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Although clinical epidemiology lists human enteric viruses to be among the primary causes of acute gastroenteritis in the human
population, their circulation in the environment remains poorly investigated. These viruses are excreted by the human popula-
tion into sewers and may be released into rivers through the effluents of wastewater treatment plants (WWTPs). In order to eval-
uate the viral diversity and loads in WWTP effluents of the Paris, France, urban area, which includes about 9 million inhabitants
(approximately 15% of the French population), the seasonal occurrence of astroviruses and noroviruses in 100 WWTP effluent
samples was investigated over 1 year. The coupling of these measurements with a high-throughput sequencing approach allowed
the specific estimation of the diversity of human astroviruses (human astrovirus genotype 1 [HAstV-1], HAstV-2, HAstV-5, and
HAstV-6), 7 genotypes of noroviruses (NoVs) of genogroup I (NoV GI.1 to NoV GI.6 and NoV GI.8), and 16 genotypes of NoVs
of genogroup II (NoV GII.1 to NoV GIL.7, NoV GIL9, NoV GIIL12 to NoV GII.17, NoV GII.20, and NoV GII.21) in effluent sam-
ples. Comparison of the viral diversity in WWTP effluents to the viral diversity found by analysis of clinical data obtained
throughout France underlined the consistency between the identified genotypes. However, some genotypes were locally present
in effluents and were not found in the analysis of the clinical data. These findings could highlight an underestimation of the di-
versity of enteric viruses circulating in the human population. Consequently, analysis of WWTP effluents could allow the explo-
ration of viral diversity not only in environmental waters but also in a human population linked to a sewerage network in order

to better comprehend viral epidemiology and to forecast seasonal outbreaks.

he epidemiology of viral gastroenteritis is mainly evaluated

through the use of clinical data. However, clinical data provide
only a partial vision of the gastroenteritis viruses circulating in the
human population. Indeed, many viral infections do not require
specialized consultations or hospitalizations and so are not di-
rectly included in clinical statistics. As a consequence, these data
sets offer a limited view of the diversity and occurrence of enteric
viruses in the human population.

Human astroviruses (HAstVs) and noroviruses (NoVs) are
among the main causes of human acute gastroenteritis worldwide
(1, 2). HAstVs and NoVs are nonenveloped viruses and have a
positive-sense single-stranded RNA. The genome of HAstV is
composed of three open reading frames (ORFs), and ORF2, en-
coding the capsid protein precursor, allows discrimination of
eight genotypes of HAstV, HAstV-1 to HAstV-8 (3). The genome
of NoV is also composed of three ORFs, and genotyping based on
the genetic similarity of ORF2 and ORF3 allows discrimination of
9 genotypes of NoV genogroup I (NoV GI) and 22 genotypes of
NoV genogroup II (NoV GII), which are the most common geno-
groups associated with human infections.

HAstVs and NoVs are able to infect individuals of all ages and
cause a great variety of symptoms, such as vomiting, diarrhea,
nausea, abdominal pain, and dehydration (4, 5). A large quantity
of viral particles is excreted in the feces of infected people (6, 7),
and they are finally circulated through the wastewater network (8,
9). Viruses are generally not eliminated by wastewater treatment
plants (WWTPs), and as a consequence, they can be released into
rivers at noticeable levels (10-12). Consequently, we assume that
the viruses in WWTP effluents could represent the viruses circu-
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lating not only in environmental waters but also in the human
population.

Recent studies suggested the existence of a relationship be-
tween the viruses spread in a sewerage network and the health
status of the local population (12). In order to estimate this rela-
tionship, seasonal monitoring of the concentration and diversity
of HAstV, NoV GI, and NoV GII strains in WWTP effluents from
the Paris, France, urban area was performed over 1 year. The viral
diversity was assessed by a high-throughput sequencing approach
specifically targeting HAstV, NoV GI, and NoV GII. During the
same period, the HAstV and NoV genotypes present in fecal clin-
ical samples collected from locations throughout France were de-
termined by the French National Reference Centre for Enteric
Viruses. The two data sets were analyzed in order to expand the
evaluation of the diversity of the viruses circulating in the sick and
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healthy virus-infected human population through the evaluation
of domestic wastewater. The main goal of this study was to high-
light the applicability of monitoring enteric viruses in WWTP
effluents by a next-generation sequencing (NGS) strategy in order
to appreciate the diversity of viruses circulating in rivers as well as
to evaluate it in a consistent human population linked to a sewer-
age network.

MATERIALS AND METHODS

Sampling campaign. From May 2013 to May 2014, 4 major WWTPs in
the Paris, France, area were sampled in order to determine the concentra-
tion and the diversity of HAstV, NoV GI, and NoV IT in their effluents.
Samples of 10 liters were collected twice a month, and a total of 100
samples were collected: 24 samples in spring, 28 samples in summer,
24 samples in autumn, and 24 samples in winter. Each sample was stored
at 4°C for 24 h at the most before concentration of the viral particles.
These samples were collected from the WWTPs Seine-Amont (Valenton,
France), Seine Centre (Colombes, France), Seine-Aval (Achéres, France),
and Seine Grésillons (Triel-sur-Seine, France), which treat the wastewater
of 263 municipalities with about 9 million inhabitants (approximately
15% of the French population). These WWTPs are designed to eliminate
classical pollutants (carbon, nitrogenous compounds, and phosphorus)
using primary decantation and biological secondary treatment (details are
provided in reference 12). During the same period, 1,395 stool samples
were collected from 669 sporadic cases of gastroenteritis and 726 samples
were collected from 230 outbreaks of gastroenteritis by the National Ref-
erence Centre for Enteric Viruses in Dijon, France, as part of its routine
national monitoring.

Concentration of virus from wastewater samples. Effluent samples
were concentrated by three successive filtration/concentration steps as
described previously (13). Briefly, 10 liters of sample was filtered using
electropositive filters (NanoCeram virus samplers; Argonide, Sanford,
FL). The filters were then sonicated at 4°C for 1 h in an elution buffer
composed of 1% beef extract (desiccated Bacto beef extract; BD Biosci-
ence, Franklin Lakes, NJ), 0.05 M glycine (Merck, Darmstadt, Germany),
0.1% Tween 80 (Sigma-Aldrich, St. Louis, MO), and 0.1% sodium
polyphosphate (Sigma-Aldrich, St. Louis, MO) adjusted to pH 9.5. Then,
the viruses were eluted in an inverted flow. The pH was adjusted to 3.5,
virus flocculation was allowed to take place with slow magnetic agitation
for 1 h, and then the virus suspension was centrifuged at 4,000 X gat 4°C
for 2 h. The pellet was resuspended in 1X phosphate-buffered saline (pH
9) and ultracentrifuged on 1 ml of 40% sucrose at 150,000 X g at 4°C for
2 h. Finally, the pellet was resuspended in 1 ml of 40% sucrose. The mean
recovery rate by the global detection method in experiments with spiked
samples (3 experiments with 10 liters of surface water and 3 experiments
with 10 liters of WWTP effluents) ranged from 18 to 42% for an adeno-
virus type 5 LacZ AE1 AE3 strain (global control), 31 to 57% for HAstV-1,
40 to 68% for a genotype 4 strain of NoV GI (NoV GI.4), and 42 to 61% for
NoV GII.4. Endogenous viral contamination, measured before the sam-
ples were spiked, was insignificant compared to the concentration of the
spiking solutions and did not affect the estimation of recovery rates.

Extraction of viral nucleic acid from wastewater samples and stool
samples. For the effluent samples, viral nucleic acids from the resus-
pended pellets were extracted with a MagNA Pure compact extractor and
a MagNA Pure compact nucleic acid isolation kit [—large volume (Roche
Applied Science, Béle, Switzerland), which allows the processing of sam-
ples up to 1 ml, according to the manufacturer’s instructions. The ex-
tracted nucleic acids were immediately analyzed, and the remaining ma-
terial was stored at —80°C.

For the stool samples, viral nucleic acids were extracted from 20%
stool suspensions in phosphate-buffered saline using a NucliSENS Easy-
MAG platform (bioMérieux, Marcy I'’Etoile, France), according to the
manufacturer’s instructions.

Quantification of viral nucleic acid from wastewater samples. For
each effluent sample (n = 100), one-step reverse transcription-quantita-
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tive PCR (RT-qPCR) assays for HAstV, NoV GI, and NoV II were per-
formed in a reaction volume of 20 pl containing 5 pl of RNA, primers and
probes specific for each virus, and TagMan fast virus 1-step master mix
(Life Technologies, Carlsbad, CA) according to the manufacturer’s rec-
ommendations. These assays, primers, and probes were described previ-
ously (12). Each amplification run included a no-template control and a
positive amplification control based on the plasmid used to prepare the
standard curves. Results reported for each sample are means for duplicate
samples. The raw amplification data were collected with ViiA 7 software
(version 1.2.1; Life Technologies, Carlsbad, CA) and then processed with
Excel software (Microsoft, Redmond, WA).

Viral concentration controls and analysis validation criteria. Three
controls were included in order to confirm the good recovery rate of the
concentration and detection method as described previously (12). A
global control consisting of an adenovirus type 5 LacZ AE1 AE3 strain
produced by transfection of the pAD/CMV/V5-GW/LacZ vector (Life
Technologies, Carlsbad, CA) in 293A cells was seeded into each water
sample at 10,000 genome units before the concentration steps. Bacterio-
phage MS2, used as an extraction control and as a control for the reverse
transcription step, was seeded into each concentrated water sample at
10,000 genome units just before the extraction step. Since the concentra-
tion method had a recovery rate below 0.1% for the MS2 phage (data not
shown), it was unlikely that the amount of endogenous MS2 phage dis-
torted the assessment of inhibition at the extraction step. A competitive
inhibition control for the amplification step, made up of a partial se-
quence of the human B-actin gene cloned into the pCR2.1-TOPO vector
(Life Technologies, Carlsbad, CA) at 1,000 genome units, was added after
extraction of total nucleic acids. If the recovery rate of the global control
was at least equal to the lower limit determined in the experiments with
spiked samples (i.e., 18%) and if no inhibition of the extraction and am-
plification controls was observed, then the results were validated. If inhi-
bition of the extraction and/or amplification controls (i.e., a shift in the
cycle threshold [C;] value of greater than 2 cycles between the water
sample and the blank sample) was observed, then a dilution of the ex-
tracted nucleic acids was tested to overcome the inhibition. If the recovery
rate was not validated and if any inhibition of the two other controls was
observed, the sample was excluded from analysis.

Detection of viral nucleic acid from stool samples. Previously de-
scribed probes specific for HAstV (14), NoV GI (15), and NoV GII (16)
were used to detect the viruses by one-step RT-qPCR with the TagMan
fast virus 1-step master mix (Life Technologies, Carlsbad, CA) according
to the manufacturer’s recommendations.

Genotyping of viral nucleic acids from wastewater and stool sam-
ples. For wastewater samples, sequencing PCR amplifications were per-
formed independently for HAstV, NoV GI, and NoV GII with each sam-
ple that was positive by the RT-qPCR. Then, the PCR products from
samples collected in each season were pooled so that each pool consisted
of four samples, one from each season. Sequencing was performed with
these samples of 4 pooled samples.

A step of reverse transcription at 50°C for 30 min using random prim-
ers and SuperScript I1I reverse transcriptase (Life Technologies, Carlsbad,
CA) was performed. Then, the first PCR was performed with an initial
denaturation at 94°C for 30 s, followed by 30 cycles of denaturation at
94°C for 30 s, primer annealing at 50°C for 30 s, and an extension reaction
at 68°C for 1 min, and then a final extension was performed at 68°C for 5
min. The first PCR was performed using Taq Platinum high-fidelity poly-
merase (Life Technologies, Carlsbad, CA) in a 50-pl reaction volume with
5 wl of cDNA. The set of primers used for the first PCR for the genotyping
of NoV GI was COG1F and G1SKR, and that used for the first PCR for the
genotyping of NoV GII was COG2F and G2SKR. A second, seminested
PCR was then performed under the same conditions used for the first PCR
with the following sets of primers: GISKF and G1SKR for NoV GI and
G2SKF and G2SKR for NoV GII. The primers used for NoV genotyping
were previously described (17, 18). Primers MON270 and MON269 were
used for the genotyping of HAstV (19), and no seminested PCR was per-
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TABLE 1 Seasonal viral loads and prevalence of HAstV, NoV GI, and NoV GII in 100 effluent samples from four WWTPs

No. of Viral prevalence (%) Median (range) viral load (no. of copies/liter)

samples
Season  analyzed HAstV NoV GI NoV GII HAstV NoV GI NoV GII
Spring 24 83 100 100 6.50 X 10 (0-4.87 X 10°) 1.65 X 10* (4.04 X 10>-1.03 X 10°) 1.11 X 10* (1.69 X 10'-1.12 X 10°)
Summer 28 79 93 93 1.66 X 10% (0-1.04 X 10*) 4.58 X 10* (0—4.88 X 10%) 1.49 X 10% (0-1.13 X 10%)
Autumn 24 75 100 96 2.03 X 10 (0-2.00 X 10°) 3.82 X 10 (8.79 X 10'=3.60 X 10%) 4.40 X 10° (0-1.41 X 10°)
Winter 24 96 96 100 1.09 X 10° (0-1.39 X 10°) 5.09 X 10* (0-2.04 X 10°) 9.58 X 10* (2.49 X 10°-2.92 X 10°)
Total 100 83 97 97 2.69 X 10° (0-1.39 X 10°) 3.97 X 10° (0-2.04 X 10°) 6.80 X 10? (0-2.92 X 10°)

formed. Each sample positive by the RT-qPCR was also positive by the
genotyping PCR.

Then, alast PCR step was performed with a forward primer containing
the forward primer sequence (MON270, G1SKF, or G2SKF), an adaptor
sequence, a bar code sequence, and a 10-bp multiplex identifier (MID).
The specific MID was selected in order to discriminate each season. The
reverse primer was constructed with the reverse primer sequence
(MON269, G1SKR, or G2SKR) and an adaptor sequence. In accordance
with the manufacturer’s reccommendations for the preparation of an am-
plicon library, amplicons were purified, quantified, and normalized to
equimolar concentrations for each sample and then pooled for each sea-
son. Emulsion PCR (emPCR) amplification and pyrosequencing were
performed with a Lib-L kit and with a GS Junior system, respectively,
according to the manufacturer’s recommendations (Roche Applied Sci-
ence, Bale, Switzerland). Finally, raw sequences and quality files were ex-
tracted for data processing.

For stool samples, genotyping of HAstV, NoV GI, and NoV GII from
positive samples was performed by sequencing a gene fragment, as de-
scribed previously (20,21), ona 3130XL DNA genetic analyzer (Life Tech-
nologies, Carlsbad, CA).

Processing of sequencing read data. All analyses of the sequencing
data were performed using QIIME (version 1.9.0) software (22). Only
sequences with lengths of between 200 and 1,000 bp were retained, as were
sequences with an overall quality score above 25, less than 3 ambiguous
bases, and no mismatch with the primer sequences. After the selection of
high-quality sequences, sequences were clustered into operational taxo-
nomic units (OTUs) with a 100% similarity threshold. For each virus,
reference sequences came from the NCBI database and were aligned using
MEGA (version 6) software (23). A minimum of two representative ref-
erence sequences for each genotype were used (see Table S1 in the supple-
mental material). All sequence alignments were performed using the
ClustalW algorithm. The aligned sequences were truncated in order to
target the same genomic regions from which the sequences obtained by
high-throughput sequencing were recovered. A Fasta file containing all
OTUs was used to query the file of reference sequences using the BLAST
algorithm in order to determine the OTU genotype. OTUs were consid-
ered unidentified if the identity was below the threshold of 90% and the E
value was >0.0001. A phylogenetic tree was created using the neighbor-
joining method with a Kimura two-parameter model in MEGA (version
6) software, and branch support was calculated on the basis of 1,000 boot-
strap replicates. The nucleotide sequences of the reference NoV GII.4
variants were collected from the NCBI database.

Statistical analysis. Statistical analyses were performed with the quan-
tification data only (n = 100), using GraphPad Prism (version 6.01) soft-
ware (GraphPad, La Jolla, CA). Kruskal-Wallis tests with Dunn’s multi-
ple-comparison posttest were performed to highlight the seasonality of
the densities of HAstV, NoV GI, and NoV GII in samples of WWTP
effluents, and P values of <0.05 were considered significant.

SRA accession number. All sequences have been deposited in NCBI’s
Sequence Read Archive (SRA) under accession number SRP061719.

RESULTS

Viral loads and prevalence in WWTP effluents. For each RT-
qPCR assay, all no-template controls were negative and all positive
amplification controls were positive (data not shown). For each
effluent sample, recovery of the global control allowed us to vali-
date the results (recovery rate, >18%). Moreover, the extraction
control and the competitive amplification control did not reveal
any significant inhibition, in accordance with the inhibition
threshold defined in Materials and Methods. The median viral
load and prevalence in all effluent samples (n = 100) were 2.69 X
10° copies per liter and 83%, respectively, for HAstV, 3.97 X 10
copies per liter and 97%, respectively, for NoV GI, and 6.80 X 10’
copies per liter and 97%, respectively, for NoV GII (Table 1). The
highest values for the viral loads of HAstV, NoV GI, and NoV GII
were detected in winter, with 1.39 X 10° copies per liter, 2.04 X
10> copies per liter, and 2.92 X 10° copies per liter, respectively.
The viral loads of HAstV and NoV GII were significantly higher in
winter. However, only the viral loads of NoV GI measured in
winter and spring were significantly higher than those measured
in summer and autumn.

Viral diversity from WWTP effluents. A high-throughput se-
quencing approach was set up in order to determine genotype
variations according to season. A total of 5,990, 7,469, and 6,299
sequences were generated from the samples that were positive for
HAstV, NoV GI, and NoV GII, respectively. The genotypes
identified from WWTP effluent samples are shown in Fig. 1
(left). Four genotypes of HAstV were identified: HAstV-1,
HAstV-2, HAstV-5, and HAstV-6. Strains of HAstV-1 represented
76% of the strains identified over the year, and HAstV-1 was
clearly the principal genotype recovered regardless of the season
(66% of the sequences recovered in spring, 67% recovered in sum-
mer, 75% recovered in autumn, and 92% recovered in winter
belonged to HAstV-1). HAstV-5 was also identified in every sea-
son (3% of the sequences recovered in spring, 25% recovered in
summer, 15% recovered in autumn, and 4% recovered in winter
belonged to HAstV-5), whereas HAstV-2 was detected only in the
autumn (3% of strains) and winter (3% of strains). HAstV-6 was
detected only in the winter (<1% of strains).

Seven human genotypes were present in NoV GI-positive sam-
ples, and NoV GI.4 was always the predominant genotype, with
detection rates of about 47% in spring and 64% in autumn. The
other genotypes were globally detected at rates of 16% for NoV
GI.2, 1% for NoV GI.3, 12% for NoV GI.5, and 8% for NoV GL.6.
The NoV GI.1 and NoV GI.8 genotypes showed lower rates of
occurrence, comprising less than 0.5% of sequences.

For NoV GII, 16 different genotypes (NoV GII.1 to NoV GIL7,
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FIG 1 (Left) Genotype diversity of HAstV (n = 5,990), NoV GI (n = 7,469),
and NoV GII (n = 6,299) from WWTP effluents according to season between
May 2013 and May 2014; (right) genotype diversity of HAstV (n = 15), NoV
GI (n = 38), and NoV GII (n = 256) from clinical data collected throughout
France according to season between May 2013 and May 2014. Each bar repre-
sents the diversity of one type of virus.

NoV GIIL.9, NoV GII.12 to NoV GII.17, NoV GII.20, and NoV
GIIL.21) of the 19 genotypes known to infect humans were identi-
fied. In winter, 7 genotypes could be detected, and among these,
the detection rates for NoV GIL.1, NoV GII.2, NoV GIL6, NoV
GII.13, and NoV GII.14 were below 2% and the detection rate for
NoV GII.3 was about 10%. NoV GII.4 strains were present in 86%
of samples, and NoV GII.4 was the most prevalent genotype. In
autumn, among the 12 identified genotypes, only NoV GIIL.3 and
NoV GIIL.4 were present at rates above 10%, with their sequences
comprising 37% and 26% of the sequences detected, respectively.
In spring, the 4 most represented genotypes among the 11 identi-
fied genotypes were NoV GI1.4 at 40%, NoV GIIL.13 at 20%, NoV
GII.1 at 16%, and NoV GIL3 at 11%. In summer, 14 different
genotypes were identified, and the genotype with the highest de-
tection rate was NoV GII.13 (18%).

Viral diversity from stool samples. During the same period,
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only 18 strains were detected in the Paris urban area, and these
corresponded to 1 HAstV strain and 17 NoV GII strains. In order
to have amore relevant vision of the HAstV, NoV GI, and NoV GII
strains circulating in the human population and since the popu-
lation of the study area represented a large part of the French
population, the comparison of viral diversity was realized with
national data. At the national scale, a total of 309 strains corre-
sponding to 15 HAstV strains, 38 NoV GI strains, and 256 NoV
GII strains were identified throughout France (see Table S2 in the
supplemental material). The genotypes from each isolated infec-
tion and each epidemic event were counted. The highest number
of stools positive for HAstV and for NoV GI was observed in
spring, with 9 (60%) and 17 (45%), respectively, while 70 (27%)
stools were positive for NoV GIL In winter, 4 (27%) HAstV-pos-
itive stools, 16 (42%) NoV GI-positive stools, and 119 (46%) NoV
GlI-positive stools were collected. Both in summer and in au-
tumn, only 1 (about 7%) and 1 (about 7%) stool samples, respec-
tively, were positive for HAstV, 4 (10%) and 1 (about 3%) stool
samples, respectively, were positive for NoV GI, and 27 (10%) and
40 (16%) stool samples, respectively, were positive for NoV GII.

The viral diversity found in stool samples is also shown in Fig.
1 (right). In spring, the HAstV-positive samples corresponded to 9
identified gastroenteritis cases related mainly to HAstV-5 (n = 5)
and to a lesser extent to HAstV-1 (n = 2) and HAstV-2 (n=1).1In
summer and autumn, only one sample in each season was positive
for an unidentified genotype and the HAstV-5 genotype, respec-
tively. In winter, three HAstV-5 sequences could be identified
among 4 positive cases.

For NoV GI, 45% (17/38) of the reported cases involving 8
different genotypes (NoV GI.1 to NoV GIL.4, NoV GI.6, NoV GL.8,
NoV GL9, and NoV GLf) were identified in spring and 42% (16/
38) involving 5 genotypes (NoV GI.2, NoV GI.3, NoV GI.4, NoV
GI.6, and NoV GI.9) were identified in winter (see Table S2 in the
supplemental material). In opposition, during the summer and
autumn periods, this rate was clearly lower, with respective values
of 11% (4/38) and <3% (1/38). Among the 4 positive samples
obtained in summer, 2 cases of NoV GI.3 and 2 cases of NoV GI.6
could be identified. Moreover, 2 recombinant strains, NoV GL.b/
1.6 and NoV GIL.b/1.4, were detected in 8 cases and 1 case, respec-
tively (see Table S2 in the supplemental material).

Two hundred fifty-six cases linked to NoV GII were reported
between May 2013 and May 2014, and of these, 59% (152/256)
were NoV GIIL.4. The highest rate of detection of epidemic cases,
46% (119/256), was found in winter, and NoV GIIL.4, which was
detected at a rate of 62% (74/119), was the main genotype in-
volved. During this season, 6 genotypes were identified: NoV
GIL.2 to NoV GIL4, NoV GIL6, NoV GIIL.7, and NoV GIIL.17. In
the other seasons, NoV GII.4 was still the main genotype identi-
fied, and several genotypes were found: 4 (NoV GII.2, NoV GIL.4,
NoV GIL6, and NoV GII.17) in spring, 6 (NoV GIL.4, NoV GIL6,
NoV GII.7, NoV GII.10, NoV GII.14, and NoV GII.16) in sum-
mer, and 5 (NoV GII.2, NoV GII.4, NoV GII.6, NoV GII.7, and
NoV GII.14) in autumn. Additionally, 5 NoV GII recombinants
(NoV GII¢/II.1, NoV GILe/I1.2, NoV GII.7/11.6, NoV GII.g/I1.12,
and NoV GII.21/11.3) were identified (see Table S2 in the supple-
mental material).

Analysis of NoV GII.4 variants. Among the stool samples
tested, a total of 152 were positive for NoV GIIL.4, and these were
composed of 4 NoV GII.4 2006.a strains, 3 NoV GII.4 2006b
strains, 14 NoV GIL.4 2009 strains, and 131 NoV GII.4 2012 strains
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FIG 2 Heat map representing the number of OTUs which were identified to be NoV GIL.4 in WWTP effluents for each season.

(see Table S2 in the supplemental material). In the WWTP efflu-
ents, the major change in viral diversity was observed in winter,
with a significant increase in the number of NoV GIL.4 strains,
which represented about 86% of the viral diversity for NoV GII,
being found (Fig. 1). This change in viral diversity among NoV GII
genotypes was primarily linked to an increase in the number of
sequences representing 4 specific OTUs which corresponded to
GIL4 (Fig. 2). All OTUs identified to be NoV GIL.4 were NoV
GII.4 2012 variants (data not shown), and consequently, the pro-
portion of sequences representing the 4 specific OTUs greatly in-
creased (see Fig. S1 in the supplemental material).

DISCUSSION

Currently, epidemiological studies are essentially based on clinical
data, although the majority of infections do not require special-
ized consultation with health care providers. As a consequence,
the prevalence of many circulating enteric viruses is certainly un-
derestimated by these studies. Thus, for the first time, to our
knowledge, this study, which used a high-throughput sequencing
technology, provides epidemiological data on human viruses de-
tected in the effluents of WWTPs (serving about 9 million inhab-
itants) over 1 year in order to characterize the seasonal variation in
viral loads and the diversity of viruses in WWTP effluents. It also
permitted comparison of these environmental data with clinical
data obtained by the French National Reference Centre for Enteric
Viruses during the same period.

First, the analysis of 100 effluent samples allowed us to high-
light the high frequencies of detection and the high loads of
HAstV, NoV GI, and NoV GII, which showed an overall consis-
tency with the median viral loads in WWTP effluents observed
worldwide, for example, 3.9 X 10* copies per liter for HAstV,
7.1 X 10* copies per liter for NoV GI, and 5.2 X 10* copies per liter
for NoV GlI in Singapore (9), 2.9 X 10’ copies per liter for NoV GI
and 2.6 X 10° copies per liter for NoV GII in Japan (8), between
10% and 10 copies per liter for NoV GI and between 10 and 10*
copies per liter for NoV GII in New Zealand (24), about 10° copies
per liter for NoV GI and NoV GII in Norway (25), about 10°
copies per liter for HAstV, NoV GI, and NoV GII in Germany
(26), and about 10° copies per liter for NoV GI and NoV GII in
France (27). Part of the discrepancy in the detection frequencies
could be explained by the differences in the concentration and
detection methods and the sample volumes used (10, 11, 28). Our
results showed high frequencies of detection and high viral loads
in the WWTP effluents, reflecting the high prevalence and high
levels of circulation of human HAstV, NoV GI, and NoV GII in the
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human population. Moreover, viral loads in WWTP effluents greater
than 10> copies per liter could be released into the Seine River, which
serves as a catchment source for the production of drinking water.
When daily water flows (about 1.49 X 10° m’/day in effluents and
3.72 X 10’ m*/day in the Seine River) are considered, if all detected
genomes were from infectious viruses, it may significantly impair the
water resource used by drinking water plants.

Statistical analysis of the viral loads in WWTP effluents showed
the significant prevalence of HAstV, NoV GI, and NoV GII in
winter and also the significant prevalence of NoV GI in spring.
These observations are consistent not only with the data for the
clinical samples (where 87% [13/15] of samples were positive for
HAstV in winter and spring, 87% [33/38] of samples were positive
for NoV GI in winter and spring, and 46% [119/256] of samples
were positive for NoV GII in winter) but also with the epidemio-
logical data from different countries with temperate climates (29—
33). A seasonal effect in environmental water was also found in
Spain (34, 35), China (11), Japan (10), and Ireland (36). More-
over, as in some other studies (12, 24, 37), these results suggest a
close link between the health status of the population and the viral
loads in WWTP effluents.

A high degree of viral diversity was identified in the WWTP efflu-
ent samples, which showed that 4 HAstV genotypes (HAstV-1,
HAstV-2, HAstV-5, and HAstV-6), 7 NoV GI genotypes (NoV GI.1
to NoV GI.6 and NoV GI.8), and 16 NoV GII genotypes (NoV GII.1
to NoV GIL7, NoV GII.9, NoV GII.12 to NoV GIIL.17, NoV GII.20,
and NoV GII.21) were indirectly circulating in the resident or work-
ing population of the Paris urban area.

The small number of positive stool samples, only 17 for HAstV,
NoV GI, and NoV GII in the Paris urban area, highlight the limit
of epidemiological data collected by the traditional network.
However, a similar global diversity was observed in stools from
reported gastroenteritis cases in France, but it is striking to note
that the distribution of the genotypes identified was wildly differ-
ent from that detected in the environmental samples. The pre-
dominant HAstV genotype from WWTP effluents was clearly
HAstV-1, which was in agreement with the findings of many epi-
demiological studies (38—40). Previous studies also detected
HAstV-2 and/or HAstV-5 in environmental water samples (38,
41); however, to our knowledge, this is the first time that HAstV-6
hasbeen detected in WWTP effluents. In opposition, the predom-
inant genotype from stool samples collected was HAstV-5, follow-
ing by HAstV-2.

For NoV GI, the most prevalent genotype in WWTP effluents
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was NoV GI.4, while no NoV GI genotype was clearly prevalent in
clinical samples. NoV GI.4 was also reported to be the main geno-
type of NoV identified in environmental water samples in Spain
(34), Japan (10), and South Africa (42). This genotype has often
been described to be responsible for foodborne outbreaks (43).
Unlike the other two viruses, the predominant NoV GII genotype
in WWTP effluents varied according to the season: NoV GIL.4 in
spring and winter and NoV GIL3 in autumn. Up to 14 different
genotypes were found in summer, but no genotype was predom-
inant. In comparison, the majority of stool samples showed NoV
GII.4 in all seasons, as in most clinical studies (44, 45). These
observations could be explained by the low number of HAstV- or
NoV GI-positive stool samples but not NoV GII-positive stool
samples collected. They could also reflect, in general, the lower
pathogenicity of some circulating strains, which would lead to
fewer hospitalizations or medical consultations and to fewer re-
ported cases specifically due to these strains.

Furthermore, all HAstV genotypes from effluent samples ex-
cept HAstV-6 were also found in the clinical samples; HAstV-6
was rarely found in previous epidemiological studies (46—-48). All
NoV GI genotypes except NoV GL.5 identified in WWTP effluent
samples were also found in clinical samples; NoV GI.5 has fre-
quently been isolated worldwide in both clinical studies (49, 50)
and environmental studies (42, 51, 52). The only NoV GII geno-
type which was found in WWTP effluents and not in stool samples
was NoV GIIL.20, which was also found in previous epidemiolog-
ical studies (53, 54). The discrepancy between the environmental
data and the clinical data is also in agreement with the lack of a
systematic analysis of the prevalence of these viruses in feces and
the less severe symptoms which are associated with certain geno-
types and which thus do not require medical consultation or hos-
pitalization. To our knowledge, no previous study has highlighted
the differences in the pathogenicity or virulence of the genotypes
of HAstV and NoV. Additional studies will be needed to explain
the origin of this discrepancy.

Some genotypes (NoV GLf and NoV GII.10) were detected
only in stool samples. That finding could be explained by the sam-
pling campaign, which was conducted nationwide for stool sam-
ples and regionally for WWTP effluents. We were not able to
exclude the possibility that some genotypes detected in the envi-
ronment could present properties conferring higher or lower lev-
els of resistance. This aspect deserves to be studied, because such
properties could also confer greater resistance to disinfection
treatments.

Despite the weak severity of the infections caused by various
classical genotypes, the emergence of new recombinant strains
that are more virulent could become a greater public health con-
cern. This high degree of diversity of the viruses circulating in the
human population and the potential for coinfection events (due
to the ability to infect humans) could promote the emergence of
new strains by inter- and intragenotype recombination events and
even intergenogroup recombination events (55-58). As such, 2
recombinant strains of Nov GI (NoV GI.b/1.6 and NoV GI.b/1.4)
and 5 recombinant strains of NoV GII (NoV GILc/II.1, NoV
GILe/11.2, NoV GIL.7/11.6, NoV GIIL.g/I1.12, and NoV GII.21/11.3)
were identified in stool samples. The methodology of this study
did not allow evaluation of the rate of occurrence of recombinant
strains in WWTP effluents, but it would be interesting to deepen
the genotyping analysis, despite the technical limitation of pyro-
sequencing due to the amplicon length usable by this sequencing
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technology. However, the methodology allowed the analysis of
NoV GII.4 variants in WWTP effluents. All NoV GII.4 strains
found were identified to be NoV GII.4 2012 Sydney variants. This
observation is consistent with the clinical data, which showed that
86% (131/158) of the NoV GII.4 strains identified in stool samples
were NoV GII.4 2012 Sydney variants. It is noteworthy that NoV
GIIL.4 is currently the major genotype contributing to the NoV-
related gastroenteritis epidemic. The large number of OTUs in
WWTP effluents identified to be NoV GII.4 2012 Sydney variants
proved the great variability of the nucleotide sequences coding for
the VP1 protein, the major component of the NoV capsid. This
variability could contribute to a strategy that allows the virus to
escape the adaptive immune response. Thus, identification of the
diversity of NoV GIIL.4 strains in WWTP effluents could be rele-
vant from the perspective of a viral vaccine approach.

Despite the important presence of NoV GII.4, it should be
noted that NoV GIIL.17 was identified in both WWTP effluents
and stool samples. In the winter of 2014-2015, one study found
that in some Asian countries, NoV GIL.17 replaced the previous
main NoV GII genotype, NoV GII.4 Sydney 2012 (59). Conse-
quently, it would be interesting to monitor gastroenteritis cases to
see if the number of gastroenteritis cases caused by NoV GII.17
strains increases in the years ahead.

Finally, effluent sample analysis could provide deeper informa-
tion regarding the viral diversity in the population linked to a
sewerage network and provide a better comprehension of the viral
epidemiology, thereby supplementing the clinical data. Moreover,
WWTP effluents are very often released in rivers that can be used
for different purposes, such as shellfish farming and catchment to
produce drinking water and to irrigate fruits and vegetables (51,
60, 61). This approach would provide a means to identify the
circulating viral strains of high or low pathogenicity which could
potentially be present in foods.
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