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Abstract

Background: Human adenoviruses (HAdVs) are the second-leading cause of childhood gastroenteritis worldwide.
This virus is commonly found in environmental waters and is very resistant to water disinfection and environmental
stressors, especially UV light inactivation. Molecular techniques, such as PCR-based methods (Polymerase Chain
Reaction), are commonly used to detect and identify viral contamination in water, although PCR alone does not
allow the discrimination between infectious and non-infectious viral particles. A combination of cell culture and
PCR has allowed detection of infectious viruses that grow slowly or fail to produce cytopathic effects (CPE) in cell
culture. This study aimed to assess the integrity and viability of human adenovirus (HAdV) in environmental water
and evaluate circulating strains by molecular characterization in three sites of the water supply in Florianópolis,
Santa Catarina Island, Brazil: Peri Lagoon water, spring source water, and water from the public water supply
system.

Methods: Water samples were collected, concentrated and HAdV quantified by real-time PCR. Viral integrity was
evaluated by enzymatic assay (DNase I) and infectivity by plaque assay (PA) and integrated cell culture using
transcribed mRNA (ICC-RT-qPCR). Samples containing particles of infectious HAdV were selected for sequencing and
molecular characterization.

Results: The analyzed sites contained 83, 66 and 58% undamaged HAdV particles (defined as those in which the
genetic material is protected by the viral capsid) at Peri Lagoon, spring source water and public supply system
water, respectively. Of these, 66% of the particles (by PA) and 75% (by ICC-RT-qPCR) HAdV were shown to be
infectious, due to being undamaged in Peri Lagoon, 33% (by PA) and 58% (by ICC-RT-qPCR) in spring source water
and 8% (by PA) and 25% (by ICC-RT-qPCR) in the public water supply system. ICC-RT-qPCR, a very sensitive and
rapid technique, was able to detect as low as 1 × 102 HAdV genome copies per milliliter of infectious viral particles
in the environmental water samples. The molecular characterization studies indicated that HAdV-2 was the
prevalent serotype.

Conclusions: These results indicate a lack of proper public health measures. We suggest that HAdV can be
efficiently used as a marker of environmental and drinking water contamination and ICC-RT-qPCR demonstrated
greater sensitivity and speed of detection of infectious viral particles compared to PA.
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Background
Waterborne viral infection is one of the most important
causes of human morbidity, and related diseases continue
to have public health and socioeconomic implications
worldwide. According to existing reports in the literature,
there are hundreds of different types of human viruses
present in human sewage, which, if improperly treated,
can become a source of contamination in drinking and
recreational water [1].
Human adenoviruses (HAdVs) are the second-leading

cause of childhood gastroenteritis worldwide. This virus
is commonly found in environmental waters and is very
resistant to water disinfection and environmental
stressors, especially UV light inactivation [2-4]. Along
with other pathogens, HAdV is on the USEPA (United
States Environmental Protection Agency) candidate con-
taminants list [5] as they are important human patho-
gens that can be transmitted by water consumption and
water spray (aerosols).
Molecular techniques, such as PCR-based methods

(Polymerase Chain Reaction), are commonly used to detect
and identify viral contamination in water, particularly those
viruses that do not multiply easily in cell culture [6]. The
concentration of PCR inhibitors in environmental water
samples and the ability of such techniques to detect naked
nucleic acids from non-infectious pathogens may represent
a limitation for the use of PCR as a detection tool. In
addition, PCR alone does not allow the discrimination
between infectious and non-infectious viral particles [7,8].
A combination of cell culture and PCR has allowed

detection of infectious viruses that grow slowly or fail
to produce cytopathic effects (CPE) in cell culture
[6]. Integrated cell culture PCR (ICC-PCR) has the
benefits of cell culture and PCR and attempts to
compensate for several cell culture disadvantages,
such as its time-consuming nature and limited detec-
tion sensitivity [9].
Figure 1 Viral recovery in water samples: Average viral recovery in w
charged membrane elution method) and viral detection test sensitivi
However, this method has a disadvantage in that de-
tection of nucleic acids of inactivated viruses from envir-
onmental samples adsorbed onto cell receptors without
cell infection can result in false positives [10]. Therefore,
it is necessary to confirm infectious viruses by assaying
infection of the permissive cells and subsequent tran-
scription of viral mRNA. Thus, the detection of viral
mRNA in cell culture indicates the presence of infec-
tious viral particles [11].
Plaque assay is another method that can be used to

infer the ability of viruses to infect and cause lysis in a
cell monolayer [12]. Enzymatic assays can also be used
to check the integrity of the viral capsid by using DNase
or RNase nucleases. Genetic material that is not
protected by a viral capsid will be degraded by these nu-
cleases [6].
In this study, we aimed to assess the integrity and viability

of human adenovirus (HAdV) detected in environmental
water samples and also to use molecular characterization
to evaluate circulating strains.

Results
Viral recovery assay
The efficiency of the viral recovery using the concentra-
tion method described by Katayama et al. (2002) [13]
was measured. When analyzing the samples from all
sites (1, 2, and 3), the recovery rate was approximately
10%, as evaluated with both PFU and GC units. The PA
value (PFU/mL) equivalence, when compared to ICC-
RT-qPCR values (GC/mL) immediately after the con-
centration of water samples and after a series of decimal
dilutions (100 to 10-8), is shown in Figure 1. The average
equivalence of a PFU unit for GC was 3.4 logs, which
means that 102 PFU is equivalent to 105 GC. This propor-
tionality was confirmed via statistical testing (Linear
Regression test) conducted with GraphPad Prism version
5.0 (USA).
ater samples (through filtration, concentration, and a negatively
ty, as measured by ICC-RT-qPCR assay and PA.
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The ICC-RT-qPCR assay was more sensitive than the
PA in the detection of HAdV, demonstrating a detection
limit of 1×102 GC/mL (decimal dilution 10-7), while the
PA had a detection limit of 1×101 PFU/mL (decimal
dilution 10-3) (Figure 1).

Viral integrity and viability/infectivity in water samples
Twenty-five of 36 (69.5%) samples contained undamaged
HAdV particles and 19/36 (52.7%) contained infectious
HAdV particles. The rate (%) and the mean quantifica-
tion of the undamaged and infectious HAdV particles,
per site, are listed in Table 1.
All positive sites (1, 2, and 3) samples contained un-

damaged and infectious viral particles. Not all samples
with undamaged virus particles were shown to be infec-
tious, but this difference was not statistically significant
(P > 0.05, ANOVA in GraphPad). The ICC-RT-qPCR
was more sensitive than the PA for detecting infectious
particles in environmental water samples (Table 1 and
Figure 2 (a, b, c)).
The results indicate that 10 of 12 lagoon water (site 1)

samples contained undamaged viral particles. These all
contained infectious particles detectable by ICC-RT-
qPCR and 8 samples contained infectious particles de-
tectable by PA. In addition, 7 of 12 source water (site 2)
samples contained undamaged viral particles. Of these,
only 3 samples contained infectious particles detectable
by ICC-RT-qPCR and 1 sample contained particles de-
tectable by PA. Lastly, 8 of 12 public supply system
water (site 3) samples contained undamaged viral parti-
cles. Of these, 7 contained infectious particles detectable
by ICC-RT-qPCR and 4 contained infectious particles
detectable by PA. These results are presented in Figure 2
(a, b, and c).

Sequencing and molecular characterization
A total of 19 samples (10 from lagoon water, 3 from
spring source water, and 6 from public supply system
water) that contained infectious or undamaged HAdV
particles were sequenced for molecular characterization.
The obtained sequences were compared with the ones
already deposited in NCBI and presented 95-99%
Table 1 Mean of the undamaged and infectious HAdV particl

HAdV Lagoon water

Undamaged* 75.0 (9/12)

Infectious* 75.0 (9/12)

Infectious in ICC-RT-qPCR* 75.0 (9/12)

Infectious per PA* 66.0 (8/12)

Undamaged** 1.65 × 106

Infectious by ICC-RT-qPCR** 4.80 × 105

Infectious by PA*** 1.07 × 102

* Rate (%). ** Mean (GC/L). *** Mean (PFU/L).
identical to sequences of HAdV serotype 2 of subgroup
C. The resulting assembled phylogenetic tree is shown
in Figure 3.
When compared, the amino acid sequences of 12 sam-

ples contained an amino acid substitution. This has been
observed in the lagoon water samples (samples 1, 2, 3, 6,
7 and 11), the spring water samples (samples 3, 7 and 8)
and the public water supply system samples (samples 1,
6 and 7). The effect of these substitutions was evaluated
using the Phyre2 program, which indicated that the sub-
stitutions did not alter the secondary and tertiary struc-
tures of the HAdV hexon protein (data not shown).

Discussion
Adenoviruses are among the most studied groups of
potential viral indicators of water quality [1], This is due
to the huge number of viral particles that are consist-
ently found in environmental waters worldwide [4].
With that in mind, this study presents data on the integ-
rity, infectivity and molecular characterization of HAdV
in water samples (lagoon, spring source and public
supply system) collected over a period of 1 year from
Florianópolis, which is located in Southern Brazil.
In many countries, the water quality is evaluated

according to bacteriological standards, even though bac-
terial contamination is not correlated with the presence of
human enteric viruses [1]. The impact caused by water
contamination of enteric viruses has been less studied
than the impact caused by bacteria and protozoa. Due to
the high cost of equipment and laboratory reagents, it can
be difficult to detect viral agents in environmental sam-
ples, as they sometimes present in very low concentrations
in the sampled material or because some viruses are not
detectable in cell culture assays [14-17].
In this study, the filtration, concentration and elution

method using a negatively charged membrane was applied
to concentrate viruses from water samples. This method
has been described as a useful tool to recover enteric vi-
ruses from environmental samples and allows the detec-
tion of such viruses by molecular methods [18-23].
As already reported in the literature, it is important

to evaluate viral integrity (state of preservation of viral
es per site (n = 12)

Spring source water Public supply system water

58.0(7/12) 66.6 (8/12)

25.0 (3/12) 58.0 (7/12)

25.0 (3/12) 58.0 (7/12)

8.0 (1/12) 33.0 (4/12)

7.72 × 105 1.24 × 106

3.69 × 103 2.18 × 104

3.33 × 100 3.33 × 101



Figure 2 Undamaged and infectious HAdV particle: Average number of undamaged and infectious HAdV particle detected in water
samples: a) Lagoon water b) Spring source water, and c) Public supply system water. In black bar: undamaged particles; in gray bar:
infectious particle, measured by ICC-RT-qPCR assay, and in line: infectious particles, measured by (PA).
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particles, with undamaged particles being defined as
those in which the genetic material is protected by
viral capsid) [6] and infectivity, (ability of the virus to
replicate in permissive cells) [12], instead of only
evaluating the presence or absence of the viral genome.
Therefore, the processed samples were used to evalu-
ate viral integrity (via enzymatic assay with DNase I)
and infectivity (via PA and ICC-RT-qPCR-et) of HAdV
present in the collected water samples.
The majority of samples evaluated in this study

contained intact HAdV particles, but this result does not
mean that those particles were infectious, as factors such
as temperature, pH and UV radiation are known to cause
conformational changes in the viral capsid, resulting in



Figure 3 Phylogenetic tree inferred by analysis of sequences of HAdV: Phylogenetic tree inferred by analysis of sequences corresponding to
the region of HAdV obtained from the water lagoon, spring source and public supply system samples form from Florianopolis (underlined in
gray). The analyses were performed using maximum likelihood (based on Kimura 2 parameters with 500 replicates) with MEGA 5.0 software. The
sequences used for comparison were accessed from the NCBI GenBank (not underlined). A sequence of bovine adenovirus (BovAdV-7, GenBank
accession number AY288821) was used as an out group.
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loss of infectivity [3]. On the other hand, HAdV has the
ability to form aggregate particles in the water that protect
the individual viral particles from inactivating factors [24].
All the samples containing particles of infectious

HAdV detected by PA were also detected with ICC-RT-
qPCR, but the reverse was not true. ICC-RT-qPCR dem-
onstrated greater sensitivity and speed of detection
of infectious viral particles compared to PA. ICC-RT-
qPCR had a detection limit of 1×102 GC/mL at 24 h.
Specificity and sensitivity are also important aspects to
consider, as the ICC-RT-qPCR relies on mRNA and thus
avoids false negatives or positives [25,26].
The integrity of HAdV particles was positively corre-
lated with their infectiousness, as evaluated by ICC-RT-
qPCR, which corroborates other studies that have
reported that enzymatic techniques are a valuable alter-
native when making inferences about potential viral in-
fectivity, as they avoid laborious cell culture techniques
and not all viruses can replicate in cell culture [27].
HAdV serotypes that are responsible for gastroenteritis
are HAdV40 and 41 that are usually difficult to propa-
gate in cell culture, so the use of enzyme tests can infer
on viral infectivity, being a less laborious than tech-
niques in cell culture [28].
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Molecular and bioinformatics studies have both
demonstrated higher efficiency in characterization, as in
the discovery of new virus subtypes [29,30]. HAdV-2 is
commonly found throughout the world. The virus sub-
type causes diseases that affect the upper respiratory
tract, particularly in children [31,32]. The results of the
HAdV characterization performed in the present study,
by sequencing and molecular characterization, indicated
the prevalence of HAdV, serotype subgroup C in the
samples evaluated. The viruses that belong to HAdV
subgroup C (C1-C2-C5-C6, and C7) are known to cause
respiratory viral infections [33]. Our findings corrobor-
ate those of other studies that reported the prevalence
of HAdV-2 in the aquatic environment and in stool
samples [34-36]. Taken together, these studies and
others indicate that HAdV-2 is one of the serotypes
most commonly excreted by humans [37], suggesting
that this virus is intermittently excreted in the feces of
most individuals, even if they are asymptomatic [16].
Some substitutions in the HAdV amino acids sequences

were observed and analyzed in this work. Other recent
studies have observed substitutions of amino acids in
respiratory HAdV, suggesting that the substitutions are
related to respiratory-tissue viral tropism [38,39].

Conclusion
Fecal pollution of drinking water is a primary health
concern. The incidence of infectious HAdV in water
samples indicates a contamination of these sources with
human effluents. These results indicate a lack of proper
public health measures, justifying the urgent necessity of
adding methods for the detection, removal and inactiva-
tion of such viruses during the water treatment process.
Furthermore, we suggest that HAdV can be efficiently
used as a marker of environmental and drinking water
contamination.

Methods
Water samples
Two liters of surface water samples were collected
monthly for one year from three locations on
Florianópolis, the capital of the state and island of Santa
Catarina in Southern Brazil. A total of 36 samples were
collected. Site 1 (Peri Lagoon), samples were collected
from June 2010 to May 2011. This water source is used
by the local water company plant and provides potable
water for more than 100,000 inhabitants. Site 2 (spring
source water - untreated) was collected from February
2011 to January 2012. Site 3 (public supply system water -
spring source water chlorinated for human consumption)
was collected from February 2011 to January 2012. The
collective supply systems are controlled and regulated by
the Ordinance of the Federal Ministry of Health of Brazil
(MS 2914/2011) [40].
Viral concentration method
Sample concentration was performed as described by
Katayama et al. (2002) [13]. Briefly, this method consists
of filtration, concentration, and elution of viral particles
in water samples through a negatively-charged mem-
brane. The final sample was approximately 10 mL before
using a Centriprep Reconcentrated YM50® (Millipore),
resulting in a final volume of approximately 5 mL, after
centrifugation at 1,500 × g for 10 min at 4°C. The con-
centrated samples were stored at −80°C until further
analysis.

Genetic material extraction
The extraction of viral nucleic acid was performed using
a commercial RTP DNA/RNA Virus® II Mini Kit
(Invitek), according to the manufacturer's instructions.
Nucleic acid was eluted in a 60 μL elution buffer and
stored at −80°C until further analysis. A reverse tran-
scriptase (RT) reaction was performed to generate
cDNA from mRNA, using an RT enzyme and random
primers (Sensiscript RT Kit – QIAGEN®).

Real time quantitative PCR (qPCR)
Quantitative PCR was performed as described by
Hernroth et al. (2002) [41]. All amplifications were
done in a StepOne Plus® Real-Time PCR System (Applied
Biosystems). Each sample was analyzed in triplicate. For
each plate, four serial dilutions of standard were run in
triplicate for each assay and the genome copies (gc) were
measured. Ultra-pure water was used as the non-template
control for each assay.

Enzymatic assay
To infer the presence of undamaged viral particles,
HAdV-positive samples, as detected by qPCR, were
treated with DNase I, as described by Viancelli et al.
(2011) [42]. To verify potential inhibitors of DNAse I
present in the sample matrix, a known amount of previ-
ously inactivated HAdV-2 (1 h at 99°C and 30 min
under UV irradiation) was added in concentrated sam-
ples (previously HAdV-2 negative) of all sites and in
nuclease-free water (NFW), as a control. The reactions
were performed using 1 U of DNAse (sufficient quantity
to degrade 100% of DNA added), 1× buffer and 180 μL
of sample or NFW and incubated for 15 min at room
temperature, with the intention of degrading all free
genetic material. Then, the enzyme was inactivated with
EDTA 25 mM and incubated for 10 minutes at 65°C.
These treated samples/NFW were then subjected to nu-
cleic acid extraction and qPCR, as described previously.

Cell line
For virus viability assays of environmental water samples,
HAdV was propagated in a continuous line of A549 cells
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(permissive cells derived from human lung carcinoma
cells, European Collection of Cell Cultures). These cells
were kindly donated by Dr. Rosina Gironès from the
University of Barcelona, Spain.

Plaque assay (PA)
To infer the presence of infectious HAdV particles,
water samples were previously treated with 10 U/mL
penicillin, 10 μg/mL streptomycin and 0.025 μg/mL
amphotericin B. The treated samples were inoculated
(0.25 mL) at a non-cytotoxic dilution, in triplicate, in
A549 cells for the plaque assay, as described by
Cromeans et al. (2008) [43] and Rigotto et al. (2011)
[44]. The cells were incubated for 1 h at 37°C with rota-
tion every 15 min. The cells were then removed and
overlaid with 0.6% Bacto-agar (previously melted) in high
glucose DMEM 2X (high-glucose Dulbecco’s Modified
Eagle’s Medium) containing 4% FBS, 0.1 mM sodium
pyruvate, 10 U/mL penicillin, 10 μg/mL streptomycin and
26 mM MgCl2. The samples were then incubated at 37 °C
for 7 days. Then, the agar overlay was removed, and the
cells were stained with 20% Gram’s crystal violet and the
plaques counted macroscopically.

Integrated cell culture-RT-qPCR assay (ICC-RT-qPCR)
To quantify the number of infectious HAdV particles
present in the water samples, an ICC-RT-qPCR assay
(integrated cell culture – preceded by reverse transcript-
ase and qPCR) was conducted. The protocol was
adapted from Rigotto et al. (2005) [45] and Ko et al.
(2003) [11] and aims to access viral mRNA following
viral replication in cells.
Water samples, in a non-cytotoxic dilution, were inoc-

ulated in triplicate in A549 cells for the ICC-RT-qPCR
assay. After 1 h of incubation at 37°C with rotation every
15 min, the inoculum was removed and the cell layers
were overlaid with high-glucose Dulbecco’s Modified
Eagle’s Medium (DMEM) before being incubated at 37°C
for 24 h. After incubation as described previously, the
supernatant was recovered and 0.2 mL was used for gen-
etic material extraction, as described above. Immediately
after the extraction of the total nucleic acids, enzymatic
treatment, with DNase I, was conducted in order to de-
grade the DNA in the sample tested. Then a reverse
transcriptase reaction (RT) was used to generate cDNA
from viral mRNA. The quantification of infectious par-
ticles of HAdV was performed with qPCR, as described
above.

Viral recovery assay
For each site analyzed, to determine the efficiency of the
viral recovery by the concentration method, a known
concentration of HAdV was spiked into 2 L of each
water matrix (previously negative for HAdV by qPCR).
The samples were concentrated, and the viral recovery
was assessed by plaque assay (PA) and by integrated cell
culture-RT-qPCR (ICC-RT-qPCR), as described below.
To determine the equivalence of the PA viral quantifica-
tion to the ICC-RT-qPCR value, and also to confirm the
ability of these techniques to detect infectious HAdV in
each water matrix, decimal dilutions (100 to 10-8) of
concentrated seeded water samples were created and
analyzed.

Sequencing and molecular characterization
Samples containing particles of infectious HAdV were se-
lected for sequencing and molecular characterization. The
primers described by Allard et al. (1992) [46], directed to a
region of the viral genome coding for the capsid hexon
protein (18858–19158 bp position in HAdV genome)
common to all HAdVs, were used for PCR, generating
a product of approximately 300 bp. The amplicons
were purified with ExoSAP-IT (GE Healthcare UK Ltd,
Buckinghamshire, UK). Ultra-pure water was used as the
non-template control for each assay.
Sequencing was carried out in a 3130 Genetic Analyzer

with the Big Dye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems) and following the manufacturer’s
protocol. Each product was sequenced four times in both
directions. The quality of DNA sequences was checked
and overlapping fragments were assembled using the
BioEdit package 7.0.5 [47], and ContigExpress (InforMax,
Inc.). After the alignment, the sequences were compared
with the ones deposited in GenBank using the BLAST tool
[48] and the molecular characterization was conducted
with MEGA 5.0 software [49]. The homology analyses
(evolutionary history) were inferred by using the
Maximum Likelihood method based on the Kimura 2 -
parameter model and calculated using pairwise deletion.
Bootstrap was resampled as a test of phylogeny using 500
replications [50].

Statistical analyses
The statistical analyses were performed using GraphPad
Prism version 5.0 (USA). A Pearson correlation and
linear regression test, ANOVA test and Student’s t test
were performed (P < 0.05).
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Written informed consent was obtained from the patient
for publication of this report and any accompanying
images.
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