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Abstract
Human adenoviruses (HAdVs) are a major cause of infection and have been proposed as viral indicators of water quality. Human
noroviruses (NoV) are the main cause of viral acute gastroenteritis. Quantitative data on the environmental prevalence of both
viruses are needed. The genomes of HAdVs enteric adenovirus type 41 (HAdV41) and noroviruses of genogroups I and II (NoV
GGI and GGII) were quantified over a 6-month period in a river located in north-eastern France. The samples were collected
downstream from the discharge of a wastewater treatment plant. The viruses were concentrated using a glass wool method and
the viral genomes were quantified using digital droplet PCR (ddPCR). All river water samples (15/15) were positive for the
genomes of HAdVs, HAdV41, NoV GGI and NoV GGII. Concentrations of HAdVs, HAdV41 and NoV GII genomes were
similar and HAdV41 represented ~ 80% of HAdVs. Infectious HAdVs were quantified in these samples using an integrated cell
culture-quantitative PCR method (ICC-qPCR); they were detected in 93% (14/15) and quantified in 53% (8/15) of the samples.
Thus, infectious HAdVs represented 0.3 to 12.2% of total HAdV particles detected by ddPCR. Infectious HAdV41 particles were
found in 73% (11/15) of the samples. This common presence of pathogenic enteric viruses underlines the impact of wastewater
discharge on quality of surface waters and may constitute a threat for human health. The relative abundance of genome of
HAdV41 underlines the need for studies focusing on the specific detection of its infectious forms along water cycle.
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Introduction

Human adenoviruses (HAdVs) are a major cause of infections
which can be fatal for immunocompromised individuals.
They are associated with a wide range of clinical illnesses

including upper and lower respiratory diseases, conjunctivitis,
cystitis and gastroenteritis. All HAdVs are excreted in faeces
for an extended period of time even if diarrhoea is not present
(Mena and Gerba 2009; Rodríguez-Lázaro et al. 2012). A
recent study has shown the role of intestinal lymphocytes as
a reservoir for HAdV persistence and reactivation, whereas
the intestinal epithelium is the main site of viral proliferation
preceding dissemination in immunocompromised patients
(Kosulin et al. 2016). HAdVs are non-enveloped viruses
characterised by a double-stranded DNA genome. They be-
long to the family Adenoviridae of the genusMastadenovirus
and are divided into seven species (A to G). Ninety genotypes
are currently proposed by the Human Adenovirus Working
Group (hadvwg.gmu.edu; update July 2018).

HAdVs have been proposed as a viral indicator for water
quality (Bofill-Mas et al. 2010; La Rosa et al. 2010; Wyn-
Jones et al. 2011; Rusiñol et al. 2015; Rames et al. 2016;
Farkas et al. 2018). Indeed, these viruses reach at least the
six following criteria: (i) presence from wastewater to surface
water, (ii) lack of seasonality in wastewater, (iii) high resis-
tance to ultraviolet disinfection, (iv) higher abundance relative
to other enteric viruses, (v) availability of molecular methods
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and culture assays and (vi) human host specificity (Rames
et al. 2016). HAdVs seem to be highly persistent in the envi-
ronment and may reflect the behaviour of persistent enteric
viruses (Farkas et al. 2018). Eight viral types of HAdVs be-
longing to A, C and F species have been reported mainly in
water (Ogorzaly et al. 2015). The most prevalent HAdV type
detected in wastewater and surface water is enteric type 41
(HAdV41), which causes diarrhoea (Rames et al. 2016).
Thus, HAdV41 genome was detected in 92 to 96% of
wastewater samples posit ive for HAdVs in Italy
(Iaconelli et al. 2017a) and Japan (Haramoto et al. 2007),
and in 100% of the hospital wastewater samples in Tunisia
(Ibrahim et al. 2018). HAdV41 was also detected in 100%
of the wastewater samples positive for HAdVs in
Luxembourg (n = 8) with a relative abundance estimated
to more than 80% using next-generation sequencing
(Ogorzaly et al. 2015). This enteric type is also highly
prevalent in surface water; it was detected in 94 to 100%
of river water samples positive for HAdVs in Luxembourg
(Ogorzaly et al. 2015), Italy (La Rosa et al. 2017) and
Japan (Haramoto et al. 2007). HAdV41 represented 12 to
77% of overall HAdVs in lake samples collected at recre-
ational beaches in the USA (Xagoraraki et al. 2007). The
frequent presence of HAdV41 in recreational hot springs in
Taiwan has also been recently described (Shih et al. 2017).

Environmental data on HAdVs have been mainly ob-
tained using molecular methods only; this led to the ab-
sence of information about the infectious status of
HAdVs in environmental samples (Girones et al. 2010;
Ogorzaly et al. 2015). Various methods could be combined
with molecular methods to favour the detection of infec-
tious enteric viruses. Most of them are based on the in-
creased permeability of the capsid to intercalating dyes
such as ethidium monoazide (EMA) or propidium
monoazide (PMA) (Prevost et al. 2016). Intercalating dyes
may be useful for the discrimination between infectious
and non-infectious viruses such as HAdVs if the inactiva-
tion treatment alters the capsid with an increase in its per-
meability (Leifels et al. 2016). This approach could also be
applied for the monitoring of viruses for which cell culture
method could not be easily applied on environmental sam-
ples or does not exist yet (Prevost et al. 2016).

Infectious HAdVs can be quantified using cell culture
methods but long periods of time are required for HAdVs
to produce cytopathic effects (Rames et al. 2016). The in-
tegrated cell culture-quantitative polymerase chain reaction
(ICC-qPCR) approach combines cell culture with qPCR.
This approach does not require the observation of cyto-
pathic effects and allows the reduction of the incubation
period down to 1 to 3 days even for environmental samples
(Rodríguez et al. 2013; Fongaro et al. 2015; Ogorzaly et al.
2015). Two analytical approaches are described for HAdVs
based on the detection of either viral DNA (Greening et al.

2002) or viral mRNA (Ko et al. 2003) in host cells. Viral
DNA detection is easily performed, but it requires moni-
toring of the increase in initial genome copy numbers over
time thus reflecting viral replication upon infection
(Ogorzaly et al. 2013). The presence of viral mRNA in host
cells is evidence of viral infection, but mRNA detection
involves a reverse transcription step and an enzymatic di-
gestion of contaminating DNA, whose efficiency has to be
checked. Moreover, the variation in mRNA concentration
during the virus replication cycle and the susceptibility of
such molecules to degradation under some conditions re-
quire the use of housekeeping genes as cell-based positive
control for mRNA expression (Rodríguez et al. 2013).
Another technical aspect of major importance in the use
of the ICC-qPCR method for the detection of infectious
HAdVs in environmental samples concerns the cell line
used. Indeed, the 293 cell line, also called HEK293 or
Graham 293 (G293), seems to be the most suitable for
the detection of a wide diversity of HAdVs occurring in
water samples, especially HAdV41 (Ogorzaly et al. 2015).
A549 and BGM cell lines are also frequently used for the
detection of infectious HAdVs using ICC-qPCR approach
(Greening et al. 2002; Lee et al. 2004; Lee et al. 2005;
Wyn-Jones et al. 2011; Fongaro et al. 2013, 2015), but
their use may result in a lack of detection of enteric ade-
noviruses types 40 and 41 (Wyn-Jones et al. 2011). The
infection of permissive cells with serial dilutions of a
known HAdVs suspension in parallel with the sample al-
lows the quantification, and not only the detection, of in-
fectious HAdVs. Whereas the ICC-qPCR assay is currently
used for quantifying infectious HAdVs in laboratory
strains (Gerrity et al. 2008; Li et al. 2009; Ryu et al.
2015), very few studies have applied it for the quantifica-
tion of infectious HAdVs in environmental water samples
(Fongaro et al. 2013, 2015; Rodríguez et al. 2013).

Although river waters are commonly used for production
of drinking water or culture irrigation, data are still limited
concerning the concentrations of HAdVs in such samples.
The occurrence and concentrations of HAdVs have been com-
pared to those of other pathogenic enteric viruses (e.g.
noroviruses, enteroviruses) but mainly in wastewaters
(Rames et al. 2016). Moreover, data are lacking on the relative
abundance of infectious HAdVs. Comparison between
HAdVs and other pathogenic enteric viruses, in particular
noroviruses, in terms of total particles and data about concen-
trations of infectious HAdVs are needed for their evaluation as
viral indicators of water quality.

In this context, the present study aimed to improve the
knowledge about HAdVs in environmental samples. First,
the genomes from all types of HAdVs, enteric type
HAdV41, noroviruses (NoV) genogroups I (GGI) and NoV
genogroups II (GGII) were quantified in 15 river water sam-
ples in order to give elements in the evaluation of HAdVs as
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potential indicators of viral contamination. Second, a 1-day
ICC-qPCR assay allowing the quantification of infectious
HAdVs was applied on the same river samples. This method
allowed us to estimate the relative abundance of infectious
HAdVs among total HAdV particles. Third, the prevalence
of infectious HAdV41 was also investigated in these river
water samples.

Materials and methods

Cell line and virus

Human embryonic kidney cell line 293A (Thermo Fisher
Scientific, R705-07) was used in this study between passages
15 and 30. Cell line 293A is a sub-clone of 293 cells with a
rather flat morphologywhich strongly adheres to conventional
culture surfaces. They were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing a high glucose concen-
tration and Glutamax (Gibco). This medium was supplement-
ed with 5% of foetal bovine serum (FBS, Gibco) and 1% of
non-essential amino acids (NEAA, Gibco).

Human adenovirus type 2 (HAdV2; HPACC, NCPV#213)
was chosen since it is a common type in environmental water
samples and one of the most studied types in lab-scale exper-
iments. HAdV2 was propagated in 293A cells after 3 days of
culture. The culture medium was supplemented with 2% FBS
for HAdV2 replication. After 3 to 4 days, FBS was added at a
20% final concentration just before three freeze/thaw cycles.
A centrifugation (2000×g for 10 min) was then performed to
remove cell debris from the viral lysate. The supernatant was
supplemented with sterile glycerol at a 30% final concentra-
tion, aliquoted (1.2 mL) and stored at − 80 °C.

River water samples

Over a 6-month period (January–June 2016), a total of 15
river water samples (20 L) were collected in the Meurthe
River in Maxéville. The samples were collected down-
stream from the metropolitan wastewater treatment plant
(WWTP) (~ 250,000 inhabitants, Maxéville-Nancy)
(Fig. 1 in Supplementary Material). The wastewater treat-
ment is based on activated sludge followed by removal of
nitrogen and phosphorus. The metropolitan area is
equipped with rainwater collection systems with a reten-
tion capacity of 180,000 m3 to reduce the effect of heavy
rain events on the operation of the WWTP. The average
volume of treated wastewater discharged by the WWTP is ~
100,000 m3/day and the mean flow of this river ranges from ~
65.7 m3/s in January to ~30.6 m3/s in June (mean of data
collected from 1960 to 2018, http://www.hydro.eaufrance.fr/
stations/A6941020&procedure=synthese).

Quantification of infectious HAdVs in laboratory
strain using the most probable number assay

The most probable number (MPN) assay was performed to
determine the infectious titre of the laboratory strain that was
then used for the standard of the ICC-qPCR method. This
method is used for the quantification of infectious enteric vi-
ruses (Gassilloud et al. 2003; Ogorzaly et al. 2010; Brié et al.
2017). In our case, the MPN assay was performed in 96-well
microplaques using 293A cells. Fifty-microlitre portions of
successive logarithmic dilutions of each sample were added
to 200 μL of preparation containing 3 × 104 293A cells/mL in
DMEM containing 2% FBS. Each dilution was seeded in 40
wells. Plates were incubated in 5% CO2 at 37 °C for 11 days
and then examined for cytopathic effects. The number of wells
with cytopathic effects were counted and the most probable
number of cytopathic units (MPNCU) was calculated. The
final result of each sample analysed was expressed as the
geometric mean of the MPNCU per millilitre. The quantifica-
tion limit of this method is of 1.5 MPNCU/mL.

Virus concentration from river water samples

A glass wool method was used for virus concentration, as
previously described; this method is well adapted to the
detection of infectious HAdVs using cell culture methods
(Wyn-Jones et al. 2011; Ogorzaly et al. 2013). Briefly, river
samples (20 L) were acidified with 1 M HCl to pH 3.5 and
10 g of sterile glass wool was used for the filtration column.
When the entire sample had passed through the filter,
HAdVs were eluted from the glass wool by slow passage
of 200 mL 3% beef extract (w/v) at pH 9.5 in 0.05 M glycine
buffer. The eluate was flocculated by the addition of 1 M
HCl to pH 3.5. The protein floc, containing viruses, was
recovered by centrifugation (7000×g for 30 min) and dis-
solved to a final volume of 20-mL DMEM. The suspension
was passed through a combination of pre-filter (5 μm,
Sartorius Minisart) and membranes (1.2 and 0.45 μm,
Sartorius Minisart) before freezing at − 80 °C.

Genome extraction in river water concentrates

For the quantification of the viral genomes in the river water
concentrates, a 1-mL aliquot was mixed with 2 mL of lysis
buffer and incubated at room temperature for 10 min. The
sample was then mixed with 3 mL of phenol/chloroform/
isoamyl alcohol (24:5:1; Acros Organics) and centrifuged
(2000×g for 5 min). Viral DNA and RNA extraction was then
performed on the supernatant using a NucliSens Magnetic
extraction kit (bioMérieux). The elution step was carried out
with 100 μL of the appropriate buffer and the extracted
nucleic acids were immediately stored at − 80 °C. This kit is
well adapted for the extraction of viral genomes and can be
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easily combined to the phenol/chloroform/isoamyl alcohol
pre-treatment applied on the water concentrates.

Genome quantification in river water concentrates
using digital droplet PCR

The digital droplet PCR approach (ddPCR) was performed
for the quantification of the genomes of HAdVs, HAdV41,
NoV GGI, and NoV GGII in river water concentrates. For
HAdVs, the assay described by Hernroth et al. (2002)
using degenerated primers (AdF and AdR) and a TaqMan
probe (Ad/ACDEF) was used. This assay is based on the
amplification of the hexon gene and recognises most
HAdVs (Bofill-Mas et al. 2006). For HAdV41, the assay
based on the amplification of the fibre protein was de-
signed in our laboratory. The TaqMan MGB probe was
5′-FAM CTT CGC CTT CAA AGT GC-MGB NFQ-3′
( p o s i t i o n 30415–30431 on AdV41 s e quen c e ,
KY316161.1) and the primers were forward 5′-CGC CCC
ACT TAA TGC TGA CA-3′ (position 30387–30406), re-
verse primer 5′-TCC ACT AGT CCA AGA GGT GCA-3′
(position 30432–30452). Primer and probe sequences were
subsequently confirmed for specificity using BLAST. NoV
GGI and NoV GGII genomes were quantified using
primers and probes described in ISO/TS Standard 15216-
1:2013 (International Organisation for Standardisation
2013). Amplifications were performed in a 20-μL reaction
mixture containing 5 μL of template DNA for HAdVs and
HAdV41 or RNA for NoV GGI and GGII, and 15 μL of
ddPCR™ Supermix for Probes (Bio-Rad) for HAdVs and
HAdV41 and One-Step RT-ddPCR™ Kit for Probes (Bio-
Rad) for NoV GGI and GGII. The reaction mix contained
0.9 μM of each primer, 0.225 μM of probe for HAdVs and
0.3 μM of probe for NoV. The samples were placed in the
droplet generator using 70 μL of generator oil. The
resulting picolitre droplet emulsions (40 μL) were trans-
ferred to a Veriti 96-Well Thermal Cycler (Applied
Biosystems). Viral DNA amplification was performed
using the following conditions: 10 min hold at 95 °C, 40
cycles of 94 °C for 30 s then 55 °C for 60 s and finally, a
10-min hold at 98 °C with a ramp rate set at 70% between
each step. For viral RNA amplification, the reverse tran-
scription was performed with 60 min hold at 50 °C. After
amplification, the plate was transferred to QX100TM
Droplet Reader (Bio-Rad) using QuantaSoft™ Software
(Bio-Rad) to measure the number of positive and negative
droplets based on fluorescence amplitude. Each sample
was analysed undiluted and after a 10-fold dilution.
Negative and positive controls were included in each ex-
periment to ensure no contamination and good reproduc-
ibility of the extractions and PCR assays. The genome
concentrations obtained with this method were given in
genome copies (gc) per unit volume.

Quantification of infectious HAdVs using ICC-qPCR
method

For the ICC-qPCR assay, the river water samples were
analysed concomitantly with a 10-fold dilution series of the
laboratory strain HAdV2 used as standard in order to quantify
infectious HAdVs. The standard was made with concentra-
tions ranging from 105 to 10 MPNCU/mL. A 1-mL volume
of standard or river water sample was inoculated per well of
six-well plates (Nunc™) containing 2-day-old 293A cells,
with a growth area of 9.6 cm2. A negative control was includ-
ed in all our experiments, consisting in the inoculation of cells
with 1 mL of DMEM medium. After inoculation, plates were
incubated for 2 h at 37 °C with 5% CO2 for adsorption of viral
particles. Afterwards, the inoculum was removed, and the
cells were washed twice with 2 mL of DMEM. Finally,
2 mL of DMEM containing 2% of FBS and supplemented
with a 1% final concentration of an antibiotic-antimycotic
solution (10,000 units/mL of penicillin, 10,000 units/mL of
streptomycin and 25 μg/mL of amphotericin B; Gibco) were
added to each well. For the wells marked as T0, viral DNAwas
immediately extracted. The wells marked as T24h were incu-
bated at 37 °C with 5% CO2 for 1 day, before viral DNA
extraction which was performed using QIAamp viral RNA
mini kit (QIAGEN). This kit allows the extraction of viral
DNA in particular from infected cell cultures (Ogorzaly
et al. 2013, 2015). The culture medium was discarded from
eachwell by aspiration and the 293A cells—potentially infect-
ed by viruses—were covered with 1 mL of lysis buffer (AVL
buffer + Carrier RNA) for 15 min. Viral nucleic acids were
eluted in 100 μL of the appropriate buffer, according to man-
ufacturer’s instructions. The extracts were immediately stored
at − 80 °C. Quantification of the HAdV and HAdV41 ge-
nomes in the cell culture samples was performed by a generic
real-time PCR system using the same primers and probes as
those described for ddPCR. Amplifications were performed in
a 25-μL reaction mixture containing 10 μL of template DNA
and 15 μL of TaqMan Universal MasterMix (Applied
Biosystems) containing 0.9 μM of each primer and
0.225 μM of TaqMan probe. Temperature cycles were per-
formed in CFX96 Touch™ Real-Time PCR Detection
System (Bio-Rad). PCR amplification was performed at
95 °C for 10 min, followed by 45 cycles of 15 s at 95 °C
and 60 s at 55 °C. Negative and positive controls were includ-
ed in each experiment to ensure no contamination and good
reproducibility of the extractions and real-time PCR steps.
Samples were considered positive for infectious HAdVs if a
decrease in their quantification cycle (Cq) values was ob-
served between T0 and T24h. Three wells were used for each
dilution of the standard (one T0 and two T24h). For each envi-
ronmental sample, four wells were each infected with 1 mL of
concentrate (one T0 and three T24h). The concentrations ob-
tained with this method were given in equivalent most
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probable number of cytopathic unit (eqMPNCU) per millilitre.
The quantification limit of this method was determined prior
to the analysis of the river water samples.

Statistical analysis

The statistical analysis was performed using IBM SPSS
Statistics version 23.0 Software. A Wilcoxon signed rank
test, a Spearman rank correlation test and linear regression
tests were performed to compare the viral genome concen-
trations of HAdVs, HAdV41, NoV GGI and NoV GGII in
the river water concentrates.

Results

Quantification of viral genomes in the river water
samples

The pH and the temperature of the river water samples were
measured prior to virus concentration; the mean pH value was
8.2 ± 0.4 and the mean water temperature was 12.0 ± 3.5 °C.
The cumulative precipitation 2 days prior to sampling reached
4.1 ± 4.2 mm (Table 1 in Supplementary material).

Prior to the quantification of infectious HAdVs in the
river water samples, the genome concentrations of HAdVs
and HAdV41 were determined using ddPCR method
(Fig. 1). The 15 samples were positive for these two targets
with mean concentrations reaching 3.6 × 103 ± 4.4 ×
103 gc/L for HAdVs and 2.9 × 103 ± 2.9 × 103 gc/L for
HAdV41. The concentrations ranged from 1.1 × 102 gc/L
(sample 14 (S-14)) to 1.4 × 104 gc/L (S-11) for HAdVs and
from 1.3 × 102 gc/L (S-14) to 9 × 103 gc/L (S-9 and S-11)

for HAdV41. The genome concentrations of NoV GGI and
NoV GGII were also evaluated in these samples (Fig. 1).
The mean concentrations reached 6.1 × 102 ± 7.4 × 102 gc/
L for NoV GGI and 3.7 × 103 ± 3.2 × 103 gc/L for NoV
GGII. The lowest genome concentrations were systemati-
cally observed for NoV GGI (p value = 0.001, Wilcoxon
signed rank test). The genome concentrations obtained
with undiluted and 10-fold diluted samples suggested that
our ddPCR assays were not impacted by inhibitory sub-
stances. These samples had been collected between
January and June, but no difference in the concentration
was noticed between the winter and spring periods for any
virus. Similarly, no relation was observed between the cu-
mulative precipitation and the genome concentrations for
any virus.

In order to assess correlation between these viruses,
Spearman rank and linear regression analyses were per-
formed on these data (Table 2 in Supplementary material).
The strongest correlation was observed between HAdVs
and HAdV41 with an rs value of 0.943 (p value < 0.01)
and an R2 value of 0.94 (Fig. 2a). The comparison between
the genome concentrations of HAdVs and HAdV41 showed
that the enteric type HAdV41 represented ~ 80% of HAdVs
detected in these river water samples. A strong correlation
was also observed between NoV GGI and NoV GGII and
between HAdV41 and NoV GGII with rs values reaching
0.844 (p value < 0.01) and 0.808 (p value < 0.01), respec-
tively. Moreover, R2 values of 0.59 and 0.61 were found
between HAdV41 and NoV GGII (Fig. 2b) and between
NoV GGI and NoV GGII (Fig. 2c), respectively. The R2

value reached 0.50 between HAdVs and NoV GGII. These
results suggested an interrelation between NoV GGII and
HAdV41 in these river water samples.

Fig. 1 Genome concentrations of
HAdVs, HAdV41, NoV GGI and
NoV GGII in the river water
samples (n = 15) using ddPCR
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Validation of the ICC-qPCR assay on HAdV2
suspension

The ICC-qPCR assay was performed with 10-fold serial
dilutions of the HAdV2 laboratory strain (n = 17) ranging
from 105 to 10 MPNCU/mL which were tested in dupli-
cate in each assay. At T0, all samples were positive (i.e.
Cq value < 45) for concentrations ranging from 105 to
103 MPNCU/mL, whereas only four assays out of 17
were positive for 102 MPNCU/mL. For MPNCU/mL, all
tests were negative (i.e., Cq value ≥ 45) at T0 (data not
shown). The Cq value at T0 showed the quantity of
HAdVs bound to cells just after their inoculation.
Between T0 and T24h, a decrease in the Cq value was
not iced for concentrat ions ranging from 105 to
10 MPNCU/mL, reflecting the replication of viral DNA
in the host cells. When no infectious HAdVs were

inoculated onto the cells, samples were negative at T0
and T24h (data not shown). The Cq values obtained at
T24h were represented as a function of the concentration
of infectious HAdV2 inoculated onto cells (Fig. 3); a lin-
ear response was obtained from 105 to 10 MPNCU/mL.
The mean Cq values ranged from 17.3 (105 MPNCU/mL)
to 30.3 (10 MPNCU/mL). The slope of this ICC-qPCR
standard curve was − 3.32, with a squared correlation co-
efficient (R2) of 0.9981. A decrease in the Cq value was
observed between T0 and T24h in 15 assays out of 17 at a
concentration of 10 MPNCU/mL which evidenced that
this ICC-qPCR method allowed the quantification of in-
fectious HAdVs with a quantification limit of 10
eqMPNCU/mL. Thus, we could expect a quantification
limit of 10 eqMPNCU/L of river water.

The ICC-qPCR method was then compared to the MPN
method on the basis of HAdV2 suspensions exposed to

Fig. 2 Standard curve of the ICC-qPCR assay generated from the range of dilutions of HAdV2 (n = 17 × 2)
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different experimental conditions. A titration was performed
with both methods just after production for one suspension.
Concentrations of infectious HAdVs reached 1.1 ×
1010 eqMPNCU/mL and 4.5 × 109 MPNCU/mL with the ICC-
qPCR and MPN methods, respectively. Thus, the concentration
obtained with the ICC-qPCR method was twice that obtained
with the MPN assay. The titrations performed with two suspen-
sions after storage at − 80 °C for several weeks showed concen-
trations of 8.3 × 108 eqMPNCU/mL (suspension 1) and 1.5 ×
109 eqMPNCU/mL (suspension 2) using ICC-qPCR method
and of 6.9 × 108 MPNCU/mL (suspension 1) and 2.0 × 109

MPNCU/mL (suspension 2) using the MPN method. For these
two suspensions, the concentrations detectedwith the ICC-qPCR
method reached 120 and 75% of those observed with the MPN
method.

Quantification of infectious HAdVs in the river water
samples

Infectious HAdVswere then quantified in the 15 river samples
using the ICC-qPCR assay. From the Cq values obtained at T0
and T24h, 14 samples (93%) were considered as positive for
infectious HAdVs. Among them, eight samples (53%)
contained between 1.5 × 101 and 4.1 × 102 eqMPNCU/L and
the other six were below the quantification limit (Fig. 4).
When quantifiable, infectious HAdVs represented between
0.3 and 12.2% of total HAdVs.

Infectious HAdV41 could not be specifically quantified
using our ICC-qPCR assay since it was based on a standard
curve obtained with HAdV2. However, the quantification of
the HAdV41 genome in infected cells at T0h and T24h allowed

Fig. 4 Concentrations of HAdV
genomes and infectious HAdVs
in the river water samples (n = 15)
using ddPCR and ICC-qPCR,
respectively. Samples positive for
infectious HAdV41 are notified
with an asterisk. ND = not
detected. NQ = not quantified

Fig. 3 Relation between the concentrations ofaHAdVs andHAdV41,bNoVGGII andHAdV41, and cNoVGGII andNoVGGI in the 15 riverwater samples
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us to determine the number of samples positive for infectious
HAdV41. Thus, an increase in the concentration of HAdV41
genome was observed in infected cells between T0 and T24h
for 11 samples (73%); they were marked with an asterisk in
Fig. 4. Infectious HAdV41 particles were detected in the eight
samples in which infectious HAdVs were quantified and in
three out of the six samples containing infectious HAdVs
below the quantification limit.

Discussion

The present work aimed to contribute to the evaluation of
HAdVs as viral indicators of water quality. For this purpose,
comparison between the genome concentrations of human
NoV GGI and GGII, which are the main cause of viral acute
gastroenteritis, and HAdVs were performed in river water
samples characterised by a recent faecal contamination.
Infectious HAdVs were also quantified in our river water
samples using an ICC-qPCR method. Indeed, the detection
of viral genome in environmental samples does not provide
information about the infectivity (Girones et al. 2010), where-
as this information is still of major importance in the evalua-
tion of the human health risk.

The virus particles were concentrated from river water
using a glass wool method with pre-acidification. This con-
centration method was chosen due to the relatively high vol-
ume of river water analysed (20 L). Moreover, a mean recov-
ery of 57.1% (range 34.2–78.2%) (Wyn-Jones et al. 2011) has
previously been obtained with surface water samples includ-
ing samples from the same river than our study. This concen-
tration method has been previously shown to allow the detec-
tion of infectious HAdVs (Wyn-Jones et al. 2011; Ogorzaly
et al. 2013). Nevertheless, the pH range (pH 4–9) used in
primary concentration methods based on adsorption-elution
using electronegative or electropositive filters such as glass
wool method and also in concentration methods based on
organic flocculation and celite may interfere with the detection
of infectious viruses (Rames et al. 2016). Indeed, viral inacti-
vation and aggregation may occur with such concentration
methods (Rames et al. 2016; Gerba and Betancourt 2017).
Hollow fibre ultrafiltration (HFUF) is also adapted to large
volume samples and used for primary concentration, but en-
trapment of viruses on the filter surface and inhibition of mo-
lecular methods from the use of sodium polyphosphate have
been described with this method (Rames et al. 2016).

The genomes of HAdVs and HAdV41 were detected in all
15 river water samples and their concentrations ranged between
2 and 4 logs gc/L. Such a high proportion of positive samples is
in accordance with previous studies performed on the same
river (Ogorzaly et al. 2009, 2013); prevalence of HAdVs about
90% has also been reported in surface water in other countries
(Hamza et al. 2009; Garcia et al. 2012; Ye et al. 2012; Calgua

et al. 2013; Vieira et al. 2016; Farkas et al. 2018). The limitation
of our sampling campaign to 6 months, the exclusion of the fall
and early winter season and the lack of heavy rain or snow
event within the 2 days prior to sampling may have contributed
to the absence of strong variation between the viral genome
concentrations. In a recent study performed on the river Ruhr
(Germany) between July and September 2015, the authors ob-
served that enhanced precipitation in combination with an in-
creased flow rate were associated with an increase in the con-
centration of HAdVs (Mackowiak et al. 2018). HadVs are not
known to show seasonal differences in their excretion resulting
in lack of seasonality in raw wastewater (Rames et al. 2016). In
a study performed in the river Ruhr with 184 samples collected
between May 2012 and June 2013, no significant difference in
the percentage of positive samples for HAdVs genome was
observed between the bathing season (92.5%, n = 80) and out-
side the bathing season (88.5%, n = 104), suggesting a lack of
seasonality of this enteric virus (Timm et al. 2016).
Nevertheless, seasonal occurrence has been described in envi-
ronmental waters in some cases (Rames et al. 2016). The dis-
charge of treated wastewater from a large urban area (~ 250,000
inhabitants) upstream from the sampling site had probably con-
tributed to the high prevalence and concentrations observed in
our study. Overall, considerable variations in prevalence and
concentrations of HAdVs have been reported across studies.
Indeed, 16 to 100% of surface water samples have been previ-
ously shown to be positive for HAdVs with concentrations
ranging from 1 to 7 logs gc/L (Bofill-Mas et al. 2013;
Iaconelli et al. 2017a). The high proportion of the enteric type
HAdV41 (80%) observed in our river water samples is in ac-
cordance with the few studies performed on surface water
(Xagoraraki et al. 2007; Haramoto et al. 2007; Bofill-Mas
et al. 2010; Ogorzaly et al. 2015; La Rosa et al. 2017). The
use of the next-generation sequencing (NGS), technology
which seems to be the most relevant method to study the diver-
sity of HAdVs in environmental waters has recently shown that
HAdV41 was the most abundant type in complex environmen-
tal matrices with high concentrations of HAdVs such as waste-
water (Ogorzaly et al. 2015; Iaconelli et al. 2017b).

All 15 river water samples were also positive for the
genomes of NoV GGI and NoV GGII and the concentra-
tions of NoV GGII were similar to those observed for
HAdVs and HAdV41. In a recent study performed on
the Seine River (France), HAdVs, NoV GGI and NoV
GGII genomes have been detected in 93, 88 and 92% of
the samples (n = 100), respectively, and the impact of the
wastewater treatment plant effluents on the viral contam-
ination of the river has been clearly shown (Prevost et al.
2015). Overall, considerable variations between HAdVs
and NoV have also been reported across studies. Highly
different prevalence has been described in some studies
(Wyn-Jones et al. 2011; Corsi et al. 2014; Vieira et al.
2016), whereas similar prevalence has been reported in
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others (Kishida et al. 2012; Prevost et al. 2015; Iaconelli
et al. 2017a; Jones et al. 2017; La Rosa et al. 2017).
Differences in prevalence between sampling sites have
also been reported in the same study (Calgua et al.
2013). Studies comparing the persistence of viral RNA
and DNA are still needed (Bertrand et al. 2012), but sim-
ilar concentrations for HAdV and NoV GGII genomes
seem more likely to occur in case of a recent and/or high
viral contamination.

The ICC-qPCR method used in the present work allowed
the quantification of infectious HAdVs in 1 day with a sensi-
tivity of 10 MPNCU/L of river water. A linear relationship
between infectious dose and viral genome in infected cells at
T24h was observed between 105 and 10 MPNCU/L. A few
studies have quantified infectious HAdVs naturally occurring
in environmental waters and only a small part of them have
used the ICC-qPCR method in such a context. Two studies
carried out in Brazil have observed high concentrations of
infectious HAdVs in groundwater, surface water (i.e. lagoon)
and spring source water, but also in chlorinated water from a
network distribution system using ICC-RT-qPCR (Fongaro
et al. 2013, 2015). Thus, the authors have reported concentra-
tions ranging from 102 to 103 gc/L of infectious HAdVs in
60% (3/5) to 80% (4/5) of groundwater samples and from 102

to 105 gc/L of infectious HAdVs in 83% (5/6) of water sam-
ples from a network distribution system (post chlorination).
However, infectious HAdVs constituted ≤ 0.12% of total
HAdVs in all these samples (Fongaro et al. 2015). Using
ICC-RT-qPCR, Rodríguez et al. (2013) have detected infec-
tious HAdVs at concentrations ranging between 101 and 103

mRNA-infectious units/L in sewage (n = 4) in the USA. The
ratios between total and infectious HAdVs ranged from 11:1
to 26:1 for three samples containing HAdV-F species only.
One sample showed a ratio of 381:1 and contained HAdVs
belonging to A, E and F species. This meant that the first three
samples contained between 3.8 and 9.1% of infectious
HAdVs, whereas the last sample contained 0.2% of infectious
HAdVs. Our concentrations (101 to 103 eqMPNCU/L) and
percentages (0.3 to 12.2%) of infectious HAdVs were similar
to those observed in sewage (Rodríguez et al. 2013) but dif-
ferent from those detected by Fongaro et al. (2013, 2015). The
delay between viral contamination and sampling may
significantly impact the percentages of infectious HAdVs.
The cell lines may also contribute to these discrepancies
concerning the percentages of infectious HAdVs. Indeed,
Fongaro et al. (2013, 2015) have used A549 cells, whereas
Rodríguez et al. (2013) have used G293 cells. As discussed in
the introduction, several studies have shown that A549 cells
do not allow the detection of HAdV41 which is highly fre-
quent in environmental samples. In the present study, infec-
tious HAdV41 were found in 73% of the river water samples
(11/15). Two studies have described the detection or quantifi-
cation of infectious HAdV41 in environmental waters and

were performed on sewage. Infectious HAdV41 have been
detected in all sewage samples in Luxembourg (n = 4)
(Ogorzaly et al. 2015) and in the USA (n = 4) (Rodríguez
et al. 2013). Above, the possibility of an inactivation of virus
particles during the concentration step has been discussed.
Rames et al. (2016) have reported in their review a compari-
son of HAdVs concentrations in raw and treated wastewater
using culture-based and qPCR methods for different concen-
tration methods; the percentages of infectious HAdVs ranged
from < 0.01 to 10%. Thus, our percentages of infectious
HAdVs (0.3 to 12.2%) suggested that the glass wool method
does not impact more deeply the infectivity of virus particles
than polyethylene glycol (PEG) precipitation or ultracentrifu-
gation. Overall, further studies on concentration methods
adapted to large volume of surface water samples and consid-
ering both the recovery rates and the preservation of virus
infectivity are still needed. These studies should focus on
HAdV41. Intercalating dye treatment prior to qPCR, in par-
ticular EMA-qPCR, seems to be a valuablemethod to evaluate
capsid integrity in water matrices. It could be a rapid, relative-
ly inexpensive and easy to use tool in the evaluation of the
effect of concentration methods on the virus integrity (Leifels
et al. 2016; Prevost et al. 2016). For ICC-qPCR approach,
studies should take into account that specific cell lines such
as 293 should be used and that HAdV41 might have a longer
multiplication cycle than other HAdV types (Siqueira-Silva
et al. 2009).

Conclusions

Our work shows that not only HAdV genomes but also
infectious particles can be frequent in river water in
Europe. Indeed, infectious HAdVs reached more than 10
infectious particles per litre in more than 50% of the 15
samples. HAdV41 genome was highly predominant in these
river samples and a correlation between HAdV41 and NoV
GGII genomes was observed. The presence of these two
enteric viruses should be studied in relation with effluent
discharge in particular for rivers with a strong anthropic
pressure. Infectious HAdV41 was detected with a frequency
higher than 70%. This predominance of HAdV41 genome
over other HAdV types and the high prevalence of infec-
tious HAdV41 in environmental waters underline the need
for further studies focusing on the specific quantification of
infectious particles of HAdV41. Such data are needed to
improve the knowledge on this enteric type and its potential
as a viral indicator of water quality.
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