol, NaPP stands for

sodium polyphosphate, and PBS denotes phosphate-buffered saline.

Australia's required treatment level is risk-based and depends on source
water quality, with higher-risk categories requiring higher log re-
ductions for protozoa, viruses and bacteria (NHMRC, 2011). Despite
these standards, viral genomes can sometimes be detected in source and

PRIMARY SECONDARY WPC PHAGE
VS(‘)“I'_V'U':JI-I'EN(E) MATRIX | CONCENTRATION | CONCENTRATION ELUANT RECOVERY RI‘EA(’:POCV\I;IIEy(S"/)
METHOD METHOD (%) 0
14 acid rinse-alkaline elution MS2210 % CGMMV210 %
20 none MNV 1-100 %
] ‘Not reported' | MNV 0.005-1.8
56 Surface water | Fi lation-filtrati Lysis buffer %
56 E'ecf?lmn‘?ga“"e occulation-filtration Lysis buffer MNV 7.4-68 %
5-6 litration Lysis buffer MNV 9-54 %
56 il i acid rinse-alkaline elution MNV 9-54 %
filtration
150-500" Treated acid rinse-alkaline elution MS2210 % CGMMV210 %
potable water
710 Surface water Flocculation-filtration Beef extract MengoV <5 %
. Beef extract, Tween-80, Somatic 81-
0.5 NaCl 97 %
Groundwater Electropositive 1/C
05 filtration Beef extract, Tween-80, F specific 8-
: NaCl 36 %
Treated ) | o,
0.5 potable water none Not reported' | MNV 8.7-30.8%
MengoV 10-
0 o Beef extract ‘Not reported! 100%
PEG precipitation
MengoV 13-81
10 Beef extract %
10 Tween 80, NaPP, PRD1 86-139
Antifoam Y %
Reclaimed PEG precipitation Tween 80, NaPP, =17 plERE
0 water Antifoam Y (Genogroup
1V) 90-127 %
I Y Tween 80, NaPP, PP7 phage
10 Celite precipitation Antifoam Y 7.8-112 %
10 Beef extract Me”9°},’ 10-
, , 100%
Not reported MengaoV 19-
10 Ultrafiltration PEG precipitation Beef extract 1%0%
MengoV 10-
10 Beef extract 100%
. Somatic
150-510" Surface water PBS, Ar;t(l)fo;r:P,;‘;, Tween coliphages
’ 3.6-20 %
. PBS, Antifoam A, Tween F specific 0-
150-510 80, NaPP 24 %
Total
150-510" PBS, Antifoam A, Tween coliphages
80, NaPP (CB390PH)
0.5-24 %
100 Treated Centrifugal Tween, NaPP, Antifoam Y MS2 48 %
0.1 potable water ultrafiltration Tween, NaPP, Antifoam Y | MS2 109 %
10 none MengoV 46-50
'Not reported' %
Surface water
10 none MengoV 15-19
Flocculation- %
10 Centrifugation none MengoV 24-50
Treated 'Not reported' %
10 potable water none MengoDZ 15-35

treated waters; therefore, continuous monitoring and robust operational
verification remain important.

A key advantage of coliphages is that they can be quantified by
relatively simple culture-based assays using E. coli host strains, and in
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some contexts by molecular assays. Plaque assays directly enumerate
infectious phage particles; where antibiotic-resistant host strains are
used, samples can often be analysed without prior sterilization to sup-
press background bacteria. By contrast, mammalian cell-culture infec-
tivity assays are generally more labour-intensive and typically require
pre-sterilization (e.g., 0.22 pm filtration) to limit bacterial contamina-
tion before inoculation (Hamza et al., 2011; Haramoto et al., 2018;
Singh et al., 2022). qPCR-based assays can be highly sensitive but are
often strain- or marker-specific and are not yet standardised for broad
enumeration of somatic or F-specific coliphage groups. In drinking
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water and other low-contamination matrices, the relatively high natural
abundance of coliphages (compared with many human viruses) can
improve the probability of detection and make them useful for assessing
treatment and distribution system integrity. However, genome-to-PFU
ratios can vary widely across phage types and environmental condi-
tions, and culture and molecular results are not directly interchange-
able; therefore, studies should report methods and units transparently
and interpret molecular signals cautiously (Muniesa et al., 2018; Singh
et al., 2022).

Treated effluent Surface water Treated water
- :I |:] Data stats
B Reclaimedwater [ | Subsurface water Enpt/ Enp Eng
e 174 | 265 14
S [5} ' 5/10 1
Aichi virus i : | 1571434 37
| — 26 /52 18
———— 5/154 63
= 277 1 353 33#
- I — 25/44 3
Adenovirus F - ) 1002 /1527 133#
. R 203 / 2246 175
[ : ] 39 /218 83
) r——— 108 /190 12
Astrovirus ——— 197 /1 622 29
o 1173 6
[———— 152 /323 26
. 5} 4/22 2
Enterovirus ; - ] 144 1713 86
) 133 /2213 166
! : ) 28/210 81
g 0 3137 7
Hepatitis A virus — 151730 4
| — | 15 /1252 24
—— 1147 4
azs & 22 /97 25
Hepatitis E virus ,':, : ] 3/4 9
ol 24 /42 4
. E—— 48 /58 8
Norovirus ———— 83 /280 33
| 249 | 437 30
) . ; ) 8167 6
Norovirus Gl [ + ] 322 / 951 85
_— 57 11278 35
—— : 4208 69
_ 238 / 446 39
I ; ) 18 /89 7
Norovirus Gl [ ] 492 /1082 128
I 5 | 11 /12239 180
[ — 471225 70
) | 95 /186 14
Polyomavirus I I ] 6/22 2
(BK+JC) [ : | 309 / 621 55
o 11 /976 146
E— 91 /164 15
. o 1/10 1
Rotavirus I : ) 458 / 990 82
[ —— 16 /2190 166
o 5/110 51
: = 36 /137 9
Sapovirus Gl . — 69 /304 31
-3 -2 -1 0 1 2 3 4 5 6 7 8 9
Maximum concentration (log,, copies/L)

Fig. 4. The maximum concentration ranges of pathogenic viruses found in various raw and treated water matrices, as reported in multiple studies (see Table S1 for
details). ‘Treated effluent’ refers to tertiary treated output from wastewater plants. ‘Surface water’ encompasses lakes, reservoirs, and rivers. ‘Subsurface water’
includes groundwater and well water. ‘Treated potable water’ covers treated drinking water from DWTP, distribution systems, and point-of-use supplies. ZnD+
denotes the total number of positive detections, nD the total number of sampling data points, InS the total number of sampling sites, and nD+/nD the ratio of
positive detections to total sampling data points. The symbol ‘#’ indicates missing data points (either nD+, nD, or nS) due to unreported data in some publications
(refer to Table S1). Because maxima are shown, single-study outliers can influence the upper-bound value; for HEV in treated potable water, the plotted maximum

represents a single-study upper-bound observation.
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3.3. Prevalence of human pathogenic viruses in drinking water sources

Based on the compiled dataset, viral genomes (detected via (RT-)
gPCR) belonging to the 10 target human enteric/pathogenic viruses
were reported with varying levels across different water matrices
(Fig. 4). Reported concentrations spanned wide ranges by water type:
1.5-7 logl0 GC/L in tertiary treated effluent, 1.2-7.3 logl0 GC/L in
reclaimed water, 0.5-8.9 1og10 GC/L in surface water, 1.2-7.310og10 GC/
L in subsurface water, and -1.0 to 4.6 logl0 GC/L in treated potable
water. PCR-based approaches can overestimate infectious virus abun-
dance because they detect nucleic acids from both viable and inactivated
viruses, as well as free nucleic-acid fragments; therefore, genome copy
numbers do not directly indicate infective dose without additional
viability/infectivity information (Ditommaso et al., 2014). Accordingly,
this makes it challenging to compare datasets derived from different
methods. Therefore, standardised multi-method monitoring is needed
for source and treated waters.

In this study, the number of sampling data points (nD) for each virus
varied widely, from as few as 10 to as many as 2246, while the number
of sampling sites (nS) ranged from 1 up to 180. Marked variability
emerged in the percentage of positive detections, from 0.5 % (for nor-
ovirus GII in groundwater) to 66 % (for adenovirus in surface water).
Generally, subsurface waters (0.5-10 %) and treated drinking waters (1-
20 %) showed lower positivity rates than other matrices. Groundwater
exhibited the lowest frequency of detection and the narrowest viral
concentration range among the source waters, likely reflecting
confinement and natural filtration as water percolates into aquifers. An
exception involved a Finnish outbreak setting where norovirus GII loads
in subsurface water (6.2 logl0 GC/L) approximated those in surface
water (5.7 logl0 GC/L), reflecting faecal ingress rather than typical
background groundwater quality (Kauppinen et al., 2018). For hepatitis
E virus (HEV), the treated-potable-water maximum shown in Fig. 4
(3.95 logl0 GC/L) represents a single-study upper-bound observation
from Portugal and should not be interpreted as a typical treated-water
concentration; within that study, variability was wide and source-
water maxima were higher (Salvador et al., 2020). Additional
screened studies that reported non-detects did not alter the plotted
upper bound because Fig. 4 and Table S1 synthesise maximum reported
concentrations.

Of the viruses studied, five (adenovirus, enterovirus, hepatitis A
virus, norovirus GI/GII, and rotavirus) were sampled and identified most
frequently (nS > 100, nD > 1000) compared with aichivirus, astrovirus,
hepatitis E virus, and sapovirus (nS < 65, nD < 650). This disparity
likely reflects targeted monitoring of viruses with recognized public
health significance, low infectious doses, or explicit regulatory interest
(e.g., the US EPA drinking water contaminant candidate list and WHO
drinking-water guidance) (USEPA, 2021; WHO, 2017a). Frequent
detection should not, however, be equated with intrinsically higher
prevalence; it also reflects research and monitoring priorities (Fig. 4).

Viral genomes (e.g., aichivirus, adenovirus and norovirus) may be
reduced during wastewater treatment but can remain detectable in
tertiary effluent and reclaimed water, which can contribute to surface or
subsurface source waters via discharge or de facto reuse (Bailey et al.,
2018; Prado et al., 2019). Viral genomes have also been reported in
some studies of finished drinking water and distribution systems (Fig. 4);
however, genome detection alone does not confirm infectivity and may
reflect incomplete removal, post-treatment contamination, or persis-
tence of non-infectious nucleic acids. Quantitative microbial risk
assessment (QMRA) frameworks often use disability-adjusted life year
(DALY) metrics to translate exposure into health burden (Havelaar and
Melse, 2003; Medema, 2012). Because PCR-based methods detect ge-
netic material regardless of infectivity, risk estimates based solely on
genome copies can be conservative; where feasible, integrating
infectivity-informed measurements (e.g., cell culture or validated
capsid-integrity assays) alongside molecular detection improves inter-
pretation (Omatola and Olaniran, 2022; Sylvestre et al., 2021; Richiardi
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et al., 2023).
3.4. Prevalence of coliphages and emerging indicators

Retrospective analyses of drinking-water-associated outbreaks —
such as the 2007 multi-pathogen outbreak in Finland (Laine et al., 2011)
and the 2010 norovirus outbreak in Sweden (Riera-Montes et al., 2011) -
demonstrate that relying solely on bacterial indicators (e.g., E. coli, co-
liforms) does not consistently safeguard public health from enteric vi-
ruses, which can be present even when bacterial indicators are absent
(Korajkic et al., 2018). These events have contributed to increasing in-
terest in incorporating viral indicators (e.g., coliphages) and, where
feasible, direct viral monitoring into water safety planning and risk-
based operational monitoring, complementing traditional bacterial in-
dicators (USEPA, 2006; EU Drinking Water Directive, 2020; NHMRC,
2011).

Despite progress in water safety approaches, significant disparities
exist in data availability and distribution across various water matrices
(Figs. 2, 3). Among 193 nations recognized by the UN, comprehensive
viral occurrence data is substantially available only for the US, Spain,
and Japan (UNEP, 2021). Additional data from 26 countries are sparse
(UN-Water, 2021), and many lower-income nations have little or no data
(Our World in Data, 2021; UNEP, 2021). This information gap is espe-
cially concerning where fast population growth and poor source water
quality intensify viral risks (Soliman, 2024). Closing the knowledge gap
in viral monitoring thus remains essential, particularly for low- and
middle-income countries.

Reported maximum coliphage abundance ranged from 1.8 to 6.7
log10 PFU/L in tertiary treated effluent, 0.5-1 log10 PFU/L in reclaimed
water, 1.6-5.6 log10 PFU/L in surface water, and 1.9-3.3 1og10 PFU/L in
subsurface water (Fig. 5). In several studies, coliphages and enteric vi-
ruses were detected concurrently, supporting their use as practical in-
dicators of faecal contamination and potential viral pathways. In the
dataset compiled here, culturable coliphages (somatic, F-specific, or F-
specific RNA coliphages (FRNAPH)) were rarely detected in treated
potable water (Fig. 5); however, non-detection does not prove absence
and may reflect effective treatment, limited sampling, or analytical
sensitivity constraints. For Fig. 5 and Table S1, infectious FRNAPH and
other culture-based coliphage measurements are reported in PFU/L,
whereas FRNAPH genogroups and molecular viral indicators are
retained in genome copies/L as reported by the source studies; these
endpoint types were not converted and should not be interpreted as
directly interchangeable but are presented together to provide review of
existing data. The number of treated-water observations remains rela-
tively small (maximum detects nD+/nD = 47/225 from 70 sites), rein-
forcing the need for more systematic monitoring of final water and
distribution systems.

Indicator-based strategies can streamline viral monitoring by tar-
geting abundant, consistently detectable markers. In addition to co-
liphages, emerging molecular indicators such as crAssphage (a human
gut-associated bacteriophage group) and plant viruses such as pepper
mild mottle virus (PMMoV) and tobacco mosaic virus (TMV) have been
proposed as potential surrogates for human faecal contamination. In this
meta-analysis, culturable coliphages were rarely reported in treated
potable water, consistent with effective treatment and/or limited data;
absence of detection should not be interpreted as proof of absence of
infectious human viruses. By contrast, PMMoV genomes were detected
in some treated potable waters (2.9-4.9 logl0 GC/L), illustrating that
molecular targets can persist even when infective particles are reduced
below detection by culture-based indicators. Maximum crAssphage
counts were 5.3-8.5 logl0 GC/L in tertiary effluent and 5.7-8.3 log10
GC/L in surface water. TMV and PMMoV were also highly abundant in
tertiary effluent and surface waters. Importantly, PMMoV and TMV are
plant viruses; their presence is influenced by dietary inputs and can also
reflect crop-derived or agricultural runoff sources, meaning they are not
strictly human-specific. Therefore, pairing plant virus markers with
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Fig. 5. The maximum ranges of coliphages and viral surrogates in different raw and treated water types, as reported in several studies (details in Table S1). ‘Treated
effluent’ encompasses tertiary treated wastewater from treatment facilities. ‘Surface water’ includes lakes, reservoirs, and rivers. ‘Subsurface water’ denotes
groundwater and well water. ‘Treated water’ refers to drinking water processed at treatment plants, distributed via systems, and supplied at point-of-use. FRNAPH -
F-specific RNA bacteriophages; TMV - tobacco mosaic virus; PMMoV - pepper mild mottle virus; nD+ - cumulative number of positive detects; ZnD - cumulative
number of sampling data points; £nS - cumulative number of sampling sites; nD+/nD - ratio of positive detects to total sampling data points. # - some missing data
points (nD+ or nD or nS) since data not reported in all publications (refer to Table S1). All FRNAPH concentrations (genogroups I-IV and infectious FRNAPH) are
expressed as RNA-genome copies per litre (copies L*-1). Plaque-forming-unit values are shown in their reported PFU L"-1 units on the same log10 axis for visual

comparison and were not converted to genome equivalents.

human-associated markers (e.g., crAssphage and/or bacterial microbial
source tracking (MST) markers) can improve source attribution and
reduce misinterpretation in catchments with agricultural activity. In
practice, coliphages provide a stronger operational measure of treat-
ment process effectiveness (infective / culturable particles), whereas
plant viruses and crAssphage provide high-sensitivity molecular signals
that can support tracking of faecal contamination and persistence; the
optimal combination depends on the monitoring objective (treatment
validation, pathogen detection, or source tracking) (Ahmed et al.,
2019a, 2019b; Betancourt et al., 2014; Canh et al., 2021; Gu et al., 2018;
Hata et al., 2021; Tandukar et al., 2018) but PMMoV/TMV need careful
interpretation — especially in drinking water studies.

3.5. Infectious human enteric viruses: detection method development

Measuring viral infectivity typically involves culturing water sam-
ples on mammalian cell lines, since no single line can support all viruses
within a family (Hamza et al., 2011). Cell culture requires specialised
laboratories, equipment and skilled personnel, thus adding complexity
and cost. Recently, capsid-integrity qPCR has emerged to differentiate
infectious from non-infectious viruses. It relies on intercalating azo dyes,
such as ethidium monoazide (EMA) and propidium monoazide (PMA),
or related treatments that preferentially suppress amplification from
damaged particles (Canh et al., 2021). These approaches can shorten
turnaround time relative to cell culture, but their performance is virus-
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and strain-dependent and they do not replace direct infectivity assays
(Leifels et al., 2021; Oristo et al., 2018). Additional approaches
including surfactants, platinum compounds, enzymes, and receptor- or
antibody-based capture (e.g., porcine gastric mucin magnetic beads,
PGM-MBs) have also been explored to improve discrimination of intact
or host-binding particles (Farkas et al., 2018; Oristo et al., 2018).

Table 1 summarises genome-positive samples alongside results from
infectivity-informed methods and cytopathic-effect (CPE) observations.
Culture-based assays provide a direct measure of infectivity for viruses
that can be propagated in available host systems, whereas capsid-
integrity or host-binding methods are proxy approaches that infer
whether particles are more likely to remain intact. Across studies, re-
ported ratios between infectivity-informed positives and genome posi-
tives span wide ranges and should be interpreted cautiously. Ratios
above 100 % most likely reflect methodological uncertainty and dif-
ferences between assays (e.g., variability in culture versus qPCR, dif-
ferential recovery, and inhibition or underestimation in molecular
assays). Conversely, very low ratios indicate that only a small fraction of
detected genomes are infectious under the assay conditions. Impor-
tantly, infectivity assays are host- and strain-dependent, and absence of
culture positivity does not necessarily mean absence of infectious virus;
combining molecular and infectivity-informed approaches therefore
improves interpretation of treatment performance and risk (Shaffer
et al., 2022; Leifels et al., 2021).

Examining norovirus GI and GII across different matrices highlights
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how strongly results depend on the infectivity-related method applied
(Table 1). For norovirus GI in surface waters, genome-positive de-
tections ranged from 4/52 to 16/20, while infectivity-informed positives
ranged from 1/52 using porcine gastric mucin magnetic-bead capture
(PGM-MBs) to 15/20 using EMA-(RT-)qPCR and 6/20 using SD-CDDP-
(RT-)gPCR. For treated effluent, norovirus GI remained detectable by
both genome and host-binding proxy methods (14/39 and 8/39,
respectively), while in treated water both norovirus GI and GII were
occasionally genome-positive but were not detected by EMA-(RT-)qQPCR
in the available 49-sample treated-water datasets. Overall, norovirus GII
was commonly detected by (RT-)qPCR but generally showed lower
infectivity-informed positivity than genome positivity across several
datasets, reinforcing that molecular assays often detect a broader pool of
non-infectious or damaged particles and/or free genomes. Methods such
as EMA-(RT-)qPCR, SD-CDDP-(RT-)gPCR and PGM-MBs have been
explored to enrich for potentially intact or host-binding particles, but
performance remains virus- and strain-dependent (Prevost et al., 2016;
Leifels et al., 2021).

Adenovirus and enteroviruses are frequently highlighted as potential
infectivity threats because they are relatively persistent and have been
detected in source waters and occasionally in treated waters (Betancourt
et al., 2014; Borchardt et al., 2012; Stokdyk et al., 2020). Although
overall viral loads in treated potable water are typically low, some
studies report that residual adenovirus and enterovirus signals can
retain infectivity, with highly variable infectivity ratios depending on
matrix, treatment and assay conditions (Table 1). Several studies note
that inactivation is not universal and that performance can vary with
water quality and treatment conditions (Canh et al., 2021; Dong et al.,
2010; Fongaro et al., 2013; Prevost et al., 2016; Simmons and Xagor-
araki, 2011; Sylvestre et al., 2021). Consistent with this broader evi-
dence, only a small number of studies in the screened dataset reported
infectious enteric viruses in finished drinking water, and these de-
tections were at very low levels. For example, Lee and Kim (2002)
detected infectious enteroviruses and adenoviruses in tap water in urban
areas in Korea (2 x 10™-3 to 2.9 x 10"-2 MPN infectious units per litre),
and Ali et al. (2004) detected enteroviruses by plaque assay in drinking
water treatment facilities and parts of the distribution system in Egypt,
highlighting that operational performance and distribution integrity can
influence virological quality.

Capsid-integrity assays assume that genomes protected within intact
capsids are more likely to represent potentially infectious particles, yet
decay kinetics for capsids and nucleic acids may differ and integrity
dyes/enzymes are not universally effective across all viruses and strains
(Yezli and Otter, 2011; Leifels et al., 2021; Oristo et al., 2018). Culture-
based infectivity assays also have limitations: no single mammalian cell
line is permissive to all enteric viruses, and a given cell line may support
replication of multiple virus types, meaning additional steps (e.g., gQPCR
or sequencing of culture lysates) are needed to identify which virus
caused a cytopathic effect. Despite these limitations, infectivity remains
the gold standard for risk assessment because dose-response is driven by
infectious particles; some enteric viruses (e.g., rotavirus) have extremely
low infectious doses compared with many bacteria or protozoa (Ward
et al., 1986; Table 1). Quantitative microbial risk assessment (QMRA)
and water safety plans (WSPs) therefore benefit from integrating
occurrence data with dose-response models and from using operational
indicators (e.g., coliphages) to verify treatment barriers. Because routine
cell culture and higher-containment work are resource-intensive, oper-
ators often rely on simpler indicators, but in higher-consequence con-
texts such as potable reuse, more detailed infectivity-informed
verification may be warranted (Gerba et al., 2017; Gerrity et al., 2023).

Virus persistence and transport are influenced by environmental
conditions (temperature, pH, turbidity, organic matter and disinfectant
residuals), which can create gaps between perceived and actual
contamination risk if monitoring relies on a single method. High virus
shedding by infected individuals can lead to substantial loads in sewage
and impacted waters (Anderson and Weber, 2004; Boehm et al., 2019;
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Sarmento et al., 2021). Because (RT-)qPCR can detect genomes from
non-infectious particles, combining molecular detection with
infectivity-informed approaches (e.g., cell culture, integrated cell
culture-qPCR, or validated capsid-integrity assays) improves risk inter-
pretation. For context on potential magnitudes, Gerba et al. (2017)
summarised historical reports of maximum virus concentrations in un-
treated wastewater measured by cell culture, including values up to
approximately 1.1 x 10"6 PFU/L using BGM cell lines. These observa-
tions reinforce the importance of robust multi-barrier treatment, trans-
parent reporting of analytical methods and continued development of
practical tools that distinguish viable from non-viable viruses for routine
monitoring.

4. Future perspectives on viruses in drinking water

Mounting evidence of human enteric virus occurrence in drinking-
water sources necessitates robust strategies for monitoring and miti-
gating these pathogens (Singh et al., 2022). Virus detection and analysis
in drinking water are increasingly important amid heightened risks from
climate change and wastewater impacts on river water quality (Levy
et al., 2018; Semenza and Paz, 2021; Exton et al., 2023). This review
highlights the need for refined, standardised methods to quantify low-
level viral signals in source and treated waters. A multi-indicator
approach is advisable: coliphages remain central for verifying treat-
ment effectiveness using an infective particle signal, while molecular
markers such as crAssphage and plant viruses (PMMoV/TMV) can pro-
vide sensitive supplementary information for tracking faecal contami-
nation and persistence. However, PMMoV/TMV are not strictly human-
specific and can be influenced by dietary and agricultural inputs;
therefore, interpretation should consider catchment context and ideally
include human-associated markers. Standardised protocols are needed
to concentrate viruses from large sample volumes, particularly for on-
site application, and to manage inhibition and recovery losses
(Cashdollar and Wymer, 2013; Haramoto et al., 2018).

Coliphages and other viral indicators can aid source apportionment
and catchment-level viral load estimation. Yet, specific contamination
events introduce complex mixtures of viruses and indicators that are
shaped by site-specific hydrology and physicochemical conditions. For
instance, FRNAPH GII was more common during riverbed sediment
resuspension, whereas surface runoff elevated GI levels (Fauvel et al.,
2016). Combined sewer overflows, continuous discharges, rainfall and
snowmelt can shift the water matrix and viral loads, emphasising the
importance of recognising contamination drivers to anticipate load
fluctuations (Grgndahl-Rosado et al., 2014). Because rainfall patterns
and turbidity differ by region and season, pairing hydroclimatic data
with pathogen/indicator monitoring strengthens predictions of viral fate
and treatment challenge periods (Xagoraraki et al., 2014). A persistent
limitation across the literature is infrequent sampling at individual sites,
which hinders understanding of temporal and spatial variability.
Expanded, repeated monitoring (including event-based sampling) can
improve the evidence base for risk assessment and long-term water
quality management.

A key challenge lies in the wide variability of virus detection across
strains, matrices and analytical methods. Comprehensive risk assess-
ment benefits from catchment-scale data on flow dynamics and
turbidity, alongside virus occurrence and supporting faecal indicator
data such as E. coli (Ahmed et al., 2020). Multiple indicators and sur-
rogates can improve risk quantification and treatment verification
(Singh et al., 2022). Future research should refine dose-response models
for QMRA by considering pathogen-specific infectivity in different water
matrices. Meanwhile, the EU Drinking Water Directive includes somatic
coliphages as a risk-based operational parameter (EU Drinking Water
Directive, 2020), reinforcing their role in assessing viral removal and
operational control. Expanding monitoring frameworks to better cap-
ture pathogen diversity and persistence—while remaining pragmatic for
routine laboratories—may improve treatment optimisation and public
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health protection.

Advanced PCR methods, particularly those that attempt to differ-
entiate intact from degraded viruses, hold promise. Capsid-integrity
gPCR combined with PMA or EMA can help indicate whether detected
genomes are associated with intact particles; however, performance is
virus- and strain-dependent and does not replace infectivity assays
(Leifels et al., 2021). Digital droplet PCR (ddPCR) can improve quanti-
fication precision in inhibitor-rich matrices, but requires specialised
instrumentation and expertise. For routine water assessments in smaller
laboratories, a tiered approach may be most practical: use standardised
concentration and (RT-)qPCR and/or culture-based coliphage assays for
routine surveillance, with periodic confirmatory or investigative testing
using ddPCR, capsid-integrity methods or cell culture in specialist lab-
oratories. Ultimately, developing and validating tools that more reliably
distinguish viable from non-viable virus particles—and linking molec-
ular signals to infectivity under realistic environmental con-
ditions—remain priorities for improving QMRA and strengthening
water safety planning.

5. Conclusions

This review evaluated viral prevalence in both source and treated
drinking water, drawing on a sizable dataset from numerous studies.
Coliphages emerged as powerful indicators of potential viral contami-
nation routes, especially when pathogenic viruses were not directly
detected. Nonetheless, enteric virus detection varied by strain and water
matrix, revealing critical gaps in our grasp of viral behaviour under
diverse environmental and treatment conditions. Such variation re-
inforces the need for further investigation into coliphage-virus com-
parisons to enhance contamination tracking and optimize water
treatment.

Differences in viral detection across regions and matrices highlight
the necessity for broader and more region-specific research initiatives.
Expanded monitoring should encompass source waters (surface and
subsurface) to pinpoint viral hotspots accurately and guide risk evalu-
ations. This is underscored by variability in coliphage versus virus data,
indicating one-size-fits-all solutions are inadequate. As climate change
and other environmental pressures increasingly impact drinking water
sources, understanding viral transport, persistence, and removal be-
comes imperative. Findings herein suggest that water treatment pro-
tocols must adapt to effectively inactivate or remove the range of viruses
that pose public health threats.

Evolving regulations (e.g., EU Drinking Water Directive) underscore
the importance of standardised methods for virus detection and con-
centration across multiple water types. Future work should emphasize
validating these approaches through collaborative studies to ensure
consistency and applicability. Though qPCR remains valuable for
detecting viral genomes in treated water, including potable supplies,
genome presence alone does not signify infectivity. This review re-
iterates that viral infectivity demands a multi-faceted approach,
factoring in decay rates and environmental conditions. In summary, key
findings include:

e Coliphages effectively indicate viral contamination routes even
when pathogenic viruses are not detected.

e Enteric virus detection differs significantly by strain and matrix,
revealing knowledge gaps.

e Region-specific monitoring is crucial due to the variability in virus
occurrence across regions and matrices.

e Water treatment processes need refinement to address virus persis-
tence, especially under environmental changes like climate change.

o Standardised detection protocols, as advocated by the EU Drinking
Water Directive, must be validated through coordinated research.
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