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Abstract The qualitative performance characteristics of a
qPCR-based method to detect human adenoviruses in
raspberries were determined through a collaborative trial
involving 11 European laboratories. The method incorpo-
rated a sample process control (murine norovirus) and an
internal amplification control. Trial sensitivity or correct
identification of 25-g raspberry samples artificially contam-
inated with between 5×102 and 5×104 PFU was 98.5%; the
accordance and concordance were 97.0%. The positive
predictive value was 94.2%. The trial specificity or
percentage correct identification of non-artificially contam-

inated samples was 69.7%; the accordance was 80.0% and
the concordance was 61.7%. The negative predictive value
was 100%. Application of a method for the detection of
human adenoviruses in food samples could be useful for
routine monitoring for food safety management. It would
help to determine if a route of contamination exists from
human source to food supply chain which pathogenic
viruses such as norovirus and hepatitis A virus could follow.

Keywords Human adenovirus .Multicenter ring trial .
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Introduction

There have been numerous outbreaks of disease caused by
the consumption of berry fruits contaminated with enteric
viral pathogens. The World Health Organisation (FAO/
WHO 2008) identified norovirus and hepatitis A virus in
fresh produce including berry fruits as a priority virus/
commodity combination for which control measures should
be considered. In the food industry, the major concepts such
as HACCP have been directed at bacterial and fungal
pathogens only. Equally as importantly, microbiological
monitoring methods are used mainly at the end of the
production chain. Also, analysing the impact of virus
contamination of food has hitherto been based on gathering
epidemiological information, which occurs only in response
or as a reaction to disease outbreaks, and a coordinated and
validated system or network does not yet exist to routinely
and proactively monitor actual food samples. It is essential
for thorough food safety management that systems are
developed whereby viruses can be monitored at critical
points throughout food supply chains.

But performing routine monitoring specifically for
norovirus and hepatitis A virus may not actually be
worthwhile. These viruses may be present as contaminants
only very sporadically, or during outbreaks, and might be
seldom detected even when food supply chains are
vulnerable to contamination. It would be more effective to
monitor for agents that would indicate that a route exists
from source to points within the food supply chain which
norovirus and hepatitis A viruses could follow to cause
contamination. Adenoviruses infect both humans and a
wide variety of animal species; they are shed in large
numbers in the faeces of infected individuals (Granoff and
Webster 1999) and are capable of robust survival (Rzeżutka
and Cook 2004). Adenoviruses have been shown to be
excreted by the populations of all geographical areas and to
be the most abundant viruses detected in urban sewage
without significant seasonal variation, and for these reasons
have been proposed as indicators of human faecal contam-
ination in water and food (Pina et al. 1998; Formiga-Cruz et
al. 2002). Specific detection of adenoviruses from human or
animal origin should be a useful tool for tracing the source
of faecal viral contamination (Maluquer de Motes et al.
2004). Recent studies on the detection of human adenovirus
in wastewater (Bofill-Mas et al. 2006), drinking water
treatment plants (Albinana-Gimenez et al. 2009) and in
recreational waters in Europe (Wyn-Jones et al. 2011) have
shown their wide dissemination and support their applica-
bility as indicators of faecal contamination. The European
Framework 7 project “Integrated monitoring and control of
foodborne viruses in European food supply chains (VI-
TAL)” adopted the use of human adenoviruses as “index
viruses” whose presence in a food supply chain such as that

for berry fruits will indicate, not specifically the presence of
pathogenic virus types, but that a route of contamination
exists from source to monitoring point which pathogenic
viruses could follow. The study described here was
conducted to test the robustness of a polymerase chain
reaction (PCR) (qPCR1)-based method for detecting human
adenoviruses in berry fruits, using raspberries as an
example. The method incorporates a sample process control
and an internal amplification control to verify its correct
operation (D’Agostino et al. 2011).

Materials and Methods

Participating Institutes The Food and Environment Research
Agency (FERA), UK led the trial. Eleven laboratories from
nine EU member states participated in the trials. They
comprised the Veterinary Laboratories Agency (UK), Veteri-
nary Research Institute (Czech Republic), University of Patras
(Greece), University of Helsinki (Finland), Istituto Superiore
di Sanita (ISS) (Italy), National Institute for Public Health and
the Environment (the Netherlands), Wageningen University
Research (the Netherlands), National Veterinary Research
Institute (Poland), Scientific Veterinary Institute Novi-Sad
(Serbia), Instituto Tecnológico Agrario de Castilla y León
(ITACyL) (Spain) and University of Barcelona (Spain). Each
participant was provided with a personalised standard
operating procedure (SOP) for performance of this trial.

Viruses Human adenovirus (HAdV) serotype 2, used as the
target virus in the trial, was kindly provided by Professor
Rosina Girones of the University of Barcelona. It was
propagated at ISS for six sequential passages in cultures of
A549 cells (European Collection of Cell Culture, UK) and
titrated by plaque assay, yielding stock titers of approxi-
mately 4×107 plaque-forming units (PFU)ml−1. Murine
norovirus (MNoV), used as the sample process control
(SPCV) in the trial (Diez-Valcarce et al. 2011b), was
obtained from Washington University Medical School of
St. Louis. It was propagated for six sequential passages in
cultures of RAW 267.4 cells (American Type Culture
Collection). It was titrated by plaque assays, yielding stock
titers of approximately 108 PFU ml−1 . All virus stock
suspensions were prepared by ISS.

Trial Materials Trial materials were prepared at the ISS by
FERA staff, who coded each vial and alone knew the
identity of the contents. There were nine coded vials, three
of which contained 100 μl 1×106 PFU ml−1 HAdV (HIGH)
suspension, three containing 100 μl 1×104 PFU ml−1

1 The term “qPCR” is used for qPCR throughout this article, in
accordance with the recommendations of Bustin et al. (2009).
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HAdV (LOW) suspension and three containing only cell
culture medium (BLANK) were sent to each participant.
Each participant was also sent one vial containing 100 μl of
5×107 PFU ml−1 MNoV (SPCV) suspension.

Preparation of Trial Samples Fresh raspberries were pur-
chased separately by each participant from local sources.
Nine 25-g raspberries portions were placed into plastic
disposable weighing boats or similar receptacles. Three
portions were artificially contaminated with 5×104 PFU
HAdV by pipetting 5×10 μl of the HIGH suspension onto
the surface of the raspberries. Three portions were
artificially contaminated with 5×102 PFU HAdV by
pipetting 5×10 μl of the LOW suspension onto the surface
of the raspberries. Three portions were spiked with cell
culture medium by pipetting 5×10 μl of the BLANK
suspension onto the surface of the raspberries. All samples
were left at room temperature for approximately 2 h until
the suspending fluid was almost dry, and then processed
following the method of Dubois et al. (2002). Immediately
prior to commencing the process, all samples were spiked
with 1×105 PFU murine norovirus by pipetting 10 μl of the
SPCV suspension onto the surface of the raspberries.

Extraction of Virus Nucleic Acids from Raspberries The
sample was processed using the method of Dubois et al.
(2002). Approximately 25 g fruit was placed in a sterile
beaker. Forty milliliters of Tris–glycine pH 9.5 buffer
containing 1% beef extract and 6,500 U pectinase (e.g.
Pectinex™ Ultra SPL solution, Sigma) was added to the
sample, which was then agitated at room temperature for
20 min by rocking at 60 rpm. The pH was maintained at 9.0
throughout (if necessary adjusting using 4% w/v sodium
hydroxide, extending the period of agitation by 10 min each
time an adjustment was made. In strongly coloured berries,
a change in colour of the eluate from blue/purple to red was
considered indicative of acidification and was used to
trigger pH adjustment). The liquid was decanted from the
beaker through a strainer (e.g. a tea strainer) into one 50 ml
or two smaller centrifuge tubes and centrifuged at 10,000×g
for 30 min at 4 °C. The supernatant was decanted into a
single clean tube or bottle, and the pH was adjusted to 7.2.
Volumes (0.25) of 50% (w/v) polyethylene glycol 8,000/
1.5 M NaCl were then added and mixed by shaking for
1 min. The suspension was then incubated with gentle
rocking at 4 °C for 60 min before centrifugation at
10,000×g for 30 min at 4°C. The supernatant was
discarded, and the pellet was compacted by centrifugation
at 10,000×g for 5 min at 4°C before resuspension in 500 μl
PBS. The suspension was then transferred to a chloroform-
resistant tube, and 500 μl 1:1 chloroform:butanol (v:v) was
added and mixed by vortexing. The sample was allowed to
stand for 5 min and then centrifuged at 10,000×g for

15 min at 4 °C. The aqueous phase was transferred to a
clean tube and immediately used for nucleic acid extraction
or stored at −20 °C. Nucleic acids were extracted using a
NucliSENS® miniMAG® kit (bioMérieux) according to the
manufacturer’s instructions. The final elutions were per-
formed with 100 μl elution buffer, resulting in a 200-μl
nucleic acid extract. The nucleic acid extract was assayed
immediately or stored at −70 °C. The extract was diluted to
10−1 in nuclease-free water before assaying.

Adenovirus qPCR This assay was a duplex qPCR using the
primers and conditions described by Hernroth et al. (2002),
with the inclusion of an internal amplification control (IAC)
(Diez-Valcarce et al. 2011a) and a carryover contamination
prevention system utilising uracil N-glycosylase. The re-
action contained 1×TaqMan Universal PCR Master Mix
(Applied Biosystems), 0.9 μM each primer, 0.225 μM
adenovirus TaqMan probe (labelled with FAM), 50 nM IAC
probe (labelled with VIC) and 100 copies of adenovirus
IAC (Yorkshire Bioscience Ltd., UK). Ten microliters of the
diluted nucleic acid extract was added to make a final reaction
volume of 25 μl. The thermocycling conditions were 2 min at
50 °C then 10 min at 95 °C, followed by 45 cycles of 15 s at
95 °C and 1min at 60 °C. Two PCR replicates were performed
for each sample. In each PCR run, positive and negative
amplification controls were included.

Murine Norovirus Reverse Transcription qPCR (RTqPCR)
This assay was a one-step duplex reverse transcription
qPCR using the primers and conditions described by Baert
et al. (2008), with the inclusion of an IAC (Diez-Valcarce et
al. 2011a, b). The reaction contained 1×RNA Ultrasense
reaction mix (Invitrogen), 0.2 μM each primer, 0.2 μM
probe MGB-ORF1/ORF2 (labelled with FAM), 50 nM IAC
probe (labelled with VIC), 1×ROX reference dye (Invi-
trogen), 1 μl RNA Ultrasense enzyme mix (Invitrogen) and
600 copies of murine norovirus IAC (Yorkshire Bioscience
Ltd., UK). Ten-microliter sample of the diluted nucleic acid
extract was added to make a final reaction volume of 20 μl.
The thermocycling conditions were 15 min at 50 °C, 2 min
at 95 °C, followed by 40 cycles of 15 s at 95 °C and 1 min
at 60 °C. Two RTqPCR replicates were performed for each
sample. In each run, positive and negative amplification
controls were included.

Definition of Analytical Method In the frame of this
collaborative trial, the analytical method is defined as the
sample treatment (which includes virus extraction and
concentration, and nucleic acid purification) coupled to
the nucleic acid amplification assays for the target and the
sample process control virus. Equally, a nucleic acid
amplification assay is defined as a nucleic acid amplifica-
tion reaction which contains an IAC.

Food Anal. Methods (2012) 5:1–7 3



Reporting and Interpretation of Data Raw data were
reported by each participant to the trial leader, who
translated the codes and analysed the data in collaboration
with ITACyL. When an assay showed a quantification cycle
(Cq, previously known as the threshold cycle) value ≤40 or
45 for murine norovirus or adenovirus respectively inde-
pendently of the corresponding IAC Cq value, the result
was interpreted as positive. When an assay showed a Cq
value ≥40 or 45 for murine norovirus or adenovirus
respectively with the corresponding IAC Cq value ≤40 or
45 for murine norovirus or adenovirus respectively, the
result was interpreted as negative. When an assay showed
both the target and its corresponding IAC Cq values ≥40 or
45, the reaction was considered to have failed. When a
participant reported that at least one of the replicate HAdV
assays was positive, they were considered to have identified
the sample as being adenovirus contaminated. When a
participant reported that both replicate HAdV assays were
negative, but at least one replicate MNoV assay was
positive, they were considered to have identified the sample
as being adenovirus uncontaminated. When a participant
reported that both replicate HAdV assays had failed,
independently of the results of the MNoV assays, they were
considered to have reported that the analysis of that sample
had failed. When a participant reported that both replicate
HAdV assays were negative and both replicate MNoV
assays were negative, they were considered to have
reported that the analysis of that sample had failed.
Interpretation of the results followed the principles outlined
by D’Agostino et al. (2011).

Criteria for Inclusion of Results in the Statistical Analy-
sis The results from each participating laboratory were
included unless they fell into one of the following two
categories: (1) obvious performance deviation from the
SOP and (2) presence of target amplicons in the negative
amplification controls, indicating contamination of the
reaction.

Qualitative Statistical Analysis The raw data sent by each
laboratory were statistically analysed according to the
recommendations of Scotter et al. (2001) and by the
methods of Langton et al. (2002). The diagnostic sensitivity
of the analytical method was defined as the percentage of
positive samples giving a correct positive signal, i.e. using
only the results of the analysis of the artificially contam-
inated samples. The diagnostic specificity of the analytical
method was defined as the percentage of negative samples
giving a correct negative signal, i.e. using only the results
of the analysis of the non-artificially contaminated samples.
Accordance (repeatability of qualitative data) was defined
as the percentage chance of finding the same result, positive
or negative, from two identical samples analysed in the

same laboratory under predefined repeatability conditions,
and concordance (reproducibility of qualitative data) was
defined as the percentage chance of finding the same result,
positive or negative, from two identical samples analysed in
different laboratories under predefined repeatability con-
ditions. These calculations take into account different
replication in different laboratories by weighting results
appropriately. The concordance odds ratio (COR) was the
degree of inter-laboratory variation in the results and
expressed as the ratio between accordance and concordance
percentages (Langton et al. 2002). The COR value may be
interpreted as the likelihood of getting the same result from
two identical samples, whether they are sent to the same
laboratory or to two different laboratories. The closer the
value is to 1.0, the higher the likelihood is of getting the
same result. Confidence intervals for accordance, concor-
dance and COR were calculated by the method of Davison
and Hinckley (1997); each laboratory was considered
representative of all laboratories in the “population” of
laboratories, not just those participating in this analysis.

The positive predictive value of the analytical method is
the proportion of the correctly identified contaminated
samples. The negative predictive value of the analytical
method is the proportion of the correctly identified
uncontaminated samples, from all the samples reported as
adenovirus uncontaminated. These values were calculated
by the ISO 16140 method (Anonymous 2003).

Results

Participants’ Results in the Collaborative Trial Table 1
shows the participants’ results from the analysis of
raspberry samples artificially contaminated with 5×
104 PFU. All samples were correctly reported as contam-
inated, except in one case where the analysis of a sample
had failed. Table 2 shows the participants’ results from the
analysis of raspberry samples artificially contaminated with
5×102 PFU human adenovirus. Laboratory “4” did not
perform analysis of the LOW artificially contaminated test
samples. All samples were correctly reported as contami-
nated. Table 3 shows the participants’ results from the
analysis of the non-artificially contaminated raspberry
samples. Here, four samples were reported as contaminated.
Six sample analyses had failed.

Qualitative Statistical Analysis Table 4 gives the diagnostic
specificity, diagnostic sensitivity, positive and negative
predictive values, accordance and concordance values and
the concordance odds ratio for the collaborative trial of the
analytical method for the detection of human adenovirus on
raspberries. The results of the analysis of the uncontami-
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nated samples by laboratory “8” were excluded because all
their analyses failed.

Discussion

The method under trial proved capable of detecting
adenoviruses in berry fruit at a level of at least 102 PFU
per 25 g in artificially contaminated samples. Out of 66
samples analysed, only 1 had failed. This was due to the
failure of the sample process as judged by the absence of a

signal from the SPCV in conjunction with the failure of the
HAdV qPCR in both replicates. The statistical procedure
used to analyse the trial results does not discriminate
between negative results and failed analyses; it has been
used several times to analyse the results of collaborative
trials of PCR-based methods (Abdulmawjood et al. 2004;
D’Agostino et al. 2004; Josefsen et al. 2004; Malorny et al.
2004; Wyn-Jones et al. 2011), but it would be advantageous
to modify it for future similar studies. In some samples,
other controls had failed, but overall, the samples could be
legitimately reported as positive for HAdV. And the trial
sensitivity was still very high, at 98.5%, which indicates

Table 1 Participants’ results from the analysis of raspberry samples artificially contaminated with 5×104 PFU human adenovirus (HIGH)

Laboratory Sample A Sample B Sample C

HAdV MNoV HAdV MNoV HAdV MNoV

Rep. 1 Rep. 2 Rep. 1 Rep. 2 Int. Rep. 1 Rep. 2 Rep. 1 Rep. 2 Int. Rep. 1 Rep. 2 Rep. 1 Rep. 2 Int.

1 + + + + C + + + + C + + + + C

2 + + + + C + + + + C + + + + C

3 + + + + C F + − + C F F − − AF

4 + + − − C + + − + C + + − + C

5 + + + + C + + + + C + + + + C

6 + + + + C + + + + C + + + + C

7 + + + + C + + + + C + + + + C

8 + + − − C + + − − C + + − − C

9 + + + + C + + + + C + + + + C

10 + + + + C + + + + C + + + + C

11 + + + + C + + + + C + + + + C

HAdV human adenovirus,MNoV murine norovirus , Rep. replicate qPCR, Int interpretation, + target signal present, IAC signal present or absent, − target
signal absent, IAC signal present, F target signal absent, IAC signal absent, C sample contaminated, AF analysis failed

Table 2 Participants’ results from the analysis of raspberry samples artificially contaminated with 5×102 PFU human adenovirus (LOW)

Laboratory Sample A Sample B Sample C

HAdV MNoV HAdV MNoV HAdV MNoV

Rep. 1 Rep. 2 Rep. 1 Rep. 2 Int. Rep. 1 Rep. 2 Rep. 1 Rep. 2 Int. Rep. 1 Rep. 2 Rep. 1 Rep. 2 Int.

1 + + + + C + + + + C + + + − C

2 + + + + C + + + + C + − + + C

3 + + − − C + + − − C + + F − C

5 + + + + C + + + + C + + + + C

6 + + + + C + + + + C + + F + C

7 + + + + C + + + + C + + + + C

8 + + − − C + + − − C + + − − C

9 + + + + C + + + + C + + + + C

10 + + + + C + + + + C + + + + C

11 + + + + C + + + + C + + + + C

HAdV human adenovirus,MNoV murine norovirus , Rep. replicate qPCR, Int interpretation, + target signal present, IAC signal present or absent, − target
signal absent, IAC signal present, F target signal absent, IAC signal absent, C sample contaminated, AF analysis failed
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that the method can be used confidently to detect the
presence of human adenovirus in berry fruits.

With the non-artificially contaminated samples, six
analyses were reported to have failed. This highlights the
value of an interlocking suite of controls when performing
routine nucleic acid-based analysis for detection of viruses
in foods, as they allow appropriate actions to be identified
which should result in accurate reanalysis of failed tests
(Bosch et al. 2011; D’Agostino et al. 2011; Rodríguez-
Lázaro et al. 2007). It is unclear why the failed tests
occurred in the trial, but they left 23 out of 33 samples
being reported as uncontaminated, and this skewed the trial
specificity to a lower value than that which has been
observed in other trials (Abdulmawjood et al. 2004;
D’Agostino et al. 2004; Josefsen et al. 2004; Malorny et
al. 2004; Wyn-Jones et al. 2011). This proportion may not
accurately reflect the actual number of false positives
which might be expected in routine application of the
current method, where analyses should not be expected
to fail so often. The variability of results between
laboratories here also affected the accordance and

concordance and the concordance odds ratios; however,
the confidence intervals of each indicate that if the
method was adopted by a wider selection of laboratories
there would be a possibility of more uniform results.
The negative predictive value of the method is excel-
lent, as none of the artificially contaminated samples
were reported as uncontaminated.

Four of the non-artificially contaminated samples were
reported as contaminated with adenovirus. As a result, the
trial specificity and the positive predictive value indicate
that a proportion of false-positive results can be expected
when using this method. However, a possible explanation is
that the fruit used for these samples had in fact been
contaminated with human adenovirus prior to purchase, and
the positive results were not actually false. The method
described in this study has been subsequently used to
analyse berry fruit at point-of-sale in several European
countries, and some of these samples have been positive for
human adenovirus. It is recommended that any positive
target amplicons are sequenced to confirm target identity
when performing actual analysis of produce.

Table 3 Participants’ results of the analysis of the non-artificially contaminated raspberry samples

Laboratory Sample A Sample B Sample C

HAdV MNoV HAdV MNoV HAdV MNoV

Rep.1 Rep. 2 Rep. 1 Rep. 2 Int. Rep. 1 Rep. 2 Rep. 1 Rep. 2 Int. Rep. 1 Rep. 2 Rep. 1 Rep. 2 Int.

1 − − + + UC − − + + UC − − + + UC

2 − − + + UC − − + + UC − − + + UC

3 + + + + C − − + + UC F F − − AF

4 + − F − C − − − − AF − − − − AF

5 − − + + UC − − + + UC − + + + C

6 − − + + UC − − + + UC − − + + UC

7 − − + + UC − − + + UC − − + + UC

8 F F − − AF F F − − AF F F − − AF

9 − − + + UC − − + + UC + + + + C

10 − F + + UC − F + + UC F − + + UC

11 − − + + UC − − + + UC − − + + UC

HAdV human adenovirus,MNoV murine norovirus , Rep. replicate qPCR, Int interpretation, + target signal present, IAC signal present or absent, − target
signal absent, IAC signal present, F target signal absent, IAC signal absent, C sample contaminated, AF analysis failed, UC uncontaminated

Table 4 Statistical evaluation of the data obtained from the collaborative trial

Contamination
level

Sensitivity (%) Specificity (%) Positive
predictive
value

Negative
predictive
value

Accordance (%) Concordance (%) Concordance
odds ratio
(COR)

LOW + HIGH 98.5
(91.9, 99.7)

– 94.2
(86.0, 97.7)

– 97.0
(90.9, 100)

97.0
(91.2, 100)

1.0
(0.96, 1.0)

None – 69.7
(52.7, 82.6)

– 100
(100, 100)

80.0
(60, 100)

61.7
(46.9, 93.3)

2.48
(0.85, 16.48)

Values in parentheses are the lower and upper 95% confidence intervals
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The qPCR HAdV assay used in this study could be
applied for quantitation of the target virus by estimating the
number of HAdV genome copies based on an external
standard. However, when the partners’ results were con-
verted into genome copies detected per sample (not shown),
the level of between-laboratory variation was too great to
be able to describe the performance characteristics of the
method in quantitative terms. This is despite the fact that
nucleic acid standard solutions were supplied along with
the trial materials. The high between-laboratory variation
may be caused by several factors, such as the condition in
which the standard solutions have reached the partner
institutes or operational differences between thermocyclers
used in the various laboratories. These possibilities highlight
a requirement for reliable reference materials and external
quality control systems to be available, if routine monitoring
of food supply chains for viruses is to be adopted efficiently.

Notwithstanding the above issues, the overall results of
the collaborative trial were considered to show that the
qPCR-based method for the detection of human adenovi-
ruses in soft fruits was acceptably robust. The method was
then employed within the VITAL project on gathering data
on virus presence in various food supply chains. Forth-
coming results (manuscripts in preparation) of this data
gathering will reveal the usefulness of the index virus
approach, and the information gained should assist consid-
eration of measures which can be applied to block routes of
virus contamination. The method described and tested in
this study is a building block in the foundation of future
systems for integrated monitoring and control of viruses in
food supply chains.
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Comparative Inactivation of Murine Norovirus, Human Adenovirus,
and Human JC Polyomavirus by Chlorine in Seawater

Adriana de Abreu Corrêa,a,b Anna Carratala,b Celia Regina Monte Barardi,a Miquel Calvo,c Rosina Girones,b and Sílvia Bofill-Masb

Laboratório de Virologia Aplicada, Departamento de Microbiologia, Imunologia e Parasitologia, CCB, Universidade Federal de Santa Catarina, Florianopolis, Brazila;

Laboratory of Water and Food Viral Pollution, University of Barcelona, Faculty of Biology, Department of Microbiology, Barcelona, Spainb; and Statistics Department,

University of Barcelona, Faculty of Biology, Department of Microbiology, Barcelona, Spainc

Viruses excreted by humans affect the commercial and recreational use of coastal water. Shellfish produced in contaminated wa-
ters have been linked to many episodes and outbreaks of viral gastroenteritis, as well as other food-borne diseases worldwide.
The risk can be reduced by appropriate treatment following harvesting and by depuration. The kinetics of inactivation of murine
norovirus 1 and human adenovirus 2 in natural and artificial seawater by free available chlorine was studied by quantifying
genomic copies (GC) using quantitative PCR and infectious viral particles (PFU). Human JC polyomavirus Mad4 kinetics were
evaluated by quantitative PCR. DNase or RNase were used to eliminate free genomes and assess potential viral infectivity when
molecular detection was performed. At 30 min of assay, human adenovirus 2 showed 2.6- and 2.7-log10 GC reductions and a 2.3-
and 2.4-log10 PFU reductions in natural and artificial seawater, respectively, and infectious viral particles were still observed at
the end of the assay. When DNase was used prior to the nucleic acid extraction the kinetic of inactivation obtained by quantita-
tive PCR was statistically equivalent to the one observed by infectivity assays. For murine norovirus 1, 2.5, and 3.5-log10 GC re-
ductions were observed in natural and artificial seawater, respectively, while no viruses remained infectious after 30 min of con-
tact with chlorine. Regarding JC polyomavirus Mad4, 1.5- and 1.1-log10 GC reductions were observed after 30 min of contact
time. No infectivity assays were conducted for this virus. The results obtained provide data that might be applicable to seawater
used in shellfish depuration.

The interaction between oceans and human health is increasing
partly due to the high numbers of humans living within close

proximity to the oceans (15). Microbial contamination by bacte-
ria, viruses, and protozoa is related directly and indirectly to hu-
man and animal activity and affects the safety of the seafood sup-
ply, as well as the commercial and recreational use of coastal areas
(25). Human health problems associated with shellfish consump-
tion are well described, and contaminating viruses have been
linked to many episodes of gastroenteritis, as well as outbreaks of
other diseases (24).

The most common viral pathogens associated with shellfish
consumption are human noroviruses (NoVs), which have been
implicated in numerous food-borne outbreaks (22). NoVs are re-
sponsible for up to 1 million hospitalizations and 218,000 deaths
each year in children living in developing countries (34). The in-
fectivity of NoVs detected from environmental samples cannot be
assessed yet due to the absence of an in vitro cell culture system (2).
This has prompted the use of viral surrogates to model the infec-
tious nature of NoVs in environmental samples. Murine norovi-
rus 1 (MNV-1) is considered the best surrogate for NoVs (44).
Recently, MNV-1 has also been used as a surrogate for NoV in
studies of heat inactivation (20), as well as chlorine and ultraviolet
(UV) disinfection (9).

Human adenoviruses (HAdV) are one of the most prevalent
human pathogens identified in environmental water samples, in-
cluding drinking and recreational waters (29). HAdV have greater
thermal stability than enteroviruses (38). They are capable of sur-
viving for months in water, especially at low temperatures, and
they show resistance to inactivation by UV light (41). JC polyo-
mavirus (JCPyV) is a human virus that produces latent and
chronic infections that persist indefinitely in individuals. Viral
particles are excreted regularly in urine by healthy individuals

(39). In previous studies, JCPyV was found in 98% of the 52 sew-
age samples collected from different geographical areas around
the world (6). JCPyV has also been found in river water feeding a
drinking water treatment plant (1). HAdV and JCPyV are fre-
quently detected in the environment and have been proposed as
an index of viral contamination of human origin (6).

Controlled self-purification (“depuration”) of shellfish is a
method that reduces the levels of microorganisms present in mol-
lusk meat, thus decreasing the potential for infections associated
with shellfish consumption. In this process, shellfish are placed for
several hours in tanks filled with clean seawater to purge contam-
inants from tissues by filtering (24, 27). There are two main types
of shellfish depuration plants: flowthrough or recirculating
(closed) systems. Depuration is effective in removing many fecal
bacterial contaminants from shellfish (11, 37). However, studies
focused on enteric viruses, such as HAV, NoVs, and HAdV have
shown that it is difficult to remove viruses from contaminated
shellfish (16, 18, 42). The flowthrough system requires a nearby,
reliable, consistently clean source of seawater. In the closed depu-
ration system, seawater is recirculated for at least 24 h. During this
cycle, the water must be chemically (using chlorine and/or ozone)
or physically (UV irradiation) treated to eliminate microbial con-
tamination. For the purpose of shellfish depuration, 2 to 3 mg of
free chlorine/liter is normally used for up to 1 h before the seawa-
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ter is returned to the shellfish tank. Before this, the levels of free
chlorine in the water need to be reduced to �0.1 mg/liter so that
the shellfish and their depuration activity are not affected. This
reduction is achieved by the addition of sodium thiosulfate (23).

Chlorination is one of the main disinfection methods used for
water and wastewater treatment, due to its low cost, ease of appli-
cation, and ability to inactivate a wide variety of pathogenic mi-
croorganisms (13). Chlorine’s ability to destroy microorganisms
is due to the chemical interference of HOCl. It is attributed to the
ease with which HOCl can penetrate cell membranes, react with
enzyme systems of bacteria, and interact with either the capsid
proteins or the nucleic acids of viral pathogens (10).

In this context, the goal of the present study was to evaluate the
applicability of free chlorine to inactivate selected viruses in nat-
ural and artificial seawater, usingmolecular and cell culturemeth-
ods, to obtain information that could be useful in the disinfection
of water for shellfish depuration tanks or other purposes.

MATERIALS AND METHODS
Viruses and cell lines. The HAdV2 strain (NCPV 00213) and JCPyV
strain Mad4 (kindly provided by E. O. Major, Laboratory of Molecular
Medicine and Virology, National Institute of Neurological Disorders and
Stroke, National Institutes of Health, Bethesda, MD) were grown, respec-
tively, on A549 cells, derived from human lung adenocarcinoma (Euro-
pean Collection of Cell Cultures), and the human glial cell line SVGA (a
gift from W. Atwood, Brown University, Providence, Rhode Island, RI).
The cells were propagated in Eagle minimum essential medium (MEM;
Gibco, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS),
1% penicillin-streptomycin, and 1% L-glutamine. The titer of the viral
working solution was determined by an immunofluorescence assay (8) to
be �109 focus-forming units (FFU)/ml for HAdV2 and 106 FFU/ml for
JCPyV Mad4.

MNV-1 was propagated in RAW 264.7 cells (a macrophage-like Abel-
son leukemia virus-transformed cell line, derived from BALB/c mice).
This cell line and MNV-1 were kindly donated by Herbert W. Virgin,
Department of Pathology and Immunology, Washington University
School of Medicine (St. Louis, MO). RAW 264.7 cells were cultured in 1�
Dulbecco MEM (DMEM; Gibco) supplemented with 10% FBS (low en-
dotoxin serum), 1.5%HEPES, 1%penicillin-streptomycin, 1%nonessen-
tial amino acids, and 1% L-glutamine. The MNV-1 working solution titer
was determined by a plaque assay (as described below) and was estimated
to be approximately 4 � 108 PFU/ml.

Disinfection assays. (i) Tested waters. All disinfection experiments
were conducted in either artificial or natural seawater. Artificial seawater
was prepared using commercial salts (sea salts; Sigma, St. Louis, MO) by
dissolving 33.33 g of sea salts per liter of deionized chlorine demand-free
water and was stored in bottles at 4°C until used. Natural seawater was
collected from a coastal area south of Barcelona. The pH and conductivity
were measured for both types of water tested.

(ii) Glassware treatments. The reagents and glassware used here were
prepared as described previously (41). Briefly, glassware was made chlo-
rine demand-free by overnight soaking in a solution of at least 100 mg of
free chlorine/liter. The beakers were then rinsed with chlorine demand-
free water and baked for at least 2 h at 200°C. After this initial treatment,
soaking in free chlorine solution and rinsing in demand-freewaterwas the
only treatment performed for all glassware.

A chlorine stock solution of approximately 150 mg/liter was prepared
using bleach (commercial sodiumhypochlorite solution, 42 g of free chlo-
rine/liter) that was suitable for tap water disinfection. Dilution of this
stock solution in chlorine demand-free water was carried out to achieve
the free chlorine concentrations used in the disinfection experiments.

(iii) Experimental design for seawater disinfection. Chlorine de-
mand-free glass beakers containing 65 ml of natural or artificial seawater
were placed inside a biological safety cabinet (at 23 to 25°C) and were

magnetically stirred prior to each experiment. The free chlorine concen-
tration of the stock solution was measured by the DPD (N,N-diethyl-p-
phenylendiamine) method, and the volume necessary to achieve the ini-
tial free-chlorine dose in each experimental beaker was calculated. The
assays were performed in duplicate for each tested water sample.

Two beakers were analyzed in every assay, and both were inoculated
simultaneously with the three viruses selected (viral suspensions diluted
in phosphate-buffered saline [PBS]) at a concentration that would allow
detection of 4-log inactivation in either natural or artificial seawater (2 �
107 GC of HAdV2/ml; 5 � 108 of MNV-1 and 1.5 � 105 of JCPyV Mad4).
One of these beakers (beaker 1) was used as a negative control of disinfec-
tion, with no chlorine added, for each of the experiments performed. This
control was needed to determine the initial virus concentration and to
evaluate whether virus inactivation occurred under the test conditions.
Another beaker (beaker 2), containing chlorine at an initial concentration
of 2.5 mg/liter, was used to evaluate the kinetics of viral disinfection. For
60 min, 5-ml seawater samples were collected at 30 s, 10, 20, 30, 45, and 60
min for viral analysis. Residual free chlorine was immediately quenched
by placing the 5-ml samples into collection tubes containing 50 �l of
sterile 10% sodium thiosulfate solution. These tubeswere kept on ice until
used for viral detection.

An additional 5 ml of seawater were collected before viral spiking
(identified as 0 s) and at the same sampling times as those cited above.
These samples were analyzed to determine the residual free chlorine con-
centration by the DPD method for each disinfection assay performed.

After chlorine disinfection, samples were ultracentrifuged at 60,000 �
g for 60 min at 4°C. The resultant pellets were resuspended in sterile PBS.
The nucleic acid isolation and infectivity assays were performed on the
same day as the chlorine disinfection to avoid sample freezing.

Evaluation of viral inactivation by cell culture methods. (i) Cytotox-
icity tests. Cytotoxicity tests were performed to evaluate the potential
toxicity caused by seawater in cell lines to be used during disinfection
studies. The tests were carried out as previously described (36), with mi-
nor modifications. RAW 264.7 and A549 cell monolayers (2 � 105 cells/
ml) were propagated in 24-well microplates (Nunc, Rochester, NY) for 24
h before the cytotoxicity assays were performed. Inoculation was carried
out as follows: 2-fold serial dilutions of unseeded seawater ranging from
1:2 to 1:32 were prepared in serum-free culture medium (1� DMEM for
RAW 264.7, and 1� MEM for A549 cells). Inoculates of 250 �l of each
tested water were then adsorbed to cells that had been washed with PBS
previously. All assays were carried out in duplicate. After incubation, the
inoculum was removed, and the cells were supplied with 1 ml of culture
medium supplemented with 2% FBS (for A549) and 10% FBS (for RAW
264.7 cells). Plates were incubated at 37°C and 5% CO2 and observed for
cytopathic effect after 2 (RAW 264.7) and 4 (A549 cells) days of incuba-
tion. Each observationwas compared to negative controls containing only
cell monolayers and the medium but no seawater. Cell monolayers were
observed under an inverted light microscope. They were fixed with 1%
formalin and stained with 0.1% crystal violet to establish a first noncyto-
toxic dilution of seawater to be used in further viral infectivity assays.
Seawater diluted 1:2 and 1:4 in serum-free culture medium were selected
to be used on A549 and RAW 264.7, respectively.

(ii) Plaque assays. In the present study, the plaque assay applied to the
titration, and evaluation ofMNV-1 infectivitywas performed as described
previously (2), with some modifications. Briefly, RAW 264.7 cells were
seeded into 60-mm plates at a density of 2 � 106 cells per well. Cells were
then allowed to adhere for 48 h at 37°C in the presence of 5% CO2. After
chlorine disinfection, the samples were diluted in PBS at noncytotoxic
dilutions to quantify infectious MNV-1. The cell culture medium was
decanted, and cells were infected with 0.5 ml of each dilution. After incu-
bation for 1 h at 37°C in the presence of 5% CO2, the inocula were aspi-
rated and replaced with 2 ml of a solution containing 1.5% SeaPlaque
Agarose (Lonza, Basel, Switzerland) and supplemented with DMEM (as
described above for viruses and cell lines). The samples were allowed to
solidify, and incubated at 37°C for up to 48 h until plaques were visible. To
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better visualize the plaques, a neutral red solution (final concentration,
0.1%) was added to 2 ml of the mixture containing 1.5% agarose and
supplemented with DMEM after solidification and incubation at 37°C for
6 to 8 h. The plaques were counted, and the virus titer was expressed as
PFU/ml.

The assay to evaluate infectiousHAdV2 followed the same principle as
that described for MNV-1, with some modifications. Briefly, A549 cells in
suspension (6 � 105/ml) were mixed with a seawater sample volume. This
suspension was added to a 25-cm2 sterile flask and placed at 36 � 2°C for
between 4 to 6 h. A volume of overlay medium containing 3% carboxy-
methyl cellulose was added, and the flaskwas incubated at 36 � 2°C for up
to 7 days. After 7 days, themediumwas removed. The cells were then fixed
and stained with crystal violet. The plaques were counted, and the virus
titer was expressed as PFU/ml.

Evaluation of viral inactivation by molecular methods. (i) Nucleic
acid isolation. Viral genomes from samples treated with free chlorine
were isolated using the QIAmp viral RNA minikit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. The nucleic acids were
eluted in the elution buffer provided and stored at �80°C until they were
used in real-time PCR and real-time reverse transcription-PCR (RT-
PCR).

(ii) Enzymatic treatment before the application of molecular assays.
In the present study, two enzymatic treatments to assess the capsid integ-
rity of the viruses detected using real-time PCR after the disinfection of
seawater with free chlorine were performed. For each sample, the enzy-
matic treatments were based on the use of 100 U of DNase I (molecular
grade; Invitrogen, Carlsbad, CA), according to the manufacturer’s in-
structions, and RNase A (from bovine pancreas [Invitrogen]), as previ-
ously reported (30). These treatments were performed before the nucleic
acid extraction of the samples to be tested by real-time PCR, in order to
quantify HAdV2, JCPyV Mad4, and MNV-1. Control assays were per-
formed to confirm the total inactivation of DNase and RNase in the sam-
ples by using stop buffer (provided with DNase I) and 40 U of RNase
inhibitor (data not shown).

Real-time PCR. (i) Preparation of DNA standard suspensions.
HAdV and JCPyV quantitation was based on the assays described previ-
ously by Hernroth et al. (19) and Pal et al. (33), respectively.

Standards for the real-time PCR assays for HAdV2 and JCPyV Mad4
were produced as described before (1). An RNA standard was used to
quantifyMNV-1. This standardwas created using anRNA transcript from
an amplicon of 1,663 bp, corresponding to the junction region of ORF1/
ORF2 of the MNV-1 genome (positions 3999 to 5662) generated by con-
ventional RT-PCR using the forward primer 5=-GAGATGGGTAAATCC
ATGCG-3= and the reverse primer 5=-CAGAGACCACAAAAGACTCAT
C-3= (21). This RNA was transcribed by Yorkshire Bioscience (York,
United Kingdom) using a T7 RNA polymerase transcription system. Plas-
mid DNA was removed completely with RNase-free DNase according to
the product description. RNAwas purified by LiCl precipitation, followed
by multiple phenol-chloroform extractions and precipitation with etha-

nol and dilution in Milli-Q water. The RNA concentration was deter-
mined by spectrophotometry, and the copy number of standard RNA
molecules was calculated as described above. Serial 10-fold dilutions were
prepared in RNA storage buffer (Ambion, Austin, TX), aliquoted, and
stored at �80°C.

(ii) Quantitative PCR and quantitative reverse transcription-PCR
(qPCR and RT-qPCR). For the specific detection and quantitation of
JCPyV and HAdV2 genomes, 10 �l of undiluted samples and 1:10 dilu-
tions of every DNA extraction were tested. These dilutions were made to
detect and reduce amplification inhibition due to the potential presence
of inhibitory substances that may interfere with the quantitative PCR
(qPCR). Amplification was performed in a 25-�l reaction mixture with
TaqMan PCR master mix (Applied Biosystems, Foster City, CA). The
reaction contained 10 �l of a DNA sample, 10 �l of DNA sample diluted
1:10, or 10 �l of a quantified DNA plasmid–1� TaqMan master mix,
along with the corresponding primers and TaqMan probes for HAdV and
JCPyV.

For the detection and quantitation of MNV-1 genomes, we assayed 5
�l of the RNA extraction and of the 10-fold dilution. Amplification was
performed in a 20-�l reaction mixture with the RNA UltraSense one-step
quantitative RT-PCR system (Invitrogen). The reaction contained 5 �l of
an RNA sample or 5 �l of an RNA standard, 1� UltraSense mix, 1�
UltraSense enzyme mix, and 1� ROX, in addition to the primers and
probe.

For MNV-1, the amplification were performed after retrotranscrip-
tion for 30 min at 50°C and activation of the HotStarTaq (Qiagen) for 15
min at 95°C, followed by 45 cycles of amplification (10 s at 95°C, 20 s at
55°C, and 15 s at 72°C). For HAdV2 and JCPyV, the genomes were quan-
tified after the activation of the uracil N-glycosylase contained in the core
mix (2 min at 50°C), the activation of AmpliTaq Gold for 10 min at 95°C,
and 40 cycles of amplification (15 s at 95°C and 1 min at 60°C). The sets of
primers and probes for each virus are described in Table 1. Quantitations
were performed with an MX3000P sequence detector system (Stratagene,
La Jolla, CA).

Kinetic modeling and statistical analysis. The chlorine disinfection
was characterized by the efficiency factor Hom (EFH) model (5, 17, 41), a
widely used model that takes into account the decreasing chlorine con-
centrations caused by the virus itself and the organics present in the solu-
tion. The chlorine concentration in each experiment is therefore modeled
as a first-order kinetic equation:

C(t) � C0e
�k�t (1)

where C(t) is the residual chlorine concentration in mg/liter at time t (in
minutes), C0 is the initial chlorine concentration, and k= is the first-order
decay rate constant. C0 and k= from equation 1 were used in the following
equation to model the disinfection kinetics:

In�N(t)

N0
� � �kC0

ntm�1 � e�nk�t ⁄m

nk�t ⁄ m �m

(2)

TABLE 1 Primer and probe sets used to detect MNV-1, JCPyV Mad4, and HAdV2 by q(RT)-PCR

Virus (reference) Primer or probe Sequence (5=–3=)
JCPyV (33) JE3F ATGTTTGCCAGTGATGATTGAAAA

JE3R GGAAAGTCTTTAGGGTCTTCTACCTTT
JE3P 6-FAM-AGGATCCCAACACTCTACCCCACCTAAAAAGA-TAMRA

HAdV2 (19) AdF CWTACATGCACATCKCSGG
AdR CRCGGGCRAAYTGCACCAG
AdP1 6-FAM-CCGGGCTCAGGTACTCCGAGGCGTCCT-TAMRA

MNV-1 (3) Fw-ORF1/ORF2 CAC GCC ACC GAT CTG TTC TG
Rv-ORF1/ORF2 GCG CTG CGC CAT CAC TC
MGB-ORF1/ORF2 6FAM-CGC TTT GGA ACA ATG-MGBNFQ
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where k is the inactivation rate constant, n is the coefficient of dilution, m
is the Hom’s exponent, ln(N(t)/N0) is the natural log of the survival ratio,
and N(t) is the number of organisms remaining at time t divided by N0

(the number at time zero). To determine the parameter values for both
equations, Microsoft Excel Solver (Microsoft Excel 2010; Microsoft
Corp.) was used to minimize the error sum of squares between the ob-
served and predicted C(t) and ln(N(t)/N0) for each viral disinfection rep-
licate of each experiment.

For every experiment, an F-approximate test was conducted to assess
the homogeneity of the disinfection kinetic on the two replicates. If ho-
mogeneous replicates were found, 12 pairs of previously selected experi-
ments were also compared to an F-test to assess the homogeneity of the
overall pair. The P values of thesemultiple comparison tests were adjusted
with the Benjamini and Hochberg correction (4).

Once the parameters of the EFH model equation had been estimated
for all of the experiments, they could be used to predict the time values for
2- and 3-log inactivation of the viruses. These times, expressed inminutes,
are noted, respectively, as t99 and t99.9.

RESULTS
Free chlorine decay in seawater. The rate and extent of free chlo-
rine demand in tested waters before and after spiking with viral
stocks was determined. As shown in Fig. 1, both types of seawater
exhibited a demand for free chlorine. The residual concentration
of the disinfectant decreased over time. At an initial dosage of
�2.5 mg/liter, free chlorine was consumed rapidly by both test
waters within 30 s. After 60 min, at the end of the assay, an 80%
reduction in the initial dose of chlorine was observed.

Viral inactivation by chlorination of seawater. The inactiva-
tion kinetics of the three viruses by 2.5 mg of free chlorine (initial
dose)/liter in natural and artificial seawater was based on the re-
sults obtained in two independent experiments for each type of
water. Virus disinfection data, in PFU/ml and GC/ml for HAdV2
and MNV-1 and in GC/ml for JCPyV Mad4, are presented in the
figure as the log reduction values obtained in each of the assays
performed (Fig. 2).

The initial concentration of HAdV2 in the tested waters was of
the order of 107 GC/ml being free DNA present since after DNase
I treatment applied before nucleic acid extraction a reduction of
nearly 2 logs was observed by qPCR (enzymatic treatment [ET]-
qPCR) being the concentration of the order of 105 GC/ml. Infec-
tious HAdV2 at the beginning of the experiment were of the order
of 104 PFU/ml and thus 1 log less than when quantifying by ET-
qPCR. Based on ET-qPCR results, HAdV2 showed an �2.5-log10

reduction for both natural and artificial seawater after 30 min of
contact with chlorine. At the end of the assay, the reduction
reached 2.7- and 3.3-log10 reductions for natural and artificial
seawater, respectively, which indicates a reduction of 99.9% of the
initial viral load. Regarding plaque assay, HAdV2 remained infec-
tious throughout the assay and 1.7 � 102 PFU/ml in natural sea-
water and 4.5 � 101 PFU/ml in artificial seawater were observed
(reductions of 2.3 log10 and 3.30 log10, respectively) after 60min of
contact with chlorine. The results obtained for MNV-1 disinfec-
tion (Fig. 2) indicate that this virus was more sensitive to chlorine
than HAdV2 in both types of seawater tested. The initial 108 and
107 GC/ml observed by ET-qPCR for natural and artificial seawa-
ter, respectively, decrease to 104 and 102 after 60 min of contact
with chlorine (4-log10 and 5-log10 reductions, respectively). How-
ever, when a plaque assay was performed, infectious MNV-1 was
only observed after 20 min of contact (1.25 � 101 PFU/ml, in
natural seawater, 4.2-log10 reduction; 1.65 � 101 PFU/ml, in arti-
ficial seawater, 4.4-log10 reduction). Treatment with RNase before
nucleic acid extraction allowedus to eliminate at least 0.5 to 1 log10

of RNA accessible for RNases present in the samples.
JCPyV showed higher genome stability than the other two vi-

ruses analyzed (Fig. 2). Initial concentrations quantified by ET-
qPCR showed 2.1 � 104 and 5.2 � 103 GC/ml for natural and
artificial seawater, respectively (1 log less than when no DNase
treatment was applied). At the end of the assay (60 min), 6 � 102

and 9.5 � 102 GC/ml were observed for natural and artificial sea-
water, respectively (1.45- and 1.33-log10 reductions). The infectiv-
ity of JCPyV was not evaluated, due to the technical limitations of
JCPyV immunofluorescence assay (8) when applied to seawater
samples.

F-approximated tests conducted to assess the homogeneity of
the disinfection kinetic on the two replicates of every experiment
provided the series of P values represented in Table 2. According
to these P values, only assays in which the decay of JCPyV and
HAdV2 was quantified by qPCR in natural seawater showed no
homogeneity between replicates.

We conducted a statistical comparison of 12 selected pairs of
homogeneous replicates with an F-test (P � 0.05) to assess the
homogeneity of the overall pair and thus to know whether the two
inactivation kinetics were equivalent or not. From these compar-
isons we may draw several conclusions. (i) The decay in the infec-
tivity ofHAdV2 follows kinetics similar to the decay of theHAdV2
genome copies (GC), as measured by ET-qPCR titers (Fig. 3) for
both types of waters tested (P � 0.67152 and 0.1334, respectively).
(ii) ForMNV-1, the kinetics observedwhen disinfectionwasmea-
sured by qPCR were different when enzymatic treatment was or
was not applied to both types of water (P � 0.00030 and 0.00861,
respectively). However, the kinetics observed by ET-qPCR do not
correlate to those observed by infectivity assays (P � 0.00001 and
0.00034, respectively) (Fig. 3). (iii) The disinfection kinetics of
HAdV2 and JCPyV measured by ET-qPCR in natural seawater
follow equivalent kinetics (P � 0.1842), whereas different kinetics
were observed between these two viruses when artificial seawater
was studied by qPCR, with or without enzymatic treatment (P �
0.00004 and 0.00951, respectively).

The C(t), the product of the disinfectant concentration (C; in
mg/liter) � the contact time (t; in min), and the t99.9 and t99.99
values were calculated to evaluate the disinfection effectiveness for
all viruses (Table 3). The C(t) values of chlorine disinfection for a
3-log reduction C(t)[t99.9%] of HAdV2 by plaque assay in natural

FIG 1 Free chlorine decay curve in disinfection assays using natural and arti-
ficial seawater. The dots represent an average of two replicates for each type of
water tested.
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seawater were not reached. For artificial seawater, the value was
42.24 mg/liter � min. The C(t) t99.9% of JCPyV Mad4 could not be
calculated in any replicate assayed, since the reduction rate did not
reach 3 logs. The C(t)t99.9% values for MNV-1, as determined by
plaque assay in natural and artificial seawater, were 11.49 and
20.82 mg/liter � min, respectively. This indicates that MNV-1 is
more susceptible than HAdV2 and JCPyV Mad4 to chlorine treat-
ment.

DISCUSSION

Chlorine was one of the earliest means used to disinfect seawater
for depuration. Addition of chlorine is usually undertaken by the

use of sodium hypochlorite solution at 2 to 3 mg of free chlorine/
liter for a contact time of up to an hour (23).

The aim of the present study was to investigate the ability of
chlorine in natural and artificial seawater to inactivate RNA and
DNA viruses. MNV-1 was evaluated since it has been used as sur-
rogate of human NoV, an RNA pathogen commonly involved in
shellfish originated outbreaks, and HAdV and JCPyV were evalu-
ated since they have been proposed as human fecal viral indicators
(6). Differenceswere observed in the disinfection kinetics between
the viruses used for genome persistence and for viral infectivity.

When chlorine is added to seawater, the concentration of re-
sidual chlorine decreases over time in two phases (14). In the first
phase, the concentration decrease rapidly. This is followed by a
much slower but steady decrease in concentration over time. A
significant fraction of the chlorine demand observed in our study
was caused by the reaction between the added chlorine and natu-
rally occurring organic compounds in seawater, which reduced
the availability of free chlorine for disinfection. Inorganic sub-
stances, such as ammonia (NH3) and iron (Fe2	), react rapidly
with chlorine and create an instant chlorine demand (43). If sea-
water is considered to be at around pH 8, the addition of chlorine
will result in the presence of HOCl�, OCl�, HOBr, and OBr�,
which will create a hostile environment for living organisms (14).
This may explain why chlorine inactivated the selected viruses
assayed, even at low concentrations. It is widely accepted that free

FIG 2 Log reduction curves for seeded HAdV2, MNV-1, and JCPyV in natural (A) and artificial (B) seawater treated with free chlorine at 2.5 mg/liter (initial
concentration). Each data point is an average of two independent experiments, except in the case of HAdV2 infectivity, where the values correspond to one
experiment.2, Detection limit.

TABLE 2 P values calculated by F-approximate tests to assess the
homogeneity of the disinfection kinetics on the replicates of every
experiment for each virus

Expta

Pb

MNV-1 HAdV2 JCPyV

NS infectivity 0.55 1R NT
AS infectivity 0.09 1R NT
NS qPCR 0.13 0.001 �0.001
AS qPCR 0.16 0.05 0.69
NS ET-qPCR 0.92 0.44 0.15
AS ET-qPCR 0.35 0.09 0.84
a NS, natural seawater; AS, artificial seawater.
b NT, not tested; 1R, one replicate.
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chlorine loses its virucidal and bactericidal activity in the presence
of organic substances (40), such as host cell components and pro-
teins in the suspension media (for instance, MEM contains reduc-
ing reagents, such as cysteine, which interfere with the action of
sodium hypochlorite). Therefore, the use of a viral suspension in
PBS prevented higher chlorine consumption in all of the experi-
ments. Although a higher amount of naturally organic com-
pounds in natural seawatermight cause differences in inactivation
between viruses in natural or artificial seawater in our experi-
ments, the behaviors of viruses in both water types show no sta-
tistically significant differences.

Our findings suggest that MNV-1 is more sensitive to chlorine
disinfection than is HAdV2 and is initially inactivated rapidly, as
measured by a plaque assay in both types of tested waters. These
results are in agreement with previous published studies (9, 12,
40). The reduction probably reflects the greater sensitivity of
MNV-1 to free chlorine than to combined chlorine residuals. Al-
though MNV-1 is inactivated rapidly, the time required for 2-log

reductionwas greater than in the studies cited above. This suggests
that environmental factors, such as ionic strength and compounds
naturally found in seawater, may slow the disinfection process but
not affect its efficiency. More experimental data should be accu-
mulated to define suitable disinfection treatments for NoVs.

HAdV2 was inactivated by free chlorine within the first min of
contact time and might have been inactivated by combined chlo-
rine, although not completely, up to 60 min (t99.9 not reached and
of 24.69 min for natural and artificial seawater, respectively, as
measured by plaque assays and not reached t99.99 for both types of
water). HAdV2 behavior may follow bi- and/or triphasic inactiva-
tion curves during chlorine disinfection experiments, with an ini-
tial rapid inactivation phase, followed by more gradual inactiva-
tion, depending on water quality (32). This type of inactivation
curve may occur if microorganisms are more resistant to disinfec-
tion or if the presence of aggregated individuals provides higher
resistance to inactivation than dispersed organisms. Another pos-
sibility is that more than one mechanism of inactivation may af-

FIG 3 Log reduction of HAdV2 and MNV-1 infectivity and ET-qPCR in natural (A) and artificial (B) seawater treated with free chlorine at 2.5 mg/liter (initial
concentration). For HAdV2, the common EFH model is plotted as a dotted line; for MNV-1, the EFH model of infectivity is plotted as a dotted line, and the EFH
model of ET-qPCR is plotted as a dashed line. The observed replicates of each series, of both viruses, are plotted as squares (ET-qPCR) or circles (infectivity).

TABLE 3 t99.9 and t99.99 values predicted to inactivate 3 and 4 logs, respectively, of each virus tested, along with the calculated C(t)a

Expt

MNV-1 HAdV2 JCPyV Mad4

3-Log
inactivation

4-Log
inactivation

3-Log
inactivation

4-Log
inactivation

3-Log
inactivation

4-Log
inactivation

t99.9 C(t) t99.99 C(t) t99.9 C(t) t99.99 C(t) t99.9 C(t) t99.99 C(t)

NS infectivity 6.72 11.49 22.77 59.90 NR NR NT
AS infectivity 11.83 20.82 16.70 41.70 24.69 42.24 NR NT
NS qPCR NR NR NR NR NR NR
AS qPCR 28.63 50.38 45.17 113 21.64 37.00 70.23 175 NR NR
NS ET-qPCR 1.58 2.70 NR NR NR NR NR
AS ET-qPCR 0.94 3.20 2.13 5.30 NR NR NR NR
a NS, natural seawater; AS, artificial seawater; C(t), disinfectant concentration (in mg/liter) � the contact time (in minutes); NR, not reached; NT, not tested.
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fect HAdV2, which presents a more complex capsid than MNV-1
(12). A more recent study (31) suggests that free chlorine-treated
HAdV2 retained their ability to bind to A549 cell receptors, de-
spite being unable to form plaques. This indicates that the free
chlorine inactivation mechanism involves the inhibition of post-
binding events in the HAdV2 life cycle, such as early viral protein
expression. In that same study, DNA isolated from HAdV2 that
had been inactivated by free chlorinewas amplified by PCR,which
indicates that genome damage was not the only cause of inactiva-
tion.

The C(t) values observed here in analyzing seawater were
higher than other published results using different water matrices
(12, 26). Thehomogeneous composition andhigh salt concentration
in this matrix may affect viral dispersion, aggregation, and stability.

Although JCPyV has been described as a potential human fecal
indicator (6), data on its inactivation by chlorine have not been
reported. The presence of human polyomaviruses has been re-
ported (28) in 2/9 tertiary chlorine wastewater samples. Previous
studies showed great prevalence of this virus in the environment
(7, 28) and in source water (1). We present here the first data on
the stability and chemical disinfection of JCPyV in seawater. Ac-
cording to our results, JCPyVgenomesmight be highly resistant to
chlorine disinfection when measured by qPCR. We could only
calculate the t99 on the basis of qPCRdata in one of the eight qPCR
replicates assayed (qPCR and ET-qPCR in both artificial and nat-
ural seawater), since no t99 values were reached in the other repli-
cates in the evaluated period of time. Further studies on survival of
JCPyV after disinfection should be conducted in the future.

Although qPCR and RT-qPCR are sensitive and specific assay
systems, they appear to underestimate virus inactivation by free
chlorine, since the nucleic acids of inactivated viruses may be am-
plified (35). Enzymatic treatments may differentiate intact from
damaged viruses on the basis of differences in the ability of the
viral proteic capsids to protect the genomes from proteases and
nucleases. When the capsid is degraded, the naked DNA/RNA is
more susceptible to nuclease degradation than capsid-enclosed
DNA/RNA (35). This would allow disinfection studies of viruses
that do not grow in cell culture, such as human NoVs. In the
present study, enzymatic treatment solved part of this problem
and generated results that were more similar to those obtained in
infectivity assays (30). Our data, taking into account the limited
number of replicates assayed, indicate that the kinetics of disinfec-
tion of HAdV2, as measured by infectivity assays or by ET-qPCR,
are similar. Hence, ET-qPCR could be used to infer the infectious-
ness of HAdVs in the conditions assayed. However, this correla-
tion was not observed for MNV-1, although ET-qPCR yielded
results more similar to the data on infectivity than to the qPCR
data. Further work on these treatments should be carried out in
the future to develop a molecular method that can provide results
that are as similar as possible to those obtained from infectivity
assays, which are usually time-consuming and expensive. The data
obtained here suggest that the times applied to the disinfection of
water to be used in shellfish depuration should be revised since,
after 60 min of contact with chlorine, infectious adenovirus was
still detected. Further studies should focus on evaluating the time
needed for the efficient removal of all viruses present inwater used
for depuration. Since different viruses present different inactiva-
tion kinetics, those more stable to chlorine action should be used
in these studies. Alternative disinfectants such us UV irradiation
or ozone may also be compared to chlorine treatment, although

infectious HAdV has also been detected in shellfish samples depu-
rated with waters treated with these agents (J. Rodriguez-Man-
zano, unpublished data).

In summary, our study has shown that the use of 2.5 mg of free
chlorine/liter in seawater requires a long contact time in order to
significantly decrease the viral load. We found that the genome of
JCPyV Mad4 is more resistant to chlorine disinfection than those
of HAdV2 and MNV-1, when molecular methods were applied,
providing new information about JCPyV stability in seawater.
This could be because JCPyV presents a complex genomic struc-
ture.

HAdV2 show high resistance to chlorine treatment, and infec-
tious viral particles were still observed at the end of the experi-
ment. MNV-1 capsid integrity is more affected by chlorine treat-
ment than its genome compared to the other viruses tested.
According to the statistical analysis, the enzymatic treatment by
DNase applied before qPCR was useful to infer the HAdV2 infec-
tivity decay caused by chlorine. In contrast, further studies are
needed to improve the use of RNase treatment.

Chlorine application to the disinfection of water for shellfish
depuration purposes should be further evaluated in order to in-
crease the contact times currently applied. All of the results ob-
tained were statistically equivalent when artificial and natural sea-
waterwere studied, suggesting that artificial seawater could also be
used in shellfish depuration tanks.
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A Novel Tool for Specific Detection and Quantification of Chicken/
Turkey Parvoviruses To Trace Poultry Fecal Contamination in the
Environment

Anna Carratalà,a Marta Rusinol,a Ayalkibet Hundesa,a Mar Biarnes,b Jesus Rodriguez-Manzano,a Apostolos Vantarakis,c Anita Kern,d
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Department of Microbiology, Faculty of Biology, University of Barcelona, Barcelona, Spaina; Poultry Health Center of Catalonia and Aragón, Tarragona, Spainb; Department

of Public Health, Medical School, University of Patras, Patras, Greecec; Department of Water Microbiology, National Institute for Environmental Health, Budapest,

Hungaryd; and Department of Immunology, Microbiology and Parasitology, University of Basque Country, UPV/EHU, Vitoria-Gasteiz, Spaine

Poultry farming may introduce pathogens into the environment and food chains. High concentrations of chicken/turkey parvo-
viruses were detected in chicken stools and slaughterhouse and downstream urban wastewaters by applying new PCR-based spe-
cific detection and quantification techniques. Our results confirm that chicken/turkey parvoviruses may be useful viral indica-
tors of poultry fecal contamination.

Animal populations can serve as reservoirs for human patho-
gens and may facilitate transmission of those crossing the

species barrier. Therefore, the origin of animal fecal contamina-
tion must be identified and tracked to monitor water quality, as-
sess potential health risks, and determine optimal remediation
strategies. In particular, poultry farming is an industry that pro-
duces a large volume of different by-products occasionally used as
manure to fertilize crops, which can introduce pathogens into the
surrounding environment and into the food chain (1, 5, 8). How-
ever, until recently, there had been little effort to develop suitable
techniques to characterize the origin of avian fecal contamination
(2, 13, 17).

Bacterial fecal indicators often fail to predict the presence of
pathogenic microorganisms in water and food (7). Thus, viruses
have emerged as a promising tool to increase water quality stan-
dards, due to their high host specificity and stability in different
environments (9, 11, 14, 20, 21).

The high levels of prevalence of parvovirus in chickens (ChPV)
and turkeys (TuPV) in different countries (3, 18, 19, 23, 24) and
the high level of stability of animal parvovirus (15, 22) have been
described. Here, the potential role of ChPV/TuPV as a new tool
for microbial source tracking was evaluated by developing nested
and also quantitative PCR-based assays for the detection and
quantification of ChPV/TuPV in environmental samples.

All sequences available in GenBank for ChPV and TuPV were
aligned, and two nested PCR (nPCR) assays, targeting the non-
structural and VP1/VP2 regions, and a quantitative PCR (qPCR),
targeting the VP1/VP2 regions, were optimized (Table 1).

A total of 30 chicken fecal pools were collected from different
farms in Catalonia (coastal Northeast Spain), the Basque Country
(Northern Spain), Patras (Greece), and Budapest (Hungary) be-
tween February and December 2010. Three turkey, 2 partridge,
and 7 hen pooled fecal samples collected from farms in Catalonia
were also tested. All samples were collected from the ground and
distributed into sterile 50-ml polyethylene containers that were
kept at 4°C for less than 24 h prior to the analysis. Viral particles
were concentrated from 250 mg of fecal material that was homog-
enized by vortexing with 2.5 ml of phosphate-buffered saline
(PBS) during 2 min and centrifuged at 3,000 � g for 15 min, after
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TABLE 1 Oligonucleotide primers used for the detection and quantification of chicken/turkey parvoviruses

Primers Genome regiona Positionb

Amplification
reaction

Amplicon
size (bp)

Annealing
temp (°C) Sequence (5=–3=)

Par1 NS 661–682 First 412 53 GGTACAAGATATGCTAGATTTG
Par2 1053–1073 CGGATGGCTAAATTATCATCT
Par3 718–739 Nested 325 53 CCATCGCAGGAATTAACTCCAG
Par4 1022–1043 GTGTCAACATCTCCATGTATTG
VP-Par1 VP1/VP2 3119–3140 First 373 56 TGGAATTGTGATACTATATGGG
VP-Par2 3473–3492 TCYTGATCTGCAAATATTTG
VP-Par3 3173–3196 Nested 249 64 CATTGTGTCTGTCTWATGCGTGAC
VP-Par4 3405–3422 GTTTTCTGGATGACTTGCA
Q-PaV-F VP1/VP2 3326–3345 qPCR 81 60 AGTCCACGAGATTGGCAACA
Q-PaV-R 3388–3407 GCAGGTTAAAGATTTTCACG
Q-PaV-Pr 3356–3378 6FAM-AATTATTCGAGATGGCGCCCACG-BHQ1
a NS, nonstructural protein 1; VP1, virion protein 1; VP2, virion protein 2.
b The sequence positions are with reference to accession number GU214706 from GenBank.
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which the supernatant was recovered and kept at �80°C until the
nucleic acid extraction was performed.

The presence of ChPV/TuPV was also evaluated in chicken
slaughterhouse raw and effluent wastewater samples (5 samples
of each) and in raw and treated urban sewage (9 and 5 samples,
respectively), as well as in biosolids (4 samples) from a sewage
treatment plant (STP) located downstream from the slaughter-
house to prove a potential route of dissemination of these vi-
ruses into the environment. Also, 11 raw sewage samples from
an STP from an area with no poultry industry were analyzed.

Viral particleswere concentrated as described in previous stud-
ies (4). Nucleic acids from all viral concentrates were extracted by
using the QIAmp viral RNA kit (QIAgen, Inc.) using the QIAcube
automated platform.

nPCR assays based on the NS region were performed in 50-�l
reaction mixtures containing 1� Gold buffer, 50 mM MgCl2, 25
mM each deoxynucleoside triphosphate, 10 �M each primer (Ta-
ble 1), 2 U of AmpliTaq Gold polymerase (Applied Biosystems,
Inc.), and 10 �l of DNA sample. For the nested amplification,
49-�l reaction mixtures were prepared identically and 1 �l of the
first-round PCR product was added. nPCR assays targeting the
VP1/VP2 regions were prepared in the same way except that all
primers were used at a concentration of 25 �M (Table 1).

qPCR amplifications were performed in a 25-�l reaction mix-
ture containing 10 �l of DNA sample and 15 �l of TaqMan envi-
ronmental PCR master mix (Applied Biosystems, Foster City,
CA), 0.3�Mforward primer, 0.9�Mreverse primer, and 0.25�M
fluorogenic probe (Table 1). qPCR standards were generated and

used as previously described (10, 12). In our assays, the average R2

value was 0.996 � 0.003, and the slope values ranged between
�3.164 and �3.417 (mean value, �3.297). The estimated mean
efficiency of the assay was 97.4%.

The specificity of the assays was studied by testing a wide selec-
tion of samples: 3 raw porcine and 3 bovine slaughterhouse sew-
age samples, 9 pooled duck fecal samples of Anas platirhyncos and
8 of Cairina moschata, 14 seagull samples of Larus michahellis and
11 of Larus audouinii, 2 feline parvovirus attenuated vaccines (Fe-
locell 4 [Pfizer] and PureVax RcPch FelV), 1 canine parvovirus
attenuated vaccine (Eurican CHPPI2-LR), and porcine parvovi-
rus viral particles obtained by cell culturing. Raw hospital sewage
samples containing exclusively human fecal/urine contamination
and serum samples containing human parvovirus B19 were also
tested. None of the samples tested provided amplification with
any of the assays developed.

ChPV/TuPV were detected in 73% of pooled chicken stool
samples from the different geographical areas tested, with a mean
value of 9.07 � 108 genome copies (GC)/g. No differences in the
percentages of positive samples attributable to the number of an-
imals represented in the pooled samples or to the geographic ori-
gin were observed. The viruses were also detected in turkey and
partridge feces. All chicken slaughterhouse raw wastewater sam-
ples and 80%of slaughterhouse treatedwastewater tested positive.
The mean concentration of the virus in raw wastewater obtained
from the slaughterhouse was 4.63 � 105 GC/ml. Forty-four per-
cent of downstream raw urban sewage samples and 75% of the
biosolids produced in this STP tested positive, withmean values of
2.65 � 102 GC/ml and 1.29 � 105 GC/g, respectively. Interest-
ingly, none of the samples collected in a STP in an area that was
not identified as receiving effluent from the poultry industry
tested positive by the assays developed here (Tables 2 and 3).

Nucleotide sequences were obtained from VP1/VP2 nPCR as-
say amplicons and compared to sequences already available in
GenBank (6). Intrasample variability ranging from 96.4 to 100%
was observed by cloning one of the amplicons obtained and study-
ing the sequences of 9 clones.

Phylogenetic analysis showed that the sequence grouping
could not be associated with geographical origin or sample type.
All sequences studied were similar to previously reported se-
quences, with similarity values ranging between 85 and 100% (Ta-
ble 4).

The assays designed here have proved to be useful for the spe-
cific detection and quantification of poultry fecal contamination,
for evaluating their dissemination within the environment, and
for discriminating poultry pollution from many other sources of
fecal contamination potentially present in urban wastewater. Fur-
ther studies for determining the presence of ChPV/TuPV in envi-
ronmental samples susceptible of receiving poultry contamina-
tion via polluted water or as a consequence of the application of
polluted biosolids may be conducted by applying the tools devel-
oped here.

TABLE 2 Detection of chicken/turkey parvoviruses in avian feces and in
environmental samples by nPCR of the NS region

Source of sample

No. of positive
samples/total
no. of samples % positive

Chicken feces 22/30 73
Catalonia 8/10 80
Basque Country 2/7 29
Greece 6/7 86
Hungary 6/6 100

Hen feces 5/7 72
Turkey feces 3/3 100
Partridge feces 1/2 50
Duck feces 0/17 0
Seagull feces 0/25 0
Chicken slaughterhouse raw

wastewater
5/5 100

Chicken slaughterhouse treated
wastewater

4/5 40

Urban raw wastewater with poultry
industry affluents

4/9 44

Urban raw wastewater without
poultry industry affluents

0/11 0

Urban treated wastewater 0/5 0
Urban biosolids 3/4 7

TABLE 3 Quantification of chicken/turkey parvoviruses in different types of environmental samples

Type of sample No. of samples % positive Mean value Range

Chicken feces 21 81 9.07 � 108 GC/g 1.97 � 102–1.07 � 1010 GC/g
Slaughterhouse raw wastewater 3 100 4.63 � 105 GC/ml 1.90 � 105–8.14 � 105 GC/ml
Urban raw wastewater 2 50 2.65 � 102 GC/ml 2.65 � 102 GC/ml
Urban biosolids 2 100 1.29 � 105 GC/g 1.07 � 105–1.51 � 105 GC/g
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TABLE 4 Typification and diversity of the chicken/turkey parvovirus strains identified by sequencing the amplicons obtained from the analyzed
samples

Sample (GenBank accession no.) Type of sample Geographic origin Genomic regiona % similarity to indicated virusb (geographic origin)

CT-Par1 (JX434399) Turkey feces Catalonia NS 97, TuPV 1078 (USA)
CT-Par2 (JX434400) Chicken feces Catalonia NS 95, TuPV 260 (USA)
CT-Par3 (JX434401) Chicken feces Catalonia NS 95, TuPV 260 (USA)
CT-Par4 (JX434402) Chicken feces Catalonia NS 95, TuPV 260 (USA)
CT-Par5 (JX434403) Slaughterhouse sewage Catalonia NS 97, TuPV 260 (USA); 96, ChPV ABU-P1 (Hungary)
CT-Par6 (JX434404) Slaughterhouse sewage Catalonia NS 96, TuPV 260 (USA); 96, ChPV ABU-P1 (Hungary)
CT-Par7 (JX434405) Slaughterhouse sewage Catalonia NS 98, ChPVABU-P1 (Hungary); 97, TuPV 260 (USA)
CT-Par8 (JX434406) Slaughterhouse sewage Catalonia NS 94, TuPV 260 (USA); 93, ChPV ABU-P1 (Hungary)
CT-Par9 (JX434407) Urban sewage Catalonia NS 97, ChPVABU-P1 (Hungary); 97, TuPV 260 (USA)
CT-Par10 (JX434408) Urban sewage Catalonia NS 98, ChPVABU-P1 (Hungary); 97, TuPV 260 (USA)
CT-Par11 (JX434409) Urban sewage Catalonia NS 98, ChPVABU-P1 (Hungary); 97, TuPV 260 (USA)
CT-Par12 (JX434410) Chicken feces Hungary NS 94, TuPV 260 (USA); 94, ChPV ABU-P1 (Hungary)
CT-Par13 (JX434411) Chicken feces Hungary NS 93, TuPV 260 (USA); 92, ChPV ABU-P1 (Hungary)
CT-Par14 (JX434412) Chicken feces Hungary NS 94, TuPV 260 (USA); 93, ChPV ABU-P1 (Hungary)
CT-Par1 (JX434386) Turkey feces Catalonia V1/VP2 98, TuPV 1078 (USA)
CT-Par7 (JX434387) Chicken feces Catalonia VP1/VP2 97, TuPV 260 (USA); 97, ChPV ABU-P1 (Hungary)
CT-Par8 (JX434388) Chicken feces Catalonia VP1/VP2 95, TuPV 260 (USA); 95, ChPV ABU-P1 (Hungary)
CT-Par9 (JX434389) Chicken feces Catalonia VP1/VP2 94, TuPV 260 (USA); 94, ChPV ABU-P1 (Hungary)
CT-Par10 (JX434390) Chicken feces Catalonia VP1/VP2 95, TuPV 260 (USA); 95, ChPV ABU-P1 (Hungary)
CT-Par11 (JX434391) Chicken feces Catalonia VP1/VP2 95, TuPV 260 (USA); 95, ChPV ABU-P1 (Hungary)
CT-Par12 (JX434392) Slaughterhouse sewage Catalonia VP1/VP2 98, ChPVABU-P1 (Hungary)
CT-Par14 (JX434393) Slaughterhouse sewage Catalonia VP1/VP2 99, ChPV ABU-P1 (Hungary)
CT-Par15 (JX434394) Chicken feces Basque Country VP1/VP2 99, ChPV ABU-P1 (Hungary)
CT-Par16 (JX434395) Chicken feces Basque Country VP1/VP2 99, ChPV ABU-P1 (Hungary)
CT-Par17 (JX434396) Chicken feces Greece VP1/VP2 99, ChPV ABU-P1 (Hungary)
CT-Par18 (JX434397) Chicken feces Greece VP1/VP2 99, ChPV ABU-P1 (Hungary)
CT-Par19 (JX434398) Chicken feces Hungary VP1/VP2 100, ChPV ABU-P1 (Hungary)
a NS, nonstructural protein; VP1, virion protein 1; VP2, virion protein 2.
b ChPVABU-P1, chicken parvovirus ABU-P1 (GenBank accession number GU214704.1); TuPV 260, turkey parvovirus 260 (GU214706.1); TuPV 1078, turkey parvovirus 1078
(GU214705.1).
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Analysis of the evolution in the circulation of HAV and HEV

in Eastern Spain by testing urban sewage samples

Jesus Rodriguez-Manzano, Marize Miagostovich, Ayalkibet Hundesa,
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The aim of the study was to analyse the evolution of the prevalence of HAV and HEV in the

population of eastern Spain by analysing the viruses excreted in urban sewage. Raw urban

sewage samples were collected and analysed during several years using RT-PCR techniques and

sequencing analysis. Two limiting regions were analysed, one of them having implemented HAV

vaccination programs. Acute symptomatic HEV cases were also examined. Results were

compared with those from previous studies in the area using identical methodology. The

percentage of positive HAV samples in urban sewage fell from 57.4% to 3.1% in 5–10 years in the

two studied areas in Spain. Around 30% of the urban sewage samples were positive for HEV in

the absence of agricultural sources of contamination. HEV RNA was also detected in four clinical

cases of acute hepatitis. The dramatic reduction in the presence of HAV in raw urban sewage

observed in eastern Spain could be most likely related to the general improvement in sanitation.

However, these improvements would not have an equivalent effect on the circulation of HEV and

this observation could be explained by the presence of animal reservoirs for HEV, which act as

external sources of infections.

Key words | acute hepatitis, HAV, HEV, sanitation, vaccination, wastewater

ABBREVIATIONS

BLAST Basic Local Alignment Search Tool

DNA Deoxyribonucleic acid

EIA Enzyme immunoassay

EMEM Eagle’s minimum essential medium

FDA Food and Drug Administration

GC Genomic copies

HAdV Human adenovirus

HAV Hepatitis A virus

HBeAg Hepatitis B e-antigen

HBsAg Hepatitis B surface antigen

HCV Hepatitis C virus

HEV Hepatitis E virus

IgG Immunoglobulin G

IgM Immunoglobulin M

NAs Nucleic acids

NCBI National Center for Biotechnology

NE Northeast

NJ Neighbour joining
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Short reportNewly described human polyomaviruses Merkel 
Cell, KI and WU are present in urban sewage and 
may represent potential environmental 
contaminants
Sílvia Bofill-Mas*, Jesus Rodriguez-Manzano, Byron Calgua, Anna Carratala and Rosina Girones

Abstract
Recently, three new polyomaviruses (KI, WU and Merkel cell polyomavirus) have been reported to infect humans. It has 

also been suggested that lymphotropic polyomavirus, a virus of simian origin, infects humans. KI and WU 

polyomaviruses have been detected mainly in specimens from the respiratory tract while Merkel cell polyomavirus has 

been described in a very high percentage of Merkel cell carcinomas. The distribution, excretion level and transmission 

routes of these viruses remain unknown.

Here we analyzed the presence and characteristics of newly described human polyomaviruses in urban sewage and 

river water in order to assess the excretion level and the potential role of water as a route of transmission of these 

viruses. Nested-PCR assays were designed for the sensitive detection of the viruses studied and the amplicons 

obtained were confirmed by sequencing analysis. The viruses were concentrated following a methodology previously 

developed for the detection of JC and BK human polyomaviruses in environmental samples. JC polyomavirus and 

human adenoviruses were used as markers of human contamination in the samples. Merkel cell polyomavirus was 

detected in 7/8 urban sewage samples collected and in 2/7 river water samples. Also one urine sample from a 

pregnant woman, out of 4 samples analyzed, was positive for this virus. KI and WU polyomaviruses were identified in 1/

8 and 2/8 sewage samples respectively. The viral strains detected were highly homologous with other strains reported 

from several other geographical areas. Lymphotropic polyomavirus was not detected in any of the 13 sewage neither 

in 9 biosolid/sludge samples analyzed.

This is the first description of a virus isolated from sewage and river water with a strong association with cancer. Our 

data indicate that the Merkel cell polyomavirus is prevalent in the population and that it may be disseminated through 

the fecal/urine contamination of water. The procedure developed may constitute a useful tool for studying the 

excreted strains, prevalence and transmission of these recently described polyomaviruses.

Findings

Human polyomaviruses JC and BK (JCPyV and BKPyV)

are two members of the Polyomaviridae family that per-

sistently infect humans and cause disease in immuno-

compromised individuals. These viruses have been

potentially implicated in certain cancers [1,2]. Both respi-

ratory and oral routes have been postulated for their

transmission [3-5]. A high frequency of excretion of

JCPyV and BKPyV has been reported, and both viruses

have been detected in urban sewage from various geo-

graphical areas [6,7]. This observation indicates that they

could be transmitted by water or food.

In 2007 and 2008, three new polyomaviruses, KI WU

and Merkel cell polyomavirus (KIPyV, WUPyV and

MCPyV), were reported in humans [8-10]. KIPyV and

WUPyV have been detected mainly in respiratory tract

specimens from children and also immunocompromised

individuals. In 4 continents these viruses showed equiva-

lent prevalence and highly conserved nucleotide

sequences. KIPyV and WUPyV have also been co-

detected with other viruses in patients with respiratory
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1 Department of Microbiology, Faculty of Biology, Universitat de Barcelona, Av. 

Diagonal 645, 08028 Barcelona, Spain
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a b s t r a c t

Pollutionofwater by sewage and run-off from farmsproduces a serious public healthproblem

in many countries. Viruses, along with bacteria and protozoa in the intestine or in urine are

shed and transported through the sewer system. Even in highly industrialized countries,

pathogens, including viruses, are prevalent throughout the environment. Molecularmethods

are used to monitor viral, bacterial, and protozoan pathogens, and to track pathogen- and

source-specific markers in the environment. Molecular techniques, specifically polymerase

chain reaction-basedmethods, provide sensitive, rapid, and quantitative analytical toolswith

which to study suchpathogens, includingneworemerging strains. These techniquesareused

to evaluate the microbiological quality of food and water, and to assess the efficiency of virus

removal in drinking andwastewater treatment plants. The range ofmethods available for the

application of molecular techniques has increased, and the costs involved have fallen. These

developments have allowed the potential standardization and automation of certain tech-

niques. In some cases they facilitate the identification, genotyping, enumeration, viability

assessment, and source-tracking of human and animal contamination. Additionally, recent

improvements in detection technologies have allowed the simultaneous detection ofmultiple

targets in a single assay. However, themolecular techniques available today and those under

development require further refinement in order to be standardized and applicable to

a diversity of matrices. Water disinfection treatments may have an effect on the viability of

pathogens and the numbers obtained by molecular techniques may overestimate the quan-

tification of infectious microorganisms. The pros and cons of molecular techniques for the

detection and quantification of pathogens in water are discussed.

ª 2010 Elsevier Ltd. All rights reserved.

Abbreviations: MST, microbial source-tracking; HAdV, human adenoviruses; HAV, hepatitis A virus; HEV, hepatitis E virus; JCPyV,
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Occurrence of water-borne enteric viruses in two

settlements based in Eastern Chad: analysis of hepatitis E

virus, hepatitis A virus and human adenovirus in water

sources

Laura Guerrero-Latorre, Anna Carratala, Jesus Rodriguez-Manzano,

Byron Calgua, Ayalkibet Hundesa and Rosina Girones

ABSTRACT

Hepatitis E virus (HEV) is a common cause of water-borne acute hepatitis in areas with poor

sanitation. In 2004 an outbreak of HEV infection affected around 2,000 people in Eastern Chad (Dar

Sila). This paper describes the decrease in the incidence of acute jaundice syndrome (AJS) from 2004

until 2009 when a mean incidence of 0.48 cases/1,000 people/year was recorded in the region.

Outbreaks of AJS were identified in some of the camps in 2007 and 2008. Moreover, water samples

from drinking water sources were screened for human adenoviruses considered as viral indicators

and for hepatitis A virus and HEV. Screening of faecal samples from donkeys for HEV gave negative

results. Some of the samples were also analysed for faecal coliforms showing values before

disinfection treatment between 3 and>50 colony forming units per 100 mL. All water samples tested

were negative for HEV and HAV; however, the presence of low levels of human adenoviruses in 4 out

of 16 samples analysed indicates possible human faecal contamination of groundwater.

Consequently, breakdowns in the treatment of drinking water and/or increased excretion of hepatitis

viruses, which could be related to the arrival of a new population, could spread future outbreaks

through drinking water.
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ABBREVIATIONS

AJS acute jaundice syndrome

EWARS Early Warning Alert and Response System

GC genomic copies

HAdV human adenoviruses

HAV hepatitis A Virus

HEV hepatitis E Virus

IDPs internally displaced persons

NCBI National Center for Biotechnology Information

nPCR nested PCR

ORF1 open reading frame 1

ORF2 open reading frame 2

PBS phosphate-buffered saline

PCR polymerase chain reaction

qPCR quantitative polymerase chain reaction

RT-PCR reverse transcription-PCR

SD standard deviation

UV ultraviolet

WaSH water, sanitation and hygiene

INTRODUCTION

Hepatitis E virus (HEV) and hepatitis A virus (HAV) are

small, non-enveloped viruses that contain positive sense
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Standard and new faecal indicators and pathogens in

sewage treatment plants, microbiological parameters

for improving the control of reclaimed water
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B. Calgua, A. Hundesa, L. Guerrero-Latorre, A. Carratala, M. Rusiñol

and R. Girones

ABSTRACT

This study involved collaboration between three centres with expertise in viruses, bacteria and

protozoa. The focus of the research was the study of the dissemination and removal of pathogens

and faecal indicators in two sewage treatment plants (STPs) using tertiary treatments. Samples were

collected over a period of 5 months through a sewage treatment processes. Analysis of the samples

revealed that the plants were not efficient at removing the faecal indicators and pathogens tested

during the study. From entry point (raw sewage) to effluent level (tertiary treatment effluent water),

the experimental results showed that the reduction ratios of human adenoviruses were 1.2 log10 in

STP1 and 1.9 log10 in STP2. Whereas for Giardia spp. and Cryptosporidium spp. the reduction ratios

were 2.3 log10 for both pathogens in STP1, and 3.0 and 1.7 log10 in STP2, respectively. Furthermore,

the presence of faecal indicators and pathogens at different sampling points was evaluated revealing

that the tested pathogens were present in reclaimed water. Human adenovirus and Arcobacter spp.

showed positive results in infectivity assays for most of the tertiary effluent water samples that

comply with current legislation in Spain (Real Decreto 1620/2007). The pathogens detected must be

evaluated using a risk assessment model, which will be essential for the development of improved

guidelines for the re-use of reclaimed water.
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INTRODUCTION

Numerous studies have documented the presence of enteric

pathogens in raw and treated sewage and, by using new mol-
ecular methods, new pathogens and potential indicators
have also been described (Girones et al. ). Most patho-

gens found in environmental waters (rivers, lakes,
seawater and groundwater) originate from contamination
with sewage or directly with human or animal excreta.

Although most pathogens can be removed by sewage
treatment, many are discharged into the effluent and enter
receiving waters, allowing their transmission through

contaminated water. Many regions face water supply chal-
lenges due to water scarcity resulting in an increased need
for water re-use and for ways to solve water resource
issues or create new sources of good quality water supplies.

Classic microbiological indicators such as faecal coli-

forms, Escherichia coli and enterococci are the most
commonly analysed indicators used to evaluate the level of
faecal contamination. However, whether these bacteria are

suitable indicators of the occurrence and concentration of
human viruses and protozoa cysts has been questioned
(Lipp et al. ; Tree et al. ; Wéry et al. ). Compared

to viral or protozoan pathogens, indicator bacteria are more
sensitive to inactivation through treatment processes and
exposure to sunlight (Hurst et al. ; Sinclair et al. ).
Other limitations have been associatedwith their application:
short survival compared to pathogens (McFeters et al. ),
non-exclusive faecal source (Scott et al. ; Simpson et al.
), ability to multiply in some environments

1 © IWA Publishing 2012 Water Science & Technology | in press | 2012
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