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Abstract

It is accepted that discharged wastewaters can be a significant source of pathogenic viruses in
receiving water bodies contributing to pollution and may in turn enter the human food chain
and pose a risk to human health, thus norovirus (NoV) is often a predominant cause of
gastroenteritis globally. Working with NoV poses particular challenges as it cannot be readily
identified and detection by molecular methods does not assess infectivity. It has been
proposed that the infectivity of NoV may be modelled through the use of an alternative virus;
F-specific RNA (FRNA) bacteriophages; GA genotype and other FRNA bacteriophages have
been used as a surrogate in studies of NoV inactivation.

This study investigated the efficiency of novel pulsed ultraviolet irradiation and low pressure
ultraviolet irradiation as a potential pathogen inactivation system for NoV and FRNA
bacteriophage (GA) in secondary treated wastewaters. The role of UV dose and the impact of
suspended solids concentration on removal efficiency were also examined. The study also
investigated the role of settlement processes in wastewater treatment plants in removing
NoV. While NoV inactivation could not be determined it was found that at a maximum UV
dose of 6.9 J/cm? (6900 mJ/cm?) an average 2.4 log removal of FRNA bacteriophage (GA)
was observed; indicating the potential need for high UV doses to remove NoV if FRNA
bacteriophage prove a suitable indicator for NoV. The study found that increasing
concentrations of suspended solids impacted on PUV efficiency however, it appears the
extent of the impact may be site specific. Furthermore, the study found that settlement
processes can play a significant role in the removal of FRNA bacteriophage, thus potentially
NoV.
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1.0 Introduction

The release of treated and untreated effluent to water-bodies is a global occurrence and can
be a significant source of pathogenic viruses. Norovirus (NoV) is one such pathogenic virus,
which has garnered significant attention particularly in the public health sector and shellfish
industry. Noroviruses (NoVs) are small single stranded RNA viruses that are members of the
Caliciviridae family. The species is subdivided into five separate genotypes, Genogroups |
(GI), 11 (GI), 111 (GI), IV (GIV) and V (GV) (da Silva et al., 2007). Typically Gl and GlI
predominate (da Silvia et al., 2007; Scallan et al., 2011; Ahmed et al., 2014). As diagnostic
methods for NoV infection have improved there has been growing recognition of its
importance in response to growing incidence of NoV infection. NoV is now accepted as the
most common aetiological agent of sporadic acute gastroenteritis in many communities,
posing a particular risk to young, elderly and immune-compromised individuals (Nordgren et
al., 2009; CDC, 2012). NoV also accounts for a high proportion of community and hospital
outbreaks of acute self-limiting gastroenteritis infection (Lopeman et al., 2004; da Silvia et
al., 2007; Nordgren et al., 2009; Ahmed et al., 2014). Direct person to person transmission of
NoV and transmission in contaminated indoor environments (hospitals, long term care
facilities and cruise ships) have been established as important factors in the spread of

infection.

Food and waterborne transmissions however are also of concern and in this context
discharges of human effluent containing large numbers of virus particles (10** viruses/gram
of faeces) is a concern (Atmar et al., 2008). Inadequate wastewater treatment can result in the
persistence of viruses and microorganisms leading to environmental pollution, economic
impacts and risk to human health (da Silva et al., 2007; Cheng et al., 2012). To date most
technology development and regulation related to wastewater treatment has focused on
organic carbon, suspended solids (SS), nutrient and general microbial removal from
discharged wastewaters. While wastewater treatment plants (WWTPSs) can contribute to virus
removal it is widely accepted that specifically designed process are required to fully remove
or inactivate viruses (Ottoson et al., 2006; Nordgren et al., 2009; EPA, 2016). However,
molecular methods for the detection of NoV do not reliably differentiate between active and
inactivated viruses which are a major limitation in the evaluation of the effectiveness of
methods such as ultraviolet irradiation (UV) which does not remove the virus but rather

inactivates it.
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There is a need for robust RNA based identification tools to critically evaluate, not just the
genomic viral load, but distinguish between non-infectious and infectious NoV (Gibson et al.,
2012; Vinjé, 2015). Advances in molecular applications have permitted increased
investigation into infection rates associated with the specific NoV genogroups and their
pattern of distribution (Franck et al., 2015). However, the sensitivity and quantitative ability
of RT-gPCR is overshadowed by its inability to distinguish between infectious and non-

infectious viral loads.

Surrogates, such as those from the Caliciviridae family have been studied as possible
indicators to determine the level of NoV viral contamination. It is widely agreed that their use
may allow adequate assessment of the environmental persistence of NoV (Dore & Lees,
1995; Flannery et al., 2012). Surrogates suggested for NoV detection include the murine
calicivirus, feline calicivirus, tulane virus and the male-specific or F-specific RNA (FRNA)
bacteriophages (Dore et al., 2000; Karst et al., 2003; Cannon et al., 2006; Hirneisen &
Kniel, 2013; Kniel, 2013). The FRNA bacteriophage (GA) is a human-specific phage strain
that lies within the Levivirus genogroup Il. It is morphologically and physio-chemically
similar to NoV and it may also be cultivated i.e. infectivity can be determined, thus it has

been suggested as a robust choice of NoV surrogate and was used in this study.

Current European regulations do not require monitoring of viral loads in treated wastewater
which can be an intense source of pathogenic viruses. WWTPs generally comprise a number
of stages including primary treatment, (generally removal of larger solid matter), secondary
treatment, (generally biological treatment of wastewater) and tertiary treatment (further
treatment of wastewater or removal of targeted pollutants). It is widely accepted that primary
and secondary wastewater treatment systems do not fully remove viruses or FRNA
bacteriophages (Nordgren et al., 2009; Ottoson et al., 2006). Tertiary treatment such as
pathogen removal is increasingly crucial in order to comply with strict regulations, such as
those that may necessitated by implementation of the Water Framework Directive (WFD -
2000/60/EC), Surface Waters Regulations (S.I. No. 272 of 2009) and the European
Community Shellfish Waters Directive (2006/113/EC) or to enable opportunities for
wastewater reuse. Ultraviolet (UV) disinfection is frequently preferred in the wastewater
treatment sector (where pathogen removal technologies are deployed) as it limits production
of harmful by products that require further processing and is a cost-effective option both
terms of capital costs and running costs (Moghadam & Dore, 2012; EPA, 2016). UV

4



127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

processes are divided into three main categories (1) low pressure/low intensity lamps (2) low
pressure/ high intensity lamps (3) medium pressure/high intensity lamps. These systems vary
with respect to operating pressure and output level and it is low and medium pressures that
are employed in the treatment of wastewater (Whitby & Scheible, 2004; Leong et al. 2008).
A further consideration is the upstream performance of a WWTP which can have significant
impacts on the efficacy of downstream UV technologies. While turbidity and suspended
solids can have a negative effect on UV disinfection by decreasing transmissivity (the
transmission of UV light through the water body) these factors are not routinely considered

when monitoring UV performance.

Low pressure (LP) UV disinfection results in photochemical damage to the DNA or RNA of
the microorganism thus inhibiting reproduction leading to eventual cell death. It is worth
noting however, that photoreactivation or ‘dark repair’ can occur post UV disinfection in
wastewater, albeit mainly in bacteria strains (Guo et al., 2011; Goosen & Moolenaar, 2008).
Recently pulsed UV (PUV) light technology has been investigated as an alternative to
existing technologies. PUV offers the capability to better control discharge energy and UV
dosage (J/cm? / md/cm?) by varying the operating voltage of the unit or the frequency of
discharges (Garvey et al., 2010; 2015).

The objectives of this study were to examine the effectiveness of using conventional low
pressure UV irradiation and novel high-intensity pulsed UV disinfection in removing NoVs
(via a FRNA bacteriophage (GA) surrogate) from secondary treated wastewater. The study
also focused on the role of settlement processes in removing NoV within WWTPs and the

impact of SS on UV system performance.

2.0 Materials and Methods

2.1 Source of wastewater

Samples for this study were taken from three municipal activated sludge WWTPs (WWTP 1,
2 and 3), whereby WWTP 1 was used for the majority of the study and the remaining two
WWTP were used to ascertain the effect of SS on disinfection performance. WWTP 1
comprised primary and secondary treatment systems with phosphorus removal via ferric
sulphate addition and tertiary treatment by sand filtration. WWTPs 2 and 3 comprised
primary and secondary treatment systems with WWTP 2 also featuring a LP UV system. The
WWTPs ranged in size from 21,000 population equivalent (\ WWTP 1) to 250 (WWTP 2) and

5
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3,500 (WWTP 3). All received municipal wastewater from combined storm and municipal

SEWErs.

2.2 Pulsed UV irradiation

Secondary effluent was sampled at an effluent sampling point in WWTP 1. Samples were
transported to the laboratory and were stored at constant temperature (10 °C) prior to
processing. A bench—scale pulsed power source (PUV — 1, Samtech Ltd., Glasgow) was used
to power a low pressure (60 kPa) xenon-filled flashlamp (Heraeus Noblelight XAP type
NL4006 series constructed from a clear UV transparent quartz tube) which produced a high
intensity beam of polychromatic pulsed light. The lamp was placed 10 cm above a sterilised
aluminium flow- through vessel which pumped secondary effluent through the vessel at the
desired flow rate (Figure 1). The system when operating at 900 V and 5.6 pulses per second
(PPS) - gave a maximum dose of 6.9 Jcm? (6900 mJ/cm?) at a hydraulic residence time
(HRT) of 120 s. The PUV system allowed for the input voltage and the pulse rate to be varied
between 300 and 900 V and 0.1 and 10 PPS.

As a control, wastewater batches (secondary effluent and distilled water; 7 L) were “spiked”
with known quantities of NoVs (genogroup | (GI) and genogroup Il (GII)) and FRNA
bacteriophage (GA) to accurately measure log reduction. These were processed using the
bench-scale novel PUV system in the same conditions as used on the effluent samples and the

results compared against the “spiked” concentrations.

Driver Unit:

Discharge Lead
Samtech PUV-1

TriggerLead

Voltage meter oo o

Electronic Aluminium
Pump flow-through

vessel

Influent sample Collection

Feed pipe bucket

Figure 1 Schematic of the bench-scale PUV experimental set-up.
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To ascertain the effect various wastewater parameters (suspended solids, total organic carbon
and total inorganic carbon) had on PUV viral inactivation in secondary effluent four
experimental trials (Trials 1 — 4) were carried out on separate days (where the number of runs
carried out on each day varied between 1 (trial 1) and 3 (trials 2, 3 and 4), examining FRNA
bacteriophage (GA,; infectivity assay) inactivation/removal. The effect of SS on PUV
efficiency was investigated over 10 trials in total in terms of GA bacteriophage removal.
During Trials 2, 3, and 4 secondary effluent (7 L) was spiked with a known concentration of
mixed liquor suspended solids (MLSS) and seeded with a known concentration of FRNA
bacteriophage (GA). Samples were collected pre and post treatment. The flow through the
PUV system was controlled to give hydraulic residence times of 60 s HRT and a UV dosage
of 3.4 J/cm? (3400 mJ/ cm?)and 120 s HRT resulting in a UV dosage of 6.9 J/cm? (6900 mJ/

cm?).

Batches (25 L) of secondary treated wastewater samples were collected from three separate
WWTPs — 1, 2 and 3. Five litres from each batch was then seeded with a known quantity of
GA bacteriophage and pumped through the PUV system at two HRTs; 60 s HRT (3.4 J/cm®;
3400 mJ/ cm?) and 120 s HRT (6.9 J/cm?; 6900 mJ/ cm?). Influent and effluent samples to
and from the PUV system were collected and analysed in each case. For comparison, separate
5 L samples from each batch of the aforementioned 25 L samples were filtered using 0.1 - 0.2
pm filter removing all SS. The same procedure for the unfiltered samples was then applied to

the filtered samples and the results were compared to the unfiltered samples.

2.3 Comparison between PUV and low pressure UV systems

WWTP 2 comprised a LP UV treatment system (AquaPRO, UV12GPM-HTM) which treated
wastewater from a secondary treatment process with a clarifier. During this study grab
samples (1 L) were collected at both the influent and effluent points of the LP UV system to
investigate pathogen removal. In order to draw a direct comparison, 6 x 5 L grab samples of
the wastewater influent to the LP UV system were collected for processing via the bench-
scale PUV system. These samples were taken concurrently with the aforementioned 1 L

samples.

The grab samples for the PUV system were immediately stored in a refrigerator at 4 °C,
transported to the laboratory and were processed via the bench-scale PUV system within 24

hours. The operating details of the LP UV and PUV systems are outlined in Table 1.
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Following this, three categories of pathogen inactivation/removal were examined via LP UV
and PUV; E. coli, total coliforms and FRNA bacteriophage (GA). The comparison between
the LP UV and PUV systems were carried out in duplicate on three consecutive days. The LP
UV system was operated at three flow rates (resulting in three hydraulic residence times
(HRT’s); 0.23 m*/hr, 0.52 m® /hr and 0.85 m®/hr. These resulted in UV dosage rates of 0.117
Jem? (117 mdlcm?), 0.0516 Jcm?® (51.6 md/cm?) and 0.0316 Jicm® (31.6 mi/cm?),
respectively.

Table 1. Operational detail of LP UV and PUV .

(Day) LP UV PUV
1)
Flow Rate (m*hr) 0.23 0.52 0.85 0.04
D - S S S
)
Flow Rate (m*hr) 0.220 0.529 0.818 0.04
0.122 0.050 0.0328 3.4478
UV Dose - Jlcm? (md/cm?) (122) (50.7) (32.8) (3447.8)
@)
Flow Rate (m*hr) 0.209 0.526 0.810 0.04
0.1284 0.051 0.0331 3.4478
UV Dose - Jlcm? (md/cm?) (128.4) (51) (33.1) (3447.8)

2.4 Fate of both NoV and FRNA bacteriophage (GA strain) in wastewater treatment
plants

To ascertain the fate of NoV and FRNA bacteriophage through WWTPL1, 2 L batch samples
of wastewater were collected from five sampling points at the WWTP; raw influent (R),
primary clarifier (PT), the activated sludge reactors and the secondary clarifier (ST) on two
separate sampling days. The activated sludge reactor was divided into two samples; the
sample as taken from the reactor (Sample A) and a sample (Sample AS) representing the
clarified portion was collected following 24 hours of settlement in a graduated cylinder. In all

cases samples were transported at 4 °C before immediate processing (detailed below).
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2.4 Measurement of wastewater characteristics

Suspended solids (SS) were measured in accordance with standard methods (APHA, 2005).
Total organic carbon (TOC) and total inorganic carbon (TIC) were measured using the
Biotector TOC, TN, TP Analyser (Biotector Analytical System Ltd., Cork, Ireland) in
accordance with standard methods. Results were expressed in mg/L. Wastewater samples
were tested for iron and manganese levels by Environmental Laboratory Services (ELS) Ltd
Acorn Business Campus, Mahon Industrial Park, Blackrock, Cork, Ireland. Five litre batch
samples were collected; 2 L of each sample was filtered through a 0.1 um membrane cassette
(Pall’s Omega™ polyethersulfone [PES]; Fitzhenry et al., 2014). One x 75 mL sample of
both unfiltered and filtered effluent from each site was held in a storage vial at the correct pH
at 4 °C. All samples were collected after two days and couriered to ELS for metals analysis.

The LOQ of the tests were 5 pug/L and 1 pg/L for iron and manganese respectively.

2.4 Extraction procedure for NoV and FRNA bacteriophage (GA) analysis

Harvested samples were concentrated from 40 mL to 500 pL using a virus adsorption-elution
method previously described in Fitzhenry et al. (2014) and Flannery et al. (2013). The
resulting 500 pL underwent RNA extraction employing NucliSENS miniMAG extraction
platform and the corresponding NucliSENS magnetic extraction reagents. Samples were then
stored at -80 °C prior to further processing. The use of a non-related virus (Mengo virus) was
also employed as an ‘internal process control’ (IPC) to determine the extraction efficiency
(Costafreda et al., 2006). A negative RNA extraction control, molecular grade water (Bioline)

was additionally processed alongside the samples.

2.5 Microbiological analysis
Samples were processed using both molecular and cultivation-dependent analyses. NoV Gl
and GII analysis was carried out via molecular methods only while FRNA bacteriophage

(GA) was processed by both molecular analysis and microbiological culture analysis.

2.5.1 Microbiological culture analysis

FRNA bacteriophage (GA)

A standardised plaque assay coupled with an in-situ hybridisation assay was employed to
determine infectious FRNA bacteriophage (GA) and to distinguish between genotypes
(Sundram et al., 2006). Salmonella enterica serovar Typhimurium WG49 was used as a host

strain in order to enumerate the FRNA bacteriophage (GA) using a double - layer overlay
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plaque assay as previously outlined in Flannery et al. (2013). Briefly, 1 mL of appropriately
diluted sample was added to 1 mL of host culture (Salmonlla Typhimurium WG49) and 2.5
mL of molten tryptone — yeast glucose agar and held at 45 °C. This mix was then poured onto
hardened tryptone — yeast glucose agar plates and left to solidify before being transferred to a
37 °C incubator for 18 + 2 hours inverted. Once the incubation period had passed, the plates
were removed and characteristic plaques were counted by visual inspection, where each
plague was assumed to originate from one GA bacteriophage. The results were expressed as
plaque forming unit (pfu)/mL. The Limit Of Detection (LOD) for this test was 1 pfu/mL.
Additionally an internal positive culture control was run alongside the environmental samples

to ensure the assay was performed to capacity.

Escherichia coli (E. coli) enumeration in wastewater

Total coliforms were enumerated using the Quanti — Tray Colisure test, IDEXX based on the
most probable number method (MPN).The standardised five-tube, three-dilution MPN; 1SO-
TS 16649) was used to assess the presence/reduction of E. coli in UV influent and UV treated
effluent wastewater samples. Appropriate log;o dilutions of samples were inoculated into 10
mL volumes of minerals modified glutamate broth (MMGB; CMO0607, Oxoid) and were
incubated at 37 °C for 24 + 2 h. The presence of E. coli was subsequently confirmed by sub-
culturing tubes indicating acid production onto Tryptone Bile Xglucuronide (TBX) agar
(CM0945, Oxoid) at 44 °C for 22 = 2 h. The limit of detection (LOD) of the assay was 20 E.
coli/100 mL.

2.5.2 Microbiological molecular analysis

A one step Reverse Transcriptase Quantative Polymerase Chain Reaction (RT-qPCR) was
employed to enumerate NoV GI, NoV GIl and FRNA bacteriophage (GA). During this
process, extracted RNA was reverse transcribed into its complementary double stranded
plasmid DNA (dsDNA) sequence and was quantified. Standard curves for quantification of
the three targets (NoV GI, NoV GIlI and FRNA bacteriophage (GA) were constructed using
dsDNA corresponding to each virus and primer/probe sets and thermal cycling protocol, as
outlined in detail in Flannery et al. (2012; 2013; Table 2). Briefly to create a standard curve, a
10-fold serial dilution series, ranging from 10° down to 10* copies (of each target) pL™ was
generated and analyzed in duplicate by real-time PCR using Applied Biosystems AB7500
gPCR instrument with the corresponding primer/probe sets (Table 2). Five microlitres of

sample RNA were added in duplicate to the wells of a 96 — well optical reaction plate with 20
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ML one-step mastermix (Invitrogen). NoV GI, GIl and GA FRNA bacteriophage were
quantified by comparing the Cq values to the appropriate standard curves in copies per mL,
and then adjusted to reflect the volume of RNA analysed (expressed as genome copies g_1
HP or genome copies 100 mL_1 wastewater). The Limit Of Quantification (LOQ) for this
test was 125 copies/100 mL and the Limit Of Detection (LOD) was 25 copies/100mL. For
extraction efficiency (determined using the IPC; Mengo virus; Table 2) previously described
forward (Mengo209) and reverse (Mengol110) primers and probe (Mengol47) were used
(Pinto et al., 2009) and was performed as outlined in detail in Flannery et al. (2012). The Cq
value of the sample was compared to a standard curve obtained by preparing log dilutions
from the same batch of Mengo virus as was used to spike samples for analysis. This was
expressed as percentage extraction efficiency and samples with an extraction efficiency of

less than 1 % were not accepted.
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Table 2: The suite of RT-gPCR primers and probes utilized in this study.

Target Probe Primer Sequence (5" t0 3") Reference
NoV Gl NVGG1p VIC-TGGACAGGAGAYCGCRATCT- Svraka
Forward- TAMRA etal.,
ONIF4 CGCTGGATGCGNT TCCAT 2007
Reverse- CCTTAGACGCCATCATCATTTAC
NV1LCR da Silva
etal.,
2007
NoV GllI ONIFS FAM-AGCACGTGGGAGGGCGATCG- Loisy
TAMRA etal.,
Forward-  ATGTTCAGRTGGATGAGRTTCTCWGA 2005
QNIF2
TCGACGCCATCTTCATTCACA Kageyama
Reverse- etal.,
COG2R 2003
Loisy
etal.,
2005
FRNA Genogroup CAWGGTAGCGTCTCGCTAAAGACATT Wolf et
Bacteriophage |- Probe al., 2008
(GA) Forward- GTCCTGCTCRACTTCCTGT
Genogroup
|-
CGGCTACCTACAGCGATAG
Reverse -
Genogroup
[
Mengo virus Mengol47 ATCACATTACTGGCCGAAGC
Forward-
Mengo209 GAAGTAACATATAGACAGACGCA Costafreda
CAC et al.,
Reverse- 2006
Mengoll0 GCGGGTCCTGCCGAAAGT
Pinté et
al., 2009

2.6 Calculation of log reductions
Log reductions of NoV GI, NoV GIl and FRNA bacteriophage (GA) were calculated by
determining the absolute of each target before and after treatment with bench-scale PUV and

On-site LP UV, respectively.

2.7 Statistical analysis
In order to evaluate any differences between NoV Gl and NoV GII concentrations in the
environmental samples and between concentrations of infectious and total FRNA

bacteriophage GA, minitab statistical software was used to carry out nonparametric tests
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(MannWhitney Rank Sum Test) and Microsoft excel was used for correlation coefficient

analysis.

3.0 Results and Discussion

3.1 Comparison of molecular and culture viral enumeration methods and potential the
use of FRNA Bacteriophage (GA) as surrogate for NoV

In this study the effect of PUV disinfection on virus inactivation in wastewater was measured
over the HRTs of 60 (UV dose — 3.4 J/cm?; 3400 mJ/cm?) and 120 seconds (s) (UV dose —
6.9 Jicm?; 6900 mJ/cm?), pulsed UV intensity and at varying SS concentrations. In parallel
with molecular analysis targeting NoV Gl and GIlI and GA bacteriophage via RT—qPCR,
FRNA bacteriophage (GA) via infectivity assay pre and post PUV treatment (n = 10) were
also studied as an indicator of infectivity. Results for the infectivity assay showed an average
2 logip mean reduction of FRNA bacteriophage (GA) at a HRT of 120 s (UV dose — 6.9
Jlem?; 6900 mJl/cm?®) over the entire study period. The starting GA bacteriophage copy
concentrations (0 s) were significantly different to NoV GI and GlI viral copy concentrations
following PUV treatment at 60 s (p = 0.0002) and at 120 s (p = 0.0002; UV dose — 6.9 J/cm?
(6900 ml/cm?) at a 95% confidence interval (Figure 2). The overall copy concentrations
varied significantly between PUV treatment at HRT’s of 60 s and 120 s (UV doses — 3.4
Jem? (3400 mJ/cm?) and 6.9 Jcm?® (6900 mJ/cm?), respectively, at a 95 % confidence
interval (p = 0.0211). The average reduction of FRNA bacteriophage (GA), NoV GI and NoV
GIl as measured by RTgPCR was < 0.5 logag, thus there was little or no reduction of copy
concentrations at the maximum UV doses applied throughout the study (6.9 J/cm? (6900
mJ/cm?); all stated PUV dosage rates relates to wavelengths < 300 nm; (Figure 2; Table 3).
NoV GI results yielded significant differences pre and post PUV treatment at 60 s (p=
0.0409) and 120 s (p = 0.0298) and also between PUV treatments (60s and 120s; p= 0.0409)

at 95 % confidence interval.

While the data indicates significant differences in the recorded copy concentrations pre and
post PUV treatment, it is not representative of the reduction of infectious virus. Therefore in
this incidence, RT-gPCR was not appropriate method of assessing the inactivation of NoV
and FRNA bacteriophage (GA) via PUV post UV treatment. This may be possibly due to the
fact that genomic debris resulting from UV treatment can result in false-positive PCR signals
(Pecson et al., 2010). As viable NoV concentrations could not be assessed post PUV

treatment, findings in this study could not draw direct comparisons between FRNA
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bacteriophage (GA) and NoV reductions. However, due to the high resistance properties of
FRNA bacteriophage (GA) to PUV treatment and its morphological similarities to NoV, this
would indicate that the use of this virus as a potential surrogate may have value and would

warrant further analysis based on previous studies (Doré et al., 2000; Flannery et al., 2012).

Similar to this study, Baert at al. (2008) found RT-gPCR results were unable to distinguish
between infections and non-infectious NoV, using murine norovirus (MNV) as a surrogate;
no correlation was seen when comparing an infectivity assay and RT-gPCR for the detection
of MNV examining virus inactivation using heat treatment. Conversely, when comparing
infectivity assays and RT-qPCR, Bae and Schwab (2008) determined that MNV, FRNA
coliphage MS2, and poliovirus (PV) all have the potential to be useful surrogates for human
NoVs and are the most robust choice of NoV identification. In order to efficiently distinguish
between infectious and non-infectious NoV, investigative focus has moved towards firstly the
optimisation of targeting relevant gene sequences to permit the generation of specific primer
and probes for infections/non-infectious identification, independent of culture based systems.
This in itself is extremely challenging as only one small region is adequately conserved
enough to construct specific genogroup oligonucleotide primers and probes (Green et al.,
2001; Katayama et al., 2002; Zheng et al., 2006; Vinjé, 2015).
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Table 3. Logio reduction of infective FRNA bacteriophage (GA; n = 10) as tested by the
infectivity assay and copy concentrations of FRNA bacteriophage (GA) and norovirus Gl and
Gll (n=7) as tested by RT-gPCR post PUV treatment in wastewater (60 s HRT: UV dose —
3.4 J/cm® (3400 mJ/cm?), and 120 s HRT: UV dose 6.9 J/lcm? (6900 mJ/cm?); the average
initial concentration was 10%/100 mL).

Infectivity Assay

RT-gPCR Assay

FRNA bacteriophage
(GA)

Log;o removal at HRT *
standard deviation

FRNA bacteriophage
(GA)

Log;o removal at HRT *
standard deviation

NoV Gl

Log;o removal at HRT +
standard deviation

NoV GllI

Log;o removal at HRT +
standard deviation

60s 120s 60s 120s 60s 120s 60s 120s
2.21+0.16 3.14+0.03 | 1.07+0.27 1.07+0.21 0.26+£0.27 0.15+0.12 0.21+£0.27 0.78+0.08
1.29+£0.12 1.72+0.01 | 0.42+0.60 0.27+£0.01 0.09+0.36 0.46+0.01 0.15+£0.03 0.30+0.04
1.02+£0.13 1.60+0.07 | 0.15+0.23 0.11+0.12 0.20+0.10 0.40+0.09 0.17+£0.01 0.34+0.13
1.19+£0.02 1.49+0.07 | 0.43£0.56 0.23+0.07 0.12+0.07 0.20+0.16 0.40+0.45 0.21+0.08
1.49+0.05 2.30+£0.08 | 0.03+£0.10 0.19+0.11 0.46+0.15 0.70+0.06 0.27+0.05 0.50+0.16
1.24+0.15 1.80+0.03 | -0.43+0.76 -0.19+1.09 0.52+0.01 0.70+0.09 0.11+0.32 0.30+0.33
1.23+0.01 1.40+£0.08 | 0.79+0.65 -1.27+2.31 0.32+0.06 0.59+0.04 -0.11+0.55 -0.11+0.65
1.68+0.10 2.48+0.08 - - - -

1.60+0.12 1.95+0.03 - - - -

1.06+0.08 1.70+0.15 - - - -

3.2 Impact of operating conditions on PUV irradiation

Overall, a linear relationship was observed between voltage and inactivation rate for any

given HRT (Figure 3). FRNA bacteriophage (GA) concentration was reduced by 1.3 logo at
a UV dose of 1.2 J/cm? (1200 mJ/cm?; 120 s HRT) when subjected to 900 V at 1 PPS. A
reduction of 1.0 log;o was achieved at a UV dose of 0.55 J/cm? (550 mJ/cm?; 120 s HRT) at
600 V and 1 PPS; whereas at 300 V and 1 PPS, a maximum virus reduction of 0.4 logio was
observed at a UV dose of 0.14 Jicm® (140 ml/cm? 120 s HRT); thus demonstrating the

impact of HRT on inactivation.
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Figure 3. The effect of three specific voltages (300, 600 and 900 V) and three HRTs (60, 75
and 120 s) at 1 PPS on FRNA bacteriophage (GA) reduction.

3.3 Comparison of on-site LP UV and bench-scale PUV systems

Figures 4A, 4B and 4C summarizes the comparative reduction of E. coli, total coliforms and
FRNA bacteriophage for the LP UV and PUV. A reduction in E. coli, total coliforms and
FRNA bacteriophage concentrations was observed in response to increasing UV dose.
Comparative reduction rates between LP UV and PUV under varying doses are illustrated in
Table 4. Previous studies have observed the PUV showing a significantly greater inactivity
potential compared to LP UV when using E. coli as a bacterial indicator organism (Li et al.,

2010). However in this study such a difference was not apparent at similar radiation dosages.
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Figure 4. (A) E. coli reduction via LP UV over three separate trials (B) Total coliforms
reduction via LP UV over three separate trials (C) FRNA bacteriophage reduction via LPUV
over three separate trials.
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482 Table 4. (A) Comparison of the operating conditions for the treatment of secondary treated

483 wastewater employing on — site LP UV system (LP UV) and bench — scale PUV system
484 (PUV).
UV Dose -
Day UV treatment FIOV\Q Rate HRT Jlem?
(m°/hr) (s) (mdlem?)
LP UV 0.228 3.9 (()111%
LP UV 0.52 1.7 (25015%%1
1
LP UV 0.849 1.1 (zéoféi)l
3.4478
PUV 0.04 60 (3447.9)
0.12199
LP UV 0.22 4.1 (121.99)
LP UV 0.529 1.7 (25005%?
2
LP UV 0.818 1.1 %023;%1
3.4478
PUV 0.04 60 (3447.8)
0.12841
LP UV 0.22 4.3 (128.41)
LP UV 0.529 1.7 (25015(1)2)2
3
LP UV 0.818 1.1 (2'3033%5
3.4478
PUV 0.04 60 (3447.9)

485

486  Table 4 (B) provides a comparison for indicative purposes and outlines the removal of E.
487  coli, Bacillus subtilis (B. subtilis) and GA bacteriophage via PUV both in this study and in
488  recent work by Uslu et al. (2014). In contrast to this study where the PUV was operated as a
489  flow through system, Uslu et al. (2014) operated it as a static system. Recent studies
490 employing PUV as a wastewater disinfection tool have indicated that in addition to pathogen
491  removal/inactivation it also reduces the organic load of municipal wastewater effluent by
492  reducing chemical oxygen demand (COD) and total organic carbon (TOC; Uslu et al., 2016).
493  Furthermore evidence suggests that the treatment with PUV enables the targeting and

494  removal of pathogenic biofilm forming microbes, such as Pseudomonas aeruginosa and
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495
496
497
498
499
500

Staphylococcus aureus, which are often resistant to common disinfection strategies (Garvey

et al.,, 2015). Additionally, its role in the breakdown and removal of industrial related

pollutants such as azo dyes represent a novel application in the treatment of chemically

contaminated wastewater and the protection of the environmental (Li et al., 2016).

Table 4. (B) Microorganism reduction via PUV treatment

Uslu et al. (2014)

PUV operating
conditions

Voltage: 3,800 V
sample: 8cm
Capacitance: N/A
System set-up: Static

Lamp Distance from

Discharge time: 360 ps
Medium: Treated municipal

wastewater
Microorganism E. coli B. subtilis
Initial 10° CFU/mL 10° CFU/mL
concentration
SS (mglL) 4 4
Exposure time (s) 5 10 15 5 10 15
ggsc;afjjﬁ’;ff{(‘rﬂ ’ 3.6 7.2 109 3.6 7.2 109
omd) (3600) (7200) (10900) (3600) (7200) (10900)
Log;, removal Complete
Lo ~ 7 log ~ 7 log reduction ~ 4 log ~ 4 log ~ 6 log
(CFU/mL) (undetected)
This study
. Voltage: 900 V Lamp Distance from
PUV %Pe.rat'”g sample: 10.75cm
conditions . . .
Capacitance: 40uF Discharge time: 28 us
System set-up: Flow-through Medium: Treated municipal
wastewater
Microorganism E. coli GA bacteriophage
Initial 10° MPN/100mL 10" PFU/mL 10" PFU/mL  10° PFU/mL
concentration
SS content (mg/L) 28 20 38 72
Exposure time (s) 60 120 120 120
18.8 37.5 37.5 375
Broadspectrum
Dose - Jiem” (mJ/ (18800) (37500) (37500) (37500)
cm?)
L | 2.48 2.30 1.95
0910 remova 2 logyo MPN/100ml logyo logyo logyo
PFU/100mL PFU/100mL PFU/100mL
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3.4 Impact of wastewater characteristics on PUV efficiency

Table 5 summarises the results of the trials carried out to determine the impact of wastewater
characteristics on FRNA bacteriophage (GA) disinfection via the PUV. There was little
evidence of TOC and TIC concentrations impacting on the overall log;o reduction of FRNA
bacteriophage PFU (GA) decreased (SM 1) with mixed trends observed in each trial. Within
trials 3 and 4 high correlations for each individual trial between SS concentration and FRNA
bacteriophage (GA) PFU log;o reduction was observed. However, a relatively low statistical
correlation (- 0.42) was observed between higher SS concentrations and decreasing logio
reductions of GA bacteriophage across all samples. Thus may indicate that FRNA logio
reductions may be influenced by factors other than the SS concentrations (Figure 5).

Table 5. PUV logs reductions of infective FRNA bacteriophage (GA) in wastewater at two
HRTs at a range of sample SS, TOC and TIC concentrations (mg/L; Trial 1 not included; 60 s
HRT: UV dose — 3.4 J/cm? (3400 mJ/ cm?) and 120 s HRT: UV dose 6.9 J/cm? (6900 mJ/
cm?); the average initial concentration was 10%/100 mL).

Log;o reduction

Wastewater characteristics HRT
Trial SsS TOC TIC 60 120
(mg/L) (mg/L) (mg/L) (s) (s)
57.5 8 24 22+02 3.1+00
12.0 14 41 1.3+ 0.1 1.8+0.0
2 18.6 20 38 1.0+ 0.1 1.6+0.1
121.2 20 39 1.2+0.0 1.5+0.1
38.0 10 33 1.5+0.1 23+0.1
3 105.0 8 32 12402 1.8+0.0
140.6 7 29 1.2+0.0 1.4+0.1
19.5 12 25 1.7+0.1 2.4+0.1
4 72.0 16 26 1.6+0.1 1.2+ 0.0
89.8 15 28 1.1+0.1 1.7+0.2
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Figure 5. The relationship between SS and maximum log;o reduction (HRT 120 s— UV dose:
6.9 Jicm? (6900 mJ/cm?) of GA bacteriophage via infectivity assay in three separate trials.
(The average initial concentration was 10%/100 mL).

During the study, the effluent wastewater from WWTPs 1, 2 and 3 was sampled with both
filtered and unfiltered samples being subjected to PUV treatment. The SS concentrations of
the treated wastewater at WWTPs 1, 2 and 3 were 19.5 mg SS/L, 8.7 mg SS/L and 16.0 mg
SSI/L, respectively; indicating the possibility of varying efficiency of secondary treatment in
the respective WWTP’s. Results indicate that the removal of SS within for any given WWTP
resulted in improved PUV performance; however appeared to be unrelated to the initial SS
(albeit the effluent samples all had relatively low SS concentrations). Following filtration of
the secondary effluent obtained from WWTP 1, a 3.9 logio reduction was recorded.
Furthermore, virus inactivation to below the level of detection (< 1 pfu/mL) was achieved at a
UV dosage of 3.4 Jiem? (3400 mJ/cm?); HRT of 60 s; Table 6). Increased virus logig
reduction in filtered effluent compared to unfiltered effluent was also observed for WWTPs 2
and 3. However, complete viral removal was not achieved at a UV dosage of 6.9 J/cm? (6900
mJ/cm?) and a maximum HRT (120 s) indicating that alternative environmental parameters

were playing a role effecting UV efficacy.
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Table 6. Comparison of maximum logio reduction (120s HRT) of FRNA bacteriophages
(GA) in filtered and unfiltered post-secondary treatment effluent treated with PUV at three
separate WWTP samgling sites. (UV dose — 3.4 J/lcm? (3400 mJ/cm?) and 120 seconds (5)

(UV dose: 6.9 J/lcm* (6900 mJ/cm?); the average initial concentration was 10°/100 mL)

Unfiltered Effluent Filtered Effluent
FRNA bacteriophages (GA) FRNA bacteriophages (GA)
H(ST (pfu/2100ml) HRT (s) (pfu/100ml)
0 1.2E+07 + 6.4E+05 0 2.3E+06 + 1.8E+05
WWTP Site 1 60 2.5E+05 + 4.4E+04 60 <1 pfu/mL
120 3.9E+04 + 4 9E+03 120 <1 pfu/mL
Maximum Logio 25+0.1 6.4+ 0.0
Reduction R T
0 1.5E+07 £ 9.7E+05 0 1.5E+07 + 1.1E+06
WWTP Site 2 60 2.7E+05 + 6.7E+04 60 9.5E+04 + 2.3E+04
120 6.4E+04 + 2.0E+04 120 7.0E+03 + 1.4E+03
Maximum Log;o 24+01 33401
Reduction T T
0 1.1E+06 + 7.1E+04 0 1.1E+07 + 4.6E+06
WWTP Site 3 60 3.7E+04 + 7.5E+03 60 8.1E+04 + 3.8E+04
120 2.4E+04 + 7.8E+03 120 3.8E+04 + 3.4E+04
Maximum Logso 17+0.2 25403

Reduction

Further analysis was carried out on these samples to determine if alternative contributing
factors within the effluent which may have interfered with PUV efficiency. TOC and TIC
were measured against FRNA bacteriophage (GA) logio reduction (SM 1). A low statistical
correlation was found between both variables however a slight trend was apparent between
high TOC and TIC concentrations and decreasing virus logio reductions (SM 1). In addition
to this, sporadic checks for iron and manganese were carried out as literature indicated this
play a role in inhibiting UV performance. No significant impact was recorded indicating that
levels were insufficient enough to induce an effect (data not shown), which is in keeping with

the characteristic municipal nature of the effluent.

The effectiveness of UV disinfection in wastewater treatment relies heavily on the
performance of upstream processes. While primary and secondary treatment of wastewater
has demonstrated somewhat efficient removal of pathogens it is widely accepted that a
suitable efficient robust tertiary treatment can increase these removal/inactivation rates
greatly (Koivunen et al., 2003). High concentrations of suspended solids in secondary treated

wastewater, which can result from poor upstream process control or various stresses on
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upstream processes, have a direct effect on the efficacy of UV disinfection systems. For
example relatively high suspended solids concentrations can shield microbes from UV rays
and result in bio-fouling of submerged UV lamp systems. Therefore UV is often used in
conjunction with an alternative method of disinfection, such as pre-rapid sand filtration
(Rajala et al., 2003).

This study also highlights that SS can indeed play a key role in impacting PUV performance;
however the magnitude of the impact may be WWTP specific and thus require site specific
pre-treatment amendments (Table 6). It reaffirms the strong interaction between viral loads
and suspended solids indicating the need for continuous monitoring of upstream applications
to ensure no compact solids filter through to the tertiary stage, protecting viral particles and
thus rendering the disinfection process inefficient (Gehr et al., 2003; da Silva et al., 2007,
Flannery et al., 2012). It should be noted that further study into the disposal of wastewater

sludge may need to consider the presence of such viruses.

3.4 Fate and persistence of NoV through a WWTP using surrogate FRNA
bacteriophage

The fate of FRNA bacteriophage was monitored through WWTP 1 and the results are
summarized in Figure 6. Following the settling of the activated sludge sample (A), a greater
than 2 logso reduction of FRNA bacteriophage was observed in the clarified wastewater (AS)

after settling.
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Figure 6. Concentration of infectious FRNA bacteriophage (pfu/100mL) at selected sampling

locations in WWTPL1 (R- Raw Influent; PT — Primary Treatment; A — Activated Sludge; AS —

Activated Sludge ‘clarified wastewater post sludge settled’; ST — Secondary treatment; n=2).

SS was also recorded (Trial 1: R =180 mg/L; PT = 120 mg/L; A = 8427 mg/L; AS =0; ST =

3) (Trial 2: R =287 mg/L; PT =150 mg/ml; A =7767 mg/L; AS = 57; ST = 47; (The average
initial concentration was 10°/100 mL).

Wastewater systems that treat both municipal wastewater and storm water are at high risk as
large rainfall occurrences can overwhelm the wastewater treatment system resulting in
inefficient treatment and solid release. These rainfall occurrences can be prevalent in the
winter months when the prevalence of NoV is traditionally high according to published
epidemiological studies (Galmore et al., 2007). Nordgren et al. (2009) found that using
RTgPCR, NoV GI and GIl exhibited seasonal variance with the highest concentrations
recorded in the winter months. The study monitored its prevalence through a WWTP over
one year targeting 8 particular treatment points during the process. They noted a 0.7 log
reduction in NoV during primary treatment in an activated sludge treatment plant. Similarly,
Flannery et al. (2012) noted a comparable seasonal trend indicating the concentrations of Gl,
GII were higher in winter months, interestingly no seasonal variation were seen with respect
to FRNA bacteriophage (GA) concentration. Moreover, they noted that NoV Gl and GlI log
removal was 0.13 and 0.14 respectively following primary treatment. Comparison of NoV
and FRNA bacteriophage (GA) reduction during secondary treatment is difficult as often

varying secondary treatment methodologies are employed.
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4.0 Conclusion

It is clear that the use of viral inactivation technologies is seen as an increasingly necessary
part of the wastewater treatment processes. Key drivers for their implementation include
legislation, public health, tourism and commercial demands for clean water (or reuse of
wastewater). While there have been on-going technological and research developments in this
sector it is not possible to recommend a single best solution. Thus on-site considerations are
the key element in choosing a disinfection system for any given application. While no
comparative link could be made between NoV GI, NoV GII and the surrogate FRNA
bacteriophage (GA) in this study, several alternative studies have indicated a link using
alternative surrogates which warrant further investigation under the conditions outlined
above. Settling processes prior to treatment determines the fate of NoV and FRNA
bacteriophage (GA) in a WWTP as greater than 3 logip reduction of FRNA bacteriophage
was observed in the clarified wastewater (AS) after settling occurred. As the SS concentration
in the effluent sample increased, the maximum log;o reduction of FRNA bacteriophage (GA)
PFU decreased for any given trial. It is worth noting that this trend varied and appeared to be
site specific, therefore this study was unable to deduce SS allowable limits for efficient UV

treatment.

This finding warrants further investigations as pre-treatment could greatly decrease the risk of
viral-loaded effluent which may pass though tertiary treatment shielded by SS. Results
indicate that the adsorption of viral particles to solids in wastewater occurs. As such, a twin
tertiary treatment may be the best method of choice. Particularly in areas prone to turbid
secondary treated wastewater where a barrier process such as tangential flow filtration system
(TFF), filters the particulate matter and the flow through is treated with UV. Results highlight
the importance of optimal performance of upstream primary and secondary WWTP processes
highlighting how vital continuous monitoring is to ensure the SS are kept low. Results
indicate that whilst SS may indeed affect LP UV and PUV treatment efficacy,

additional/alternate environmental parameters may indeed play an unknown role.

5.0 Acknowledgements

This study was carried out under the Science, Technology, Research and Innovation for the
Environment (STRIVE) Programme 2007-2013; EPA STRIVE Programme Grant No: 2011-
W-F-8. The programme is financed by the Irish Government under the National Development
Plan 2007-2013.

26



649

650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666

667
668

669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697

6.0 References

Atmar R. and Estes M. (2006).The epidemiologic and clinical importance of norovirus
infection. Gastroenterology Clinics of North America. Volume 35 (2):275-90.

Ahmed S., Hall A., Robinson A., Verhoef L., Premkumar P., Parashar U., Koopmans M.,
Lopman B. (2014). Global prevalence of norovirus in cases of gastroenteritis: a systematic
review and meta-analysis. The Lancet Infectious Diseases. Volume 14: 725-30.

Ashbolt N, Grabow W., Snozzi M. (2001).WHO - Chapter 13 Indicators of microbial water
quality 2001 World Health Organization (WHO). Water Quality: Guidelines, Standards and
Health. Edited by Lorna Fewtrell and Jamie Bartram. Published by IWA Publishing, London,
UK. ISBN: 1 900222 28 0.

APHA-AWWA-WEF (1995). Standard Methods for the Examination of Water and
Wastewater; (19th ed) American Public Health Association, Washington (1995)
http://www.mwa.co.th/download/file_upload/SMWW _1000-3000.pdf.

Bae, J., and K. J. Schwab. 2008. Evaluation of murine norovirus, feline calicivirus,
poliovirus, and MS2 surrogates for human norovirus in a model of viral persistence in surface
water and groundwater. Applied and Environmental Microbiology. Volume 74:477-484.

Baert L, Uyttendaele M, Stals A, van Coillie E, Dierick K, Debevere J, Botteldoorn N.
(2009). Reported foodborne outbreaks due to noroviruses in Belgium: The link between food

and patient investigations in an international context. Epidemiology and Infection. Volume
137 (3):316-325.

Belliot G., Lopman B., Ambert-Balay K., Pothier P.(2014). The burden of norovirus
gastroenteritis: an important foodborne and healthcare-related infection. Clinical
Microbiology and Infection. Volume 20: 724-730.

Blackmer F., Reynolds K., Gerba C., Pepper I. (2000). Use of Integrated Cell Culture-PCR
to Evaluate the Effectiveness of Poliovirus Inactivation by Chlorine. Applied and
Environmental Microbiology. Volume 66 (5): 2267-2268.

Bon F., Ambert-Balay K., Giraudon H., Kaplon J., Le Guyader S., Pommepuy M. (2005).
Molecular epidemiology of calicivirases detected in sporadic and outbreak cases of
gastroenteritis in France from December 1998 to February 2004. Journal of Clinical
Microbiology. Volume 43 (9):4659-64.

Cannon J., Papafragkou E., Park G., Osborne J., Jaykus L-A, Vinje J. (2006). Surrogates for
the Study of Norovirus Stability and Inactivation in the Environment: A Comparison of
Murine Norovirus and Feline Calicivirus. Journal of Food Protection. Volume 69 (11):
2761-2765.

Centre for Disease Control (CDC, 2013). Sourced from;
http://www.cdc.gov/norovirus/hcp/diagnosis-treatment.htm

Cheng H., Lucy F., Broaders M., Mastitsky S., Chen C., Murray A. (2012). Municipal

wastewater treatment plants as pathogen removal systems and as a contamination source of
noroviruses and Enterococcus faecalis. Journal of Water and Health. Volume 10: 380-389.

27



698
699

700
701
702
703

704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746

Costafreda, M.l., Bosch, A., Pint6, R.M. (2006). Development, evaluation and
standardisation of real - time TagMan reverse transcription - PCR assay for quantification of
Hepatitis A virus in clinical and shellfish samples. Applied and Environmental Microbiology.
Volume 72 (6): 3846 — 3855.

da Silva Allegra Kyria, Le Saux Jean-Claude, Parnaudeau Sylvain, Pommepuy Monique,
Elimelech Menachem, Le Guyader Frangoise S. (2007). Evaluation of removal of norovirus
during wastewater treatment, using Real-time reverse transcription-PCR: Different
behaviours of genotypes | and Il. Applied and environmental Microbiology. Volume 73
(24):7891.

Dore, W.J. and Lees, D.N. (1995) Behavior of Escherichia coli and male-specific
bacteriophage in environmentally contaminated bivalve molluscs before and after depuration.
Journal of Applied and Environmental Microbiology. VVolume61:2830-2834.

Doré W. J., Henshilwood K., Lees D. N. (2000). Evaluation of F-specific RNA
bacteriophage as a candidate human enteric virus indicator for bivalve molluscan shellfish.
Applied and environmental Microbiology. Volume 66:1280 — 1285.

Environmental Protection Agency (EPA; 2016) Technical and state of knowlede of the
utilisation of tertiary treatment in the treatment of wastewater (in press).

Fitzhenry K.; Barrett M.; O'Flaherty V.; Dore W.; Keaveney S.; Cormican M.; Clifford E.
(2014). Detection and removal of pathogenic norovirus employing tertiary treatment in
wastewater and water treatment facilities. Water Practice & Technology. Volume 9 (3): 370-
376

Flannery J., Keaveney S., & Dore W. (2009). Use of FRNA bacteriophages to indicate the
risk of norovirus contamination in irish oysters. Journal of Food Protection. Volume 72;
2358-2362.

Flannery J, Keaveney S, Rajko-Nenow P, O’Flaherty V, Dore W. (2012). Concentration of
norovirus during wastewater treatment and its impact on oyster contamination. Applied and.
Environmental Microbiology. Volume 78: 3400 —3406.

Franck K., Nielsen R., Holzknecht B.., Ersbgll A., Fischer T., Bottiger B. (2015). Norovirus
Genotypes in Hospital Settings — Differences between Nosocomial and Community-Acquired
Infections. Journal of Infectious Diseases Volume 212 (6):881-8.

Garvey M., Farrell H., Cormican M., Rowan N. (2010). Investigations of the relationship
between use of in vitro cell culture-quantitative PCR and a mouse-based bioassay for
evaluating critical factors affecting the disinfection performance of pulsed UV light for
treating Cryptosporidium parvum oocysts in saline. Journal of Microbiological Methods.
Volume 80: 267-273.

Garvey M, Rabbitt D, Stocca A, Rowan N. (2015). Pulsed ultraviolet light inactivation of

pseudomonas aeruginosa and staphylococcus aureus biofilms. Water and Environment
Journal. Volume 29 (1):36-42.

28



747
748
749
750
751
752
753
754
755
756
757
758
759
760

761
762

763
764
765
766
767
768
769
770
771

772
773
774
775

776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795

Green K., Chanock R., Kapikian A., (2001). Human caliciviruses. In: Knipe, D.M., Howley,
P.M., Griffin, D.E., Martin, M.A., Lamb, R.A., Roizman, B., Straus, S.E. (Eds.), Field's
Virology, fourth ed. Lippincott Williams and Wilkins, Philadelphia, pp. 841e874.

Gallimore C., Ilturriza-Gomara M., J. Xerry, Adigwe J., Gray J. (2007). Inter-seasonal
diversity of norovirus genotypes: emergence and selection of virus variants. Archives
of Virology. Volume 152 (7): 1295-1303.

Gibson K., Schwab K., Spencer S., Borchardt M. (2012). Measuring and mitigating
inhibition during quantitative real time PCR analysis of viral nucleic acid extracts from large-
volume environmental water samples. Water Research. Volume 46: 4281-4291.

Goosen N and Moolenaar GF (2008). Repair of UV damage in bacteria. DNA Repair.
Volume7 (3):353-79.

Guo MeiTing , Huang JingJing , Hu HongYing , Liu WenJun (2011).
Growth and Repair Potential of Three Species of Bacteria in ReclaimedWastewater after UV
Disinfection. Biomedical and Environmental Sciences. Volume 24 (4): 400-407.

Hall A., Vinje J., Lopman B., Park G., Yen C., Gregoricus N., Parashar U. (2011). Centers
for Disease Control and Prevention. Updated norovirus outbreak management and disease
prevention guidelines. The Morbidity and Mortality Weekly Report. Volume 60 (3):1-15.

Kageyama T., Kojima S., Shinohara M., Uchida K., Fukushi S., Hoshino F.B., Takeda N.,
Katayama K. (2003). Broadly reactive and highly sensitive assay for Norwalk-like viruses
based on real-time quantitative reverse transcription-PCR. Journal of Clinical Microbiology.
Volume 41:1548-1557.

Katayama K., Shirato-Horikoshi H., Kojima S., Kageyama T., Oka T., Hoshino F., Fukushi
S., Shinohara M., Uchida K., Suzuki Y., Gojobori T., Takeda N. (2002). Phylogenetic
analysis of the complete genome of Norwalk-like viruses. Virology. Volume 299: 225-2309.

Kowalzik F., Riera-Montes M., Verstraeten T., Zepp, F (2015). The Burden of Norovirus
Disease in Children in the European Union. The Pediatric Infectious Disease
Journal. Volume 34: 229-234.

Koivunen J., Siitonen A., Heinonen-Tanski H. (2003). Elimination of enteric bacteria in
biological-chemical wastewater treatment and tertiary filtration units. Water Research.
Volume 37: 690-698.

Lee N., Chan M., Wong B., Choi K., Sin W., Lui G., Chan P., Lai R., Cockram C., Sung
J., Leung W. (2007). Fecal viral concentration and diarrhea in nirovirus gastroenteritis.
Emerging Infectious Disease. Volume 13: 1399 -1401.

Leong L., Kuo J.,, Tang C. (2008). Disinfection of wastewater effluent - comparison of

alternative technologies. Final Report 04-HHE-4. Water Environment Research Foundation
(WERF), Alexandria, VA, USA.

29



796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844

Lucena F., Duran A., Moro'n A., Caldero’n E., Campos C., Gantzer C., Skraber S., Jofre J.
(2004). Reduction of bacterial indicators and bacteriophages infecting faecal bacteria in
primary and secondary wastewater treatments. Journal of Applied Microbiology. Volume 97:
1069-1076.

Lopman B., Vennema H., Kohli E., Pothier P., Sanchez A., Negredo A., Buesa J., Schreier
E., Gray J., Gallimore C., Bottiger B., Hedlund K-O, Torvén M., von Bonsdorff C-H,
Maunula L., Poljsak-Prijatelj M., Zimsek J., Reuter G., Sziics G., Melegh B., Svennson L.,
Yvonne van Duijnhoven Y., Koopmans M. (2004). Increase in viral gastroenteritis outbreaks
in Europe and epidemic spread of new norovirus variant. The Lancet. Volume 363: (9410)
682-688.

Loisy, F., R. L. Atmar, P. Guillon, P. Le Cann, M. Pommepuy, F. S. Le Guyager (2005).
Real-time RT-PCR for norovirus screening in shellfish. Journal of Virological Methods.
Volume 123:1-7.

Li D., Gu A., Wan Y., He M., Hu X., Shi H.C (2010). An integrated cell culture and reverse
transcription quantitative PCR assay for detection of infectious rotaviruses in environmental
waters. Journal of Microbiological Methods. Volume 82:59-63.

Li X, Wang T, Qu G, Liang D, Hu S. (2016). Enhanced degradation of azo dye in wastewater
by pulsed discharge plasma coupled with MWCNTSs-TiO2/<gamma>-Al203 composite
photocatalyst. Journal of Environmental Management. Volume 172:186-92.

Moghadam A. and Dore M. (2012). Cost and efficacy of water disinfection practices:
Evidence from Canada. Review of Ecomonic Analysis. Volume 4: 209 - 223.

Metcalf & Eddy, Inc. (2004). Wastewater Engineering: Treatment and Reuse. Fourth
Edition. The McGraw-Hill Companies. Inc., 1221 Avenue of the Americas, New York, NY,
10020.

Nordgren J., Matussekb A., Mattssond A., Svenssone L., Lindgrena P. (2009). Prevalence of
norovirus and factors influencing virus concentrations during one year in a full-scale
wastewater treatment plant. Water Research. Volume 43:1117-1125.

Nenonen N., Hannoun C., Olsson M., Bergstrom T. (2009). Molecular analysis of an oyster-
related norovirus outbreak. Journal of Clinical Virology. Volume 45 (2):105-8.

Ottoson J., Hansen A., Bjorlenius B., Norder H., Stenstrom T.A. (2006). Removal of viruses,
parasitic protozoa and microbial indicators in conventional and membrane processes in a
wastewater pilot plant. Water Research. VVolume 40 (7):1449-1457.

Pecson B., Ackermann M., Kohn T. (2011). Framework for Using Quantitative PCR as a
Nonculture Based Method To  Estimate Virus Infectivity.  Environmental
Science & Technology. Volume 45: 2257-2263.

Pirtle E. and Beran G. (1991). Virus survival in the environment. Scientific and Technical
Review of the Office International des Epizooties. Volume 10 (3):733-748.

30



845
846
847
848
849
850
851
852
853
854
855
856

857
858

859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885

886
887
888

889
890
891
892

Pinté R. M., Costafreda M. I., Bosch A. (2009). Risk assessment in shellfish-borne outbreaks
of hepatitis A. Applied and Environmental Microbiology. Volume 75; 7350—-7355.

Racki N., Morisset D., Gutierrez-Aguirre 1., Ravnikar M. (2014). One-step RT-droplet
digital PCR: a breakthrough in the quantification of waterborne RNA viruses. Analytical and
Bioanalytical Chemistry. Volume 406: 661-667

Rajala R.L, Pulkkanen M., Pessi M., Heinonen-Tanski H. (2003). Removal of microbes
from municipal wastewater effluent by rapid sand filtration and subsequent UV irradiation.
Water Research. Volume 47 (3); 157-162.

Reynolds K. (2004). Integrated Cell Culture/PCR for Detection of Enteric Viruses in
Environmental Samples. Methods in Molecular Biology. Volume 268: 69-78.

Rodniguez-Lazaro D., Cook N., Ruggeri F., Sellwood J., Nasser A., Nascimento M.,
D'Agostino M. , Santos R. , Saiz J., Rzezutka A., Bosch A., Gironés R., Carducci
A., Muscillo M., Kova¢ K., Diez-Valcarce M., Vantarakis A., von Bonsdorff C-H, de Roda
Husman A., Hernandez M., van der Poel W. (2012). Virus hazards from food, water and
other contaminated environments. FEMS Microbiology Reviews. VVolume 36 (4):786-814.

Scallan E., Hoekstra R. M., Angulo F. J., Tauxe R. V., Widdowson M.-A., Roy S. L., (2011).
Foodborne illness acquired in the United States—major pathogens. Emerging Infectious
Diseases. Volume 17 (1):7-15.

Seitz S., Leon J., Schwab K., Lyon M., Dowd M., McDaniels M., Abdulhafid M., Fernandez
G., Lindesmith L., Baric R., Hubert C. (2011). Norovirus Infectivity in Humans and
Persistence in Water. Applied and environmental Microbiology. Volume 77 (19): 6884-6888.

Sobsey M. and Meschke J. (2003). Virus survival in the environment with special attention
to survival in sewage droplets and other environmental media of fecal or respiratory origin.
Draft (dated 21 August 2003) prepared for a World Health Organization meeting
(International SARS Symposium) held on 23-25 September 2003 in Rome, Italy.

Sundram, A., Jumanlal, N., Ehlers, M.M. (2006). Genotyping of F-RNA coliphages isolated
from wastewater and river water samples. Water SA. VVolume 32: 65-70.

Sinha R. and Hader D. (2002). UV-induced DNA damage and repair: A review.
Photochemical & Photobiological Sciences Volume 1: 225-236.

Svraka S., Duizer E., Vennema H., de Bruin E., van de Veer B., Dorresteijn B., Koopmans
M. (2007). Etiological role of viruses in outbreaks of acute gastroenteritis in The Netherlands
from 1994 through 2005. Journal of Clinical Microbiology. Volume 45; 1389-1394.

Turcios R., Widdowson M., Sulka A., Mead P., Glass R. (2006). Reevaluation of
epidemiological criteria for identifying outbreaks of acute gastroenteritis due to norovirus:
United States, 1998-2000. Clinical Infectious Diseases. Volume 42 (7): 964-9.

31



893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929

930
931

Trujillo A., McCaustl K., Zheng D., Hadley L., Vaughn G., Adams S., Ando T., Glass R.,
Monroe S. (2006). Use of TagMan real-time reverse transcription-PCR for rapid detection,
quantification, and typing of norovirus. Journal of Clinical Microbiology. VVolume 44: 1405-
1412.

Uslu G., Demirci A., Regan J.(2014). "Efficacy of Pulsed UV-Light Treatment on
Wastewater Effluent Disinfection and Suspended Solid Reduction.” Journal of
Environmental Engineering. Volume 141: 6.

Uslu G, Demirci A, Regan JM. (2016). Disinfection of synthetic and real municipal
wastewater effluent by flow-through pulsed UV-light treatment system. Journal of Water
Process Engineering. Volume 10:89-97.

Vinjé J. (2015). Advances in laboratory methods for detection and typing of norovirus.
Journal of Clinical Microbiology. Volume 53:373-381.

Westrell T., Dusch V., Ethelberg S., Harris J., Hjertqvist M., Jourdan-da Silva N., Vold

L. (2010). Norovirus outbreaks linked to oyster consumption in the United Kingdom,
Norway, France, Sweden and Denmark. Euro surveillance : bulletin européen sur les
maladies transmissibles; European communicable disease bulletin. Volume 15 (12): 7-10.

Wolf S., Hewitt J., Rivera-Aban M., Greening G. (2008). Detection and characterization of
Fp RNA bacteriophages in water and shellfish: application of a multiplex real-time reverse
transcription PCR. Journal of Virological Methods. VVolume 149: 123-128.

Whitby G. (2002). Factors Affecting the Sizing and Operation of a UV Unit Disinfecting
Wastewater, IUVA News. VVolume 4 (6): 6-12.

Whitby G. and Scheible K. (2004). The History of UV and Wastewater, IUVA News.
Volume 6 (3): 15-26.

Zupanc M., Kosjek T., Petkovsek M., Dular M., Kompare B., Sirok B., Blaz eka Z., Heath
E. (2013). Removal of pharmaceuticals from wastewater by biological processes,
hydrodynamic cavitation and UV treatment. Ultrasonics Sonochemistry. Volume 20: 1104—
1112,

Zheng D., Ando T., Fankhauser R., Beard R., Glass R., Monroe S. (2006). Norovirus
classification and proposed strain nomenclature. Virology. Volume 346 (2); 312-323.

32



