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Wastewater treatment center (WTC) workers may be vulnerable to diseases caused by
viruses, such as the common cold, influenza and gastro-intestinal infections. Although
there is a substantial body of literature characterizing the microbial community found in
wastewater, only a few studies have characterized the viral component of WTC aerosols,
despite the fact that most diseases affecting WTC workers are of viral origin and that some
of these viruses are transmitted through the air. In this study, we evaluated in four WTCs
the presence of 11 viral pathogens of particular concern in this milieu and used a
metagenomic approach to characterize the total viral community in the air of one of those
WTCs. The presence of viruses in aerosols in different locations of individual WTCs was
evaluated and the results obtained with four commonly used air samplers were compared.
We detected four of the eleven viruses tested, including human adenovirus (hAdV),
rotavirus, hepatitis A virus (HAV) and Herpes Simplex virus type 1 (HSV1). The results of the
metagenomic assay uncovered very few viral RNA sequences in WTC aerosols, however
sequences from human DNA viruses were in much greater relative abundance.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Wastewater treatment centers (WTCs) are, unsurprisingly,
highly contaminated environments. Concentrations of viruses
in effluent waters can be extremely high, sometimes reaching
1011 viruses/mL (La Rosa et al., 2010). Several studies have
reported higher symptom and disease rates among this group
of workers (Khuder et al., 1998). They experience respiratory
symptoms, fevers, gastrointestinal symptoms, and headaches
more often than the non-exposed population (Khuder et al.,
1998; Smit et al., 2005; VanHooste et al., 2010). The term “sewage
aine@bcm.ulaval.ca (Caro

o-Environmental Science
worker's syndrome” was used for the first time in 1973 to
describe the assemblage of these symptoms (Rylander et al.,
1976).

Despite the fact that most WTC occupational symptoms can
be associated with viral infections, only a few studies have
investigated viruses as an occupational risk in these environ-
ments. Previous studies have demonstrated the presence of
human pathogenic viruses in influent water, including
noroviruses (Pouillot et al., 2015; Qiu et al., 2015) and rotaviruses
(Baggi et al., 2001; Qiu et al., 2015) that cause gastroenteritis;
adenoviruses (Osuolale and Okoh, 2015; Qiu et al., 2015),
line Duchaine).
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rhinovirusesandenteroviruses (Baggi et al., 2001,Qiuet al., 2015)
that are responsible for the common cold, and even herpes
simplex viruses, which can cause oral and genital sores and
blisters (Bibby and Peccia, 2013). Among the viruses detected at
WTCs, many of these pathogens are transmitted by aerosols
(Tseng et al., 2010; Bonifait et al., 2015). Despite the importance
of this route of transmission, surprisingly few studies have
examined the potential exposure ofWTCworkers to pathogenic
viruses through the air. Moreover, in these studies, only one or
two viruses were analyzed (Romano et al., 1999; Uhrbrand et al.,
2011; Masclaux et al., 2014). In Denmark WTCs, noroviruses
(Noro) GI and GII were detected for the first time in air
samples using personal samplers (Uhrbrand et al., 2011).
Adenovirus (AdV), hepatitis E virus (HEV) and norovirus were
also investigated in air samples from 31 Swiss WTCs. The
researchers found AdV, noroviruses and HEV in 100%, 2% and
0%, respectively of the WTC aerosols tested (Masclaux et al.,
2014). Enterovirus and reovirus were identified in 3.4% of the
air samples from an aerosol study of WTCs in Italy (Romano
et al., 1999).

To date, metagenomics has been used to characterize viral
communities in aerosols in only three studies (Whon et al., 2012;
Hall et al., 2013; Be et al., 2015). In all of these studies, RNAviruses
were excluded, despite the fact that most human respiratory
viruses have RNA genomes such as coronavirus, influenza virus,
andmetapneumovirus. To the best of our knowledge, this is the
first time that a metagenomic approach has been used to
characterize viral communities from WTC aerosols.

In Eastern Canada,WTC secondary treatment can differ from
one plant to another. For example, some centers perform
biological removal of residual matter (also called biofiltration)
as the water exits the early stages of the treatment pipeline,
while others conduct a secondary decantation as an alternative
to biofiltration. Every day, WTC employees work in rooms or
locations where different processing steps are taking place,
some of which increase the risk of exposure to bioaerosols. In
this study,weusedvariousair samplers to evaluate thepresence
and abundance of some human pathogen viruses in aerosols in
different locations ofWTCsusing quantitative polymerase chain
reaction (qPCR).We also applied a viralmetagenomics approach
in one of the participating WTCs.
1. Material and methods

1.1. WTCs and site selection

Since very few reports exist on occupational airborne viral
exposure, there is no consensus sampling strategy for the
Table 1 – Description of wastewater treatment centers (WTCs) a

WTCs Sites

WTCs 1 and 2 Screening
Grit/fats, oils and greases (FOGs) remova
Biofiltration

WTC3 Primary screening
Secondary screening

WTC4 Screening
Grit/fats, oils and greases removal
Secondary decantation
collection and purification of viral nucleic acids from aerosols.
We therefore used both low and high flow rate sampling
approaches.

Air samples were collected from four different WTCs from
Eastern Canada during summertime. Indoor sites where
wastewater treatment occurs and workers daily tasks are
occurring were sampled. A total of 11 sites (or sampling
locations) distributed among four WTCs are presented in
this study. Pertinent details for each site are presented in
Table 1.

1.2. Air sampling methods

1.2.1. Sampling for qPCR analysis
In this study, two different samplers were used to collect
samples for qPCR detection (Coriolis®μ and Marple). The
samplers were positioned at the same location at each water
treatment site. Although the sampling durationwas dependent
on the sampler model, sampling was always performed during
the same day over the same 6-hour shift.

TheCoriolis®μ (BertinTechnologies,Montigny-le-Bretonneux,
France) is a liquid cyclone that collects particles in 15 mL of
Phosphate Buffer Saline (PBS). The flowrate was 200 L/min for
10 min, for a total of 2 m3 of air/sample. The volume of the
recipient was readjusted to 15 mL after sampling to compen-
sate for evaporation. FivemL of the total were concentrated in a
final volume of 200 μL using tangential flow filtration devices
(100 kDa, Millipore, Darmstadt, Germany) used to conduct viral
qPCR analyses (0.67 m3 of air).

The second sampler, a size fractionating collector, the
Marple Personal Cascade Impactor (Thermo Fisher Scientific,
Waltham, USA) was used to collect information about aerosols
size distribution of viruses containing bioaerosols. Due to
material limitation, a maximum of two sampling locations per
WTC were selected. In this sampler, air is accelerated by going
through six radial slots of a first impactor stage inwhich each of
the 8 stages impacts a subfraction of particles ranging from 0.5
to 21 μmof aerodynamicdiameters that areultimately collected
on filters. After the 8th stage, another filter collects the
remaining fine particles. It was used at a flowrate of 2 L/min
for 5 hr, for a total of 0.6 m3 collected. Each of the 9 filters was
eluted in 5 mL of PBS and 500 μL were concentrated in a final
volume of 25 μL using tangential flow filtration devices
(100 kDa, Millipore, Darmstadt, Germany). Nucleic acids were
extracted for this subsample and then used for qPCR.

1.2.2. Viral metagenomics
For viral metagenomics approach, the sampling was accom-
plished with the SASS 2300 sampler (Research International,
nd sites of the study.

Tasks

Removal of big objects (e.g.,: plastics and paper)
l) Removal of granular matter and FOGs

Biological degradation of residual organic matter
Removal of big objects
Removal of residual big objects
Removal of big objects
Removal of granular matter and FOGs
Removal of residual particles by decantation
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Washington, USA) a high flowrate (300 L/min) liquid cyclone
that allow extended sampling periods and resulting in a
larger air sample in a smaller collection liquid volume (5 mL).
A total of 30 m3 of air was sampled (sampling time of
100 min).

1.3. Nucleic acid extraction

All nucleic acids were extracted and eluted in 100 μL with the
QIAamp MinElute Spin Virus kit (Qiagen, Hilden, Germany)
that co-purifies DNA and RNA as per instructions. Reverse
transcription was performed on samples used for quantifica-
tion of RNA viruses with the iScript™ cDNA Synthesis kit
(Bio-Rad Laboratories, Mississauga, Canada) according to the
manufacturers' instructions.

1.4. qPCR analyses

Weselected viral qPCRprimers basedon two criteria: (1)whether
they amplified human pathogens that can cause symptoms
often encountered by WTC workers and (2) whether their
presence inwastewaters had been demonstrated. Eleven viruses
fit these criteria: influenza viruses (Inf) A and B, noroviruses
(Noro) GI and GII, herpes simplex viruses (HSV) 1 and 2, human
rhinovirus, enterovirus, human adenovirus, rotavirus (rota) and
hepatitis A virus.

A volume of 2 μL of nucleic acids (DNA or cDNA) was used
for each 20 μL qPCR reactions using the iQ™ Supermix kit
(Bio-Rad Laboratories, Mississauga, Canada). The same
thermocycler protocol was performed for all eleven viruses:
an initial denaturation step of 3 min at 94°C, followed by
40 cycles of a denaturation step at 94°C for 15 sec followed by
an annealing/extension step at 60°C for 1 min. All standard
curves had efficiency between 90% and 110% and an R2 above
0.98. Table 2 lists the sequences of the primers and probes
used for the quantitative amplification assays.

1.5. Metagenomics study

Samples fromSASS 2300 samplers intended formetagenomics
analyses were thawed from the −80°C freezer and concentrat-
ed in Amicon 100 kDa tangential flow filtration devices
(Millipore) to a final volume of 200 μL. Nucleic acids were
subsequently extracted with the QIAamp MinElute Spin
Virus kit (Qiagen, Hilden, Germany) as per instructions.
Concentrated nucleic acids were eluted in a final volume of
87.5 μL to directly undergo the digestion of DNA with the
RNase-Free DNase Set from Qiagen, followed by RNA purifica-
tion with the RNeasy MinElute Cleanup kit from Qiagen. RNA
sampleswere processed for library constructionwith the Kapa
Stranded mRNA-Seq Kit (Kapa Biosystems, San Diego, USA)
and then sequenced on the MiSeq sequencing platform
(Illumina, Inc., paired-end 300 nucleotides reads) at the
sequencing facility of the Centre hospitalier de l'Université Laval
(CHUL). The reads were assembled into contigs by Ray Meta
(Boisvert et al., 2012). The RayMeta software uses a bloom filter
to remove k-mers that are potentially background noise and
sequencing errors. Data were subsequently analyzed via the
web-based MG-RAST (Meyer et al., 2008) and MetaVir plat-
forms (Roux et al., 2011).
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2. Results

2.1. qPCR

Among all targeted viruses, two were detected; HAV and
rotavirus. Table 3 shows where they were detected and at
what concentration.

From the Marple samples, only rotavirus cDNA could be
detected almost everywhere except in samples from site 1 of
WTC 3. Samples from site 2 of WTC 1 seem to have viral
material on larger airborne particles, and site 3 of WTC 4
presents the opposite situation, viral material on smaller
airborne particles. The other samples show a spread of the
viral particles among the stages of the sampler (Table 4).

2.2. Metagenomics

The bigger samples obtained with the Sass 2300 sampler were
used to produce viral metagenomes from three sites from
WTC 4. The dataset for the three locations were as shown in
Table 5.

In Fig. 1a, the classification of assigned sequences is at a
domain taxonomic level. In Fig. 1b, the classification of
virus-assigned sequences (n = 9996) was divided by Family:
Families with less than 1% representation were classified in
the group “other”. Fig. 1c represents the hosts of viruses based
on the Fig. 1b assignments. Bacteria represented the most
abundant organisms in all three samples with an average of
almost 93% of all sequences. Among viral sequences, more
than 62% were from phages in the order Caudovirales. 1.2% of
the viruses' hosts were human (see Fig. 1c). The classification
of these sequences to the lowest taxonomic level possible is
shown in Fig. 2. Table S1 (Appendix A) shows the taxonomy of
the viruses in the group “other” to the family level. (See Fig. 3).

Human endogenous retroviruses were recovered from all
three samples. Sequences from HSV1 and HSV5, two types of
herpes simplexviruses causing latent infections,were also found
in all three sites. Chlamydiamicrovirus sequences were identified
in both site 2 and site 3 samples, and were the most highly
represented human virus in site 3. Human papillomavirus, a
Table 3 – Viral amplifications from air samples using
Coriolis high flow sampler in WTCs.

WTCs Sites Virus (gene copies/m3 air)

WTC1 Site 1 Rota (3.2 × 104)
Site 2 Rota (2.2 × 105)
Site 3 Rota (3.5 × 104), HAV (4.7 × 103)

WTC2 Site 1 Rota (1.7 × 104)
Site 2 Rota (2.2 × 105)
Site 3 Rota (1.8 × 105)

WTC3 Site 1 –
Site 2 –

WTC4 Site 1 –
Site 2 –

Based on limit of detection of qPCR reactions, the limit of detection
(LOD) for Coriolis sampler is estimated to 1.0 × 103 for bothhepatitis A
virus (HAV) and Rotavirus.
virus that causes latent sexually transmissible infections, was
the most common human virus detected in site 2. Variola virus
sequences were found to be in the air sample from site 3 only.

We used a heatmap generated with MetaVir to compare
our metagenomic data from WTC aerosols with published
metagenomic data from WTC-related locations in order to
gain insight into the primary source of airborne microbes. In
this analysis, we included the complete dataset to construct
the map, and thus bacteria, archaea, fungi, and viruses were
included.
3. Discussion

Using qPCR, few viruses were detected with the tested
sampling devices. Rotavirus was detectable more frequently
with the Marple compared to the Coriolis. Rotavirus is a
double-stranded RNA virus and as RNA is extremely fragile
and rapidly degraded by RNases found ubiquitously in nature,
there is a chance that samplers with a flow rate higher than
200 L/min tend to lead to the degradation of less robust RNA
virus species during collection (Cao et al., 2011; Toulouse et al.,
2014). The Marple and the Coriolis are based on two
completely different capture mechanisms; filtration and
liquid impaction. Both of these mechanisms may induce
particle loss (bouncing and re-aerosolization). The different
sizes and characteristics of the eleven selected viruses likely
also plays a role in the capture efficiency of each sampler, as
some enveloped or non-enveloped viruses are more or less
resistant to desiccation caused by the sampling times and
rates. Marple samples also suggest a wide range of particles
sizes carrying viruses, suggesting lower and upper respiratory
tract exposure. In both cases, viruses can either remain in the
lungs or upper tract or be subsequently swallowed.

Overall, rotaviruses seem to be abundant in the air of
WTCs based on qPCR detection. The sites that showed the
highest concentrations of rotaviruses were also the sights
that had the highest concentration of total viruses (e.g.,
biofiltration sites of WTCs 1 and 2). Inhalation of pathogenic
viruses causing respiratory infections has been studied over
the years since it represents a preferential route of transmis-
sion for some viruses. Rotavirus is known to cause gastroen-
teritis. The infectious dose of this virus through the oral route
is below 100 viral particles (Payne et al., 2011), which was 104

times less than the concentrations of genome copies detected
by cubic meter in this study, although we did not test for viral
infectivity. It is clear from our data that additional studies
should be performed to determine the concentration of
infectious viruses in WTC aerosols. The impact on human
health of aerosol exposure to viruses such as HAV has not
been documented, as they are not known to be transmitted
through the airborne route. However, the possibility of these
viruses infecting a host via the air pathway cannot be ruled
out, and raises another avenue of future research. As
mentioned before, WTC workers experience symptoms such
as fever, nausea and vomiting that could be linked to
infections by HAV. Like HAV, the possibility of rotavirus
transmission via the air has not been examined to date,
nevertheless, the fact that these viruses have been detected in
air samples from a hospital (Dennehy et al., 1998) raises the



Table 4 – Detection and quantification of rotaviruses with the Marple sampler.

WTC 1 WTC 2 WTC 3 WTC 4

Cut-Off (μm) Stages Site 2 Site 3 Site 2 Site 3 Site 1 Site 2 Site 2 Site 3

21.3 1 – 6.1 × 105 6.6 × 105 2.7 × 106 – – – –
14.8 2 2.4 × 105 – 1.3 × 105 8.0 × 105 – 6.6 × 104 – –
9.8 3 1.2 × 104 4.5 × 104 7.3 × × 105 1.5 × 107 – 1.5 × 105 – 8.3× 105

6 4 3.7 × 105 – 7.4 × 105 4.6 × 105 – – – –
3.5 5 1.1 × 106 1.5 × 105 5.0 × 105 1.5 × 106 – 3.0 × 105 – 5.3 × 104

1.55 6 – – 3.1 × 105 3.7 × 105 – 8.0 × 106 – –
0.93 7 – – 5.5 × 105 8.1 × 106 – 3.4 × 105 5.5 × 104 –
0.52 8 3.1 × 104 – 2.6 × 105 3.3 × 104 – 2.0 × 105 – 7.4× 105

0 F – – 4.2 × 104 1.0 × 106 – 5.6× 105 1.0 × 105 –
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likelihood of transmission via aerosol. In addition, a recent
study performed by our team showed that norovirus, a virus
responsible for gastroenteritis outbreaks worldwide, can be
present in the air (Bonifait et al., 2015), suggesting that
perhaps other viruses that cause the same disease, like
rotaviruses, could follow the same pattern. Establishing
whether aerosol transmission of these viruses is a viable
route is critical if we are to better understand the occupational
risks of WTC workers.

In this study, Noroviruses GI and GII were not detected
although WTC workers personal air samplers were positive in
previous studies (Uhrbrand et al., 2011; Masclaux et al., 2014).
This may be due to differences in flowrate between our
samplers and the personal samplers. The flowrate of personal
samplers, which use gelatin filters, is much less than the
devices we used (except for the Marple). It is possible that
norovirus, an RNA virus that is easily damaged by a greater
airflow, was removed during sampling in our study. hAdVwas
not detected Coriolis and Marple samples, this virus was
observed in a previous study (Masclaux et al., 2014). Entero-
virus was not detected at all, which is consistent with the
literature data where only 2 out of 118 samples were positive
(Romano et al., 1999).

In addition to the direct inhalation of viruses in aerosols,
workers are exposed to viruses that can be trapped in the upper
respiratory tract or the lungs and swallowed afterwards.
Although this study did not aim to document the surface
contamination by viruses, workers can also be exposed to viral
particles deposited on surfaces via aerosol deposition, i.e., the
fomite transmission route. In this pathway, aerosolized viruses
adsorb to charged fomites on a surface. The fomite with the
pathogen can then come into contact with a worker, his or her
hand for example. The worker is subsequently infected when
he/she touches his/her mouth and/or eyes. Many viruses
remain infectious for extended periods of time after deposition.
For example, HAV and rotavirus remain infectious for more
than two months on fomites (Boone and Gerba, 2007). This
Table 5 – Sequencing and assembly output details.

Sites Number
of reads

Number
of contigs

Total size
of assembly con

Site 1 18741055 45130 101595404
Site 2 764755 602 536721
Site 3 604133 268 240403
route of infection has been proven for many viral pathogens,
including rotavirus (Butz et al., 1993; Hota, 2004), HAV
(Sundkvist et al., 2000; Aitken and Jeffries, 2001), and AdV
(Abad et al., 1994; Aitken and Jeffries, 2001; Hamada et al., 2008)
among others, and yet remains an underestimated and
understudied risk for workers.

Our metagenomic analysis focused on RNA viruses because
they are responsible for the majority of human respiratory and
enteric illnesses suffered by WTCs' workers and the DNA virus
community is typicallydominated by viruses that infect bacteria
(i.e., bacteriophages) (Lundholm and Rylander, 1983; Uhrbrand
et al., 2011; Paez-Espino et al., 2016. However, the fact that the
majority of sequences that we were able to identify were not
viral in origin was not surprising. While some viral
metagenomic libraries are constructedwith enriched or purified
viral nucleic acids, in this study, we chose to sequence
unpurified and unenriched samples directly in order to avoid
removing viruses adsorbed to large agglomerates of particles in
the air (data not shown). The most likely reason for the low
number of RNA viral sequences detected in our study is that we
did not achieve an adequate depth of sequencing to fully
characterize this relatively minor component of the total
sequences in our samples and why the viruses targeted by
qPCR were not present in our metagenomic results.

Rotaviruses and HAV were detected by qPCR from samples
collected only with the Coriolis and the Marple devices. This
suggests that low flowrate samplers may result in a better
recovery of RNA viruses in these conditions. High flowrate
samplers are preferable when sampling rare events as they
can generate more concentrated samples than moderate to
low flowrate devices. Nonetheless, the greater rate of airflow
and the extended sampling period of these devices can
damage the particles and organisms collected by the sampler
(Toulouse et al., 2014). Some RNA viruses are particularly
prone to degradation because of the fragility of their envelope
and the instability of RNA due to the ubiquity of RNAses in the
environment (Li, 2013).
Average
tig length

N50 of
assembly

Median
contig length

Largest
contig

2251 8800 772 1635750
891 811 588 15090
897 849 622 8222
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The most abundant family of RNA viruses based on our
metagenomic data was Retroviridae, a family that includes the
Human Immunodeficiency Virus. However, a particularity of
these viruses is that they possess a proviral stage in their
replication cycle where they insert their genetic material in
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Fig. 2 – Distribution of human viruses in samples from
the form of DNA into the chromosome of their host. Given the
likely presence of contaminating DNA in our metagenomes,
we do not know if the sequences identified in our samples are
from the DNA provirus, retroviral messenger RNA or the
encapsidated retrovirus RNA genome. Five contigs were
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sampling locations 1 (a), 2 (b), and 3 (c) from WTC 4.



Fig. 3 – Heat map comparing metagenomic results from sites 1, 2 and 3 of WTC 4 with samples from wastewater and source
water in North America (public databases). The red scale represents low abundance cases, as the green one represents high
abundance cases.
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homologous to Caulimoviridae, a family of single-stranded
RNA viruses that infects plants and insects. This is a plausible
result considering that the WTC inflow is a combination of
domestic, industrial and agricultural surface runoff and storm
water that includes many potential insect and plant viral
hosts. We must also underline the fact that the classification
of these data is based on the homology of our sequences to a
database and thus the presence of a particular virus must be
confirmed independently, something that was beyond the
scope of this study.
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Herpes virus was the most abundant human DNA virus
pathogen identified by metagenomics in this study. Its detec-
tion is not surprising considering how widespread it is in the
human population. In fact, 65% of the population of the United
States possesses antibodies to HSV1 (Xu et al., 2002). Interest-
ingly, HSV1 was identified in our metagenomic data for site 4,
and was not detected by qPCR. The presence of sequence
homology to Variola virus, a pathogen responsible for smallpox,
was unexpected, but is presumably due to the presence of the
Vaccinia virus, the active agent in the smallpox vaccine that has
a genome with high sequence similarity to the genome of
Variola virus. The Vaccinia virus, the active agent in the
smallpox vaccine, is in circulation in bovine populations. We
must again state that the presence of these viruses must be
identified independently (Assis et al., 2013).

Sequences with homology to adenoviruses were also
abundant in the WTC aerosol metagenome. In corroboration
with our results, human adenoviruses have also been found
in recent studies based on the viral metagenomic character-
ization of wastewaters (Bibby and Peccia, 2013). Among the
dsDNA phages identified herein, Chlamydiamicrovirus and its
host, Chlamydia, a taxon of bacteria that are obligate parasites
of eukaryotic cells and that are known to cause pneumoniae,
eye trachoma, sexually transmissible infections and psittaco-
sis, were detected as well.

In the future, a more complete and broader risk assess-
ment study could be performed in WTCs using symptoms,
epidemiological data that could be linked and metagenomic
analyses of viruses in aerosols and surfaces to better
understand the impacts of the presence of viral particles on
health problems.
4. Heatmap

As this was the first time that viral metagenomics had been
applied to air samples from WTCs, we supposed that viruses,
and also all organisms found in the air, would originate from
treated water. Although we hypothesized that the wastewater
and aerosol datasets would be most similar, this comparison
was ultimately inconclusive. Nevertheless, our results suggest
that WTC-related microbial communities are demonstrably
distinct from their most likely sources (i.e., wastewater and
source water).
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