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Abstract: Recreational, reclaimed and drinking source waters worldwide are under increasing
anthropogenic pressure, and often contain waterborne enteric bacterial, protozoan, and viral pathogens
originating from non-point source fecal contamination. Recently, the capsid integrity (ci)-qPCR,
utilizing the azo-dyes propidium monoazide (PMA) or ethidium monoazide (EMA), has been shown
to reduce false-positive signals under laboratory conditions as well as in food safety applications,
thus improving the qPCR estimation of virions of public health significance. The compatibility of
two widely used human adenovirus (HAdV) qPCR protocols was evaluated with the addition of a
PMA/EMA pretreatment using a range of spiked and environmental samples. Stock suspensions of
HAdV were inactivated using heat, UV, and chlorine before being quantified by cell culture, qPCR,
and ci-qPCR. Apparent inactivation of virions was detected for heat and chlorine treated HAdV
while there was no significant difference between ci-qPCR and qPCR protocols after disinfection by
UV. In a follow-up comparative analysis under more complex matrix conditions, 51 surface and 24
wastewater samples pre/post UV treatment were assessed for enteric waterborne HAdV to evaluate
the ability of ci-qPCR to reduce the number of false-positive results when compared to conventional
qPCR and cell culture. Azo-dye pretreatment of non-UV inactivated samples was shown to improve
the ability of molecular HAdV quantification by reducing signals from virions with an accessible
genome, thereby increasing the relevance of qPCR results for public health purposes, particularly
suited to resource-limited low and middle-income settings.

Keywords: capsid integrity qPCR; human adenovirus; surface water; viral infectivity; water
quality indicator

1. Introduction

Wastewater treatment technology has markedly improved in efficacy over the past decades [1].
Waterborne diseases caused by human or animal fecal contamination, however, remain a threat
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to public health worldwide [2–4]. Traditionally, the quality of surface water used for recreational
activities and drinking water production relies on fecal bacterial indicators such as Escherichia coli
and enterococci [5,6]. Utilizing bacteriophages or enteric viruses of fecal origin instead has been
proposed for some time [7–9], and a recent study could demonstrate that bacteria show substantially
lower resistance towards environmental stressors and disinfectants such as UV-light and ozone when
compared to enteric viruses [10]. Furthermore, human enteric viruses tend to drive infection risk for
exposures to waterborne pathogens [11–15]. Hence, there is an increasing focus from government
regulators and scientists to identify useful viral indicators [16–18]. While nearly 150 waterborne
enteric viruses have been associated with human illnesses [19], human adenoviruses (HAdV) are
considered to be one of the most appropriate indicators for human fecal viral presence in waters [7].
The suitability of HAdV derives from their environmental resistance and relative abundance year-round
(unlike Rotavirus or Enterovirus), their well-established cell-culture infectivity assays to determine
infectivity, their morphological similarity to more critical human pathogenic viruses such as Rotavirus
and Norovirus GII [7,20–23] and the lower risk of infection for the handling researcher. Unlike
bacteriophages, which have been shown to at least be theoretically able to replicate in the presence of
their bacterial hosts in environmental biofilms and come from non-human sources [8,24,25], HAdV
provides specificity to the human host. Preferred viral sample processing has been reviewed by [7,26],
and in brief consists of primary virus concentration by filtration or non-filtration-based techniques,
and then estimation of adenoviruses by quantitative polymerase chain reaction (qPCR) or cell-culture
methods. Molecular qPCR is cost-efficient, robust, and specific. However, it is not able to differentiate
between infectious and non-infectious viral particles, and so includes what may be considered false
positive signals from a public health viewpoint [27,28]. Therefore, methods including cell culture
continue as the gold standard despite the high cost and skill level required. Additionally, elaborate and
mandatory safety facilities are necessary, which pose a barrier to its implementation for environmental
monitoring in low (as well as in high) income countries [29]. These described limitations make the
development of alternative and preferably culture-independent methods to estimate virus infectivity a
prime target of interest.

However, the issue of overestimating virus concentration by widely used quantitative PCR
(qPCR) has been the topic of several publications over the past decade [30–32]. According to results
from both laboratory (low complexity water matrix) and real-life samples (higher complexity water
matrix), the implementation of azo-dye pretreatment using both ethidium monoazide (EMA) and
propidium monoazide (PMA) may improve the capabilities of already established and routinely
used qPCRs—especially for HAdV—to remove “false-positive” signals from samples in complex
environmental settings such as surface water and wastewater [33,34].

In the past decade, capsid integrity (ci)-qPCR, a technique derived from the so-called viability
qPCR first used by [35] to estimate bacterial viability, has been considered as a potential modification
to routinely used qPCR assays to enhance the value from qPCR assays [36]. In the context of
environmental virology and the monitoring of food items for enteric viruses, this technique could help
improving widely used detection methods while not requiring extra equipment [33], especially for
Norovirus GI and GII for which culture-based detection methods are not available [37–39]. Prior to
molecular quantification, concentrated water samples are treated with the virus capsid-impermeable
and genome-intercalating azo-dyes ethidium monoazide (EMA) or propidium monoazide (PMA).
The pretreatment has been performed for disinfection studies and in environmental virology, with
general success in the removal of “false positive” qPCR results [40–45]. The mode of amplification
inhibition by EMA and PMA dyes has been described in detail by [35]. For enteric viruses, however,
both viral concentration and co-concentrated environmental inhibitory substances may limit the
applicability of ci-qPCR [42,46].

The efficiency of the azo-dye pretreatment in bacteria is influenced by certain characteristics of
the qPCR target region and the formed amplicon due to differences in length, secondary structure, and
ratio of nucleotides [15,47,48]. Therefore, the current work was undertaken to assess two of the most
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commonly used HAdV qPCR protocols [49,50] for their compatibility with azo-dye pretreatment to
detect infectious HAdV. This was performed before and after inactivation by heat, chlorine, or UV light
in a laboratory scale. Further objectives were to describe any differences in EMA or PMA to remove
non-infectious HAdV virions in complex water matrices (51 environmental and 24 wastewater samples
before and after treatment in an UV pilot facility) using ci-qPCR and to compare the results against
cell-culture assays.

2. Material and Methods

2.1. Propagation and Enumeration of Virus Stocks

HAdV type 5 (HAdV5, provided by the Department of Molecular Virology at Ruhr-University
Bochum, Bochum, Germany) was propagated on A549, a human lung adenocarcinoma cell line, in
Dulbecco modified eagle medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin incubated at 37 ◦C with 5% CO2. HAdV
stock was suspended in DMEM added with 20% glycerol to minimize freezing damage before being
aliquoted and stored at −80 ◦C until used for the study. A549 cells were pipetted into 48-well cell
culture plates to approximately 5× 104 cells per well, centrifuged (6000 g for 5 min at room temperature)
and washed 3 times with phosphate-buffered saline (PBS). Cells were infected with 50 µL of virus stock
solution, serially diluted in sterile filtrated PBS, and incubated for 90 min at 37 ◦C and 5% CO2, then
followed by the addition of 200 µL of maintenance medium with 2.5% FBS. Plates were incubated for
4–6 days and monitored for cell de-attachment and cytopathic effects. Following incubation, cells were
fixed with 10% formaldehyde and stained with crystal violet solution (Merck, Darmstadt, Germany)
to estimate the tissue culture infectivity dose (TCID50) of HAdV5. Approximately 5.0 × 106 genomic
copies of HAdV5 have been added to 1 mL of PBS for each inactivation method (eight replicates per
disinfection). Murine norovirus (MNV) provided by the Friedrich Loeffler Institute, Greifswald-Insel
Riems in Germany, was propagated in RAW264.7 cells (ECACC). RAW264.7 cells were cultured in
1 × RPMI1640 medium supplemented with 10% FBS. Virus titers have been calculated following the
protocol for HAdV.

2.2. Thermal, UV, and Hypochlorite Inactivation

Virus inactivation was conducted in accordance to [51] using UV dose fluences of
150 ± 17.5 mJ·cm−2 UV-C (low-pressure 25 W germicidal UV lamp emitting light at a wavelength of
253.7 nm; Phillips, Hamburg, Germany) for monochromatic UV inactivation. Heat inactivation of
HAdV stock was performed at 95 ◦C for 10 min in reaction tubes using a heat block. For chemical
disinfection, HAdV was diluted in chlorine-demand free water with a consistent concentration of
2 mg·L−1 of available free chlorine (generated from hypochlorite, Merck, Germany) incubated at room
temperature for 2 min, then adding 50 µL of 10% thiosulfate to quench remaining chlorine. The absence
of free and reactive chlorine was verified using free and total chlorine strips (0–10 mg Cl2 Free and
Total Chlorine Strips, Hach Lange, Germany).

2.3. Collection and Concentration of Water Samples for Virus Analysis

The environmental and wastewater samples analyzed in the second part of this study were
collected between 20 May and 10 September 2015 (bathing season as proposed by the Safe Ruhr
Project, conducted by the German Federal Ministry for Research and Education) as described in [33,52].
River and UV treatment influx/efflux samples of 10 L volume were taken bi-weekly from the urban
Ruhr River (51 samples) as well as the late stages of a sewage water treatment facility (a total of
24 samples, 12 before and 12 after UV treatment) in Essen, Germany. Physio-chemical, microbiological
characteristics, and sampling coordinates were previously described by [52]. After transportation to
the laboratory on ice and within a 3 h limit, samples were concentrated using the optimized virus
absorption and elution protocol first described by [53] and adapted for the river under investigation
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by [54]. In brief, MgCl2 was added to a final concentration of 0.05 M to stabilize the viral capsids.
Subsequently, pH was adjusted to 3.5 and a vacuum pump used to pass the sample through a negatively
charged nitrocellulose membrane (Merck, Darmstadt, Germany) with 0.45 µm pore size resulting in
viral adsorption. Elution and recovery of viruses were conducted by incubating and eluting the filter
with a non-organic elution buffer (0.005 M KH2PO4, 0.5 M NaCl, 0.1% (v/v) Triton x-100, and pH 9.2).
Secondary concentration was performed with 12.5% polyethylene glycol 6000 (PEG) and 2.5% NaCl for
3 h at 4 ◦C before centrifugation of the sample at approximately 15,000 g, discarding of the supernatant
and resuspension of the pellet in PBS. Concentrated samples were stored at −80 ◦C until analysis by
molecular or culture-based methods. Each sample was spiked with non-endemic murine norovirus
(MNV) right after arrival in the laboratory as a non-competitive internal control [55]. Quantification
of this virus showed that total virus recovery rates between 50% and 75% (data not shown) could be
achieved for the filtration process and genome extraction.

2.4. Dye Pretreatment

Sample aliquots (200 µL) of infectious and inactivated HAdV were treated with EMA or PMA
(Biotium Inc., Hayward, CA, USA) according to [46,51] using a final concentration of 0.04 mM. Tubes
were then mixed gently by inverting several times then incubated on ice for 30 min before being
transferred to the LED-based PhaST Blue System (IUL, Barcelona, Spain) and photo-activated at 100%
light intensity for 15 min. To determine the interference of both dyes with the detection ability of qPCR,
negative controls were included with each set of reactions by treating viruses with either EMA or PMA
without photo-activation. Furthermore, extracted HAdV5 naked nucleic acids were exposed to the
same concentrations of azo-dyes in serial dilutions to ensure the binding capacity of both EMA and
PMA was adequate (mean removal of >106 genomic copies per 20 µL; data not shown). The HAdV
protocol combined with the EMA/PMA pretreatment was compared to standalone qPCR and cell
culture to assess their ability to eliminate the detection of HAdV with an accessible genome (presumed
non-infectious) from total virion counts.

2.5. Extraction of Viral DNA and Quantification of Adenovirus Genomes

Whole HAdV genomes were extracted using the QIAmp DNA Blood Mini Kit (Qiagen, Hilden,
Germany) following the manufacturer’s protocol, eluted in 100 µL of the provided inorganic elution
buffer, then stored at −20 ◦C until analyzed. All primers and probes used, and amplicon lengths are
listed in Table 1. Genome standards were produced according to the cloning protocol described in
detail by [54] and cDNA synthesis for MNV RNA was performed using the High Capacity cDNA
Reverse Transcription Kit (Thermo Fisher, Waltham, MA, USA) following the manufacturer’s protocol.
In brief, PCR amplicons for HAdV and MNV were generated with primers and probes listed above.
Amplicons of the target region under investigation were then cloned into the PCR 2.1 vector (Thermo
Fisher, Waltham, MA, USA), following the manufacturers protocol before being purified with the
QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany). Concentrations of the purified plasmid were
determined by using the Qubit 2.0 Fluorometer (Thermo Fisher, Waltham, MA, USA). The number of
molecules per microliter of standard RNA/DNA was then calculated from its molecular weight and
the length of the sequence. For the qPCR assay, the Takyon no ROX qPCR Mastermix (Eurogentec,
Liège, Belgium) was used in a reaction volume of 20 µL containing 5 µL (2 µL of cDNA) of nucleic acid
template, 0.25 µM of both forward and reverse primers, and 1 µM of specific probe. Cycling conditions
for HAdV-Heim were as follows: Uracil-N-glycosidase (UNG) activation at 50 ◦C for 2 min (to remove
carry-over contamination), 95 ◦C for 3 min, then 45 cycles of 95◦C for 15 s, 60 ◦C for 1 min, and 78 ◦C
for 5 s to acquire the fluorescence. Conditions for HAdV-Hernroth were as follows: UNG activation
at 50 ◦C for 2 min, 94 ◦C for 3 min, then 40 cycles of 95 ◦C for 15 s, and 60 ◦C for 60 s to acquire the
fluorescence. Conditions for MNV are as follows: cDNA synthesis for 120 min at 37 ◦C followed by
UNG activation at 50 ◦C for 2 min, 94 ◦C for 3 min and 45 cycles of 95 ◦C for 15 s and 60 ◦C for 60 s.
Acquisition of fluorescence was performed at 80 ◦C for 5 s. For all viruses, the Rotorgene 6000 cycler
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system (Qiagen, Hilden, Germany) was used for PCR amplification. The limit of detection (LD) in
copies per qPCR reaction was determined via serial dilution of the known standard and calculated to
be 25 genomic copies. Calculated by the dilution factors of the filtration and concentration process, the
lowest number of genome copies has been determined to be 100 copies per liter for HAdV and MNV.
The number of replicates for each inactivation condition and protocol was eight (treatment conducted
four times in duplicates).

Table 1. Primer and probe sets used for qPCR detection of human adenoviruses (HAdV) and murine
norovirus (MNV). Wobble bases: W = A/T; R = A/G; Y = C/T; K = G/T; and S = C/G.

Protocol Primer Primers & Probe Sequences 5’–3’ Amplicon (bp) Gene Target Ref.

HAdV-Heim

AQ1 GCC ACG GTG GGG TTT CTA AAC TT

139

Hexon

[50]
AQ2 GCC CCA GTG GTC TTA CAT GCA CAT C

AdV-P [Hex]-TGC ACC AGA CCC GGG CTC
AGG TAC TCC GA-[BHQ1]

HAdV-Hernroth

Ad.hex.up CWT ACA TGC ACA TCK CSG G

69 [49]

Ad.hex.do CRC GGG CRA AYT GCA CCA G

AdV-ACDEF [6FAM]-CCG GGC TCA GGT ACT CCG
AGG CGT CCT-[TAMRA]

AdV-B [6FAM]-CCG GAC TCA GGT ACT CCG
AAG CAT CCT-[TAMRA]

MNV

TMP 1 AGA GGA ATC TAT GCG CCT GG

92 ORF2 [56]
TMP 2 GAA GGC GGC CAG AGA CCA C

TMP [6FAM]-GCC ACT CCG CAC AAA CAG
CCC-[BHQ1]

3. Statistical Analysis

Data analysis of both laboratory scale and environmental samples was conducted using Microsoft
Excel 2016. Pearson product-moment correlation coefficients were calculated for virus quantity data
obtained by qPCR, PMA-ci-qPCR, EMA-ci-qPCR, and cell culture. All p-values below 0.05 were
determined to be statistically significant.

4. Results and Discussion

Although HAdV-Hernroth amplicons are only half the length of HAdV-Heim (which should
statistically influence the number of azo-dye molecules bound to free genomic material), the ability of
PMA and EMA pretreatment to remove non-infectious virions (“false-positive” results) was observed to
be similar. The ci-qPCR estimates using either dye resulted in a reproducible reduction in targeted gene
presence when HAdV was inactivated by chlorine or heat treatment, compared to total virions by qPCR.
However, no notable signal reduction was observed after UV exposure, which has been described
before [43,51]. Therefore, the utilization of either dye—with slightly better rates for PMA—presumably
removed “false-positive” signals from non-infectious virions when loss of infectivity is correlated
with the integrity of the virus capsid. The failure of both dyes to estimate infectious HAdV after UV
disinfection is consistent with studies with PMA/EMA-qPCR for UV-treated bacterial assays [35,57,58]
and most likely due to the different mode of virus inactivation (UV breaking down di-hydrogen
bonds between nucleotides rather than affecting the virus capsid as described by Beck et al. [10]). As
for bacteria, similar observations have been described for a variety of enteric viruses (such as MNV,
Poliovirus, Norwalk virus, Rotavirus, HAdV, and Coxsackievirus B1) and bacteriophages (like MS2
and PhiX174) after exposure to UV light by [38,59–61]. While culture methods indicated a loss of
virus and phage infectivity, the addition of PMA and/or EMA failed to represent this. Importantly
for the presented work, though, no loss of signal due to EMA/PMA addition to the sample under
laboratory inactivation conditions was detected using qPCR and it can be assumed that adding the
pretreatment step does not have a negative effect on qPCR sensitivity. Cell culture assays indicated
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that all inactivation methods used (UV, heat, and chlorination) resulted in the complete loss of HAdV
infectivity (see Figure 1A–C), although each method relies on different mechanisms of virus inactivation.

As a highly reactive substance, free chlorine affects both the adenoviral genome and capsid [62]
and, as expected, its usage allowed the dyes to enter the virus and interact with the virus genome.
This is in accordance with other studies, which investigated this disinfection method before utilization
of ci-qPCR for different enteric viruses. While qPCR showed little to no signal reduction after 2 min
of 2 mg/mL of free chlorine for HAdV, Enterovirus, Rotavirus and the phages MS2 and PhiX174,
pretreatment with PMA and EMA indicated a loss comparable to cell culture in our previous work [51].
Similar observations have been published by [63–66] for several members of the Enterovirus group,
MS2, and Aichivirus 1, as well as for Noroviruses GI/GII and an Astrovirus after their exposure to
different concentrations of hypochlorite and free chlorine. Higher temperatures, which are known
to denaturate the virus capsid, showed comparable results when analyzed with azo-dyes. Articles
published by [34,67–69] indicate that inactivation of Noroviruses GI/GII and the Hepatitis A virus, as
well as Rotavirus and Aichivirus 1 after inactivation at temperatures between 50 ◦C and 95 ◦C was
observable when PMA derived PMAxx, PMA, and EMA pretreatment was applied.

As shown in Figure 1A,B, qPCR using both HAdV protocols resulted in no significant log10

reduction following inactivation of all adenoviral suspensions. The cell culture assays strongly
indicate that chlorine and temperature treatment led to a complete loss of adenovirus infectivity
(≥4.34 log10; see Figure 1A,C) and UV to a large loss (3.46 log10; Figure 1B). These results demonstrate
that relying on qPCR alone would overestimate the amount of infectious HAdV, with reduction
rates of merely 0.07 log10 after inactivation by UV (HAdV-Hernroth) and 1.07 log10 by Chlorine
(HAdV-Heim), thus resulting in misleading quantitative microbial risk assessment (QMRA) [26,70].
Utilization of PMA ci-qPCR led to a signal reduction that corresponded in part with cell culture
(temperature, HAdV-Heim). However, as discussed above it failed to indicate inactivation by UV
treatment. Optimization experiments for Legionella pneumophila conducted by [71] showed similar
trends and indicated that azo-dye incubation conditions such as temperature and concentration might
have a bigger influence on the ability of PMA and EMA to remove genome accessible pathogens from
qPCR reactions and that extending the amplicon region can result in undesired increase of the limit
of detection.
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Figure 1. Log10 remaining ratio of HAdV-Heim and HAdV-Hernroth mean values with and without
ethidium monoazide (EMA) or propidium monoazide (PMA) dye pretreatment after exposure of the
samples to 95 ◦C for 10 min (A), 150 mJ·cm−2 UV-C (B) and 4 mg min·L−1 free chlorine (C). The dotted
line represents the results from cell culture and the error bars show the standard deviation. n = 8 for
each inactivation condition and the control.
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Correlation between qPCR, ci-qPCR and Cell Culture in Environmental and Spike Samples

When comparing the results after all EMA/PMA ci-qPCR runs, the estimated concentrations of
positive viruses after PMA pretreatment and cell culture was consistently—but not statistically—lower
than those after EMA pretreatment (P = 0.26 for PMA and P = 0.24 for EMA). It has to be
mentioned, though, that comparison between genome copies per liter and TCID50 per liter is inherently
problematic but are a reality in environmental virology and certain correlations have been shown by
Kuchipudi et al. [72] for influenza viruses and Ryu et al. [73] for HAdV. Consequently, and resulting
from the presented work, our preference is the utilization of PMA pretreatment over EMA based on
environmental and virus stocks inactivated under laboratory conditions as implied from Figure 1.
Possibly higher efficacy of PMA over EMA has been discussed in detail by [74] for Legionella spp. in
hospital water samples and by Kim et al. [75] for viruses.

Assuming the concentration obtained by cell-culture assays realistically estimated infectious
virions [76], PMA/EMA pretreatment of both surface and sewage water DNA samples lead to
a reduction in what we refer to as “false-positive” samples when compared to qPCR alone (see
Figure 2). While quantification using EMA/PMA ci-qPCR still resulted in the detection of higher virus
concentrations than the cell-culture based assay, utilization of the azo-dyes helped narrow the gap
between the molecular to culture-based quantification results, something which could not be seen for
conventional qPCR and could be beneficial for a more realistic QMRA (see Figure 3). One explanation
for the remaining “false-positives” could be through sunlight exposure of environmental virions [77]
and routine wastewater disinfection (UV-C 254 nm) from the wastewater treatment facility under
investigation [78], both of which are known to leave the virus capsid intact [10], as also discussed
above for the current study.
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Figure 2. Concentration of HAdV in surface water as well as pre- and post-UV treatment, obtained by
ci-qPCR using either EMA or PMA followed by qPCR (using the Heim et al. [50] protocol, stated as gene
copies per liter of sample) and cell culture (as TCID50 per liter). 25- and 75-percentile, median value as
well as minimum and maximum; error bars represent the standard deviation. Limit of detection has
been calculated as 25 genomic copies per L of sample for molecular methods and 2 infectious virions
per mL for the cell.
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Figure 3. Comparison of the percentages of samples positive for HAdV obtained by azo-dye pretreated
ci-qPCR, qPCR, and cell culture for the surface and municipally treated wastewater before and after
UV-treatment in the pilot plant. Limit of detection has been calculated as 25 genomic copies per L of
sample for molecular methods and 2 infectious virions per mL for the cell culture.

Aside from removing a fraction of presumably non-infectious (“false-positive”) quantified virions,
the application of pretreatment using either azo-dye was successful for all sample types under
investigation. Of the 51 surface water and 24 wastewater samples (12 before and 12 after UV treatment),
over 90% were measured positive by qPCR alone and the estimated HAdV concentration was higher
than the limit of detection (Figure 2). After pretreatment with EMA or PMA, the ci-qPCR exhibited
quantification of HAdV in approximately 50% of the samples (53% for PMA in surface water and 42%
before UV treatment) while the cell-culture based assay exhibited quantification in a similar number
of samples (see Figure 4; 49% in surface and 51% after UV treatment). Paired comparison for the
different modes of virus quantification showed weak significance for both dyes compared to qPCR
alone (p = 0.26 for PMA and p = 0.24 for EMA). It should be noted that those molecular detection
methods using PMA/EMA showed higher percentages of positive reads after UV treatment while qPCR
alone failed to show this trend. This trend might eventually be explained with a slight reduction of
inhibitory substances during the UV exposure and the inherently higher resistance of HAdV towards
UV light. Concentration and occurrence of both Enterovirus and Rotavirus measured using ci-qPCR
indicated a loss of capsid integrity after UV in previous studies [51].
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Figure 4. (A) Concentrations of HAdV obtained by qPCR, cell culture, EMA ci-qPCR, and PMA ci-qPCR
between May and September 2015 from the sampled bathing site on the River Ruhr, Essen, Germany.
Molecular detection with no signal is indicated as half the limit of detection. (B) Concentrations of
HAdV obtained by qPCR, cell culture, EMA-ci-qPCR and PMA-ci-qPCR between June and August 2015
before (pre-) and after (post-) UV treatment at the wastewater treatment facility Essen-Süd in Essen,
Germany. Molecular detection with no signal is indicated with results lower than half the detection
limit (LOD) of 25 copies per liter for molecular detection and 2 infectious virions per liter for cell culture.
Values as gene copies per liter per sample.

The spatial–temporal analysis of water samples taken between May and September 2015 (for surface
water; May and August in the case of sewage) shows similar results. Hence, the application of ci-qPCR
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appears to provide a more realistic representation of adenoviral-positive samples for management and
follow-up QMRA applications to assess impacts at various exposure points. As shown in Table 2, the
rate of false-positive signals according to the gold standard of cell culture could be reduced massively
from 76.47% down to 3.89% for PMA and 7.84% for EMA for surface water. The tendency of EMA to
enter viable bacteria and virus cells [79] and thus lead to a suppression of qPCR signals from actually
capsid-intact HAdV could explain the difference in false-negative signals between PMA and EMA:
While the propidium-derived dye resulted in 9.80% of false-negatives, a third of all reads must be
assumed false-negative after application of ethidium monoazide.

Table 2. Reduction of presumably false-positive signals from conventional qPCR and EMA/PMA
ci-qPCR compared to cell-culture based (representing 100%) assays for surface (n = 51) and treated
wastewater (combined pre- and post-UV; n = 24) samples.

False +/− for Detection of Infectious HAdV

Source Assay False + False –

Surface (n = 51)
PMA ci-qPCR 3 (5.89) 5 (9.80)
EMA ci-qPCR 4 (7.84) 17 (33.33)

qPCR 39 (76.47) 0 (0.00)

Before UV (n = 12)
PMA ci-qPCR 5 (41.67) 1 (16.67)
EMA ci-qPCR 4 (33.33) 1 (16.67)

qPCR 8 (66.67) 0 (0.00)

After UV (n = 12)
PMA ci-qPCR 2 (16.67) 1 (8.33)
EMA ci-qPCR 2 (16.67) 2 (16.67)

qPCR 8 (66.67) 3 (20.00)

5. Conclusions

For researchers in lower resource settings without access to enteric virus cell-culture assays,
there seems to be considerable value in utilizing ci-qPCR to estimate the concentration of potentially
infectious enteric viruses but noting the inability to assay UV-treated samples. Given the generally high
persistence of viral pathogens both in the aquatic [46,54] and wastewater environments [80–83], and
that enteric virus infection risks to dominate in wastewater reuse applications [84], e.g., for irrigation
purposes, the removal of “false-positive” infectious virus results has the potential to increase the
significance of qPCR results for public health, economic, and QMRA purposes.

While we demonstrated the utility of adapting two commonly used HAdV qPCR assays, the
application of azo-dye pretreatment to established molecular detection techniques for other targets,
such as human norovirus (for which cell culture is not routinely available as described by [85]), has
considerable potential, as recently described for environmental and food safety applications [34,86,87].

Author Contributions: M.L. and J.L. conceived and planned the experiments; M.L. and A.H. carried out the
experiments; M.L., E.S. and D.S. contributed to the interpretation of the results as well as conceptualizing and
generating the figures; M.L. took the lead in writing the manuscript; D.S., E.S, A.W. and N.J.A. provided much
needed critical feedback, helped shape the discussion, analysis and manuscript as a whole; and all authors
provided assistance in editing and proofreading the manuscript.

Funding: The study was performed within the Fortschrittskolleg FUTURE WATER and funded by the Ministry of
Innovation, Science and Research North Rhine-Westphalia, Germany. Parts of the study were conducted within the
research project Preventive risk management in drinking water supply (PRiMaT). Financial support by the German
Federal Ministry of Education and Research (BMBF) within the framework of its funding program Sustainable
Water Management (NaWaM) is gratefully acknowledged (Funding number: 02WRS1279K). The project is part of
the funding measure–Risk Management of Emerging Compounds and Pathogens in the Water Cycle (RiSKWa).

Acknowledgments: The authors thank Martin Mackowiak for his advice and help.

Conflicts of Interest: The authors declare no conflict of interest.



Water 2019, 11, 1196 11 of 15

References

1. Stazi, V.; Tomei, M.C. Enhancing anaerobic treatment of domestic wastewater: State of the art, innovative
technologies and future perspectives. Sci. Total Environ. 2018, 635, 78–91. [CrossRef] [PubMed]

2. Enger, K.S.; Nelson, K.L.; Clasen, T.; Rose, J.B.; Eisenberg, J.N. Linking quantitative microbial risk assessment
and epidemiological data: Informing safe drinking water trials in developing countries. Environ. Sci. Technol.
2012, 46, 5160–5167. [CrossRef] [PubMed]

3. Chahal, C.; van den Akker, B.; Young, F.; Franco, C.; Blackbeard, J.; Monis, P. Pathogen and Particle
Associations in Wastewater: Significance and Implications for Treatment and Disinfection Processes. Adv.
Appl. Microbiol. 2016, 97, 63–119. [PubMed]

4. Ngwenya, N.; Ncube, E.J.; Parsons, J. Recent advances in drinking water disinfection: Successes and
challenges. Rev. Environ. Contam Toxicol. 2013, 222, 111–170. [PubMed]

5. APHA. Standard Methods for the Examination of Water and Wastewater; American Public Health Association:
Washington, DC, USA, 2012; Volume 22, p. 1496.

6. WHO. Guidelines for Safe Recreational Water Environments. Vol. 1: Coastal and Fresh Waters; World Health
Organization: Geneva, Switzerland, 2003.

7. Rames, E.; Roiko, A.; Stratton, H.; Macdonald, J. Technical aspects of using human adenovirus as a viral
water quality indicator. Water Res. 2016, 96, 308–326. [CrossRef]

8. Dias, E.; Ebdon, J.; Taylor, H. The application of bacteriophages as novel indicators of viral pathogens in
wastewater treatment systems. Water Res. 2018, 129, 172–179. [CrossRef]

9. McMinn, B.R.; Korajkic, A.; Ashbolt, N.J. Evaluation of Bacteroides fragilis GB-124 bacteriophages as novel
human-associated faecal indicators in the United States. Lett. Appl. Microbiol. 2014, 59, 115–121. [CrossRef]

10. Beck, S.E.; Hull, N.M.; Poepping, C.; Linden, K.G. Wavelength-dependent damage to adenoviral proteins
across the germicidal UV spectrum. Environ. Sci. Technol. 2018, 52, 223–229. [CrossRef]

11. Sinclair, R.G.; Jones, E.L.; Gerba, C.P. Viruses in recreational water-borne disease outbreaks: A review.
J. Appl. Microbiol. 2009, 107, 1769–1780. [CrossRef]

12. Soller, J.A.; Schoen, M.E.; Bartrand, T.; Ravenscroft, J.E.; Ashbolt, N.J. Estimated human health risks from
exposure to recreational waters impacted by human and non-human sources of faecal contamination.
Water Res. 2010, 44, 4674–4691. [CrossRef]

13. Ashbolt, N.J. Microbial Contamination of Drinking Water and Human Health from Community Water
Systems. Curr. Environ. Health Rep. 2015, 2, 95–106. [CrossRef] [PubMed]

14. Kassebaum, N.J.; Bertozzi-Villa, A.; Coggeshall, M.S.; Shackelford, K.A.; Steiner, C.; Heuton, K.R.;
Gonzalez-Medina, D.; Barber, R.; Huynh, C.; Dicker, D.; et al. Global, regional, and national levels
and causes of maternal mortality during 1990–2013: A systematic analysis for the Global Burden of Disease
Study 2013. Lancet 2014, 384, 980–1004. [CrossRef]

15. Gerba, C.P.; Betancourt, W.Q.; Kitajima, M.; Rock, C.M. Reducing uncertainty in estimating virus reduction
by advanced water treatment processes. Water Res. 2018, 133, 282–288. [CrossRef] [PubMed]

16. Beck, S.E.; Rodriguez, R.A.; Linden, K.G.; Hargy, T.M.; Larason, T.C.; Wright, H.B. Wavelength dependent
UV inactivation and DNA damage of adenovirus as measured by cell culture infectivity and long range
quantitative PCR. Environ. Sci. Technol. 2014, 48, 591–598. [CrossRef] [PubMed]

17. Gall, A.M.; Marinas, B.J.; Lu, Y.; Shisler, J.L. Waterborne Viruses: A Barrier to Safe Drinking Water. PLoS Pathog.
2015, 11, e1004867. [CrossRef]

18. Gerba, C.P.; Betancourt, W.Q. Viral Aggregation: Impact on Virus Behavior in the Environment. Environ. Sci.
Technol. 2017, 51, 7318–7325. [CrossRef]

19. Clasen, T.; Pruss-Ustun, A.; Mathers, C.D.; Cumming, O.; Cairncross, S.; Colford, J.M., Jr. Estimating the
impact of unsafe water, sanitation and hygiene on the global burden of disease: Evolving and alternative
methods. Trop. Med. Int. Health 2014, 19, 884–893. [CrossRef]

20. Farkas, K.; Marshall, M.; Cooper, D.; McDonald, J.E.; Malham, S.K.; Peters, D.E.; Maloney, J.D.; Jones, D.L.
Seasonal and diurnal surveillance of treated and untreated wastewater for human enteric viruses.
Environ. Sci. Pollut. Res. Int. 2018, 25, 33391–33401. [CrossRef]

21. Adefisoye, M.A.; Nwodo, U.U.; Green, E.; Okoh, A.I. Quantitative PCR Detection and Characterisation of
Human Adenovirus, Rotavirus and Hepatitis A Virus in Discharged Effluents of Two Wastewater Treatment
Facilities in the Eastern Cape, South Africa. Food Environ. Virol. 2016, 8, 262–274. [CrossRef]

http://dx.doi.org/10.1016/j.scitotenv.2018.04.071
http://www.ncbi.nlm.nih.gov/pubmed/29660730
http://dx.doi.org/10.1021/es204381e
http://www.ncbi.nlm.nih.gov/pubmed/22486606
http://www.ncbi.nlm.nih.gov/pubmed/27926432
http://www.ncbi.nlm.nih.gov/pubmed/22990947
http://dx.doi.org/10.1016/j.watres.2016.03.042
http://dx.doi.org/10.1016/j.watres.2017.11.022
http://dx.doi.org/10.1111/lam.12252
http://dx.doi.org/10.1021/acs.est.7b04602
http://dx.doi.org/10.1111/j.1365-2672.2009.04367.x
http://dx.doi.org/10.1016/j.watres.2010.06.049
http://dx.doi.org/10.1007/s40572-014-0037-5
http://www.ncbi.nlm.nih.gov/pubmed/25821716
http://dx.doi.org/10.1016/S0140-6736(14)60696-6
http://dx.doi.org/10.1016/j.watres.2018.01.044
http://www.ncbi.nlm.nih.gov/pubmed/29407709
http://dx.doi.org/10.1021/es403850b
http://www.ncbi.nlm.nih.gov/pubmed/24266597
http://dx.doi.org/10.1371/journal.ppat.1004867
http://dx.doi.org/10.1021/acs.est.6b05835
http://dx.doi.org/10.1111/tmi.12330
http://dx.doi.org/10.1007/s11356-018-3261-y
http://dx.doi.org/10.1007/s12560-016-9246-4


Water 2019, 11, 1196 12 of 15

22. Ahmed, W.; Hamilton, K.A.; Lobos, A.; Hughes, B.; Staley, C.; Sadowsky, M.J.; Harwood, V.J. Quantitative
microbial risk assessment of microbial source tracking markers in recreational water contaminated with
fresh untreated and secondary treated sewage. Environ. Int. 2018, 117, 243–249. [CrossRef]

23. Ding, N.; Craik, S.A.; Pang, X.; Lee, B.; Neumann, N.F. Assessing UV Inactivation of Adenovirus 41 Using
Integrated Cell Culture Real-Time qPCR/RT-qPCR. Water Environ. Res. 2017, 89, 323–329. [CrossRef]

24. Mackowiak, M.; Leifels, M.; Hamza, I.A.; Jurzik, L.; Wingender, J. Distribution of Escherichia coli, coliphages
and enteric viruses in water, epilithic biofilms and sediments of an urban river in Germany. Sci. Total Environ.
2018, 626, 650–659. [CrossRef] [PubMed]

25. Wyer, M.D.; Wyn-Jones, A.P.; Kay, D.; Au-Yeung, H.K.C.; Girones, R.; Lopez-Pila, J.; Husman, A.M.D.;
Rutjes, S.; Schneider, O. Relationships between human adenoviruses and faecal indicator organisms in
European recreational waters. Water Res. 2012, 46, 4130–4141. [CrossRef] [PubMed]

26. Petterson, S.; Grondahl-Rosado, R.; Nilsen, V.; Myrmel, M.; Robertson, L.J. Variability in the recovery of
a virus concentration procedure in water: Implications for QMRA. Water Res. 2015, 87, 79–86. [CrossRef]
[PubMed]

27. Rodriguez-Lazaro, D.; Cook, N.; Ruggeri, F.M.; Sellwood, J.; Nasser, A.; Nascimento, M.S.; D’Agostino, M.;
Santos, R.; Saiz, J.C.; Rzezutka, A.; et al. Virus hazards from food, water and other contaminated environments.
FEMS Microbiol. Rev. 2012, 36, 786–814. [CrossRef] [PubMed]

28. Chhipi-Shrestha, G.; Hewage, K.; Sadiq, R. Microbial quality of reclaimed water for urban reuses: Probabilistic
risk-based investigation and recommendations. Sci. Total Environ. 2017, 576, 738–751. [CrossRef]

29. Hudu, S.A.; Alshrari, A.S.; Syahida, A.; Sekawi, Z. Cell Culture, Technology: Enhancing the Culture of
Diagnosing Human Diseases. J. Clin. Diagn. Res. 2016, 10, De1–De5. [CrossRef]

30. Shin, G.A.; Sobsey, M.D. Inactivation of norovirus by chlorine disinfection of water. Water Res. 2008, 42,
4562–4568. [CrossRef]

31. Pecson, B.M.; Martin, L.V.; Kohn, T. Quantitative PCR for Determining the Infectivity of Bacteriophage
MS2 upon Inactivation by Heat, UV-B Radiation, and Singlet Oxygen: Advantages and Limitations of
an Enzymatic Treatment To Reduce False-Positive Results. Appl. Environ. Microbiol. 2009, 75, 5544–5554.
[CrossRef]

32. Hata, A.; Kitajima, M.; Katayama, H. Occurrence and reduction of human viruses, F-specific RNA coliphage
genogroups and microbial indicators at a full-scale wastewater treatment plant in Japan. J. Appl. Microbiol.
2013, 114, 545–554. [CrossRef]

33. Leifels, M.; Hamza, I.A.; Krieger, M.; Wilhelm, M.; Mackowiak, M.; Jurzik, L. From Lab to Lake—Evaluation
of Current Molecular Methods for the Detection of Infectious Enteric Viruses in Complex Water Matrices in
an Urban Area. PLoS ONE 2016, 11, e0167105. [CrossRef] [PubMed]

34. Randazzo, W.; Khezri, M.; Ollivier, J.; Le Guyader, F.S.; Rodriguez-Diaz, J.; Aznar, R.; Sanchez, G. Optimization
of PMAxx pretreatment to distinguish between human norovirus with intact and altered capsids in shellfish
and sewage samples. Int. J. Food Microbiol. 2018, 266, 1–7. [CrossRef] [PubMed]

35. Nocker, A.; Cheung, C.Y.; Camper, A.K. Comparison of propidium monoazide with ethidium monoazide for
differentiation of live vs. dead bacteria by selective removal of DNA from dead cells. J. Microbiol. Methods
2006, 67, 310–320. [CrossRef] [PubMed]

36. Emerson, J.B.; Adams, R.I.; Roman, C.M.B.; Brooks, B.; Coil, D.A.; Dahlhausen, K.; Ganz, H.H.;
Hartmann, E.M.; Hsu, T.; Justice, N.B.; et al. Schrodinger’s microbes: Tools for distinguishing the
living from the dead in microbial ecosystems. Microbiome 2017, 5, 86. [CrossRef] [PubMed]

37. Lee, M.; Seo, D.J.; Seo, J.; Oh, H.; Jeon, S.B.; Ha, S.D.; Myoung, J.; Choi, I.S.; Choi, C. Detection of
viable murine norovirus using the plaque assay and propidium-monoazide-combined real-time reverse
transcription-polymerase chain reaction. J. Virol. Methods 2015, 221, 57–61. [CrossRef]

38. Karim, M.R.; Fout, G.S.; Johnson, C.H.; White, K.M.; Parshionikar, S.U. Propidium monoazide reverse
transcriptase PCR and RT-qPCR for detecting infectious enterovirus and norovirus. J. Virol. Methods 2015,
219, 51–61. [CrossRef]

39. Kim, S.Y.; Ko, G. Using propidium monoazide to distinguish between viable and nonviable bacteria, MS2
and murine norovirus. Lett. Appl. Microbiol. 2012, 55, 182–188. [CrossRef]

http://dx.doi.org/10.1016/j.envint.2018.05.012
http://dx.doi.org/10.2175/106143017X14839994523028
http://dx.doi.org/10.1016/j.scitotenv.2018.01.114
http://www.ncbi.nlm.nih.gov/pubmed/29358142
http://dx.doi.org/10.1016/j.watres.2012.04.008
http://www.ncbi.nlm.nih.gov/pubmed/22633054
http://dx.doi.org/10.1016/j.watres.2015.09.006
http://www.ncbi.nlm.nih.gov/pubmed/26383122
http://dx.doi.org/10.1111/j.1574-6976.2011.00306.x
http://www.ncbi.nlm.nih.gov/pubmed/22091646
http://dx.doi.org/10.1016/j.scitotenv.2016.10.105
http://dx.doi.org/10.7860/JCDR/2016/15837.7460
http://dx.doi.org/10.1016/j.watres.2008.08.001
http://dx.doi.org/10.1128/AEM.00425-09
http://dx.doi.org/10.1111/jam.12051
http://dx.doi.org/10.1371/journal.pone.0167105
http://www.ncbi.nlm.nih.gov/pubmed/27880820
http://dx.doi.org/10.1016/j.ijfoodmicro.2017.11.011
http://www.ncbi.nlm.nih.gov/pubmed/29156242
http://dx.doi.org/10.1016/j.mimet.2006.04.015
http://www.ncbi.nlm.nih.gov/pubmed/16753236
http://dx.doi.org/10.1186/s40168-017-0285-3
http://www.ncbi.nlm.nih.gov/pubmed/28810907
http://dx.doi.org/10.1016/j.jviromet.2015.04.018
http://dx.doi.org/10.1016/j.jviromet.2015.02.020
http://dx.doi.org/10.1111/j.1472-765X.2012.03276.x


Water 2019, 11, 1196 13 of 15

40. Bae, S.; Wuertz, S. Survival of host-associated bacteroidales cells and their relationship with Enterococcus spp.,
Campylobacter jejuni, Salmonella enterica serovar Typhimurium, and adenovirus in freshwater microcosms
as measured by propidium monoazide-quantitative PCR. Appl. Environ. Microbiol. 2012, 78, 922–932.
[CrossRef]

41. Quijada, N.M.; Fongaro, G.; Barardi, C.R.M.; Hernandez, M.; Rodriguez-Lazaro, D. Propidium Monoazide
Integrated with qPCR Enables the Detection and Enumeration of Infectious Enteric RNA and DNA Viruses
in Clam and Fermented Sausages. Front. Microbiol. 2016, 7, 2008. [CrossRef]

42. Marie, V.; Lin, J. Viruses in the environment—Presence and diversity of bacteriophage and enteric virus
populations in the Umhlangane River, Durban, South Africa. J. Water Health 2017, 15, 966–981. [CrossRef]

43. Fraisse, A.; Niveau, F.; Hennechart-Collette, C.; Coudray-Meunier, C.; Martin-Latil, S.; Perelle, S.
Discrimination of infectious and heat-treated norovirus by combining platinum compounds and real-time
RT-PCR. Int. J. Food Microbiol. 2018, 269, 64–74. [CrossRef] [PubMed]

44. Werneck, L.M.C.; Vieira, C.B.; Fumian, T.M.; Caetano, T.B.; dos Santos, J.E.; Ferreira, F.C.; Pimenta, M.M.;
Miagostovich, M.P. Dissemination of gastroenteric viruses in the production of lettuce in developing countries:
A public health concern. FEMS Microbiol. Lett. 2017, 364. [CrossRef]

45. Delgado-Gardea, M.C.E.; Tamez-Guerra, P.; Gomez-Flores, R.; Mendieta-Mendoza, A.; de la Serna, F.J.Z.D.;
Contreras-Cordero, J.F.; Erosa-de La Vega, G.; Perez-Recoder, M.C.; Sanchez-Ramirez, B.;
Gonzalez-Horta, C.; et al. Prevalence of Rotavirus Genogroup A and Norovirus Genogroup II in Bassaseachic
Falls National Park SurfaceWaters in Chihuahua, Mexico. Int. J. Environ. Res. Public Health 2017, 14, 482.
[CrossRef] [PubMed]

46. Prevost, B.; Goulet, M.; Lucas, F.S.; Joyeux, M.; Moulin, L.; Wurtzer, S. Viral persistence in surface and
drinking water: Suitability of PCR pre-treatment with intercalating dyes. Water Res. 2016, 91, 68–76.
[CrossRef] [PubMed]

47. Martin, B.; Raurich, S.; Garriga, M.; Aymerich, T. Effect of Amplicon Length in Propidium Monoazide
Quantitative PCR for the Enumeration of Viable Cells of Salmonella in Cooked Ham. Food Anal. Methods
2013, 6, 683–690. [CrossRef]

48. Hamza, I.A.; Bibby, K. Critical issues in application of molecular methods to environmental virology.
J. Virol. Methods 2019, 266, 11–24. [CrossRef] [PubMed]

49. Hernroth, B.E.; Conden-Hansson, A.C.; Rehnstam-Holm, A.S.; Girones, R.; Allard, A.K. Environmental
factors influencing human viral pathogens and their potential indicator organisms in the blue mussel, Mytilus
edulis: The first Scandinavian report. Appl. Environ. Microbiol. 2002, 68, 4523–4533. [CrossRef] [PubMed]

50. Heim, A.; Ebnet, C.; Harste, G.; Pring-Akerblom, P. Rapid and quantitative detection of human adenovirus
DNA by real-time PCR. J. Med. Virol. 2003, 70, 228–239. [CrossRef]

51. Leifels, M.; Jurzik, L.; Wilhelm, M.; Hamza, I.A. Use of ethidium monoazide and propidium monoazide to
determine viral infectivity upon inactivation by heat, UV- exposure and chlorine. Int. J. Hyg. Environ. Health
2015, 218, 686–693. [CrossRef]

52. Strathmann, M.; Horstkott, M.; Koch, C.; Gayer, U.; Wingender, J. The River Ruhr—An urban river under
particular interest for recreational use and as a raw water source for drinking water: The collaborative
research project “Safe Ruhr”—Microbiological aspects. Int. J. Hyg. Environ. Health 2016, 219, 643–661.
[CrossRef]

53. Katayama, H.; Shimasaki, A.; Ohgaki, S. Development of a virus concentration method and its application
to detection of enterovirus and norwalk virus from coastal seawater. Appl. Environ. Microbiol. 2002, 68,
1033–1039. [CrossRef] [PubMed]

54. Hamza, I.A.; Jurzik, L.; Stang, A.; Sure, K.; Uberla, K.; Wilhelm, M. Detection of human viruses in rivers of a
densly-populated area in Germany using a virus adsorption elution method optimized for PCR analyses.
Water Res. 2009, 43, 2657–2668. [CrossRef] [PubMed]

55. Hennechart-Collette, C.; Martin-Latil, S.; Guillier, L.; Perelle, S. Determination of which virus to use as a
process control when testing for the presence of hepatitis A virus and norovirus in food and water. Int. J.
Food Microbiol. 2015, 202, 57–65. [CrossRef] [PubMed]

56. Muller, B.; Klemm, U.; Mas Marques, A.; Schreier, E. Genetic diversity and recombination of murine
noroviruses in immunocompromised mice. Arch. Virol. 2007, 152, 1709–1719. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/AEM.05157-11
http://dx.doi.org/10.3389/fmicb.2016.02008
http://dx.doi.org/10.2166/wh.2017.066
http://dx.doi.org/10.1016/j.ijfoodmicro.2018.01.015
http://www.ncbi.nlm.nih.gov/pubmed/29421360
http://dx.doi.org/10.1093/femsle/fnx085
http://dx.doi.org/10.3390/ijerph14050482
http://www.ncbi.nlm.nih.gov/pubmed/28475152
http://dx.doi.org/10.1016/j.watres.2015.12.049
http://www.ncbi.nlm.nih.gov/pubmed/26773484
http://dx.doi.org/10.1007/s12161-012-9460-0
http://dx.doi.org/10.1016/j.jviromet.2019.01.008
http://www.ncbi.nlm.nih.gov/pubmed/30659861
http://dx.doi.org/10.1128/AEM.68.9.4523-4533.2002
http://www.ncbi.nlm.nih.gov/pubmed/12200309
http://dx.doi.org/10.1002/jmv.10382
http://dx.doi.org/10.1016/j.ijheh.2015.02.003
http://dx.doi.org/10.1016/j.ijheh.2016.07.005
http://dx.doi.org/10.1128/AEM.68.3.1033-1039.2002
http://www.ncbi.nlm.nih.gov/pubmed/11872447
http://dx.doi.org/10.1016/j.watres.2009.03.020
http://www.ncbi.nlm.nih.gov/pubmed/19361832
http://dx.doi.org/10.1016/j.ijfoodmicro.2015.02.029
http://www.ncbi.nlm.nih.gov/pubmed/25771512
http://dx.doi.org/10.1007/s00705-007-0989-y
http://www.ncbi.nlm.nih.gov/pubmed/17533553


Water 2019, 11, 1196 14 of 15

57. Zhang, S.; Ye, C.; Lin, W.; Yu, X. Response to Comment on “UV Disinfection Induces a VBNC State in
Escherichia coli and Pseudomonas aeruginosa”. Environ. Sci. Technol. 2015, 49, 10752–10753. [CrossRef]
[PubMed]

58. Zhang, S.; Ye, C.; Lin, H.; Lv, L.; Yu, X. UV disinfection induces a VBNC state in Escherichia coli and
Pseudomonas aeruginosa. Environ. Sci. Technol. 2015, 49, 1721–1728. [CrossRef] [PubMed]

59. Sangsanont, J.; Katayama, H.; Kurisu, F.; Furumai, H. Capsid-Damaging Effects of UV Irradiation as Measured
by Quantitative PCR Coupled with Ethidium Monoazide Treatment. Food Environ. Virol. 2014, 6, 269–275.
[CrossRef]

60. McLellan, N.L.; Lee, H.; Habash, M.B. Evaluation of propidium monoazide and long-amplicon qPCR as an
infectivity assay for coliphage. J. Virol. Methods 2016, 238, 48–55. [CrossRef]

61. Kim, S.-H.; Shahbaz, H.M.; Park, D.; Chun, S.; Lee, W.; Oh, J.-W.; Lee, D.-U.; Park, J. A combined treatment of
UV-assisted TiO2 photocatalysis and high hydrostatic pressure to inactivate internalized murine norovirus.
Innov. Food Sci. Emerg. Technol. 2017, 39, 188–196. [CrossRef]

62. Girones, R.; Carratala, A.; Calgua, B.; Calvo, M.; Rodriguez-Manzano, J.; Emerson, S. Chlorine inactivation of
hepatitis E virus and human adenovirus 2 in water. J. Water Health 2014, 12, 436–442. [CrossRef]

63. Lee, H.-W.; Yoon, S.-R.; Lee, H.-M.; Lee, J.Y.; Kim, S.H.; Ha, J.-H. Use of RT-qPCR with combined intercalating
dye and sodium lauroyl sarcosinate pretreatment to evaluate the virucidal activity of halophyte extracts
against norovirus. Food Control 2019, 98, 100–106. [CrossRef]

64. Lopez-Galvez, F.; Randazzo, W.; Vasquez, A.; Sanchez, G. Irrigating Lettuce with Wastewater Effluent: Does
Disinfection with Chlorine Dioxide Inactivate Viruses? J. Environ. Qual. 2018, 47, 1139–1145. [CrossRef]
[PubMed]

65. Parshionikar, S.; Laseke, I.; Fout, G.S. Use of propidium monoazide in reverse transcriptase PCR to distinguish
between infectious and noninfectious enteric viruses in water samples. Appl. Environ. Microbiol. 2010, 76,
4318–4326. [CrossRef] [PubMed]

66. Canh, V.D.; Kasuga, I.; Furumai, H.; Katayama, H. Viability RT-qPCR Combined with Sodium Deoxycholate
Pre-treatment for Selective Quantification of Infectious Viruses in Drinking Water Samples. Food Environ.
Virol. 2019, 11, 40–51. [CrossRef] [PubMed]

67. Randazzo, W.; Piqueras, J.; Rodriguez-Diaz, J.; Aznar, R.; Sanchez, G. Improving efficiency of viability-qPCR
for selective detection of infectious HAV in food and water samples. J. Appl. Microbiol. 2018, 124, 958–964.
[CrossRef]

68. Gyawali, P.; Hewitt, J. Detection of Infectious Noroviruses from Wastewater and Seawater Using PEMAXTM
Treatment Combined with RT-qPCR. Water 2018, 10, 841. [CrossRef]

69. Monteiro, S.; Santos, R. Enzymatic and viability RT-qPCR assays for evaluation of enterovirus, hepatitis A
virus and norovirus inactivation: Implications for public health risk assessment. J. Appl. Microbiol. 2018, 124,
965–976. [CrossRef]

70. Petterson, S.R.; Ashbolt, N.J. QMRA and water safety management: Review of application in drinking water
systems. J. Water Health 2016, 14, 571–589. [CrossRef]

71. Kontchou, J.A.; Nocker, A. Optimization of viability qPCR for selective detection of membrane-intact
Legionella pneumophila. J. Microbiol. Methods 2019, 156, 68–76. [CrossRef]

72. Kuchipudi, S.V.; Tellabati, M.; Nelli, R.K.; White, G.A.; Perez, B.B.; Sebastian, S.; Slomka, M.J.; Brookes, S.M.;
Brown, I.H.; Dunham, S.P.; et al. 18S rRNA is a reliable normalisation gene for real time PCR based on
influenza virus infected cells. Virol. J. 2012, 9, 230. [CrossRef]

73. Ryu, H.; Cashdollar, J.L.; Fout, G.S.; Schrantz, K.A.; Hayes, S. Applicability of integrated cell culture
quantitative PCR (ICC-qPCR) for the detection of infectious adenovirus type 2 in UV disinfection studies.
J. Environ. Sci. Health A 2015, 50, 777–787. [CrossRef] [PubMed]

74. Scaturro, M.; Fontana, S.; Dell’eva, I.; Helfer, F.; Marchio, M.; Stefanetti, M.V.; Cavallaro, M.; Miglietta, M.;
Montagna, M.T.; De Giglio, O.; et al. A multicenter study of viable PCR using propidium monoazide to
detect Legionella in water samples. Diagn. Microbiol. Infect. Dis. 2016, 85, 283–288. [CrossRef] [PubMed]

75. Kim, K.; Katayama, H.; Kitajima, M.; Tohya, Y.; Ohgaki, S. Development of a real-time RT-PCR assay
combined with ethidium monoazide treatment for RNA viruses and its application to detect viral RNA after
heat exposure. Water Sci. Technol. 2011, 63, 502–507. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/acs.est.5b03757
http://www.ncbi.nlm.nih.gov/pubmed/26270895
http://dx.doi.org/10.1021/es505211e
http://www.ncbi.nlm.nih.gov/pubmed/25584685
http://dx.doi.org/10.1007/s12560-014-9162-4
http://dx.doi.org/10.1016/j.jviromet.2016.10.004
http://dx.doi.org/10.1016/j.ifset.2016.11.015
http://dx.doi.org/10.2166/wh.2014.027
http://dx.doi.org/10.1016/j.foodcont.2018.11.026
http://dx.doi.org/10.2134/jeq2017.12.0485
http://www.ncbi.nlm.nih.gov/pubmed/30272803
http://dx.doi.org/10.1128/AEM.02800-09
http://www.ncbi.nlm.nih.gov/pubmed/20472736
http://dx.doi.org/10.1007/s12560-019-09368-2
http://www.ncbi.nlm.nih.gov/pubmed/30680674
http://dx.doi.org/10.1111/jam.13519
http://dx.doi.org/10.3390/w10070841
http://dx.doi.org/10.1111/jam.13568
http://dx.doi.org/10.2166/wh.2016.262
http://dx.doi.org/10.1016/j.mimet.2018.12.003
http://dx.doi.org/10.1186/1743-422X-9-230
http://dx.doi.org/10.1080/10934529.2015.1019795
http://www.ncbi.nlm.nih.gov/pubmed/26030683
http://dx.doi.org/10.1016/j.diagmicrobio.2016.04.009
http://www.ncbi.nlm.nih.gov/pubmed/27133308
http://dx.doi.org/10.2166/wst.2011.249
http://www.ncbi.nlm.nih.gov/pubmed/21278473


Water 2019, 11, 1196 15 of 15

76. Chapron, C.D.; Ballester, N.A.; Fontaine, J.H.; Frades, C.N.; Margolin, A.B. Detection of astroviruses,
enteroviruses, and adenovirus types 40 and 41 in surface waters collected and evaluated by the information
collection rule and an integrated cell culture-nested PCR procedure. Appl. Environ. Microbiol. 2000, 66,
2520–2525. [CrossRef] [PubMed]

77. Xie, X.; Wang, S.W.; Jiang, S.C.; Bahnemann, J.; Hoffmann, M.R. Sunlight-Activated Propidium Monoazide
Pretreatment for Differentiation of Viable and Dead Bacteria by Quantitative Real-Time Polymerase Chain
Reaction. Environ. Sci. Technol. Lett. 2016, 3, 57–61. [CrossRef]

78. Ruhrverband. Abschlussbericht zum Forschungsvorhaben Ertüchtigung Kommunaler Kläranlagen durch den Einsatz
von Verfahren Mit UV-Behandlung (German); Ruhrverband: Essen, Germany, 2012.

79. Seinige, D.; Krischek, C.; Klein, G.; Kehrenberg, C. Comparative analysis and limitations of ethidium
monoazide and propidium monoazide treatments for the differentiation of viable and nonviable
campylobacter cells. Appl. Environ. Microbiol. 2014, 80, 2186–2192. [CrossRef]

80. Tondera, K.; Klaer, K.; Gebhardt, J.; Wingender, J.; Koch, C.; Horstkott, M.; Strathmann, M.; Jurzik, L.;
Hamza, I.A.; Pinnekamp, J. Reducing pathogens in combined sewer overflows using ozonation or UV
irradiation. Int. J. Hyg. Environ. Health 2015, 218, 731–741. [CrossRef]

81. Tondera, K.; Klaer, K.; Koch, C.; Hamza, I.A.; Pinnekamp, J. Reducing pathogens in combined sewer
overflows using performic acid. Int. J. Hyg. Environ. Health 2016, 219 Pt B, 700–708. [CrossRef]

82. Kitajima, M.; Rachmadi, A.T.; Iker, B.C.; Haramoto, E.; Gerba, C.P. Genetically distinct genogroup IV
norovirus strains identified in wastewater. Arch. Virol. 2016, 161, 3521–3525. [CrossRef]

83. Li, Q.; Qiu, Y.; Pang, X.L.; Ashbolt, N.J. Level of spiked virus necessary to correctly assess enteric virus
recovery in water matrices. Appl. Environ. Microbiol. 2019. [CrossRef]

84. Schoen, M.E.; Ashbolt, N.J.; Jahne, M.A.; Garland, J. Risk-based enteric pathogen reduction targets for
non-potable and direct potable use of roof runoff, stormwater, and greywater. Microb. Risk Anal. 2017, 5,
32–43. [CrossRef]

85. Oka, T.; Stoltzfus, G.T.; Zhu, C.; Jung, K.; Wang, Q.; Saif, L.J. Attempts to grow human noroviruses, a
sapovirus, and a bovine norovirus in vitro. PLoS ONE 2018, 13, e0178157. [CrossRef] [PubMed]

86. Van Abel, N.; Schoen, M.E.; Kissel, J.C.; Meschke, J.S. Comparison of Risk Predicted by Multiple Norovirus
Dose-Response Models and Implications for Quantitative Microbial Risk Assessment. Risk Anal. 2017, 37,
245–264. [CrossRef] [PubMed]

87. Langlet, J.; Kaas, L.; Croucher, D.; Hewitt, J. Effect of the Shellfish Proteinase K Digestion Method on
Norovirus Capsid Integrity. Food Environ. Virol. 2018, 10, 151–158. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/AEM.66.6.2520-2525.2000
http://www.ncbi.nlm.nih.gov/pubmed/10831432
http://dx.doi.org/10.1021/acs.estlett.5b00348
http://dx.doi.org/10.1128/AEM.03962-13
http://dx.doi.org/10.1016/j.ijheh.2015.09.002
http://dx.doi.org/10.1016/j.ijheh.2016.04.009
http://dx.doi.org/10.1007/s00705-016-3036-z
http://dx.doi.org/10.1128/AEM.00111-19
http://dx.doi.org/10.1016/j.mran.2017.01.002
http://dx.doi.org/10.1371/journal.pone.0178157
http://www.ncbi.nlm.nih.gov/pubmed/29438433
http://dx.doi.org/10.1111/risa.12616
http://www.ncbi.nlm.nih.gov/pubmed/27285380
http://dx.doi.org/10.1007/s12560-018-9336-6
http://www.ncbi.nlm.nih.gov/pubmed/29417429
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Propagation and Enumeration of Virus Stocks 
	Thermal, UV, and Hypochlorite Inactivation 
	Collection and Concentration of Water Samples for Virus Analysis 
	Dye Pretreatment 
	Extraction of Viral DNA and Quantification of Adenovirus Genomes 

	Statistical Analysis 
	Results and Discussion 
	Conclusions 
	References

