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ABSTRACT

Safeguarding the seafood industry is important given its contribution to supporting our growing global population.
However, shellfish are filter feeders that bioaccumulate microbial contaminants in their tissue from wastewater
discharged into the same coastal growing environments leading to significant human disease outbreaks unless appro-
priately mitigated. Removal or inactivation of enteric viruses is very challenging particularly as human norovirus
(hNoV) binds to specific histo-blood ligands in live oyster tissue that are consumed raw or lightly cooked. The regula-
tory framework that sets out use of clean seawater and UV disinfection is appropriate for bacterial decontamination at
the post-harvest land-based depuration (cleaning) stage. However, additional non-thermal technologies are required
to eliminate hNoV in live shellfish (particularly oysters) where published genomic studies report that low-pressure
UV has limited effectiveness in inactivating hNoV. The use of the standard genomic detection method (ISO 15,
216-1:2017) is not appropriate for assessing the loss of infectious hNoV in treated live shellfish. The use of surrogate
viral infectivity methods appear to offer some insight into the loss of hNoV infectiousness in live shellfish during de-
contamination. This paper reviews the use of existing and potentially other combinational treatment approaches to en-
hance the removal or inactivation of enteric viruses in live shellfish. The use of alternative and complementary novel
diagnostic approaches to discern viable hNoV are discussed. The effectiveness and virological safety of new affordable
hNoV intervention(s) require testing and validating at commercial shellfish production in conjunction with laboratory-
based research. Appropriate risk management planning should encompass key stakeholders including local govern-
ment and the wastewater industry. Gaining a mechanistic understanding of the relationship between hNoV response
at molecular and structural levels in individually treated oysters as a unit will inform predictive modeling and appro-
priate treatment technologies. Global warming of coastal growing environments may introduce additional
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contaminant challenges (such as invasive species); thus, underscoring need to develop real-time ecosystem monitoring
of growing environments to alert shellfish producers to appropriately mitigate these threats.
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1. Introduction

The seafood industry is an important sector of food production world-
wide (Ruiz-Salmon et al., 2020). An estimated 18 million tons of marine
molluscs are globally harvested each year with an estimated value of $35
billion, comprising 9 % of the value of fisheries worldwide (Sharp et al.,
2021). Shellfish consumption is an increasingly important part of human
diet and is an emerging area for economic growth worldwide (Ruiz-
Salmon et al., 2020; Ruiz-Salmon et al., 2021; Laso et al., 2022; Cooney
etal., 2023). This is particularly relevant given that our growing global pop-
ulation recently reached eight billion people. Shellfish filter hundreds of li-
tres of coastal water for nutrients and can bioaccumulate human pathogens
including norovirus from their growing marine environment, if contami-
nated with faecal material (Compos and Lees, 2014). Human norovirus is
found in high concentrations in faeces (10! virus/ g) (La Rosa et al.,
2012); consequently, this virus is recognized as a high risk for environmen-
tal transmission (McLeod et al., 2017: Sharp et al., 2021). Pilotto et al.
(2019) reported concentrations of 10'* genome copies/per gram (cg/g) of
murine norovirus (MNV1) that were achieved during 24 h bioaccumulation
in the Pacific oyster Crassostrea gigas; whereas, Maalouf et al. (2011) noted
that both human norovirus genogroups GI and GII were shown to simulta-
neously bioaccumulate in C. gigas oysters to 10° cg/g. Contamination of raw
seafood with pathogenic microorganisms occurs through primary produc-
tion and from infected food handlers (McLeod et al., 2017; Sharp et al.,
2021).

In many parts of the world, microbiological pollution of coastal areas
with human sewage, and agricultural run-off, can readily occur in commer-
cial harvesting such that shellfish bioaccumulate large amounts of bacterial
and/or viral pathogens (Bosch et al., 1995; Winterbourn et al., 2016); thus,
requiring to be appropriately cleaned (depurated) (Rupnik et al., 2018;
Razafimahefa et al., 2020; Rupnik et al., 2021). The faecal indicator organ-
ism Escherichia coli is frequently used as a general indicator of sewage con-
tamination and for assessing the effectiveness of shellfish depuration
processes (Sharp et al.,, 2021). These authors reported that non-
pathogenic E. coli, pathogenic E. coli 0157:H7 and hNoV GII RNA accumu-
late rapidly in mussels using simulated water contamination after a point-
source release from a combined sewer overflow (CSO) and untreated

wastewater released directly into the coastal zone. “All three microbiologi-
cal indicators reached close to maximum concentration within 3 h of expo-
sure, demonstrating that short CSO discharges pose an immediate threat to
shellfish harvesting areas” (Sharp et al., 2021). Depuration in clean seawa-
ter proved partially successful at removing pathogenic and non-pathogenic
E. coli from shellfish tissue, but failed to eradicate hNoV GII RNA. The au-
thors concluded that current EU standards for evaluating microbiological
risk in shellfish are inadequate for protecting consumers against exposure
to hNoV; thus, intimating a need to improve depuration efficiencies includ-
ing developing new appropriate mitigation technologies (McLeod et al.,
2017; McMenemy et al., 2018).

It is notable that hNoV is the leading viral cause of human gastroenter-
itis, where consuming contaminated shellfish contributes as a vector in this
transmission (Yu et al., 2015). In developed countries, it accounts for 95 %
of non-bacterial foodborne outbreaks, and over 50 % of all microbial out-
breaks (Dewey-Mattia, 2018; Wikswo et al., 2021). In the US alone,
noroviruses are responsible for ~ 20 million cases and >70,000 hospitaliza-
tions of infected children, annually (Smith and Smith, 2019). Oysters are
frequently implicated as the source of this human gastroenteritis illness pos-
ing a particular risk to young, elderly and immunocompromised (Centers
for Disease Control and Prevention (CDC), 2020). While most adults re-
cover from viral diarrhoea, such illness in young children can lead to hospi-
talization and life-threatening dehydration (Centers for Disease Control and
Prevention (CDC), 2020). Notably, contaminated shellfish are estimated to
cause between 9 and 34 % of all foodborne norovirus cases in the US
(Pouillot et al., 2021), and similar etiological ranges have been reported in-
ternationally (Havelaar et al., 2008; Davidson et al., 2011; Advisory
Committee on the Microbiological Safety of Food, 2015). No vaccine cur-
rently exists that can prevent hNoV infection (Centers for Disease Control
and Prevention (CDC), 2020). Best published evidence suggests that oysters
are a main source of foodborne hNoV-transmission due to (a) the mode of
transmission (as they mainly consumed raw or lightly cooked) (Rupnik
et al., 2018); (b) production of oysters in same intertidal waters where
human sewage is discharged as a source of hNoV (Rupnik et al., 2018;
Sharp et al., 2021); and (c) specific retention of hNoV strains in oysters
through binding to ligands enabling lengthy persistence (McLeod et al.,
2017).
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Oysters are premium food products of economic importance that are
consumed globally (McLeod et al., 2017); however; failure to appropriately
depurate contaminated shellfish can lead to reputational damage to the
exporting industry and a commensurate loss of confidence for importing
countries (Younger et al., 2020). Currently, it is technically challenging to
confidently address the effective removal or destruction of recalcitrant en-
teric viruses, particularly from live contaminated shellfish (Leduc et al.,
2020; Younger et al., 2020; Rupnik et al., 2021). The Pacific oyster
(C. gigas) is the most commonly produced oyster globally; but other species
are also commercially harvested including Crassostrea viginica (the Eastern
oyster) in the US, Saccostrea glomerata in Australia, and flat oysters
(Ostrea edulis) that are produced in many countries including Ireland, the
United Kingdom, and Croatia (McLeod et al., 2017).

Norovirus is a small (approximately 30 nm in diameter) non-enveloped,
single-stranded RNA virus that belongs to the family Caliciviridae (Sharp
et al., 2021). Norovirus was named after the original Norwalk strain,
which caused an outbreak of gastroenteritis in a school in Norwalk, Ohio
in 1968. Noroviruses are now classified into ten genogroups (GI-GX) and
48 genotypes where typically GI and GII predominate (McLeod et al.,
2017; Chhabra et al., 2019; Rupnik et al., 2021). While wastewater treat-
ment plants (WWTPs) can contribute to enteric virus removal, it appears
that improvements in the effectiveness of technologies or processes are re-
quired to fully remove or inactivate enteric viruses from human sewage
(Barrett et al., 2016). Data published in a recent EFSA baseline survey high-
lights that peak hNoV concentration and prevalence in contaminated oys-
ters was observed in the months of January and February when almost
65 % of samples tested were positive for hNoV [mean concentration of
661 genome copies/g] (EFSA, 2019).

Hepatitis A Virus (HAV) is also a small (approximately 30 nm in size),
non-enveloped, icosahedron-shaped, RNA enteric virus that contaminates
shellfish in polluted seafood leading to human illness (Woods and
Burkhardt III, 2010). A vaccine exists for HAV (Centers for Disease
Control and Prevention (CDC), 2020). Coincidently, viruses with
icosahedral-shaped capsids efficiently package their RNA (Martin-Bravo
et al., 2021), which will be discussed later in this review in the context of
a focus for real-time detection and as a structural target for
decontaminating enteric viruses of similar geometry (such as hNoV and
HAV). Notably, researchers have reported on geometric defects and icosa-
hedral viruses that may influence assembly, dissociation, or accessibility
of cellular proteins to virion components (Wang et al., 2018). Many com-
plex shellfish pathogens, such as these enteric viruses and waterborne pro-
tozoan enteroparasites (such as Cryptosporidium oocysts, and Giardia cysts),
do not grow on standard laboratory based culture media, and require use of
more sophisticated enumerations methods post-treatment, such as quanti-
tative PCR (ISO standard) (Garvey et al., 2010; Garvey et al., 2013; Hayes
et al., 2013; Gerard et al., 2019; Franssen et al., 2019; Sharp et al., 2021;
Rupnik et al., 2021). There are in vitro cell culture methods to study the vi-
ability of treated surrogate enteric viruses (Barrett et al., 2016) and for wa-
terborne parasites (Garvey et al., 2014a; Garvey et al., 2014b), which can
be combined with the standard qPCR method to inform decontamination.
Currently, there is no appropriate in vitro model for studying the infectivity
of hNoV strains that has hindered development, testing and standardization
of treatment approaches for the shellfish industry, particularly at commer-
cial depuration phase (McLeod et al., 2017; Rupnik et al., 2018; Rupnik
et al., 2021). Sophisticated diagnostic techniques are not routinely avail-
able in standard food-testing laboratories for enteric viruses; for example,
hNoV and HAV are classified as belonging to Human Pathogen Hazard
Group II viral pathogens necessitating use of more specialized Cat II facili-
ties (Centers for Disease Control and Prevention (CDC), 2020).

These enteric viruses have a low infectious dose and may remain infec-
tious for weeks in the environment or on food surfaces (Nasheri et al.,
2021). However, limited physiological or mechanistic information is avail-
able regarding viral survival, persistence and transmission in contaminated
shellfish. Interestingly, Kokkinos and co-workers (2021) noted that “the
vast majority of viral agents, which are transmitted via the faecal-oral
route are non-enveloped, highly stable under environmental conditions,
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characterized by extremely small size, and include emerging and re-
emerging Caliciviridae, Adenoviridae, Hepevirdae, Picornaviridae and
Reoviridae. The enteric viruses of human stool and urine belong to more
than 140 types (Kokkinos et al., 2011) where untreated wastewater has
been identified as the most diverse viral metagenome examined thus far.
Most sequence reads have little or no sequence relations to known problem-
atic viruses, underscoring that most of the viruses have yet to be character-
ized”, and are underestimated in prevalence (Cantalupo et al., 2011).

Previous researchers have reported that under EU law, sanitary classifi-
cation of shellfish production areas is recognized based on the presence and
concentration of the faecal bacterium Escherichia coli as designated EU Reg-
ulation 627,/2019 (Rupnik et al., 2021; Hunt et al., 2023). Currently, the
minimum time and water temperature used for commercial depuration
are not stipulated in EU Regulation, however, Rupnik et al. (2021) had
noted that such depuration should be performed for a minimum of 42 h
with a water temperature of no <8 °C in Ireland. Specifically, shellfish har-
vesting waters are classified as A, B, or C, which is based on increasing
E. coli concentrations measured in shellfish flesh and fluid (Hunt et al.,
2023). Consequently, within each class, specific post-harvest decontamina-
tion methods such as depuration and relaying are mandated before any live
product can be sold (Rupnik et al., 2018; Hunt et al., 2023). However, stud-
ies have indicated that monitoring faecal indicator bacteria in shellfish may
be a poor indicator of water pollution and the risk of human exposure to
pathogens from consuming shellfish (Romalde et al., 1994; Younger
et al., 2018). Essentially, “bacterial species are traditionally used as indica-
tors of faecal contamination of agricultural products, shellfish and shellfish
waters” (Garcia et al., 2020). This led to the aforementioned formulation of
legislation based on the measurement of faecal indicator bacteria (EU,
2020). Previous researchers have reported that there is a poor correlation
between concentrations of E. coli and norovirus, making it less relevant as
an indicator organism (Flannery et al., 2009; Lowther et al., 2019; Hunt
et al., 2023). Although methods for detection and quantification of prob-
lematical pathogens (e.g., Vibrio spp.) in shellfish exist, these also have
yet to be incorporated into EU legislation due to the lack of robust evidence
and non-consensus agreements over what new standards should be incor-
porated (Hassard et al., 2017; EFSA, 2019; Sharp et al., 2021).

Post-harvest disease mitigation typically occurs in land-based tanks con-
taining clean seawater. Duration of treatment is governed by several biolog-
ical and environmental factors that are informed by the monitoring of
enteric virus concentration (or viral load) (Rupnik et al., 2021). Thus, oys-
ters and other bivalve molluscan shellfish harvested from class B category
waters (accounting for the majority of overall oyster production from
European countries) (McLeod et al., 2017), must undergo appropriate
depuration before human consumption (EFSA, 2019). These regulations
have informed the effective decontamination of bacterial-associated illness
caused by contaminated oysters; however, despite same, there are numer-
ous reports of enteric viral outbreaks caused by depurated oysters (Rajko-
Nenow et al., 2013). For example, Doré et al. (2010) noted that illnesses
have also been reported for the consumption of contaminated oysters that
were harvested from category A waters where post-harvest decontamina-
tion is not mandatory. Consequently, in order to mitigate against the occur-
rence of enteric viral illness and to avoid the loss of consumer confidence in
shellfish products, many commercial producers apply depuration treatment
for oysters harvested from category A growing waters as part of their risk
management procedures (Rupnik et al., 2018).

The most widely practised post-harvest treatments is depuration,
whereby bivalve shellfish undergo self-purification in land-based tanks
containing clean seawater (McLeod et al., 2017). However, the effect of
depuration is reducing harmful norovirus in live shellfish is less well estab-
lished compared with treating E. coli, particularly at the standard conditions
of 48 hat8to 15 °C (McLeod et al., 2017; Hunt et al., 2023). The use of viral
surrogates is a common approach to studying depuration efficacy such as
using F + RNA bacteriophage type I or II (designated FRNA or FRNAPII)
where there are established infectivity assays to offset this technical prob-
lem for assessing hNoV post treatments using the ISO standard detection
method (Polo et al., 2014; Rupnik et al., 2018; Leduc et al., 2020; Rupnik
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et al., 2021). “F-specific coliphages (F+ coliphages) are bacteriophages
that infect Escherichia coli cells possessing F pili. F+ coliphages are classi-
fied into FDNA phages (FDNAPHSs) or FRNA phages (FRNAPHSs), depending
on whether their genomes consist of single-stranded DNA or single-
stranded RNA, respectively” (Hata et al., 2016). Oysters can bioaccumulate
high concentrations of enteric viruses after a few hours (Flannery et al.,
2012; Pilotto et al., 2019) which promotes rapid contaminated with poten-
tially several hNoV strains. Optimal reduction of norovirus load was previ-
ously reported in the region of 1 log;o (McLeod et al., 2017). Other
experiments have reported marginal improvements in norovirus reduc-
tions, particularly using elevated seawater temperature (>11 °C) during
depuration (Rupnik et al., 2021).

Oysters retain smaller particles, such as hNoV that bind to these parti-
cles depending on their isoelectric point (McLeod et al., 2017). However,
itisalso appreciated that the recognition of hNoV persists for longer periods
than bacteria where oysters are depurated due to specific hNoV-ligand
mechanisms (McLeod et al., 2017) as also reported in humans (Hutson
et al., 2002). This is one of the main reasons for viral persistence in oysters
compared to bacteria where contaminated shellfish can retain virus copies
for weeks or months after initial exposure; thus, acting as a reservoir for
foodborne transmission (Maalouf et al., 2010; Mathijs et al., 2012). For ex-
ample, hNoV GI.1 strain binds to the midgut and digestive diverticula of Pa-
cific oysters, but not to other tissues (Le Guyader et al., 2012). While hNoV
GII strain binds to various tissue types including digestive diverticula, mid-
gut (intestine), gills, mantle, and labial palps, McLeod et al. (2017) has pro-
vided a comprehensive review of factors affecting hNoV binding in oysters
including seasonal variations where these authors note that published find-
ings support strain-specific variations in hNoV binding patterns. Oysters re-
tain hNoV through specific ligand-binding in tissues that affects selective
accumulation and persistence that may help explain their long retention
in oysters (as observed in depuration, McLeod et al., 2017). However,
there appears to be a lack of published studies on the ability of oysters to
specifically bind surrogate viruses that would inform the comparative abil-
ity for infectious viral removal or deactivation at depuration. Hunt et al.
(2023) advocated the need for new monitoring methods and regulatory
regimens for the specific hazard of enteric viruses in oysters to better man-
age this risk. EFSA (2019) recommends better understanding of the actual
risk associated with positive hNoV test results from contaminated produc-
tion areas for all genogroups. However, Hunt et al. (2023) stated that
“where to apply quantitative thresholds remains a core question in addition
to what post-harvest or other interventions could be applied to further man-
age the risk of norovirus contamination in oysters. To determine the best
methods for controlling shellfish virus risk is currently a matter of live dis-
cussion in the EU”.

Consequently, this constitutes the first review to compare the effective-
ness of different established and emerging technologies affecting the decon-
tamination of enteric and surrogate viruses in live oysters. It also considers
other complementary novel approaches for the real-time detection of viable
and infectious hNoV strains to that of using a standard genomic method
(RT-qPCR) that may potentially inform their effectiveness and advance
studies underpinning the virological safety of shellfish, particularly ad-
dressing oysters.

2. Methods for human norovirus removal or destruction in contami-
nated live shellfish

A review of publications from PubMed and Scopus database over period
1981 to 2023 was used to address this research topic using PRISMA guiding
framework. Of the combined keywords, norovirus (n = 7781) and
“depuration” (n = 50), 43 publications were deemed eligible based on
criteria: on the follow; (a) norovirus detection, persistence, and accumula-
tion in shellfish, (b) decontamination technologies and operational factors
affecting effectiveness for live shellfish applications; (c) use of surrogate mi-
croorganisms; (d) kinetic inactivation modeling and (e) foodborne trans-
mission outbreaks. Seven publications were excluded for the reason that
they addressed post processing of non-living shellfish; use of chlorine and
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heating in shellfish, food distribution chain and studies on norovirus aero-
sols in wastewater production plants. Combining “depuration”-based publi-
cations with “enteric viruses” (n = 10,305) over the period 1988 to 2023
revealed 22 matching publications where 6 were different to the aforemen-
tioned “norovirus” publication list. These addressed treatment of hepatitis
A virus (HAV) in mussels using a closed circulatory system, treatment of
the surrogates HAV, poliovirus type 1 and coliphage MS2 in shelled clambs,
public health implications of viral-contaminated mussels, and development
of diagnostic tests. One study was excluded for the reason that it addressed
virological control of contaminated ground water that is not the subject of
this review.

Decontamination of live shellfish is mainly carried out at the commer-
cial depuration phase post-harvest using clean seawater where in-line or
bolt-on solutions must be non-thermal in nature to mitigate against damage
to the treated live oysters (Rupnik et al., 2021). “Acceptable post-harvest
treatments available to ensure oysters meet the E. coli standard include
self-purification in land-based tanks containing clean seawater by a process
called depuration or relaying bivalve shellfish to clean marine locations for
an extended period (four weeks)”. Norovirus-related gastroenteritis out-
breaks have occurred even when oysters have been demonstrated to be
fully compliant with regulatory end-product standards. Therefore, the com-
bination of marine harvest area controls and post-harvest treatments as cur-
rently practised does not completely protect consumers from the virological
safety risk associated with norovirus-contaminated shellfish (Rupnik et al.,
2018). Findings from various researchers would support the idea that
shorter, less-intense solar irradiation in the winter (such as in Northern
hemisphere countries) may also contribute substantially to the environ-
mental persistence of human noroviruses in shellfish (Younger et al.,
2020; Rupnik et al., 2021).

Typically, solutions for live shellfish decontamination must consider
inter alia: the volume of live seafood products to be treated; the cellular
and molecular mechanism(s) of action of the applied decontamination ap-
proach(es) ensuring irreversible inactivation, or removal; the microbial
load or initial starting population including composition, such as the type
of pathogen(s) present as these frequently differ in behaviour and level of
susceptibility to decontamination methods, particularly hNoV (Fig. 1); the
amount of decontaminant applied or intensity of removal/disinfection
methods; the exposure or treatment time (hours, days); the appropriate in-
activation kinetic performance of applied decontamination approaches (log
linear, or bi-/tri-phasic adaptive microbial responses); the environmental
parameters (seawater depuration temperature, salinity, pH, presence of in-
terfering suspended solids or turbidity), nutritional factors (oysters are con-
sumed raw; thus nutritional and organoleptic characteristics must be
maintained post non-thermal treatments); scalability; affordability; the
availability of subject-matter technical assistance for equipment operation;
operator safety (UV-irradiation), detection and infectivity enumeration
methods; and biocompatibility post treatments including environmental
(ecotoxicological) compliance. The sequence of susceptibility of treated mi-
croorganisms (and surrogates) to applied disinfection technologies, as
shown in Fig. 1, is indicative as it is appreciated that the mode of action
of biocidal action may differ depending upon the type of treatment
methods. For example, specific hNoV strains (such as G1) may generally
be more tolerant to a variety of technologies as specifically bind to ligands
in oyster tissues that may confer greater protection (Leduc et al., 2020;
Rupnik et al., 2021) (Table 1); thus, they are potentially more recalcitrant
compared to treating similar hNoV genotypes under less complex plank-
tonic situations as often replicated in laboratories. Waterborne parasites
(such as Cryptosporidium parvum oocysts or Giardia lamblia cysts) appear
to exhibit greater tolerance to reactive oxygen species (ROS) associated
with advanced oxidative processes (AOP) yet appear to be more susceptible
to UV-irradiation (Garvey et al., 2014a; Garvey et al., 2014b). However,
combined use of UV/H,0, appears more effective for microbial disinfection
compared to separately using the treatment technologies.

Effective post-harvest processing technologies that are recognized by
regulators (such as the US FDA) have had limited acceptance in the domes-
tic industry due to the high initial capital equipment costs and the
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Fig. 1. Increasing microbial resistance to decontamination methods.

economics of transporting and storing shell oysters. While advances have
been made to try to standardize or harmonize non-thermal disinfection
technologies for food-based processes including packaging (Gémez-Lopez
et al., 2022), there is a marked knowledge gap in the development and
reporting of appropriate treatment technologies (used alone or combined)
for commercial-scale seafood applications, particularly, for technologies
or approaches that can address complex challenges including enteric vi-
ruses, parasitic oocysts, algal toxins and other potential contaminants of
concern (McLeod et al., 2017; Fehrenbach et al., 2022). However, the ma-
jority of physical and chemical disinfection technologies used in food and
adjacent medical device processing industries would not be deemed appro-
priate for live shellfish decontamination. For example, researchers have
highlighted similar challenges to effectively process and sterilize heat-
sensitive medical devices containing complex materials; however, such
Medtech-approved chemical disinfectants (such as glutaraldehyde), and
terminal sterilization modalities (gamma, x-ray, electron beam, ethylene
oxide are not appropriate for use in seafood depuration due to killing of
live shellfish, cost of equipment, and general non-practicalities. However,
the use of vaporized hydrogen peroxide by the medical device industry
may have a future role in commercial shellfish decontamination. In addi-
tion, there is a pressing commensurate need to establish the safety of new
technologies including their environmental impact. For example, Hayes
et al. (2013) reported that pulsed-plasma gas-discharge (PPGD) in
oxygen-sparged water generated a range of short-lived highly-oxidative
biocidal properties killing enteric bacterial pathogens and recalcitrant wa-
terborne parasitic oocysts. This PPGD technology has been applied for con-
tact food surface decontamination studies (Rowan et al., 2007, However,
despite demonstrating biocidal efficacy, this PPGD system was reported
to produce unwanted toxicological endpoints post treatments making it un-
suitable for the intended use (Hayes et al., 2013). This is also relevant given
scalability issues surrounding the transition from early discovery (lab-
based) to full commercial testing of technologies at depuration where
there are limited published studies addressing shellfish decontamination.
Such an innovative disease mitigation topic is underappreciated when con-
sidering the combined technological (TRL), societal (SRL) and policy read-
iness level (PRL) framework for evaluating new decontamination
approaches ranging from discovery to full commercial deployment (as ex-
emplified by Rowan and Casey, 2021), particularly for safely and afford-
ably treating live shellfish. Given the amount of key governing factors,
complexity of data generated and the need to achieve real time outcomes
for effective decision-making (Naughton et al., 2020), potential practical

disease mitigation solutions will be informed, supported and enabled by
digital technologies (Rowan, 2022; Rowan et al., 2022).

2.1. Using conventional low-pressure UV irradiation and filtration methods

Reference to the use of UV has appeared in 198,506 journals since 1946
to present day (combined PubMed and Scopus), where 117 journals com-
bine UV with norovirus. A total of 48 papers were excluded from consider-
ation in this review as they focused on the combined use of UV with other
approaches (such as heating, H,O, generating wipes, peracetic acid, TiO2)
for treating strawberries, onions, and lettuce or treating reclaimed water a
golf course, simulating vomiting, SARS-CoV-2 (COVID-19) applications,
therapeutic applications for intestinal microbiome, solar radiation, electro-
chemical paper-based devices, and chlorination

UV processes have been developed for food and water disinfection ap-
plications and have been divided into three main categories (a) low pres-
sure/low intensity lamps (b) low pressure/high intensity (c) medium
pressure/high intensity lamps (Fitzhenry et al., 2021). Barrett et al.
(2016) noted that these UV systems vary with respect to operating pressure
and output level; for example, it is low and medium pressure assets that are
deployed for treating wastewater. Also, turbidity and suspended solids can
affect UV disinfection efficiency by decreasing transmissivity (i.e., the
transmission of UV light through the water body) (Barrett et al., 2016).
Yet, these factors are not routinely considered when monitoring UV perfor-
mance. UV light technologies have supported the effective treatment of
drinking water for decades. Low pressure (LP) UV disinfection results in
photochemical damage to viral RNA thus inhibiting viral reproduction
(Fitzhenry et al., 2021). Advances have been recently made in the reduction
of norovirus in contaminated oysters at the depuration phase using filtra-
tion and LP-UV (Rupnik et al., 2018; Leduc et al., 2020; Younger et al.,
2020; Rupnik et al., 2021) (Table 1).

Previous researchers have reported that depuration time and seawater
temperature are parameters that may influence human viral decontamina-
tion efficacy (Lees and Cen, 2010; Rupnik et al., 2018), but these parame-
ters are not currently stipulated in EU regulation (Rupnik et al., 2021).
Rupnik et al. (2021) reported that laboratory-based studies revealed up to
74 % of initial norovirus GII concentrations were achieved after three
days of 17-21 °C [designated ‘high’ depuration temperature], and after
11 °C to 15 °C [designated ‘medium’ depuration temperature], compared
to 44 % reductions at 7 °C to 9 °C [designated ‘low’ depuration temperature]
where artificial seawater (mimicking water salinity of estuary) was treated
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Table 1
Examples of the application of LP-UV or Pulsed UV irradiation for the decontamination of norovirus with relevance to shellfish.
Target Source Treatment Method Characteristics Duration Pre-depuration Post-depuration Log10 reduction Reference
NoVGI  WWTP effluent LP-UV RT-gPCR*  Flow through 60s, 120 S 24 h 10°/100 mL 0.09 = 0.04 to 0.52 0.15 = 0.12t0 0.7 Barrett et al.
+ 0.06 [60s] + 0.6 [120 s] (2016)
NoV GII  WWTP effluent LP-UV RT-qPCR*  Flow through 60s, 120 S 24 h 10°/100 mL —0.11 = 0.55t0 0.4 —0.11 = 0.65t0 0.7 Barrett et al.
+ 0.5 [60s] + 0.1[120s] (2016)
FRNAPH WWTP effluent LP-UV RT-qPCR Flow through 60s; 120 s 24 h 106/100 mL —0.43t01.07 = 0.27 —1.27 = 231tol.1 Barrett et al.
[60s] + 0.2[120 s] (2016)
FRNAPH WWTP effluent LP-UV Plaque HRT (0.23 m®/h 24 h 10° PFU/mL Ca2log Barrett et al.
117 mJ/cm? Assay (2016)
FRNAPH WWTP effluent LP-UV Plaque HRT (0.52 m®/h 24 h 10° PFU/mL Ca 2log Barrett et al.
51.6 mJ/cm? Assay (2016)
FRNAPH WWTP effluent LP-UV Plague HRT (0.85 m®/h 24 h 105 PFU/mL Cal.5log Barrett et al.
31.6 mJ/cm? Assay (2016)
FRNAPH WWTP effluent PUV Plague 24 h 107 PFU/mL 1.24t0 2.21 Barrett et al.
3.4 J/cm? Assay (2016)
FRNAPH WWTP effluent PUV Plague 24 h 107 PFU/mL 1.4t03.14 = 0.03 Barrett et al.
6.9 J/cm? Assay (2016)
FRNAPH WWTP effluent PUV Plague 120 s [900 V, 1 pps] 24 h 107 PFU/mL 1.3 Barrett et al.
1.2 J/cm? Assay (2016)
FRNAPH WWTP effluent PUV Plague 120 s [600 V, 1 pps] 24 h 107 PFU/mL 1.0 Barrett et al.
0,55 J/cm? Assay (2016)
FRNAPH WWTP effluent PUV Plague HRT 120 s [300 V, 1 pps] 24 h 107 PFU/mL 0.4 Barrett et al.
0.14 J/cm? Assay (2016)
FRNAPH WWTP effluent PUV Plague 60s, SS (57.5 mg/L); ToC 24 h 107 PFU/mL 2.2 = 0.2 Barrett et al.
3.4 J/cm2 Assay 8 mg/L; TIC 24 mg/L (2016)
FRNAPH WWTP effluent PUV Plague 120 s, SS (57.5 mg/1); ToC 24 h 107 PFU/mL 3.1 £ 0.2 Barrett et al.
6.9 J/cm2 Assay 8 mg/l; TIC 24 mg/L (2016)
FRNAPH Unfiltered PUV Plague 60s 24 h 10° PFU/mL 2.3 (Site 1) Barrett et al. (2016) Barrett et al.
WWTP effluent 3.4 J/cm2 Assay (2016)
FRNAPH Unfiltered PUV Plague 90s 24 h 10° PFU/mL <1 PFU/ml (6 log) Site  Barrett et al. (2016) Barrett et al.
WWTP effluent 6.9 J/cm2 Assay 1 (2016)

NoVGI  G. gigas Not stated RT-PCR Commercial Production Site A 7d 251 geg ™' 121 (0.4 log or 67.5 % reduction) Rupnik
[LoQ100  12-16 °C et al., 2021.
geg ™'

NoV Gl G. gigas Not stated RT-PCR Commercial Production Site B 3d 241 geg ™! 129 (0.4 log or 66.4 % reduction) Rupnik
[LoQ 100 18 °C et al.,, 2021.
geg ']

NoV GII C. gigas Not Stated RT-PCR Commercial Production Site A 7d 281 geg™? 45 (0.79 log or 83.95 % reduction) Rupnik
[LoQ100  12-16 °C et al., 2021.
geg '

NoV II C. gigas Not Stated RT-PCR Commercial Production Site B 3d 526 geg ™t 66 (0.90. log or 87.47 reduction) Rupnik
[LoQ 100 18 °C et al., 2021.
geg '

NoV GII C.gigas LP-UV (3 W)No RT-PCR Lab; D.O. 80 % 1-7d 290 gcg’1 310 gcg’1 (d1); 284 (d2); 142 (d3); <LoQ (d4); Rupnik

fluence [LoQ 100 8 °C, 2000 L/h [example] 249 (d5); 147 (d6); 225 (d7) et al., 2021
geg 'l
NoV GII C.gigas LP-UV (3 W)No RT-PCR Lab; D.O. 80 % 1-7d 452 gc/g”~ 143 gcg’1 (d1); 231 (d2); 202 (d3); < LoQ (d4); Rupnik
fluence [LoQ 100 12 °C, 2000 L/h (example) <219 (d5);181 (d6); <LoQ (d7) et al., 2021
geg '

NoV GII C.gigas LP-UV (3 W)No RT-PCR Lab; D.O. 80 % 1-7d 405 ge/g™ 236 (d1); 147 (d2); <LoQ (d3); <LoQ d4) < LoQ Rupnik

fluence 18 °C, 2000 L/h (d5) < LoQ (d6); <LoQ (d7) et al., 2021

NoV GII C.gigas LP-UV (3 W)No RT-PCR Lab; D.O. 80 % 1-7d 290 geg ™ ? 165 (d1); <LoQ (d2); <LoQ (d3); <LoQ (d4); <LoQ Rupnik

fluence [LoQ 100 20 °C, 2000 L/h [example (d5); <LoQ (d6); <LoQ (d7) et al., 2021
geg '] <1000 ge/g

NoV GII  C.gigas LP-UV (3 W)No RT-PCR Lab; D.O. 80 % 1-7d 5573 gcg_1 4670 (d1); 5896 (d2); 2296 (d3); 2414 (d4); 1769  Rupnik

fluence [LoQ 100 20 °C, 2000 L/h [example (d5); 1513 (d6); 2054 (d7) et al., 2021
geg ™11 >1000 ge/g]
NoV GI  Oyster digestive ~ LP-UV (80 to RT-qPCR 10 °C 1to43d 293geg™t 47.8 days (Time for 1 log reduction in genomic Leduc et al.,
tissue 90 mJ/cm?) material) 2020

NoV GI  Opyster digestive ~ LP-UV (80 to RT-gPCR 10 °C 1to43d 802geg ' 26.7 days (Time for 1 log reduction in genomic Leduc et al,,
tissue 90 mJ/cm?) material) 2020

FRNAPH Oyster LP-UV (80 to RT-qPCR 10 °C 1to43d 463 geg™’ 43.9 days (Time for 1 log reduction in genomic Leduc et al.,
90 mJ/cm?) material) 2020

NoVGI  Oyster LP-UV (80 to ICC- 10 °C 1to43d 463 geg ' 26.7 days (Time for 1 log reduction in infectious Leduc et al.,
90 mJ/cm?) qRT-PCR particles) 2020

Low Pressure UV (LPUV); Pulsed UV (PUV); Suspended Solids (SS); Total Organic Carbon (TOC), Total Inorganic Carbon (TIC), Waste Water Treatment Plant (WWTP).

with a 36 W UV-C lamp (fluence was not reported) (Table 1). Rupnik et al.
(2021) determined norovirus GI and GII concentrations in contaminated
oysters using standardized quantitative real-time reverse transcription
PCR (RT-qPCR) in accordance with ISO, 2017. Seawater was circulated
and maintained within 1 °C of the target depuration temperature and bar
sprinklers were deployed for aeration where dissolved oxygen levels were
kept in excess of 80 % in all trials. “Oysters were analysed for the presence
of norovirus GI and GII before depuration where norovirus GII concentra-
tions in environmentally contaminated oysters ranged from 178 to
16,426 norovirus gc/g (noting, the limit for quantification [LOQ] and

limit of detection [LOD] for Nov GII were <100 genome copies/g and 20
genome copies/g respectively)” (Rupnik et al., 2021). Results showed
that heavily initial norovirus GII concentrations (=850 genome copies/g)
remained above 300 genome copies/g in oysters irrespective of depuration
water temperature after seven days of treatment (Rupnik et al., 2021). For
example, samples were reduced from 1739 to 1248 norovirus GI concentra-
tion (genome copies/g) at 14 °C [medium temperature]; and from 5573 to
2054 norovirus GII concentration (genome copies/g) at 20 °C [high temper-
ature], after seven days depuration. The authors noted that the ability to re-
duce hNoV concentration in oysters to <LOQ (100 genome copies/g, or 2
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log hNoV g~ ! potentially remaining) using this LP-UV treatment method
differed when contaminated below or above 1000 genome copies/g (or 4
log hNoV g~ present).

These important findings have potentially profound implications for de-
termining the choice of disinfection technology for complementary or alter-
native use to LP-UV to improve human NoV removal or inactivation
efficiencies in oysters that can be informed by viral kinetic inactivation
modeling data (Rowan et al., 2015). In addition, the potential use of viral
monitoring and screening approach for contaminated oysters (<1000
NoV genome copies/g) may inform suitability for achieving appropriate
levels of disinfection treatment based on current disinfection methods at
depuration, or for relaying to clean seawater for four weeks (>1000 ge-
nome copies/g) from a risk-based assessment and virological safety per-
spective. However, the RT-qPCR detection method was solely used by
Rupnik et al. (2021) where there is no infectivity assay for NoV; therefore,
it is uncertain if the genomic copies of NoV per gram detected in oyster post
these LP-UV treatments were viable where the use of ISO 15216-1 standard
may underestimate the level of NoV lethality or removal achieved. It is ap-
preciated that the combinational laboratory-commercial decontamination
study of Rupnik et al. (2021) has made a significant contribution to advanc-
ing this technical NoV challenge in oysters. This is timely given that the
EFSA has published a baseline survey on comprehensive scientific data
for norovirus prevalence in European oyster harvesting areas that will in-
form future safety limits on norovirus concentration in oysters.

Rupnik et al. (2021) also noted that norovirus reductions were also
assessed in two Irish commercial depuration systems that are routinely
used to produce oysters. The authors reported up to 68 % reduction for
hNoV GI and up to 90 % for hNoV GII reduction. This finding also supports
the general observation by other researchers that intimates hNoV GI ex-
hibits greater tolerance or persistence over hNoV GII strain possibly due
to the specific behaviour of ligand binding in oyster tissue (Leduc et al.,
2020; Younger et al., 2020). Additionally, other researchers have also de-
ployed standard UV decontamination for removing norovirus and
FRNAPII from oysters during depuration using genome and infectivity as-
says (Leduc et al., 2020; Younger et al., 2020). Specifically, these studies in-
timate that standard UV irradiation of seawater under aerated depuration
circulatory conditions either inactivates human norovirus GI and GII
genogroups (Leduc et al., 2020 [UV dose, 80 to 90 mJ/cm?], or, destroys
and removes this enteric virus (Younger et al., 2020 [2 X 25 W lamps, no
UV dose was reported]); thus, highlighting that greater studies are required
to understand the mechanism of viral reduction and residual potential to
cause infection at low concentrations (Table 1). Younger et al. (2020)
found approximately 46 % removal of hNoV GII at 18 °C after two days
and 60 % after five days compared with a maximum of 16 % hNoV GI re-
moval. These researchers noted that “twice the rate of NoV GII removal
was achieved at 18°C compared with 8°C after five days. Younger et al.
(2020) also found that FRNAP-II was more readily removed than
noroviruses. Notably, no significant difference was found between the
rate of removal (as measured by RT-qPCR) and inactivation (as measured
by bioassay) of FRNAPII”. Younger et al. (2020) inferred from their results
that the reduction in FRNAPII may be primarily due to physical removal (or
destruction) rather than in situ inactivation of the virus. Also, the efficacy of
RT-qPCR method to confirm the viability of the remaining norovirus post
treatments remains questionable given that this molecular approach does
not distinguish between live or dead viruses. Leduc et al. (2020) reported
that FRNAPII infectivity bioassay (presence of viable phage) may be appro-
priate for informing disinfection effectiveness of viable hNoV given that a 1
log reduction in FRNAPII infectivity occurred after 20.6 days treatment
using LP-UV (80 to 90 mJ/cm?) compared to its genome (43.9 days) and
NoV GI genome (47.8 days). Leduc et al. (2020) reported that “FRNAPII
and NoV genomes may display similar behaviours with low kinetic removal
from the oysters under all purification conditions tested”. In terms of surro-
gate representation of hNoV, Lowther et al. (2019) reported that “both vi-
ruses were in high concentrations in outbreak-related samples and that
infectious FRNAPII were detected in all outbreak samples (n = 9)”. Leduc
etal. (2020) and Lowther et al. (2019) suggest combining RT-qPCR testing
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with a test for infectious FRANPII detection in order to improve the hNoV
risk assessment in shellfish. Leduc et al. (2020) also highlighted the impor-
tance of developing appropriate testing to identify new strategies for the ef-
fective elimination of hNoV, as addressed in this review. FRNAPII
bacteriophages have been studied for shellfish decontamination due to
their structural similarity to waterborne viruses and proof of faecal pollu-
tion coming from urban areas (Leduc et al., 2020).

Recent results underscore the importance of determining the typical
range of norovirus prevalence and concentration in contaminated oysters
to deploy appropriate decontamination methods. However, the best prac-
tice would be ‘a multi-actor approach to strategically manage this problem
by working with local government authorities and the water industry to re-
duce the occurrence of human enteric viruses in sewage effluent that may
be discharged into the same intertidal growing areas where commercial
oyster production occurs. Thus, placing greater emphasis on disease pre-
vention, rather than relying on introducing complex removal strategies at
the depuration phase for these enteric viruses in live oysters where there
are currently limited appropriate solutions.

Jeong et al. (2021) also reported that after 60 h of depuration equipped
with a standard UV light source Vibrio vulnficus cell numbers were reduced
by <4.0 log MPN/g in Pacific oyster tissue from an initial population of ca. 8
log MPN/g. Lee (2020) reported that the use of standard UV for treating
seawater in depuration tanks could extend the shelf life (two to three
days) of raw oysters with minimal changes in food quality with faecal coli-
forms maintained at or below 2 log/g compared to non-depurated and gen-
erally packaged oysters. Depuration at temperatures between 7 °C and 15 °C
using UV-treated seawater reduced V. parahaemolyticus populations in oys-
ters by >3 log MPN/g after five days with no loss of live oysters (Phuvasate
et al., 2012). The US National Shellfish Sanitation Program established
time/temperature regulations that limit maximum hours of holding shell-
fish from harvest to refrigeration (<10 °C) to reduce the risk of infections
from Vibro spp. associated with shellfish consumption (Reid and Durance,
2000).

2.2. Pulsed light (PL) technology

Only 6 of 4239 “Pulsed UV” and “Pulsed Light” publications [2010 to
2023] have focused on treating norovirus or enteric viruses when assessing
PubMed and Scopus databases. One study was excluded for the reason that
it focused on PPE decontamination. Ten publications were also included
that provided supporting context to background technology. Pulsed light
(PL) technology is an exciting approach that delivers ultra-short bursts of
broad spectrum (200 nm to 1100 nm light) (Rowan, 2019) and is commer-
cially deployed by companies such as Claranor (France, https://www.
claranor.com/en/) for food packaging sterilization with over 500 units
installed in 52 countries. The benefits of using PUV reflect the potentially
ultra-short disinfection against viruses, waterborne protozoan parasite oo-
cysts (Cryptosporidium parvum) (Garvey et al., 2014a, 2014b) and cysts
(Giardia lamblia) (Garvey et al., 2014b), and biological endospore indica-
tors using laboratory-based static or limited flow-through treatment config-
urations (Garvey et al., 2010; Rowan, 2011; Hayes et al., 2012; Garvey
et al., 2013; Garvey and Rowan, 2015). PL has been referred to as high-
intensity pulsed UV light (HIPL), pulsed UV (PUV), high-intensity broad
spectrum UV light (BSPL), intense light pulsed (ILP) and pulsed white
light (PWL) (Rowan et al., 1999; Rowan, 2019). PL has been approved by
the US FDA in the production, processing and handling of foods since
1996 up to cumulative UV dose (or fluence) of 12 J cm ™2 where emission
spectra are to be kept between 200 and 1100 nm and pulsed duration
=<2 ms (Rowan, 2019). The technological principle of PL disinfection is
based upon the accumulation of high discharge voltage in a capacitor
where the stored energy is delivered in ultra-short pulses through a light
source filled with xenon gas. The xenon-light source emits a broad spectrum
light flash typically in the range of ca. 200 to 1100 nm with approximately
25 % in the UV range (Gémez-Lopez et al., 2022). PL disinfection efficiency
is higher compared with continuous-wave low-pressure UV irradiation
(CW-UV) due to its high peak power along with the ability to deliver stored
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energy over short durations, typically 1 to 10 pulses per second (Garvey and
Rowan, 2019). The main reporting parameters governing effective PL oper-
ation for disinfection are the fluence [J cm ~2], exposure time [s], number
of pulses applied [n], pulse width [1], frequency [Hz], and the peak
power [W] (Rowan et al., 2015; Gomez-Lopez et al., 2022). Garvey et al.
(2015) reported on a satisfactory ecological assessment of pulsed UV light
treated water containing microbial species and Cryptosporidium parvum
using a microbiotest test battery.

Very limited studies have been conducted on the inactivation of pulsed
light for inactivating enteric viruses that have focused on bench-scale appli-
cations (Barrett et al., 2016). Barrett et al. (2016) compared the efficiency
of pulsed light irradiation and low-pressure UV irradiation as a means of
hNoV and FRNA bacteriophage using secondary treated wastewater efflu-
ent. While hNoV GI and GII inactivation could not be determined, it was
found that a maximum UV dose of 6.9 J/cm? (at a hydraulic residence
time of 120 s in a flow-through system) achieved 2.4 log 1o reduction of
FRNA bacteriophage, which indicates the need for high pulsed UV doses
to fully remove NoV (Table 1). Vimont et al. (2015) reduced murine NoV
using pulsed UV by 3 log;o in <3 s (fluence, 3.45 J/cm™2), while
Jubinville et al. (2022) reported on the efficacy of pulsed UV against HAV
on berries. Three studies have discussed the potential of using pulsed UV
for enteric-virus decontamination on foods or for environmental applica-
tions (Jean et al., 2011; Pexara and Govaris, 2020).

All pulsed UV dosage rates related to wavelengths <300 nm and the av-
erage initial FRNAPII concentration was 10° PFU/mL (Barrett et al., 2016).
The authors also found that increasing concentration of suspended solids
impacted PUV disinfection efficiency. The use of LP-UV reduced FRNAPII
phage by ca. 2 log; using a significantly reduced UV dose of 31 mJ/cm?
however, the combined use of LP-UV and pulsed light for enteric virus re-
ductions were not considered. Results also indicate that absorption of
viral particles to solids in wastewater occurs; therefore, it would be prudent
to also introduce a barrier process such as a tangential flow filtration system
that filters the particulate matter and the flow through when using UV-
irradiation. Interestingly, PUV was capable of achieving up to 3 log;o reduc-
tion in FRNAPII infectivity within 24 h treatment under varying conditions
(such as flow rates [120 s], total suspended solids [57.5 mg/L]) in unfil-
tered secondary wastewater effluent with enhanced destruction (up to 6
log1p PFU/ml) achieved in filtered secondary wastewater effluent
(Table 1). This finding contrasts with other previously reported LP-UV stud-
ies that required up from 3 to 47 days to achieve a1 log reduction in NoV
and FRANPII in shellfish during depuration (Table 1). Thus, there is poten-
tial to augment enteric viral destruction in contaminated shellfish using a
combinational LP-UV and PUV approach. PUV offers the benefits of deliver-
ing a broad high-intensity light spectrum that includes wavelengths in the
blue light spectrum (such as 406 nm) that has been previously reported to
generate hydroxyl radicals from oxygen in water via an advanced oxidation
process (AOP) (Kingsley et al., 2018). Barrett et al. (2016) also noted that as
RT-qPCR provided inconsistent results; therefore it was deemed not an ap-
propriate method for assessing the inactivation of NoV and FRNAPII via
pulsed light after treatments. Other researchers also observed this discrep-
ancy (Pecson et al., 2011). Baert et al. (2009) found RT-qPCR results
were unable to distinguish between infectious and non-infectious NoV
using murine norovirus (MNV) as surrogate post-heat treatments. Uslu
etal. (2016) employed PUV as a wastewater disinfection tool and indicated
that in addition to pathogen removal/inactivation, it also reduces the or-
ganic load of municipal wastewater effluent by reducing chemical oxygen
demand and total organic carbon.

However, Fitzhenry et al. (2021) recently reported that LP-UV is supe-
rior to that of using pulsed light for converting energy through the light
source to UV dose for submerged wastewater-treatments. Thus, advances
in PUV design is required (such as improving light source including the
use of light emitting diodes, introducing more light sources such as in par-
allel; reflective surfaces for light scattering, and inclusion of smart materials
that includes photocatalysis of TiO, for localized ROS generation) in order
to realize the dual benefits of combining PUV (broad spectrum) and fixed-
wavelength LP-UV for improved decontamination effectiveness. The
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authors report that a pulsed UV system output of 2052 mJ/m?~ (energy
below 300 nm) was required for a 2 log inactivation of Bacillus pumilus,
where low a lower LPUV system output of 12 mJ/cm? produced a similar
level of inactivation in flow-through water systems. Complete inactivation
of B. pumilus was achieved via LP-UV disinfection using a UV output of
30 mJ/cm?. Fitzhenry et al. (2021) reported that “while a typical xenon
gas PUV system is comprised of light emissions within the broad spectrum
range of UV, and infrared light, it may be an important consideration to pri-
oritize UV dose/output calculations in terms of ‘biocidal PUV dose/out’
(i.e., the energy applied from wavelengths below 300 nm ahead of the
‘total PUV dose/output’, which infers the total energy applied across the
whole spectrum output). This has been previously demonstrated in a num-
ber of studies with the aid of spectrometer/pyroelectric detectors and in
some cases the UV dose/output from PUV systems in within the same
order of magnitude as LPUV dose/outputs such as 1 — 100 mJ/m?". How-
ever, measurements from Fitzhenry et al. (2021) indicated that only 26 %
of the lamp energy reached the same sample (at 900 V and a distance of
10.75 cm), and of that, only 8 % was within the UV wavelength range.

Interestingly, the PUV and flow-through treatment configuration used
by Fitzhenry et al. (2021) is the same system that was used by Barrett
et al. (2016) to inactivate NoV GI and GII and FRNAPII phage with moder-
ate success (such as 2.4 log reduction with 6.8 J /em?) (Table 1). This out-
come could be improved by replacing the xenon source with a specific
wavelength light-emitting diode (LED). For example, Wen et al. (2022) re-
port UV-LEDs are safe algicidal technologies for inactivating the marine
microalgae Tetraselmis sp. These authors showed that the wavelength of
265 nm exhibited maximum inactivation efficiency, whereas 285 nm
achieved optimal energy efficiency. UV irradiation is also affected by tur-
bidity where viruses can be protected on particles, which must also be con-
sidered at the depuration stage, particularly in developing countries where
water quality per se may not be appropriate for depuration.

Garvey and Rowan (2015) reported a reduction of 4.23 log in Bacillus
megaterium vegetative cells using a UV dose of 6.48 uJ/cm? with no signif-
icant further microbial reduction after doubling the UV dose to 12.96um in
a flow-through PUV system at a retention time of 60s and flow rate of 30 L/
h. However, only a 1.48 log;o and 1.43 log;o a reduction occurred of
B. megaterium and B. cereus endospores respectively at 12.98 pJ/L (RT
60s), indicating reduced efficacy of PUV in treating recalcitrant pathogens
in submerged flow-through treatment configuration. The presence of inor-
ganic contaminants did not significantly reduce PUV efficacy at the concen-
trations used.

2.3. Potential combined use of advanced oxidative processes (AOPs)

Of the 1764 published studies focusing on advanced oxidation processes
or “AOPs” appearing in PubMed and Scopus databases over period 1981 to
2023, only 3 addressed norovirus. The reason for including AOPs in this re-
view reflected the emergence of AOPs as non-thermal approaches to im-
prove and enable decontamination performances for food treatments and
for environmental applications. One was excluded for the reason that it
was COVID-19 orientated. However, there is an increased sharing of knowl-
edge on the potential for using advanced oxidation processes (or AOPs) for
enteric viral destruction. This aligns with the need for new or more efficient
methods that will destroy NoV in shellfish (Gerba et al., 2018; Kokkinos
et al., 2021). AOPs relay on the in situ formation of chemical oxidants to
disinfect liquids and degrade diverse harmful organic contaminants
(Shabat-Hadas et al., 2017). Kokkinos et al. (2021) noted that “AOPs are,
in practice, redox technologies that encompass different processes such as
ozonation, ozonation coupled with hydrogen peroxide, and/or UV radia-
tion, Fenton and alike reactions, photocatalysis activated by semiconduc-
tors, sonolysis, electrochemical oxidation, and various combinations of
these.” They are based on the generation of highly reactive oxygen species
(ROS), characterized by the non-selectivity of the target and can be de-
ployed before or after treatment of a biological process (Galeano et al.,
2019).
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The principle oxidizing agent is the hydroxyl radical; however, other
ROS may be produced including hydroperoxyl radicals and superoxide rad-
ical anions (Shabat-Hadas et al., 2017). Kokkinos et al. (2021) noted that
photo-Fenton AOP in which hydroxyl radicals are produced from light,
iron and H50- is a well-studied, environmentally-friendly, simple, low-
cost process that inactivates complex or resistant microorganisms
(Giannakis et al., 2017). Enteric viruses and a wide range of recalcitrant mi-
croorganisms are inactivated through the action of ROS such as singlet and
triplet oxygen, anion-radical superoxide, hydroxyl and hydroperoxyl radi-
cal, and H,0,. ROS are recognized oxidants for inactivating a variety of
molecules including proteins, lipids and nucleic acids. “When considering
the lethal action of ROS on treated enteric viral nucleic acids, this AOP
can change the nucleotides, break important phosphodiester bonds, en-
hance the formation of pyrimidine dimers, change the tri-dimensional
structure, and affect RNA replication” (Kokkinos et al., 2021). Recently,
photo-Fenton and alike processes have been developed as a ‘green’ alterna-
tive to chemical disinfection (such as the use of chlorine) for water and
wastewater applications (Giannakis, 2018). Evaluation of the disinfection
efficacy using light-mediated AOPs has been based on using varying
methods such as computational fluid dynamics, chemical actinometry or
biodosimetry (Shabat-Habas et al., 2017). An understanding of these assess-
ment methods is critical to informing the efficacy of shellfish decontamina-
tion processes from a standardization, reliability and repeatability
perspective (as per Rowan, 2019).

The utility of UV technologies has been enhanced through the combina-
tional use of AOPs over the last few decades (Timchak and Gitis, 2012); par-
ticularly as an emerging high-efficiency technique for disinfecting enteric
viruses leaving no unwanted disinfection by-products (Chu et al., 2012).
Microbial inactivation is achieved through UV-induced photochemical re-
actions on genetic material (Rowan, 2019). Endogenous (direct) inactiva-
tion encompasses the absorbance of UVB light by the treated viral
genome that causes its degradation. While the full antiviral mechanistic
process has yet to be fully elucidated at molecular or structural levels, it is
appreciated that UVC/UVB are strongly absorbed by enteric viral RNA
with additional decontamination effects. “UVA cannot damage RNA and
has no direct photochemical reactions; but it can produce reactive interme-
diates such as ROS (such as hydroxyl and superoxide radicals, hydrogen
peroxide and so forth), which in turn can damage critical microbial targets
(such as proteins, nucleic acids)” (Kokkinos et al., 2021). Thus, the role of
using an optimised pulsed light technology that produces an intense
broad spectrum (200 nm to 1100 nm) may potentially enhance AOP effi-
cacy for enteric virus disinfection. Interestingly, compared to DNA, RNA
is known to be more susceptible to the lethal action of UV irradiation
(Galeano et al., 2019). The UVB/UVA and visible light wavelengths are ab-
sorbed by different water sensitizers through exogenous (or indirect) disin-
fection processes, such as organic matter, nitrate, and iron-containing
complexes. Thus, the type of virus, the suspension menstruum (including
suspended solids) and conditions (such as pH, temperature) are important
governing factors affecting disinfection efficacy for MS-2 virus (Kosel
etal., 2017).

Various AOP approaches have been studied including combined UV
with H,0, for treating complex wastewater such as in the meat processing
industry (Yapicioglu, 2018). Another technique potentially applicable for
the treatment of circulating water in the depuration tanks is pulsed-
plasma gas-discharge. Such an AOP produces hydrodynamic cavitation
that causes viral disinfection through photochemical (production of hy-
droxyl radicals), and physical mechanisms (pressure gradients, shock and
acoustic waves, shear forces, and very high local temperatures) (Kosel
et al., 2017). The mechanisms of hydrodynamic cavitation have yet to be
elucidated, but it is theorized that it causes disruption to the viral capsid
(icosahedral) and destabilizes recognition receptors.

Mycoystin_LR (MC-LR) is produced by cyanobacteria that attract atten-
tion due to its high toxicity and high concentration in aquatic systems. Lu
et al. (2018) showed that the combined use of UV/H,0, process and Os/
H,0, were effective methods to remove MC-LR from water and they per-
formed better that UV-, Os-, H,O, alone processes under the same
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conditions. However, UV dosage of 1800 mJ/cm? was required to remove
90 % Of 100 mg/L MC-LR, where the amount significantly decreased to
500 mJ/cm? when 1.7 mg/L HyO, was added. Murray et al. (2017) re-
ported that the use of pulsed light reduced the toxicity of the dinoflagellate
algal toxin okadaic acid where ecotoxicological assessments were also per-
formed using a miniaturised format of the conventional in vivo freshwater
crustacean Daphnia sp. acute toxicity test. Findings revealed a 24-h EC50 of
25.87 pg/L for PL-treated okadaic acid at a UV dose of 12.98 pJ/cm? com-
pared to a 24-h EC50 of 1.68 pg/L for the untreated okadaic acid control,
suggesting a 15-fold reduction in toxicity to Daphnia pulex.

Despite positive observations as a clean decontamination technology, it
remains uncertain as to the mechanism by which cavitation generated bub-
bles clean, disinfection and kill microbial organisms including viruses and
enhance chemistry activity (Zupanc et al., 2019). Zupanc et al., 2019 also
reported that “cavitation describes the formation of small vapour bubbles
(cavities) inside an initially homogeneous liquid medium. It is a rapid phys-
ical phenomenon triggered by a sudden decrease in pressure. As the pres-
sure recovers the bubble goes through a violent collapse and possible
rebounds. By bubble growth, an energy from the surrounding liquid is col-
lected and released by bubble collapsation, where extreme conditions can
be formed locally. Bubble collapse can cause pressure shocks up to several
100 MPa and if the bubble collapses asymmetrically the so-called microjets
with high velocities above 100 m/s can form”. These observations are also
aligned with the related studies of Chahine and Hsiao (2015). In addition,
the so-called hot spots with extreme temperatures in order of several
1000 K can form at the centre of the bubble at its collapse, which can
cause the formation of highly reactive radicals (Koda et al., 2003).
Zupanc et al. (2019) also stated that the “exact manifestation of cavitation
is influenced by liquid properties (temperature, density, viscosity and sur-
face tension) and quality (number of solid particles and amount of dissolved
gasses, which can both act as a nuclei). In general, two types of cavitation
are recognized, hydrodynamic and acoustic cavitation. The difference is
in the mechanism, which causes the local pressure to drop, while the prin-
ciples which govern the hydrodynamic bubble and the acoustic bubble are
basically the same”.

The effects of cavitation including mechanical and thermal effects are:
(a) microsteaming that can damage microorganism — together with
shockwaves generated by bubble collapse; (b) chemical effects (implosion
of bubbles and formation of hot spots for homolytic cleavage of H,O mole-
cules and formation of highly oxidizing free radicals (*OH and *H) - *OH
readily oxidize particulate matter and also form H,O, — many other species
can form (*O,H, *N, *, 10,) where different gases air/oxy