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Abstract The use of lagooning as a complementary natural
method of treating secondary effluents of wastewater treat-
ment plants has been employed as an affordable and easy
means of producing reclaimed water. However, using
reclaimed water for some purposes, for example, for food
irrigation, presents some risks if the effluents contain micro-
bial pathogens. Classical bacterial indicators that are used to
assess faecal contamination in water do not always properly
indicate the presence of bacterial or viral pathogens. In the
current study, the presence of faecal indicator bacteria (FIB),
heterotrophic bacterial counts (HBC), pathogens and opportu-
nistic pathogens, such as Legionella spp., Aeromonas spp.,
Arcobacter spp., free-living amoeba (FLA), several viral
indicators (human adenovirus and polyomavirus JC) and viral
pathogens (noroviruses and hepatitis E virus) were analysed
for 1 year in inlet and outlet water to assess the removal

efficiency of a lagooning system. We observed 2.58 (1.17–
4.59) and 1.65 (0.15–3.14) log reductions in Escherichia coli
(EC) and intestinal enterococci (IE), respectively, between the
inlet and outlet samples. Genomic copies of the viruses were
log reduced by 1.18 (0.24–2.93), 0.64 (0.12–1.97), 0.45
(0.04–2.54) and 0.72 (0.22–2.50) for human adenovirus
(HAdV), JC polyomavirus (JCPyV) and human noroviruses
(NoV GI and GII), respectively. No regrowth of opportunistic
pathogens was observed within the system. FLA, detected in
all samples, did not show a clear trend. The reduction of faecal
pathogens was irregular with 6 out of 12 samples and 4 out of
12 samples exceeding the EC and IE values, specified in the
Spanish legislation for reclaimed water (RD 1620/2007). This
data evidences that there is a need for more studies to evaluate
the removal mechanisms of lagooning systems in order to
optimize pathogen reduction. Moreover, surveillance of water
used to irrigate raw edible vegetables should be conducted to
ensure the fulfilment of the microbial requirements for the
production of safe reclaimed water.

Keywords Lagooning . Bacterial removal . Virus removal .

Regrowth . Reclaimed water . Faecal indicator bacteria .

Human adenovirus

Introduction

Water scarcity is a major problem worldwide, with an estimat-
ed 2.7 million people living close to river basins that are af-
fected by severe water need (Oki and Kanae 2006; Hoekstra
et al. 2012). The United Nations estimates that the world pop-
ulation will reach 9 billion in approximately 2050 and that
water availability will therefore decrease. Current projections
indicate that there will be a 55 % increase in water demand
between 2000 and 2050 (Gurría 2012). It is clear that reducing
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water use, recycling and reusing water resources are and will
continue to be a priority in the near future.

The use of recycled treated wastewater, also called
reclaimed water, for irrigation has proven to be a good
strategy for reducing water scarcity. Reclaimed water is
a source of water that is independent of weather condi-
tions and includes additional nutritional input that can
produce better vegetables, field crops, and fruits
(Wheaton et al. 2001; Dare 2015). However, the use of
improperly treated reclaimed water for food irrigation pre-
sents a risk to human health if the pathogenic microorgan-
isms contained in the water are not inactivated (Carter
2005; Riera-Montes et al. 2011). The increase of fresh
food consumption has been linked to an increase in
foodborne outbreaks (Sivapalasingam et al. 2004; Kozak
et al. 2013; Callejón et al. 2015). One of the sources of
food viral contamination is irrigation water. Maunula et
al. (2013) found that HAdV was present in 9.5 % of
irrigation water used to irrigate berries proving that it
was faecally contaminated. Recently, a major outbreak
of norovirus-related gastroenteritis affected nearly 11,000
people in Germany and was linked to strawberries that
were probably irrigated with contaminated water during
fruit production (Bernard et al. 2014). Although it is not
stated in the report if the water used for irrigation was
reclaimed or not, this incident provides a good example
of how contaminated water or improperly treated
reclaimed water can result in a health risk.

The Spanish legislation on water reuse (Royal Decree
1620/2007) has represented an important advancement to
standardize reuse practices differentiating 14 uses under
five main areas: urban, agricultural irrigation, industrial,
recreational and environmental. To produce reclaimed wa-
ter with a higher quality and to minimize/prevent the risk
of human infections, several processes, such as
microfiltration and ultrafiltration, are being applied after
the secondary treatment in wastewater treatment plants
(WWTP). The technological needs and high costs of these
treatments pose substantial challenges, especially in some
countries, because of economic constraints. Among the
different low-cost methods used to produce reclaimed wa-
ter, storing treated or untreated wastewater in stabilization
ponds, polishing ponds, or natural or artificial lagoons
appears to be an effective solution to overcome these
challenges (Campos et al. 2002; Oragui et al. 2011).
These methods are affordable in developing countries
and small communities, and they result in high microbial
inactivation rates via the use of cheap technological ap-
proaches with low operational costs (Mara et al. 1992;
Peña et al. 2000).

Traditionally, the efficiency of microbial removal for
these methods has been evaluated using faecal indicator
bacteria (FIB) such as faecal coliforms. However, the

presence of faecal coliforms is not always correlated with
the presence of viral pathogens, such as noroviruses (Gerba
et al. 1979; Marzouk 1980; Pusch et al. 2005; Jiang 2006;
Bofill-Mas et al. 2013) or other pathogenic bacteria, such
as Legionella spp., Aeromonas spp., which are indigenous
to freshwater ecosystems, and Arcobacter spp., which is
considered to be an opportunistic pathogen and a signature
indicator of sewage contamination (Harwood et al. 2005;
Collado and Figueras 2011). The weakness of this correla-
tion has been attributed to differences in the survival rates
of these species and differences in the efficiencies of treat-
ments used in WWTPs. This lack of correlation has also
been described in water stabilization ponds and lagooning
systems in previous studies (Mara and Pearson 1987;
Donnison and Ross 1995). Nevertheless, new studies
based on molecular techniques are needed to confirm or
deny a lack of correlation between these biological indica-
tors. For example, in a recent study published by Jurzik
et al. (2015), the use of polishing ponds as a tertiary treat-
ment resulted in a reduction of 1.84–2.65 log units of bac-
teria and bacteriophages without reducing/affecting the
concentrations of animal viruses. However, in the later
study, viruses were tested by molecular methods and infec-
tivity data was not included. The information derived from
molecular methods is useful, especially for those viral
agents which are not cultivable, such as NoV or bacterial
species that might enter into a viable but not cultivable
(VBNC) state. However, this is a limiting factor when
evaluating the removal efficiency of a specific water treat-
ment process because non-infective viral genomic materi-
al can be detected by q(RT)-PCR methods. To overcome
this limitation, cell culture methods were applied, for
HAdV, to test the infectivity of viral concentrates.
Human adenovirus is widely used as a human viral faecal
marker showing a high occurrence during all periods of
the year (Gerba et al. 1979; Lipp et al. 2001; Bofill-Mas
et al. 2013). The presence of human adenovirus infectious
viral particles is important when evaluating the risks de-
rived from water reuse, for example, when testing water
used for crops irrigation.

The current study describes the removal efficiency of a
lagooning system by analysing the presence of faecal viral
markers, including human adenoviruses (HAdVs) and JC
polyomavirus (JCPyV), heterotrophic bacteria counts
(HBC), and classical FIBs, (E. coli (EC) and intestinal entero-
cocci (IE)). In addition, the presence of pathogenic
noroviruses (GI and GII), the hepatitis E virus (HEV), poten-
tial bacterial pathogens, such as Arcobacter spp., Aeromonas
spp., Legionella spp. and free-living amoeba were analysed to
determine whether these water systems are reservoirs or
niches that might promote the regrowth of pathogenic micro-
organisms and thereby represent a new threat with regard to
further water reuse.

Environ Sci Pollut Res (2016) 23:16816–16833 16817



Materials and methods

Description of the site and sampling program

The lagooning system evaluated is situated in south Catalonia
(Spain) in a zone with typical Mediterranean weather. The
lagooning system has a theoretical total volume capacity of
24,087 m3 and a surface area of 16,864 m2. The system re-
ceives water from the secondary outlet of a WWTP that treats
a volume of 25,000 m3/day of raw sewage from approximate-
ly 200,000 inhabitants. The flow rates were measured in con-
tinuous using a magnetic flow meter. The volume of water
entering the lagoons is registered daily and was provided by
the WWTP, and the data is presented in Table 1. Once the
water has been treated with a conventional secondary treat-
ment (activated sludge), its entry into the stabilization ponds
of the lagooning tertiary treatment depends on water demands
and is regulated by a water level control system. The system is
composed of four lagoons with depths ranging from 1.95 to
3.15 m. This volume of water, which does not take evapora-
tion into account, provides an indirect measure of reclaimed
water produced and supplied to 140 users who use this water
as the main irrigation source for their olive and hazelnut trees
and vineyards, which cover an area of 135 ha.

One year of sampling, from September 2012 to August
2013, was completed. Two-litre water samples were collected
monthly from the secondary outlet of the WWTP as it entered
the lagooning system (lagooning inlet), and 2 L was collected

from the tertiary effluent after it exited the stabilization ponds
(lagooning outlet). A volume of 1 L was obtained from each
sampling point and used for the viral analysis, 500 mL
were used to analyse the samples for the presence of FIB,
Aeromonas spp. and Arcobacter spp., and 500 mL
were used to analyse the samples for the presence of HBC,
Legionella spp. and free-living amoebas. Water temperature,
pH and conductivity were measured using the corresponding
probes (XS instruments device) and following the US EPA
guidelines 150.1 and 120.1, respectively. Turbidity was deter-
mined by nephelometry using a hanna instrument and follow-
ing the US EPA 180.1 guideline. All the variables were re-
corded during sampling. Precipitation and solar radiation data
were collected from the Catalan Meteorological Institute
(http://www.meteo.cat/servmet/index.html). All of this
information is presented in Table 1.

Viral analysis

Viral concentration and nucleic acid extraction

The viruses present in 1 L samples were concentrated using
skimmed milk organic flocculation. The method has a recov-
ery efficiency of about 50 % (20–95 %) (Calgua et al. 2008,
2013). All samples were adjusted to a conductivity of 1.5 mS/
cm2 and acidified to a pH 3.5 using 1 N HCl. Briefly, a sus-
pension of skimmed milk was prepared by adding 10 g of
skimmed milk powder (Difco, Detroit, MI, USA) to 1 L of

Table 1 Physicochemical parameters and environmental factors analysed during the study period

Sampling date Water
matrices

27/
09/12

29/
10/12

27/11/
12

17/
12/12

28/
01/13

25/
02/13

18/
03/13

29/
04/13

20/
05/13

17/
06/13

29/
07/13

26/
08/13

pH LIa 7.34 7.31 7.55 7.15 7.72 7.33 7.53 7.39 7.66 7.66 7.44 7.3

LOb 7.56 8.28 7.20 7.57 8.16 7.92 7.88 7.88 8.28 8.27 7.66 7.67

Conductivity (mS/cm2) LIa 1313 1620 1350 1585 1520 1208 950 909 1214 1618 1552 1567

LOb 1476 1455 1079 1540 1492 1451 1236 1576 1494 1574 1715 1621

Turbidity (NTU) LIa 16.8 5.15 5.49 8.74 13.0 15.7 6.23 9.0 6.8 14.13 7.39 5.66

LOb 8.34 19.4 13.5 9.9 12.4 29.5 10.5 10.0 6.78 12.7 19.3 15.7

Water temperature (°C) LIa 23.0 14.6 12 9.9 15.0 15.5 18.0 17.0 21.0 26.0 27.0 26.0

LOb 25.4 18.8 10 8.4 10.0 10.0 13.5 18.0 20.0 28.0 28.0 26.0

Average atmospheric temperature 72 h
before sampling (°C)

LIa 20.57 13.10 12.77 12.93 10.27 5.87 9.30 11.27 13.60 21.83 26.43 22.87

LOb 20.57 13.10 12.77 12.93 10.27 5.87 9.30 11.27 13.60 21.83 26.43 22.87

Accumulated precipitations 72 h before
sampling (mm)

LIa 0 0 0 0.9 0 7 0 8.6 1.8 0.4 0 0

LOb 0 0 0 0.9 0 7 0 8.6 1.8 0.4 0 0

Accumulated solar radiation 72 h before
sampling (MJ/m2)

LIa 20.6 7.6 7 2.9 12 2.1 21 8.8 27.3 29.6 25.3 17.4

LOb 20.6 7.6 7 2.9 12 2.1 21 8.8 27.3 29.6 25.3 17.4

Total monthly consumption (m3) 58478 21100 18720 12017 19610 20159 10960 26381 21600 47040 86989 75937

Theoretical hydraulic retention time
(months)

0.85 2.37 2.67 2.94 2.54 2.48 4.56 1.89 2.31 1.06 0.57 0.66

a Lagooning inlet
b Lagooning outlet

16818 Environ Sci Pollut Res (2016) 23:16816–16833



artificial seawater (Sigma-Aldrich Chemie GMBH, Steinheim,
Germany), and the solution was then adjusted to pH 3.5 using
1 N HCl to obtain a pre-flocculated 1 % (w/v) skimmed milk
solution (PSM). Then, 10 mL of PSM was added to previously
conditioned samples to obtain a final concentration of 0.01 % of
skimmedmilk. Samples were kept for 8 h while stirring at room
temperature, and flocks were allowed to sediment by gravity
during 8 h. The supernatant was carefully removed, and the
remaining 500 mL of the solution were centrifuged at 8000×g
for 30min at 4 °C. Pellets were suspended in 1mL of phosphate
buffer (pH 7.5) and stored at −80 °C until nucleic acid (NA)
extractions were performed. A negative concentration control
for each process sample was also included. For these, we used
tap water as the matrix, and we first neutralized the free chlorine
by adding 100 mL of a 10 % sodium thiosulfate solution.

To extract viral nucleic acids, 140 μL of viral concentrates
were processed using a QIAamp® Viral RNA Mini Kit
(Qiagen, Valencia, CA, USA) and the automated QIACube
system (Qiagen, Valencia, CA, USA) following the manufac-
turer’s instructions. Nucleic acids were stored at −80 °C until
analysed. A negative control consisting of DNAse/RNAse-
free molecular water was included in each extraction batch.

Quantitative and nested PCR assays to evaluate viruses

Samples were analysed to determine the presence and concen-
trations of viral faecal markers and other pathogenic viruses.

Specific real-time qPCR assays were used to quantify the
viral faecal markers HAdV and JCPyV (Bofill-Mas et al.
2006; Hernroth et al. 2002; Pal et al. 2006) using TaqMan®
Environmental Master Mix 2.0 (Life technologies, Foster
City, CA, USA). Real-time primers and probes for HAdV
can amplify A, C, D, E, F and some B HAdV serotypes, so
the most frequently described HAdV can be detected with this
assay. Specific RT-qPCR assays were performed to quantify
the levels of the human norovirus genogroups I and II (NoVGI
and NoVGII) (Kageyama et al. 2003; Loisy et al. 2005) and
the RNA UltraSense™ One-Step Quantitative RT-PCR
System (Invitrogen, Carlsbad, CA, USA). All samples were
analysed in duplicate using undiluted and 1:10 dilutions of the
nucleic acids extracts. Dilutions were tested to detect the po-
tential inhibition of amplification resulting from the presence
of inhibiting substances in the undiluted samples. The analysis
of direct and ten-fold dilutions of environmental samples may
indicate the presence of enzymatic inhibition if a difference of
Cq between direct and diluted sample is lower than 3.3. In this
case, the value considered was the one obtained by testing the
diluted sample and more dilutions of that sample were tested
to rule out if inhibition was still occurring. Also, external
amplification controls were used to evaluate the potential in-
hibitory capability of the studied samples by adding known
amounts of standard plasmid (1 × 103 GC/reaction). A
MX3000Pro qPCR sequence detector system (Stratagene, La

Jolla, CA, USA) was used to quantify the levels of viral ge-
nomes in the samples.

Nested RT-PCR (nRT-PCR) assays were used to test for the
presence of the hepatitis E virus (HEV), as previously described
by Erker et al. (1999). Nested PCR was selected because low
numbers of HEV were expected, and nested PCR facilitated
sequencing analysis of the virus. Reverse transcription of the
extracted RNA was performed using a one-step RT-PCR Kit
(QIAGEN, Valencia, CA, USA), and semi-nested PCR was
performed using AmpliTaq™ Gold DNA polymerase.

The limit of detection (LOD) in 100 mL of water of the
(RT)qPCR assays that were used in this study was found to be
29 GC for HAdV, 80 GC for JCPyV, 343 GC for NoVGI and
229 GC for NoVGII following the FSA 2006 guidelines.

Controls for (RT)-qPCR assays

Plasmid DNA suspensions were used as positive controls and
quantitative standards. For HAdV and JCPyV, the hexon re-
gion (8961 bp) of HAdV41 and the whole genome (5130 bp)
of JCPyV Mad1 were cloned into the plasmid pBR322. The
capsid protein regions of NoVGI.4 (2931 bp) and NoVGII.13
(3004 bp) were cloned into the pTrueBlue®-Pvu II vector and
used as the qRT-PCR standard.

To reduce the possibility of DNA contamination in the lab-
oratory, 10 μg of each plasmid DNAwas linearized using spe-
cific restriction enzymes as follows: BamHI for the HAdV41
plasmid (Promega, Madison, WI), NruI for the JCPyV plasmid
(Promega, Madison, WI), SacI for the NoVGI plasmid and
XhoI for the NoVGII plasmid (Promega, Madison, WI). The
reaction products were subsequently purified and quantified.
Samples and standard plasmids were added in two different
rooms to avoid the possibility of contamination. Serial dilutions
in TE buffer were performed using linearized standards ranging
from 100 to 105 molecules per 5 or 10 μL (for viral RNA or
DNA, respectively). Aliquot standard dilutions were stored in
individual tubes at −80 °C until use.

All qPCR assays included non-template controls (NTC), and
control extractions were included to evaluate any possible con-
tamination during the extraction and amplification process.
Moreover, all qPCR, RT-qPCR, nPCR and RT-PCR mixes,
sample inoculations and standard additions were performed in
separated areas to avoid any potential contamination. Negative
PCR controls were also included for each analysis.

Infectivity assays in HAdV using the ICC-qPCR approach

An infectivity assay was performed for HAdV using the hu-
man embryonic kidney cell line HEK 293A (Life technolo-
gies, R705-07). Cells were infected with the four inlet samples
that had the highest number of HAdV viral genomic copies
and the four corresponding outlet samples. Cells were used
from passages 12 to 15 and cultured using Dulbecco’s

Environ Sci Pollut Res (2016) 23:16816–16833 16819



modified Eagle’s medium (DMEM) containing a high concen-
tration of glutamine (Glutamax, Life Technologies). The me-
dium was supplemented with 10 % fetal bovine serum (Life
Technologies), 1 % streptomycin-ampicillin and 1 % non-
essential amino acids (Life Technologies), as previously de-
scribed in the literature (Ogorzaly et al. 2013).

HEK 293A cells were seeded in 25 cm2 cell culture
flasks at a density of 5 × 104 cells/mL and incubated in
5 % CO2 at 37 °C until confluence was achieved. Each
environmental sample was analysed in two infected cell
flasks (T0-1 h incubation and T8-8 day incubation).
Cell culture flasks were infected using 100 μL of viral
concentrate that was diluted in DMEM (1:1) to achieve
a final infective solution of 200 μL because previous
assays showed toxicity when they were infected with
undiluted viral concentrates. Cells were incubated at
37 °C for 60 min. The cells were subsequently washed
with PBS 1× three times to remove non-infective viral
particles that were attached to cell surfaces. Finally,
5 mL of DMEM supplemented with 1 % non-essential
amino acids, 2 % fetal bovine serum, 2 % streptomycin-
ampicillin and 2 % kanamycin were added to the cell
flasks. A negative (DMEM) and a positive control
(HAdV35) were performed in parallel.

Positive samples were quantified with a most probable
number (MPN) approach. Briefly, nine 25-cm2 cell culture
flasks were inoculated using a ten-fold dilution series (direct
to 10−2) in triplicate. All of the infected cell-cultured flasks
were scratched after 3 days of incubation and analysed using
140 μL of the scratched cell suspension in a QIAamp Viral
RNA mini Kit (QIAGEN). Negative samples had <8 MPN
infective HAdV in 100 mL.

Cell cultures presumptively positive for adenovirus were
analysed using a nested PCR (Allard et al. 2001), and the
amplicon was sequenced to typify the most abundant
HAdV types grown in cell cultures. The pair of primers
selected were broad primers to amplify all HAdV known
serotypes. The amplicons obtained after the nested-PCR
were purified using a QIAquick PCR purification kit
(QIAGEN, Inc.). The purified DNA was directly se-
quenced using an ABI PRISM™ Dye Terminator Cycle
Sequencing Ready Reaction kit version 3.1 with
AmpliTaq® DNA polymerase FS (Applied Biosystems)
according to the manufacturer’s instructions. Conditions
for the 25-cycle sequencing amplification were denaturing
at 96 °C for 10 s, annealing for 5 s at 50 °C and exten-
sion at 60 °C for 4 min. Nested primers were used for the
sequencing reactions at a concentration of 0.05 μM.

Sequencing results were checked using an ABI PRISM
377 automated sequencer (PerkinElmer, Applied
Biosystems). Sequences were compared to the GenBank
and European Molecular Biology Library (EMBL) using
the basic National Center for Biotechnology Information

(NCBI) BLAST programme (http://www.ncbi.nlm.nih.gov/
BLAST/).

Bacteria and protozoa analysis

Heterotrophic bacteria quantification

Heterotrophic bacterial counts (HBC) were determined in ac-
cordance with International Organization for Standardization
(1999) following the standards for water quality. Briefly, ten-
fold dilution series were prepared in Ringer 1/4 (Scharlau
Chemie; Barcelona, Spain), plated in plate count modified
agar media (Scharlau Chemie; Barcelona, Spain) and incubat-
ed at 22 °C for 72 h as previously described ( Serrano-Suárez
et al. 2013) .

FIB

The determination of E. coli (EC) and intestinal enterococci
(IE) was performed using 96-well microplate MPNs accord-
ing to the International Organization for Standarization
(1998a, 2012) methods (Bio-Rad, France), respectively. The
detection method used for EC was based on the expression of
the β-D-glucuronidase enzyme, while the expression of β-
glucosidase was the target used to detect IE.

Detection and quantification of Arcobacter

The quantification of Arcobacter in reclaimed water was per-
formed according to the MPN method using five replicate
tubes. Each contained 2.5 mL of Arcobacter broth supple-
mented with CAT (cefoperazone, amphotericin B and
teicoplanin) and 0.5 mL of a ten-fold serial dilution of the
water samples. The tubes were incubated at 30 °C for 48 h.
For tubes that showed turbidity, 200 μL of the broth was
inoculated using passive filtration (0.45-μm membrane) on
blood agar plates (Trypticase Soy Agar (TSA), BD, Spain)
supplemented with 5 % sheep’s blood. Eight presumptive
Arcobacter colonies were selected for molecular identification
from each positive sample. The 16S rDNA-RFLP method
(Figueras et al. 2012) was used. The MPN values were calcu-
lated using MPN Build 23 software (Mike Curiale software),
and the results were expressed as MPN/100 mL.

Detection and quantification of Aeromonas

All water samples were investigated for the presence of
Aeromonas (n=24), but quantification was performed accord-
ing to the MPN method using five replicate tubes only be-
tween March 2013 and August 2013 (n=12). Buffered pep-
tone water (BPW, Oxoid, UK) was used to prepare ten-fold
serial dilutions of the water samples; 0.5 mL of each dilution
was inoculated into a tube containing 2.5 ml of alkaline
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peptone water (APW, Oxoid, UK) supplemented with ampi-
cillin (APW-A, 10 mg/L, Sigma-Aldrich, Steinheim,
Germany). The tubes were incubated at 30 °C for 24 h.
From each dilution, 100 μL was inoculated in ampicillin dex-
trin agar (ADA, CRITERION, Santa Monica, California,
USA) plates and incubated at 30 °C for 24 h. When the
ADA plates were found to be positive for the presence of
Aeromonas, eight presumptive yellow colonies were
subcultured in TSA and incubated under identical
conditions. For molecular identifications performed at the
genus level, the PCR method described by Chacón et al.
(2002) was used. The MPN was calculated as described
above.

Legionella spp. culture and typification The detection and
quantification of Legionella spp. in water samples were per-
formed by culturing samples on BCYE agar supplemented
with GVPC (MAIM, Spain). Samples (100 mL each) were
filtered through a 0.45-μm pore size nylon membrane (Filter
HNWPMillipore; Ireland), and the retained material was then
suspended in 10 mL of Ringer 1/40 using vortexing for 2 min.
The concentrates were cultured either directly or after two
treatments: a thermal treatment at 50 °C for 30 min or an acid
treatment in which 100 μL of acid buffer was added to 900 μL
of the sample concentrate, as described in International
Organization for Standardization (1998b).

Presumptive Legionella colonies were tested using a
Legionella latex test (Oxoid, Basingstoke, Hampshire,
England) according to the manufacturer’s instructions. This
kit enables the differentiation of L. pneumophila serogroup
1, L. pneumophila serogroups 2–14 and seven additional
Legionella species.

Legionella spp. DNA extraction and qPCR analysis
Nucleic acids were extracted from 1 mL of Legionella sample
concentrates using a Wizard genomic DNA purification kit
(Promega, Madison, Wis.).

All samples were tested for the presence of Legionella spp.
using a primer pair that was described in Herpers et al. (2003)
and a probe described in Declerck et al. (2007). All reactions
were performed in a final volume of 25 μL that contained
0.9 μM of each primer, 0.2 μM TaqMan MGB probe,
12.5 μL of 1× TaqMan Universal Master Mix and 5 μL of
the extracted nucleic acids.

Legionella spp. positive samples were further tested for the
presence of L. pneumophila. These assays targeted the mip
gene and were based on the primers and probe described in
Diederen et al. (2007). All of these reactions were performed
in a final volume of 25 μL that contained 0.2 μM of the MipF
primer, 0.3 μM of the MipR primer, 0.15 μM TaqMan probe
Lpn-Mip, 12.5 μL of the 1× TaqMan Universal Master Mix
and 5 μL of the extracted nucleic acids.

Free-living amoeba quantification

To quantify free-living amoebae (FLAs), 100 mL of each
sample was concentrated to 10 mL by centrifugation at
800×g for 20 min. The concentrates were quantified by cul-
turing them in non-nutrient agar (NNA) plates according to
the MPN method described in Cervero-Aragó et al. (2013).
MPN values were obtained from MPN tables (International
Organization for Standardization 2005). The detection limit of
the method ranged from 2×102 MPN of FLA/mL to 2×106

MPN of FLA/mL.

Statistical analyses

The data obtained for the concentrations of the microbio-
logical parameters at the inlet and the outlet of the
lagooning system were analysed using software packages
developed in R (R Core Team 2013). The Wilcoxon test
implemented in the R Package BexactRankTests^ was
used to calculate p values. This test was applied to calcu-
late whether there were statistically significant differences
between the values obtained at the inlet compared to those
obtained at the outlet. The results relating to bacteria and
free-living amoeba were analysed using two-sided
Wilcoxon tests, while one-sided Wilcoxon tests were used
to analyse results related to human viruses. The inclusion
of the LOD for each microorganism and technique has
been chosen to replace all non-detect. To compare the
significance of the p values obtained for each microorgan-
ism, p values adjusted for multiple testing were calculated
(Online resource 1) using the R package by applying the
false discovery rate (FDR) test (Benjamini and Yekutieli
2001). A redefined adjusted p value of 0.05 was chosen to
be the cut-off for statistical significance.

Pearson’s correlation tests were performed using R soft-
ware to determine if some relation existed between pH, water
temperature, atmospheric temperature, theoretical hydraulic
retention time and the microbial load at the outlet. At the same
time, correlations among the different microorganisms at the
outlet of the lagooning were tested.

Results

Results obtained for microbiological parameters in the inlet
and outlet samples for each sampling point and date are shown
in Table 2. Mean values before and after the lagooning tertiary
treatment and the logarithmic reductions are presented in
Tables 3 and 4 and Fig. 1. Negative or non-detected samples
have been replaced by the LOD for each microorganism and
technic. This conservative decision might underestimate the
lagooning removal efficiency.
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In general, all studied microorganisms were reduced in
concentration after lagooning, with reductions ranging
from 1.18 to 0.45 log for some enteric viruses and up to

more than 2 log for EC (Fig. 1). The observed reductions
in human viral faecal markers (HAdV and JCPyV) and
FIB (EC and IE) were statistically significant (Online

0 1 2 3 4 5 6 7 8

Log10 Concentra�on in 100mL

HAdV
JCPyV

NoVGGI
NoVGGII

Heterotroph
Amoeba

Legionella spp.
E.coli

Enterococi
Arcobacter spp.
Aeromonas spp.

Microbial loads across the lagoon system

INLET OUTLET

Fig. 1 Mean microbial
concentration loads of the inlet
and outlet reclaimed water
produced in the lagooning system
studied
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Table 3 Inlet and outlet mean concentration of microbial parameters analysed and their logarithmic reduction after the lagooning treatment during the
study period

Sampling
period

Reference
samples

Virus (CG/100 ml)

Human adenovirus
(HAdV)

JC polyomavirus (JCPyV) Norovirus GI (NoVGI) Norovirus GII (NoVGII)

Geometric
mean (min-max)

Positive
samples

Geometric
mean
(min-max)

Positive
samples

Geometric
mean
(min-max)

Positive
samples

Geometric
mean
(min-max)

Positive
samples

June–
September

LIa 1.0 × 103

(1.05× 103

–3.78× 103)

4/4 1.15× 102

(8.0 × 101

–1.81 × 102)

2/4 1.76× 103

(3.43× 102

–2.75× 104)

2/4 1.13 × 103

(2.29× 102

–5.20× 103)

2/4

LOb 8.19× 101c

(2.9 × 101

–6.16× 102)

2/4 (8.0 × 101) 0/4 8.01× 102

(3.43× 102

–2.72× 103)

2/4 3.99 × 102

(2.29× 102

–1.16× 103)

2/4

Log
reduction

1.09 2.06 0.34 0.45

October–
May

LIa 7.13× 103

(2.9 × 101

–8.27× 104)

7/8 1.39× 103

(8.0 × 101

–8.55 × 102)

7/8 1.23× 104

(3.43× 102

–1.42× 105)

6/8 1.62 × 104

(2.29× 102

–1.28× 105)

8/8

LOb 4.21× 102

(2.9 × 103

–3.72× 104)

4/8 1.81× 102

(8.0 × 101

–1.95 × 103)

3/8 3.82× 103

(3.43× 102

–4.04× 105)

5/8 2.42 × 103

(2.29× 102

–1.66× 104)

7/8

Log
reduction

1.23 0.89 0.51 0.83

Global LIa 3.71× 103

(1.48× 102

–9.01× 104)

11/12 6.06× 102

(8.0 × 101

–7.62 × 103)

9/12 6.43× 103

(3.43× 102

–1.42× 105)

8/12 6.67 × 103

(2.29× 102

–1.28× 105)

11/12

LOb 2.44× 102

(2.9 × 101

–3.72× 104)

6/12 1.38× 102

(8.0 × 101

–1.95 × 103)

3/12 2.27× 103

(3.43× 102

–4.04× 105)

7/12 1.28 × 103

(2.29× 102

–1.66× 104)

8/12

Log
reduction

1.18d 0.64d 0.45 0.72

Geometric means are calculated by using the LOD for a givenmicroorganism and technique. Theminimum andmaximumvalue for eachmicroorganism
is specified
a Lagooning inlet
b Lagooning outlet
c No positive values observed
d Statistically significative p value 0.05



resource 1). No significant statistical correlation was
found between the measured physico-chemical water pa-
rameters and any of the microorganisms analysed at the
lagooning outlet. A significative negative correlation was
found between HRT and heterotrophic bacterial counts
(R2 =−0.72, p value = 0.0078). Only significative correla-
tions between norovirus genogroups GI and GII
(R2 = 0.84, p value = 0.0006) were found.

The average water retention time in the system
was estimated to be of 31 days with two main periods: a
high demand period (from June to September 25,000 m3/
month) with an average estimated retention time of
16 days and a low demand period (from October to
May, 25,000 m3/month) with an average estimated reten-
tion time of 88 days (see Tables 3 and 4). Retention time
was influenced by raining events, which decreased the
water demand from farmers. Although initial analyses ap-
pear to indicate differences in microbial removal between
these periods, the small number of samples tested for each
period group does not enable to conclude if differences
are statistically significant.

Efficiency of virus removal and inactivation

A high abundance of viruses was observed in the second-
ary effluents analysed over the entire year. The majority
of the samples (11/12) entering into the lagooning system
were positive for HAdV with a mean value of 3.71 × 103

GC/100 mL, whereas only half of the outlet samples were
positive (6/12), with mean values of 2.44 × 102 GC/
100 mL (Tables 2 and 3). For JCPyV, the number of
positive samples was high (9/12) at the inlet, with a mean
value of 6.06 × 102 GC/100 mL, while the number of pos-
itive samples decreased at the outlet (3/12), where sam-
ples showed a mean value of 1.38 × 102 GC/100 mL.
Human pathogens NoV GI and GII were highly prevalent
at the inlet (in 8/12 and 11/12 of the samples, respective-
ly). The concentrations of both genogroups at the inlet of
the system were 6.43 × 103 GC/100 mL and 6.67 × 103

GC/100 mL, respectively, while the prevalence of these
viruses at the outlet of the system slightly decreased (7/12
of the samples at 2.27 × 103 GC/100 mL and 8/12 of the
samples at 1.38 × 103 GC/100 mL, respectively). None of
the inlet or outlet samples were positive for HEV.

The infectivity experiments presented one out of four
samples with infectious HAdV in the inlet (233 MPN
IU/100 mL). None of the four outlet samples tested
showed infectious HAdV (LOD 8MPN infective virus/
100 mL). The positive inlet sample for HAdV was am-
plified, and the amplicon obtained was sequenced and
corresponded to HAdV41 (nucleotide accession number
HG976918).

Efficiency of inactivation of HBC and standard FIB

HBC

Heterotrophic bacteria were present in all of the samples
analysed, with a geometric mean of 2.91×107 cfu/100 mL
in the inlet samples and 9.43×106 cfu/100 mL in the outlet
samples. The results showed a reduction of 0.49 logs in the
HBC count, but this difference was not statistically significant
(Table 4 and Online resource 1). Moreover, these differences
varied slightly during the year. A peak reduction in HBC of
0.95 logs was observed during the months with lower water
demand. In contrast, there was an increase in the bacterial
count to 0.44 logs in the summer during the period of high
water demand.

Standard FIB

All 12 inlet water samples were positive for EC and IE, with
geometric means of 7.23×104 MPN/100 mL and 5.11×103

MPN/100 mL, respectively (Table 2). Only eight outlet water
samples were positive for EC (1.92× 102 MPN/100 mL),
whereas 10 outlet samples were positive for IE (1.14×102

MPN/100 mL). The lagooning reduced 2.58 and 1.65 log
EC and IE, respectively (Table 4).

During the low demand period, the mean concentration of
EC in the inlet water was 4.81×104 MPN/100 mL, while in
the outlet, the mean concentration was 8.47 × 101 MPN/
100 mL. These data indicate a 2.75 log reduction. For the
same period, the mean concentration of IE was 4.23 ×103

MPN/100 mL for the inlet water and 8.03 × 101 MPN/
100 mL for the outlet water, with an observed reduction of
1.72 logs.

During the high demand period, the mean concentration of
EC was 1.63 × 105 MPN/100 mL and 9.80 × 102 MPN/
100 mL for the inlet and the outlet water, respectively, indi-
cating a 2.22 log reduction. During this period, the concentra-
tion of IE in the inlet water was 7.46×103 MPN/100 mL,
while the concentration at the outlet was 2.28×102 MPN/
100 mL, indicating a 1.51 log reduction.

Evaluation of the potential regrowth of bacteria and other
opportunistic pathogens

Arcobacter

All 12 inlet water samples were positive for Arcobacter, while
only 5 (41.6 %) of the outlet water samples were positive
(Table 2). The average concentration of Arcobacter in the inlet
water samples was 7.51×106 MPN/100 mL, while in the out-
let water samples, the average concentration was 4.59×102

MPN/100 mL (Table 4). During the low demand period, the
mean concentration of Arcobacter in the inlet water was
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7.80×106 MPN/100 mL, while in the outlet, it was 9.47×102

MPN/100 mL. This data represents a 3.92 log reduction.
Notice that during the high demand period, the mean concen-
tration of Arcobacter was 6.9×106 MPN/100 mL for inlet
water and 1.08×102 MPN/100 mL for outlet water, and these
data represent a 4.81 log reduction.

Aeromonas spp.

All water samples (12 inlet and 12 outlet) were positive for
Aeromonas (Table 2). Over the 6 months during which quan-
tification was performed (March 2013 and August 2013), the
average concentration of Aeromonas spp. in the inlet water
was 1.08×106 MPN/100 mL and the average concentration
in the outlet was 1.94×105 MPN/100 mL. These data repre-
sent a 1.02 log reduction in the Aeromonas spp. load during
the storage period (Table 4). During the lower demand period,
the mean concentration of Aeromonas in the inlet water was
1.06× 106 MPN/100 mL, while in the outlet water, it was
1.05×104 MPN/100 mL. These data indicate a 2 log reduc-
tion. In contrast, during the high demand period, the mean
concentration of Aeromonas was 3.97×105 MPN/100 mL in
the inlet water and 3.68x105 MPN/100 mL in the outlet water,
representing only 0.03 log reduction.

Legionella spp.

Legionella spp. were detected using qPCR, but not culture
methods, in both inlet and outlet samples. In the samples with
higher concentrations, which were obtained from February to
April, it was not possible to isolate any Legionella spp. be-
cause there was a high concentration of accompanying micro-
biota that also grew on the BCYE agar plates. Hence, it was
not possible to differentiate between species or serogroups
using sero-agglutination. The qPCR results showed that
Legionella spp. were present in 11 out of the 12 samples
obtained from the lagooning inlet and in 7 out of 12 samples
obtained from the outlet (Table 2). Within these samples,
L. pneumophila was detected in six inlet samples and two
outlet samples. Overall, a global reduction of 1.72 log was
observed in Legionella (Table 4). However, when only the
positive samples obtained during the low and high water de-
mand periods were compared, we observed a log reduction of
1.97 and 0.89, respectively, in Legionella.

FLA

All inlet and outlet water samples contained FLA, with geo-
metric means of 1.19 × 105 MPN/100 mL and 3.04 × 104

MPN/100 mL, respectively. In general, higher concentrations
of FLAwere detected in the inlet samples, and a reduction of
0.59 log was observed after lagooning. Moreover, an 0.40 log
reduction was observed during the low water demand period,

and a 0.98 log reduction was observed during the high
demand.

Discussion

In this work, a lagooning system, considered as a natural and
low-cost tertiary disinfection method, is used to treat the sec-
ondary wastewater effluent produced by a wastewater treat-
ment plant.

The stabilization pond system studied in this report de-
creased the concentration of all microorganisms analysed,
with the exception of FLA and HBCwhich presented on some
months similar counts at the outlet. Higher numbers of HBC
in the outlet samples were observed during periods with
higher water temperatures, despite increased solar radiation.
These findings support the idea that temperature can positive-
ly impact the regrowth of HBC, as was reported by Niquette
et al. (2001). Microorganisms that are able to grow in aquatic
environments, such as some of the studied bacteria and pro-
tozoa, were analysed for either regrowth or inactivation. It is
known that lagooning applied to produce reclaimed water
reduces the levels of bacteria in the effluent (Jjemba et al.
2010; Derry and Attwater 2014). Nevertheless, bacteria re-
growth has been observed in the mentioned studies in the
reservoir and distribution systems, where there was a loss of
residual disinfectant and high levels of assimilable organic
carbon. Despite this fact, HBC and FLA should be considered
when reclaimed water produced by lagooning is going to be
used for irrigation purposes as both groups contain potentially
pathogenic microorganisms and their regrowth may represent
a health risk.

Viral concentrations decreased between 0.45 and 1.18 log
(NoVGI and HAdV respectively) (Table 3). The obtained
values were similar to those reported by Maynard et al.
(1999); however, depending on the lagooning characteristics,
higher reductions can be reached (up to 2 log) (Shuval 1990;
Pay Drechsel et al. 2010), depending on the characteristics of
the lagooning system. Jurzik et al. (2015) reported a high
degree of effectiveness in the removal of FIB and bacterio-
phages in a lagooning system, whereas human viruses, such as
HAdVand JCPyV, were not significantly decreased. The lack
of infectivity assays in previous studies constitutes an impor-
tant limitation as those viral particles detected could not be
infectious. In the current study, higher reductions of genome
copies were observed for the same faecal virus markers. This
might be related to the higher water temperatures expected
from a Mediterranean site and also due to differences in the
retention times. Infectivity results showed that one out of four
inlet samples but none of the four outlet samples contained
infective HAdV particles (less than 8 MPN infectious HAdV
in the 100 mL of sample analysed), showing that lagooning
could achieve a reduction of 1.49 log. It is widely accepted
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that cell culture assays have some limitations, including the
bias produced by the efficiency or inability of certain adeno-
virus genotypes to replicate in specific cell lines. Hence, these
data should be taken only as an indication of the risk of
infection.

Noroviruses are the leading cause of foodborne disease
outbreaks worldwide (Koo et al. 2010), most of those sporadic
cases and outbreaks being related to NoVGII (Lopman et al.
2004; Lodder and de Roda Husman 2005; Kroneman et al.
2008). This virus was prevalent in the inlet samples through-
out the year and showed a seasonal peak in winter, from
December to May, as previously reported (Haramoto et al.
2006; Katayama et al. 2008; Nordgren et al. 2009), with
higher viral titres ranging from 104 to 105 GC/100 mL. July
was the only month during which NoVGII was not detected.
NoVGI was the less prevalent of the two genogroups, but
when it was present, its viral titres were higher than those of
NoVGII (Table 2). Higher resistance to wastewater treatment
was observed for NoVGI compared to NoVGII, as previously
reported (Da Silva et al. 2007; Nordgren et al. 2009).
Norovirus titres should be a matter of concern, especially con-
sidering its low infectious dose of 18 particles (Teunis et al.
2008). The risk of infection through the consumption of raw
edible vegetables irrigated with reclaimed water, containing
NoV genomic copies, has been recently quantified (Sales-
Ortells et al. 2015).

HEV was not found in either the inlet or the outlet samples
of the lagooning system, even though it is widely known that
this virus circulates in industrialized countries (Legrand-
Abravanel et al. 2009; Masclaux et al. 2013). The low
millilitre equivalents (8.75 mL) of the samples tested by mo-
lecular methods when samples are concentrated by skimmed
milk flocculation (Rusiñol et al. 2015) in combination with the
lower prevalence of HEV virus compared to other enteric
viruses (Masclaux et al. 2013) may explain the absence of
positive results.

The viral reduction values reported by Jurzik et al. (2015),
in addition to those in the current study, indicate that the use of
traditional FIB and bacteriophages as surrogates for predicting
the presence or absence of viral pathogens in reclaimed water
is not always reliable (Baggi et al. 2001; Hot et al. 2003;
Ottoson et al. 2006a). The lack of correlation found between
FIB and viral faecal markers at the lagooning outlet reinforces
that idea, as previously reported (Mara and Pearson 1987;
Donnison and Ross 1995).

A reduction of more than two logs was observed for EC in
the lagooning system. This value is slightly superior to the
average removal value reported for EC by Goyal (2013). In
the case of IE, although similar removal load was observed,
this indicator appears to be more resistant to outdoor storage
than EC because only two samples were below the detection
limit for IE, whereas four of the outlet samples were below the
limit for EC. The higher survival capacity of IE compared to

EC is well described (Fleischer et al. 2000; Figueras and
Borrego 2010), and the results obtained in this study are in
agreement with those reported (Tyagi et al. 2008). In Spain,
reclaimed water is controlled under the regulation RD 1620/
2007, which establishes water uses according to different EC
levels. The removal efficiency achieved in the lagooning
system in this study was not enough to meet the regula-
tion requirements because on some occasions the concen-
tration of EC was higher than 100 MPN/100 mL which is
the maximum allowed by the legislation for raw edible
vegetables (RD 1620/2007). Therefore, the produced
reclaimed water would not be suitable for some irrigation
purposes (e.g., to irrigate raw-edible vegetables).
Specifically, the outlet water exceeded the 100 CFU/100 mL
recommended for EC in 7 out of 12 of the samples tested.
Moreover, three out of seven of the positive outlet water sam-
ples had concentration values that were higher than the
1000CFU/100mL faecal coliforms. These higher values were
observed also in summer during the time of the year when
lagooning water is mainly used for irrigation.

Arcobacter which was present at high concentrations
(7.51×106MPN/100mL) at the inlet has been clearly reduced
4 log (p value 6.21 × 10−4). In fact, four out of the seven
samples in which Arcobacter was not detected were also neg-
ative for the viruses tested. This indicates that lagooning is
very effective in removing some potentially pathogenic bac-
teria. Numerous studies have shown that Arcobacter is abun-
dant in wastewater. No other studies have systematically
quantified the presence of Arcobacter in wastewater or its
presence in a lagooning system as we have done in this study.
In previous studies performed by our group, a correlation was
demonstrated between the presence of Arcobacter and the
presence of faecal pollution (Collado et al. 2008, 2010;
Fisher et al. 2014). However, recently, in a study that used
metagenomics, it was shown that the abundance of
Arcobacter is due to its growth within the sewer environment
and not due to human input. This conclusion was based on the
low abundance of these microbes in the faeces of symptomatic
and asymptomatic patients with diarrhoea (Figueras et al.
2014; Fisher et al. 2014). Other authors have reported the
presence of Arcobacter spp. in sewage in the UK and associ-
ated its detection with the underestimation of these bacteria in
the human community (Merga et al. 2014). Despite this, un-
derestimation continues to occur, as we have suggested in
previous studies (Collado and Figueras 2011; Fisher et al.
2014). These facts alone do not explain the high concentration
found in sewage, from which Arcobacter can be isolated by
direct plating without any enrichment. This latter finding in-
dicates the growth and amplification capacity of these bacteria
in sewage.

The low reduction (0.03 log) observed in Aeromonas dur-
ing the warm season (June–September) correlated with high
temperatures that ranged between 23 and 28 °C
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(corresponding to the optimum growth temperature for this
bacteria) and also with the low retention time of the water in
the lagooning system (Table 4). These results agree with those
of Monfort and Baleux (1990), who studied the Aeromonas
dynamics in a sewage treatment pond and reported a slightly
higher reduction in winter (99.8 %) than in summer (98.3 %).
These authors found a positive correlation between pond wa-
ter temperature and Aeromonas concentrations. However, op-
posite results were reported by (Hassani et al. 1992) in a study
performed in Morocco, where the removal efficacy of the
stabilization pond treatment used to clear domestic wastewater
was higher in the warm months (98.8 %), when temperatures
were approximately 30 °C, than in the colder months (97 %),
when the temperatures were lower than 21 °C.

Isolating Legionella from complex environmental samples
is a well-known arduous job (Joly et al. 2006; Serrano-Suárez
and Araujo 2013; Blanky et al. 2015). The difficulties in-
volved in isolating Legionella using culture methods include
the low sensitivity of the culture media wherein other bacteria
with faster growth rates than Legionella spp. suppress or mask
its growth, or the fact that under stressful conditions,
Legionella spp. enter into a viable but non-culturable
(VBNC) stage (Steinert et al. 1997; Joly et al. 2006;
Rodríguez-Martínez et al. 2015). However, the use of molec-
ular techniques, such as qPCR, has enabled the detection of
similar Legionella concentrations, as have been described in
the literature (Palmer et al. 1993; Medema et al. 2004;
Declerck et al. 2007). Legionella was more abundant in the
inlet samples than in the outlet samples (Table 2).
Nevertheless, a more substantial reduction was observed in
winter, when the retention time was longer and temperatures
were lower (Table 4). In summer, the lower reductionmight be
explained by the shorter retention time and higher tempera-
tures, which were closer to the replication temperature of the
bacteria. Half of the inlet samples contain L. pneumophila, but
it was detected only in two of the outlet samples (data not
shown). Hence, according to Spanish legislation (RD
1620/2007), this water can be considered as safe water
and used for aerosoled irrigation. However, further studies
are needed to improve the methods recommended for the
detection of this bacteria in complex water matrices and
also its health risk associated to their presence in
reclaimed irrigation water.

Free-living amoeba were detected in all of the samples
analysed, with no clear trend related to water matrix, re-
tention time, temperature or other physicochemical pa-
rameters. The FLAs are a complex and heterogeneous
group of microorganisms characterized by having two live
stages: trophozoites and cysts. The cysts, which are a
resistant and dormant form, enable these species to sur-
vive harsh environmental conditions, including the disin-
fection methods used in conventional WWTP. The pres-
ence of FLA in the effluents of WWTPs has been reported

in several studies (Garcia et al. 2013; Magnet et al. 2013).
The high numbers of trophozoites observed in the inlet
and outlet water samples suggest that FLAs play a key
role in the lagooning ecosystem. These species increase
the presence of some microorganisms rather than others
by acting as grazers (Danes and Cerva 1981, 1984; Greub
and Raoult 2004; Lorenzo-Morales et al. 2007; Declerck
2010). This fact has promoted adaptative changes in the
microorganisms in which they prey on, which must sur-
vive amoebal predation. For example, the presence of
FLA may explain the presence of Legionella spp. because
these bacteria have the ability to replicate within FLA that
play a protective role against harsh environmental condi-
tions (Richards et al. 2013; Cervero-Aragó et al. 2015).
Recently, a publication reported the internalization of
HAdV by ciliates in wastewater (Battistini et al. 2013).
As has been previously shown in some bacterial species,
viruses may use FLA or other protozoa as a shelter to
wastewater treatments (Scheid and Schwarzenberger
2012). In the current study, no significant correlation
was found between HAdV and FLA in the outlet samples.
Further studies of these species could improve our under-
standing of viral survival in the environment. Unfortu
nately, the methodology used in the current study did
not enable the identification of the genera of the isolated
FLA, but data obtained provides an overview of its pres-
ence in two different water matrixes.

No significant regrowth of opportunistic pathogens was
observed throughout the lagooning system. The microorgan-
ism removal efficiency of other tertiary waste water disinfec-
tion methods, such as membrane filtration, has been shown to
reduce human noroviruses by less than 1 log and to reduce EC
and IE by of 3.23 and 3.17 logs, respectively (Ottoson et al.
2006b). Chlorination after secondary treatment reduced IE by
up to 2.57 logs and EC 1.18 logs, whereas HAdVwas reduced
by 0.81 logs (Francy et al. 2012). UV irradiation (254 nm)
reduced EC, IE and human adenoviruses by 3.82, 3.32 and
0.24 logs, respectively, at a genomic copy level (Francy et al.
2012). The application of a more complex wastewater treat-
ment method that is composed of membrane ultrafiltration in
combination with chlorination and UV disinfection reduced
HAdV (qPCR data), EC and IE by 1.44, 2.12 and 1.84 logs,
respectively (Rusiñol et al. 2015). Similar logarithmic remov-
al values of HAdV–at a genomic copy level—EC and IE were
obtained in the lagooning in comparison with conventionally
tertiary water treatments. However, the high construction costs
and maintenance of more complex systems in combination
with the difficulty of applying them in low-income developing
countries make lagooning a sustainable and effective method
of producing reclaimed water for irrigation purposes.
Nevertheless, a quality control system should be implemented
to ensure that the reclaimed water requirements contained in
the legislation are fulfilled.
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Conclusions

1. The results obtained in the present study demonstrate the
variability of removal efficiency in lagooning systems as
previously reported by other authors (Berg 1973;
Maynard et al. 1999). The lagooning system evaluated
in this study achieved significant logarithmic reductions
in the human viral faecal markers HAdVand JCPyVrang-
ing from 1.18 (0.24–2.93) to 0.64 (0.12–1.97), at the ge-
nomic copy level respectively. A 2.58 (1.17–4.59) and
1.65 (0.15–3.14) EC and IE log reduction was observed.

2. No regrowth of FIBs was observed in the system, which
obtained a reduction of nearly 2 logs between the inlet and
outlet samples. However, although FIBs were reduced, in
half of the samples analysed, the concentration at the out-
let exceeded the recommendations of the Spanish legisla-
tion (RD/1620/2007). The absence of FIBs does not guar-
antee the absence of viruses because some samples that
were negative for FIBs presented viral faecal markers.
Therefore, the inclusion of viral faecal markers, such as
HAdV and JCPyV, in reclaimed water legislation should
be considered to minimize risks.

3. Opportunistic pathogens, common inhabitants of water
systems as Legionella spp. and Aeromonas spp., showed
a pattern of reduction that was different from that of FIBs,
while the pattern observed for Arcobacter was more in
agreement with that of FIBs. In addition, HBC and
FLA, which are microorganisms that are representative
of complex heterogeneous groups, showed small reduc-
tions throughout the lagooning, and in some occasions,
their counts were higher in samples collected at the outlet
than in those collected at the inlet, suggesting bacterial
and protozoa regrowth. This fact reinforces the existence
of two different microbial communities. Both communi-
ties are differently influenced by environmental factors
such as temperatures above 20 °C, but further studies
are necessary to confirm these trends and to obtain a better
understanding of the composition of these populations.

4. Data obtained from this study reinforces the idea that
more studies on lagooning systems are required for im-
proving its design and management in order to fulfil the
safety requirements established in the RD 1620/2007 and
ensure the production of safe reclaimed water to irrigate
raw edible vegetables.
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Abstract

Viral sewage metagenomics is a novel field of study used for surveillance, epidemiological

studies, and evaluation of waste water treatment efficiency. In raw sewage human waste

is mixed with household, industrial and drainage water, and virus particles are, therefore,

only found in low concentrations. This necessitates a step of sample concentration to

allow for sensitive virus detection. Additionally, viruses harbor a large diversity of both sur-

face and genome structures, which makes universal viral genomic extraction difficult. Cur-

rent studies have tackled these challenges in many different ways employing a wide range

of viral concentration and extraction procedures. However, there is limited knowledge of

the efficacy and inherent biases associated with these methods in respect to viral sewage

metagenomics, hampering the development of this field. By the use of next generation

sequencing this study aimed to evaluate the efficiency of four commonly applied viral con-

centrations techniques (precipitation with polyethylene glycol, organic flocculation with

skim milk, monolithic adsorption filtration and glass wool filtration) and extraction methods

(Nucleospin RNA XS, QIAamp Viral RNA Mini Kit, NucliSENS miniMAG , or PowerViral

Environmental RNA/DNA Isolation Kit) to determine the viriome in a sewage sample. We

found a significant influence of concentration and extraction protocols on the detected vir-

iome. The viral richness was largest in samples extracted with QIAamp Viral RNA Mini Kit

or PowerViral Environmental RNA/DNA Isolation Kit. Highest viral specificity were found

in samples concentrated by precipitation with polyethylene glycol or extracted with

Nucleospin RNA XS. Detection of viral pathogens depended on the method used. These

results contribute to the understanding of method associated biases, within the field of

PLOSONE | DOI:10.1371/journal.pone.0170199 January 18, 2017 1 / 17

a1111111111
a1111111111
a1111111111
a1111111111
a1111111111

Citation: Hjelms MH, Hellmér M, Fernandez-Cassi
X, Timoneda N, Lukjancenko O, Seidel M, et al.
(2017) Evaluation of Methods for the
Concentration and Extraction of Viruses from
Sewage in the Context of Metagenomic
Sequencing. PLoS ONE 12(1): e0170199.
doi:10.1371/journal.pone.0170199

Editor: Patrick Tang, Sidra Medical and Research
Center, QATAR

Received:October 13, 2016

Accepted: January 2, 2017

Published: January 18, 2017

Copyright: 2017 Hjelms et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: The metagenomic
sequences are available from the European
Nucleotide Archive (ENA) at the European
Bioinformatics Institute (EBI) under accession
number PRJEB15242.

Funding: Funding and support has been provided
by European Union’s Horizon 2020 research and
innovation programme, COMPARE, grant
agreement No. 643476 (http://www.compare-
europe.eu/), the JPI Water project, METAWATER



viral sewage metagenomics, making evaluation of the current literature easier and helping

with the design of future studies.

Introduction
Within raw sewage, feces, urine and other biological fluids from thousands of humans are

mixed together with food and household waste, industrial waste, and runoff water. Every

individual, who is connected to the drainage system, contributes with his or hers own micro-

biota [1], including infecting pathogens [2]. This makes sewage an attractive matrix for epi-

demiological studies [3], microbial source tracking [4], and for controlling the efficacy of

pathogen removal in wastewater treatment plants [5,6]. Sewage has been shown to harbor a

diverse viral population including enteric, respiratory and oncogenic viruses [7]. The high

viral diversity and the continuous mutation of viral species makes identification with tradi-

tional methods difficult and time consuming, therefore many studies have turned to Next

Generation Sequencing (NGS) approaches instead [7–9]. Metagenomic sequencing of the

virus associated nucleic acids is considered to be an unbiased approach enabling the detec-

tion of all known viral species, as well as the discovery of novel and emergent species [10].

Three main challenges exist for viral sewage metagenomics. First, only a small fraction of the

total nucleic acids are of known viral origin, hence mechanical and enzymatic viral purifica-

tion is often needed [9]. Second, the low abundance of viral particles in the samples requires

the use of viral concentration methods prior to nucleic acid extraction [11] and is often com-

bined with subsequent random DNA amplification [12]. Third, the nucleic acid extraction

procedure has to cover the large variety in viral structures and genome types. To overcome

these biases, different methods to concentrate viruses from water samples have been devel-

oped, including: polyethylene glycol precipitation (PEG) [8], FeCl3 precipitation [13],

skimmed milk flocculation (SMF) [14], glass wool filtration (GW) [15] or monolithic

adsorption filtration (MAF) [16]. The influence of concentration method on viral recovery

has been evaluated on sea water [17], spiked tap water [15,18] and raw sewage [19], caution-

ing of method associated biases. To our knowledge, no major comparison studies using

metagenomics have been performed with sewage water.

Biases caused by nucleic acid extraction kits have been well documented for both bacteria

[20,21] and viruses [22,23]. In addition, contaminants have been found to be ubiquitous in

some extraction kits [24] and laboratory reagents [25], potentially giving rise to false positive

results [26,27]. A better understanding of specific method associated biases, in respect to viral

wastewater metagenomics, would make evaluation of the current literature easier, and help

guide future studies.

In this study we evaluated four previously published concentration methods, PEG, MAF,

SMF, and GW, as well as four extraction kits, Nucleospin RNA XS (NUC), QIAamp Viral

RNA Mini Kit (QIA), NucliSENS1 miniMAG1 (MIN), or PowerViral1 Environmental

RNA/DNA Isolation Kit (POW), for wastewater viral metagenomics, in a full factorial

design resulting in 16 combinations of procedures. Aspects studied included viral commu-

nity composition, viral selectiveness, viral richness, viral pathogen detection, and viral con-

taminants. Extracted nucleotides were amplified with PCR and sequenced using the

Illumina MiSeq platform.
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Materials and Methods

Sample collection, spiking and pooling
In July 2015 raw sewage (130 L) was collected at the waste water treatment plant BIOFOS
Lynetten in Copenhagen, Denmark, receiving waste water from about 550,000 inhabitants.
Approval was granted from BIOFOS Lynettefællesskabet A/S before sampling. The sewage was
mixed thoroughly in a single container and spiked to a concentration of 1.74×108 RT-PCR
units/L of murine norovirus (MNV) (kindly provided by Dr Virgin, Washington University
School of Medicine, USA), and 2.13×109 genome copies/L of human adenovirus 35 (HAdV).
The sample was mixed for 5 min before aliquoted and stored at—20˚C until further processing.

Concentration methods
Four different methods were used to concentrate virions from the sewage samples: protein pre-
cipitation with PEG, organic flocculation with SMF and filtration with positively charged fil-
ters, MAF, or GW. All concentration methods were done in triplicate together with a negative
control using sterile molecular grade water (VWR—Bie & Berntsen, Søborg, Denmark).

PEG
The PEG protocol was based on the procedure as previously described [8]. Initially, 25 mL of
glycin buffer (0.05 M glycine, 3% beef extract, pH 9.6) was added to 200 mL of sewage and
mixed, to detach virions bound to organic material. The sample was then centrifuged at
8,000×g for 30 min, and the collected supernatant was filtered through a 0.45 μm polyethersul-
fone (PES) membrane (Jet Biofil, Guangzhou, China) to remove bacterial and eukaryotic cells.
Viruses were precipitated from the supernatant by incubation with PEG 8000 (80 g/L) and
NaCl (17.5 g/L) during agitation (100 rpm) overnight at 4˚C, followed by centrifugation for 90
min at 13,000×g. The resulting viral-containing pellet was eluted in 1 mL phosphate buffer
saline (PBS) and stored at -80˚C until further processing.

MAF
The principle of the MAF adsorption/elution method was based on the procedure as previ-
ously described [18]. Monolithic discs, diameter 3.86 cm and height 1.0 cm, were synthesized
by polymerization of polyglycerol-3-glycidyl ether (Ipox chemicals, Laupheim, Germany). An
80:20 mixture of toluene and tert-buthyl methyl ether was used as porogen to create monoliths
with a pore size of ca. 20 μm. After synthesis, functionalization was performed by recirculating
10% diethylamine in 50% ethanol at 60˚C through the monolithic disks for 3 h to create posi-
tively charged diethylaminoethyl groups on the pore surface. Afterwards the monoliths were
rinsed with ultrapure water and stored at 4˚C until further use. One liter of raw sewage was fil-
trated through a MAF disc (Microarray and Bioseparation Group of the Institute of Hydro-
chemistry, Technical University of Munich, Germany) assembled as previously described [28].
Viruses were eluted from the filter by soaking 2×2 min in a total of 20 mL high salt buffer (1.5
M NaCl, 0.05 M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer, pH 7).
The eluate was further concentrated to 3 mL by 100 kDa Amicon ultra centrifugation filters
(Merck Millipore, Cork, Ireland) according to the manufacturer’s instructions. The viral con-
centrate was stored at -80˚C until further processing.

SMF
Organic flocculation with skimmed milk was based on the procedure as previously described
[7]. In brief, 100 mL pre flocculated skimmed milk solution (1% (w/v) skimmed milk powder
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(Difco, Detroit, MI, USA), 3.2% (w/w) sea salts (Sigma Aldrich Chemie GMBH, Steinheim,
Germany)) at pH 3.5 was added to 10 L of acidified (using HCl to pH 3.5) raw sewage and
mixed for 8 h. Flocculants were allowed to sediment for 8 h, and centrifuged at 8,000×g for 40
min. The pelleted viral concentrate was suspended in 15 mL phosphate buffer (1:2 (v/v) mix-
ture of 0.2 M Na2HPO4 and 0.2 M NaH2PO4). The phosphate suspension was eluted in 30 mL
0.25 M glycine buffer (pH 9.5) with slow agitation for 45 min at 4˚C. Suspended solids were
separated by centrifugation at 8,000×g for 40 min at 4˚C. The sample was neutralized to pH 7
by adding 1 M HCl. Virions present in the supernatant were concentrated by ultracentrifuga-
tion at 90,000×g for 90 min (Sorvall Discovery 90SE) at 4˚C and suspended in 2 mL PBS. The
viral concentrate was stored at -80˚C until further processing.

GW
The glass wool filters were prepared as previously described [29]. Sodocalcic glass wool (15 g)
(Ouest Isol, Alizay, France) was packed into a PVC tube with the density of 0.11 g/cm3 and
pretreated with the following solutions, 100 mL NaOH (1 M) for 15 min, 1 L sterile distilled
water, 100 mL HCl (1 M) for 15 min, and 1 L sterile distilled water. Samples of raw sewage (4
L) were filtered through the glass wool column. Viruses were eluted by incubating 100 mL elu-
tion buffer (3% beef extract, 0.5 M glycine, pH 9.5) for 15 min. Secondary concentration was
done by PEG precipitation (as above) to a final volume of 1 mL.

DNase/RNase treatment + chloroform-butanol treatment
All viral concentrates were treated with OmniCleave endonuclease (Epicentre, Wisconsin,
USA) to remove extracellular DNA/RNA as previously described [30]. Samples were further
purified by extraction using a 1:1 mixture of chloroform-butanol [31] to remove nucleases and
inhibitors.

Extraction methods
Nucleic acids were extracted from 200 μL-portions of the respective viral concentrate using
four different extraction kits; NUC (Macherey-Nagel, Düren, Germany), QIA (Qiagen, Valen-
cia CA, USA), MIN (BioMerieux, Herlev, Denmark) or POW (MO BIO, Carlsbad, CA, USA).
In all cases, extractions were carried out according to manufacturer’s instructions.

qPCR analysis of spiked viruses
Detection of HAdV and MNV was performed on extracted nucleic acids (undiluted and
10-fold diluted) in a 96-well plate format of ABI Step One (Applied Biosystems, Naerum,
Denmark). MNV RNA was detected by quantitative reverse transcriptase polymerase reac-
tion (qRT-PCR) using the RNA UltraSense one-step qRT-PCR system (Invitrogen, Taastrup,
Denmark) and previously described primers and probes [32]. Amplification was performed
in a 25 μL reaction mixture containing 5 μL extracted nucleic acids and 20 μL qRT-PCR reac-
tion mixture with 500 nM forward primer, 900 nM reverse primer, 250 nM probe, 1 × Ultra-
Sense reaction mix, 1 × ROX reference dye and 1 × UltraSense enzyme mix under the
following reaction conditions, 55˚C for 1 min and 95˚C for 5 min followed by 45 cycles of
95˚C for 15 s, 60˚C for 1 min, and 65˚C for 1 min. HAdV DNA was detected by qPCR using
TaqMan Universal Master Mix (Applied Biosystems, Naerum, Denmark), and previously
described primers and probe [33]. Amplification was performed in a total of 25 μL reaction
mixture containing 5 μL extracted nucleic acids and 20 μL qPCR reaction mixture containing
1 × TaqMan Universal Master Mix, primer and probe concentrations and qPCR running
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conditions are described in [33]. Quantification was performed using standard curves gener-

ated from 10-fold dilution series, of extracted RNA of cell propagated MNV or of ds HAdV

DNA segments, artificially constructed by gBlocks1 Gene Fragments (Integrated DNA

Technologies, Leuven, Belgium).

Reverse transcriptase, library preparation and, sequencing
To prepare extracted RNA and DNA for sequencing, each viral extract was subjected to

reverse transcriptase and PCR amplified, as previously described [34]. Briefly, first strand

cDNA synthesis were performed using the SuperScript1 III First-Strand Synthesis Super-

Mix (Invitrogen, Carlsbad, California) and 1 μL Primer A (50 μM) (

) according to the manufacturer’s instructions. Second strand DNA

synthesis were performed using Klenow Fragment exo-polymerase (Thermo Fisher Scien-

tific, Waltham, MA, USA) as previously described [30]. Double stranded DNA products

were PCR amplified using AmpliTaq Gold (Qiagen, Valencia CA, USA) as per manufactur-

er’s instruction using 0.8 μM Primer B ( 0 0) and the following

conditions, 10 min at 95˚C, 25 cycles of amplification (94˚C for 30 s, 40˚C for 30 s, 50˚C for

30 s and 72˚C for 1 min), and 1 cycle of elongation (72˚C for 10 min). PCR products were

purified using the DNA Clean & Concentrator™-5 (Zymo Research, Irvine CA, USA). NGS

library preparation was performed using the Nextera XT DNA Library Preparation kit (Illu-

mina, Eidenhoven, The Netherlands) according to the manufacturer’s instructions. The 64

samples were sequenced on three Illumina MiSeq runs with an average output of 1.4 × 106

250 bp paired-end reads per sample (S1 Table).

Bioinformatic analyses
The distribution of viral species was determined using MGmapper software version 2.2

(https://cge.cbs.dtu.dk/services/MGmapper/) [31]. The MGmapper tool follows three main

steps: quality assessment of the raw reads, mapping of reads to the reference databases, and

post-processing of mapping results. Quality assessment was done using cutadapt [35] which

performs common adapter removal, trimming of the low-quality ends from reads with a

minimum Phred quality score of 20, and later discards reads that are shorter than 40 bp.

Later, already trimmed pair-end reads were aligned to a pre-defined set of reference

sequence databases using bwa mem [36] ver. 0.7.7-r441 with default settings. In this study,

reads were mapped against three viral reference databases (S2 Table): whole genomes virus

sequences (Virus) and viral sequences extracted from nt database (Virus_nt), obtained from

Genbank (http://www.ncbi.nlm.nih.gov/genbank/), as well as Vipr database (http://www.

ncbi.nlm.nih.gov/pmc/articles/PMC3245011). Samtools [37] were used to remove singletons

and filter reads where neither a read nor its mate is mapped. Reads were mapped in best-

mode, meaning that mapping was performed against all databases, simultaneously, and later

for each read pair the best hit among all alignments is chosen. A pair of reads is considered

as a hit only if the sum of the alignment scores (SAS) is higher than any SAS values from

other database hits. If a pair of reads has identical SAS values when mapping to several data-

bases, the only one pair, associated with the database that was specified first in the list of ref-

erence databases, is kept. In the last, post-processing step, alignments are filtered based on

matches/mis-matches threshold. In this analysis, 70% matches/mis-matches threshold

needed to be satisfied in order the hit to be considered significant. The metagenomic

sequences are available from the European Nucleotide Archive (ENA) at the European Bio-

informatics Institute (EBI) under accession number PRJEB15242.
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Statistics and plots
Viral richness was estimated using the program CatchAll [38] and the non-parametric Chao1

richness index, as a measure of number of viral species in a sample. All statistics were done in

R [39], using two-way analysis of variance (ANOVA) test for determining the overall signifi-

cance of concentration or extraction method on the studied factors (viral richness, etc.). Subse-

quently, pairwise t-tests with “Holm-Bonferroni” [40] p-value adjustments were applied to

determine significant pairwise effects between individual concentration or extraction methods.

Principal component analysis (PCA) were performed using prcomp and plotted with ggbiplot

[41]. Heatmaps were created using pheatmap [42]. Linear regression between reads per million

(RPM) and genome copies per liter were done in Excel on log transformed data.

Results
In this study different virus concentration and nucleic acid extraction methods were evaluated

for metagenomic analysis of sewage samples. Sequencing results showed that the majority of

the mapped reads (>80%) were of viral origin (S1 Fig). However, between 60 and 90% of the

total reads were unmapped. The three main viral families detected were Adenoviridae (human

viruses) including the spiked HAdV 35, Virgaviridae (plant viruses), and Siphoviridae (bacteri-

ophages). The sequencing data were analyzed further to determine the viral community com-

position, viral specificity, viral richness, and detection of pathogenic species.

Viral community composition
To compare the viral community composition resulting from the individual concentration

and extraction methods, a series of PCAs were made using the relative abundances from the

nine most abundant viral families, accounting for more than 99% of the mapped viral

sequences. The effect of extraction (Fig 1) and concentration (Fig 2) were plotted indepen-

dently for easier visualization. Samples plotted close together have similar viral community

compositions, whereas samples far away from each other are less alike. The negative controls

clustered together far away from the samples in initial PCA plots (data not shown). To allow

for better visualization of the effect of concentration and extraction on the sewage samples,

they were not included in Figs 1 and 2.

Sample replicates extracted with NUC clustered away from the samples extracted with the

other methods, when concentrated with PEG (Fig 1D). This was also true for the concentrates

fromMAF (Fig 1A), SMF (Fig 1B), and GW (Fig 1C), suggesting that the viral community

composition of the NUC extractions differed from the other tested extraction methods. The

samples extracted with POW andMIN clustered together, suggesting similar viral community

compositions (Fig 1A–1D). The samples extracted with QIA sometimes clustered separately

(Fig 1A and 1C) and sometimes together with the samples extracted with POW andMIN (Fig

1B and 1D). The four concentration methods formed separate non-overlapping clusters

regardless of extraction kit used (Fig 2A–2D), although some variation between replicates

were observed.

Viral specificity
The proportion of reads mapping to viruses ranged between 3.4% and 49.4%. Both the concen-

tration and the extraction methods had a statistical significant effect on the viral specificity

(two-way ANOVA, p< 0.001). However, a significant interacting effect (two-way ANOVA,

p< 0.001) indicated that the effect on viral specificity by the extraction method was affected

by the type of concentration method, and vice versa.
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The PEG concentration method had a significant larger mean proportion of viral reads

compared to the SMF and GWmethods (pairwise t-test, p< 0.01) (Fig 3A). For the extraction

methods, NUC had a significant larger mean proportion of viral reads compared to POW and

QIA (pairwise t-test, p< 0.01) (Fig 3B). However, there were some interacting effects, with

MIN scoring higher than NUC when used in combination with PEG and GW, implying that

the MIN method depends heavily on the performance of the concentration method.

Viral richness
Both concentration and extraction methods had an effect on the viral richness. However, none

of the concentration methods were statistically different from each other (pair-wise t-test) (Fig

4A). For the extraction methods, NUC had a significantly lower Chao1 richness than the other

methods (Fig 4B). POW and QIA had the highest mean richness estimates of 516 and 495,

respectively.

Fig 1. The influence of extraction method on the viral community composition. PCA plots made by using the relative abundances of the
nine most abundant viral families. Separate PCAs were done for (A) samples concentrated with MAF, (B) SMF, (C) GW, and (D) PEG.
Sample replicates were individually plotted and grouped according to the extraction method. In cases where only two samples were present,
no ellipse representing the cluster was drawn.

doi:10.1371/journal.pone.0170199.g001
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Detection of pathogenic species
Fourteen viral families with suspected human pathogens were detected (Fig 5). The most prev-

alent was Adenoviridae including the spiked HAdV. The highest read count for the viral RNA

families, Reoviridae, Picornaviridae, Astroviridae, Caliciviridae and Picorbinaviridae, was

obtained in samples extracted with NUC. The spiked HAdV was detected at the highest abun-

dance when extracted with MIN. The effect of the concentration methods was not as pro-

nounced as for the extraction kits. The highest read count of the DNA virus family,

Adenoviridae, was found in samples concentrated with MAF and PEG. In general, SMF had a

lower performance compared with the other methods when testing for Adenoviruses such as

the spiked HAdV. However, the combination of SMF and NUC had the highest read count for

most of the RNA viruses.

Fig 2. The influence of concentrationmethod on the viral community composition. PCA plots made by using the relative abundances of
the nine most abundant viral families. Separate PCAs were done for (A) samples extracted with QIA, (B) POW, (C) MIN, and (D) NUC.
Sample replicates were individually plotted and grouped according to the concentration method. In cases where only two samples were
present, no ellipse representing the cluster was drawn.

doi:10.1371/journal.pone.0170199.g002
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Fig 3. Viral selectivity measured in percentage of reads. (A) Viral selectivity for the tested concentration methods (B) and extraction
methods. Each boxplot was made from 12 individual samples (including the four extraction/concentration methods with three replicates
each). The bar, box, whiskers and circles represents median, inter-quartile range, inter-quartile range times 1.5, and outliers, respectively.
Asterisks represent significance level of a pairwise t-test with “Holm-Bonferroni” adjusted p-values. ** = p 0.01, *** = p 0.001.

doi:10.1371/journal.pone.0170199.g003

Fig 4. Viral species richness. (A) Viral Chao 1 species richness of the tested concentration methods, and (B) extraction methods.
Each boxplot was made from 12 individual samples (including the four extraction/concentration methods with three replicates each).
The bar, box, whiskers and circles represents median, inter-quartile range, inter-quartile range times 1.5, and outliers, respectively.
Asterisks represent significance level of a pairwise t-test with “Holm-Bonferroni” adjusted p-values. * = p 0.05, ** = p 0.01, *** =
p 0.001.

doi:10.1371/journal.pone.0170199.g004
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The spiked MNV were only detected by metagenomics in 57% of the samples, and at low
read counts, from 2 to 194 reads. The combinations that could detect most MNV were MAF
and GW extracted with NUC as well as MAF extracted with QIA and MIN.

qPCR analysis of spiked viruses
The detected concentrations of HAdV and MNV varied widely between the different method
combinations (S2 and S3 Figs) with mean values ranging between 650 and 8.2 × 107 genome
copies/L for HAdV, and 1.8×102 and 3.9 × 105 RT-PCR units/L for MNV. Choice of extraction
method did not influence HAdV or MNV recovery. However, concentration methods had a
significant impact (pairwise t-test, p< 0.05). The highest recovery of HAdV and MNV was
obtained with PEG followed by MAF, GW, and SMF.

Inhibition
To investigate the possibility of PCR inhibition, extracts of nucleic acids (undiluted and
10-fold diluted) from all samples were analyzed for the two spiked viruses, MNV and HAdV,

Fig 5. Detection of pathogenic viral families.Heatmap of the relative abundance of 14 human pathogenic viral families, detected by the 16
different concentration/extraction combinations. The numbers within each cell represents reads per million. The colours range from green = no
detection, to red = high relative abundance.

doi:10.1371/journal.pone.0170199.g005
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with qPCR (S3 Table). The lowest inhibition of MNV and HAdV were observed in samples
concentrated with PEG or extracted with MIN. Strongest inhibition was observed in samples
concentrated with SMF for both MNV and HAdV. In addition samples extracted with QIA
showed strong inhibition of HAdV detection.

Correlation between qPCR quantification and reads per million (RPM)
To investigate the correlation between viral concentrations and RPM, qPCR data was com-
pared with read counts from the two spiked viruses, HAdV and MNV. There was a strong cor-
relation between RPM and qPCR enumeration for HAdV (R2 = 0.82). However, no
relationship was observed for MNV (R2 = 0.07).

Contamination
To detect method dependent contamination, a negative control was included, using sterile
molecular grade water, for each of the 16 method combinations. Negative controls generally
had a low total read count, a low percentage of viral reads (0.05–3.4%), and a high abundance
of reads with human, bacterial, fungal and parasitic origin (S1 Fig). Several viral species were
found in the negative controls with much higher RPM values than in the corresponding sam-
ples, suggesting that they originated from the corresponding kits or reagents. Reads mapping
to pandora viruses, tupaiid herpes viruses, and Citrobacter phages were contaminants in all
procedures except the ones using QIA extractions. However several mardi viruses were found
exclusively in the QIA negative controls.

Discussion
In the presented study we evaluated the influence of four commonly applied concentration
and extraction methods on viral metagenome analysis.

The viral community composition was heavily biased by the type of concentration proce-
dure, which dramatically skewed the relative abundances (Fig 2). Choice of extraction kit did
not influence the viral community composition to the same degree (Fig 1). However, the
results from the NUC extraction kit were remarkably different from samples extracted with
the three other kits. The NUC kit includes an “on column DNase step” after viral capsid dis-
ruption, which selects for RNA viruses and could explain the separate clustering in the PCA
plots (Fig 1). Based on the results from this study it seems inadvisable to compare results, in
relation to viral community composition, between studies using different concentration meth-
ods and to some degree also extraction methods.

A high species richness have been linked to several ecosystem functions [43], and is often
included as a factor in ecological studies. In this study we included the measure to discern if
some methods were better at catching the entire spectrum of viral species. Our results show
that the choice of extraction method is of more importance than the choice of concentration
method with regard to viral richness. However, samples concentrated with GW had a slightly
higher richness compared to the other concentration methods (Fig 4A). The low mean rich-
ness of the samples extracted with NUC can probably be explained by the DNase step, degrad-
ing the genomes of DNA viruses and the species rich bacteriophages [44].

Viral specificity, or how large a fraction of the sequencing reads is of viral origin, is impor-
tant for sensitivity reasons, increasing the chance to detect rare or less abundant species. A
high viral specificity also has financial implications, causing large savings on both sequencing,
and for subsequent CPU hours used in the bioinformatics analyses. In this study, the PEG pro-
tocol was the best concentration method, in respect to viral specificity (Fig 3A). This might be
explained by the initial filtration step, not part of the other evaluated protocols. Pre-filtration
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might have improved the viral specificity in the other concentration methods, although clot-
ting might become a problem due to the increased volumes processed with these methods.
The NUC had a consistent high viral specificity (three times that of POW and QIA), probably
due to the effective removal of DNA from other organisms, and contaminants, during the
DNase step. Overall, there was a 10-fold difference in viral specificity between the lowest and
the highest method combination, highlighting the potential savings associated with choice of
method. We observed a generally high viral specificity in this study compared to previous stud-
ies [45]. This might be due to the addition of the spiked HAdV, inflating the amount of virus
in the sewage matrix, but should not have any influence on the method comparisons.

Sewage metagenomics is often used to detect human viral pathogens [8] including the
important enteric RNA viruses as norovirus [46], rotavirus [47] and Hepatitis A and E virus
[48] that has a big impact on public health [49]. These RNA viral families were best detected
when using the NUC extraction kit compared to the other tested extraction kits, especially in
combination with the concentration method SMF. However, if looking at DNA viruses exclu-
sively, the MIN extraction combined with PEG, MAF, or GWmay be preferable, since it pro-
duced the highest read counts for the spiked Adenoviridae. Low detection of Adenoviruses
using SMF concentration has previously been described [7], and were also observed in this
study. In addition, SMF failed to detect the low numbers of reads of polyomaviruses and papil-
lomaviruses observed by the other methods.

The larger initial sample volume, and associated organic material and inhibitors, for SMF
(10 L) compared with the other methods (4, 1 and 0.2 L for GW, MAF, and PEG, respectively),
could be an explanation for the low recovery of the spiked viruses. Inhibitors can affect PCR
amplification, quality of the prepared library, and subsequent virus detection. This theory was
further supported by the qPCR results were extracts obtained from SMF had a high level of inhi-
bition. Extraction with QIA has previously been shown to impair detection of HAdV in samples
with high levels of organic matter [23]. This was also the case in our study, where extraction
with QIA inhibited HAdV detection in all cases except when combined with PEG concentration
which both had the lowest starting volume (0.2 L) and an additional filtration step.

Sampling volume is an important factor in viral metagenomics, enhancing the sensitivity
and increasing the chances of detecting rare viruses. However, in this study, we did not find a
positive relation between methods with high sampling volumes and increased sensitivity. This
could be due to an increase in inhibitors or other aspects of the employed concentration meth-
ods, although this question was not within the scope of this study. Further studies are needed
to investigate the influence of sample volumes and viral metagenomics.

In this study, the bioinformatic analyses were done using alignment of single reads to three
virus databases, using the programMGmapper. The choice of bioinformatics pipeline can
affect results [50] but any biases of our particular approach should be the same on all samples
and should therefore not affect the conclusions of this study.

Low levels of MNV were detected in the metagenomics analysis compared to the amounts
used for spiking. However, the reasonable high values that could be detected using qPCR, indi-
cated that the initial extraction was successful. Noroviruses have previously been documented
to be difficult to detect using metagenomics [51,52] possibly because of the small genome,
robust nucleocapsid, or inhibitory RNA secondary structures [53]. Virus species specific
extraction efficiency biases are well documented in viral metagenomics [54] and should always
be considered when interpreting the results. Quantitative conclusions from viral metage-
nomics are not possible for all viral species, illustrated by the good correlation between RPM
and qPCR data found for HAdV where no correlation was found for MNV.

Several viruses were detected in higher amounts in the negative controls than in the corre-
sponding samples, strongly suggesting them to be procedure contaminants. Contaminating

Concentration and Extraction Methods for Viral SewageMetagenomics

PLOSONE | DOI:10.1371/journal.pone.0170199 January 18, 2017 12 / 17



DNA is a huge challenge for low input metagenomics [24], and contaminating viral nucleo-
tides have previously been detected in polymerases [25], spin columns [27] and DNases [54].
The specific origin of the contaminating viruses in our study was not clear although some
avian herpesviruses were only linked to the QIA extracts. The ubiquitous presence of contami-
nating viruses stress the importance of including negative controls in future viral metage-
nomics studies, as well as adding measures to reduce the problem [55,56].

When evaluating the efficiency of the tested methods, clear differences were observed. No
single method was superior to the others in all of the tested parameters. However, some trends
were observed for the concentration methods as PEG scored higher in viral specificity and
SMF inhibited detection of both spiked viruses. In the evaluation of the tested extraction meth-
ods the NUC kit stood out in regard to viral specificity and RNA virus detection. Nevertheless,
if the focus is only on DNA viruses, for example phage studies, NUCmight not be the best
option since it scored low in viral richness which could result in loss of rare species. Practical
aspects of the concentration and extraction methods were not within the scope of this paper,
but may also influence the choice of method (S4 and S5 Tables).

In conclusion, we found a significant influence of concentration and extraction protocols
on viral richness, viral specificity, viral pathogen detection, and viral community composition
for metagenomic analyses of sewage. This is of major importance when interpreting results
from the literature and conducting meta-studies. The use of data base resources, such as the
European nucleotide archive (ENA) and short read archive (SRA) are also severely hampered
by this fact since extraction kit, volume sample, and concentration procedure are not usually
included in the metadata of published viromes. We suggest that such metadata will be included
in the future, to allow researchers to select and compare studies conducted with similar
methodologies.

Supporting Information
S1 Fig. Distribution of reads on kingdom level of the 16 method combinations and their

associated negative controls. Samples were processed in triplicate, and the data shown is the
average. _S = sample, _C = Negative extraction control. Databases used are listed in S1 Table.
(PDF)

S2 Fig. HAdV concentration measured by qPCR. (A) HAdV concentration in extracts
obtained by using four different concentration methods and (B) extraction methods. The bar,
box, whiskers and circles represents median, inter-quartile range, inter-quartile range times
1.5, and outliers, respectively. Asterisks represent significance level of a pairwise t-test with
“Holm-Bonferroni” adjusted p-values. �� = p<0.01, ��� = p< 0.001.
(PDF)

S3 Fig. MNV concentrations measured by qPCR. (A) MNV concentration in extracts
obtained by using four different concentration methods and (B) extraction methods. The bar,
box and whiskers represents the median, the inter-quartile range, and the inter-quartile range
times 1.5, respectively. Asterisks represent significance level of a pairwise t-test with “Holm-
Bonferroni” adjusted p-values. � = p< 0.05, �� = p< 0.01, ��� = p< 0.001.
(PDF)

S4 Fig. Abundance of all detected viral families.Heatmap showing the abundance of all
detected viral families, measured in reads per million, in each biological replica for the differ-
ent method combinations as well as the controls. _S = sample, _C = Negative control.
(PDF)
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S1 Table. Sequence information. Number of raw reads, reads after quality assessment, and
reads not mapping to PhiX, and thus usable for subsequent analysis. _S = sample,
_C = Negative control.
(PDF)

S2 Table. Overview of reference sequence databases and associated download information.

Reference sequence information can be obtained from the URL’s shown in ‘Download infor-
mation’.
(PDF)

S3 Table. qPCR inhibition of MNV and HAdV. Inhibition of the 16 combinations of concen-
tration and extraction methods. Inhibition was measured using qPCR of undiluted (1:1) and
tenfold diluted (1:10) DNA/RNA extracts. The values in the tables represents ct between the
undiluted and 10 fold diluted samples. A ct = -3.3 represent a perfect 10 fold dilution. Sam-
ples marked in red represents undiluted extracts that could not be quantifiable, these samples
are regarded as the most inhibited.
(PDF)

S4 Table. Specifications of the four concentration methods applied in this study.

(PDF)

S5 Table. Properties of the four nucleic acid extraction kits applied in this study.

(PDF)
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Abstract/summary 16 

The development of a public health viral metagenomics surveillance of the 17 

viruses circulating in a population based on the study of urban sewage and 18 

contaminating viruses in the environment  is of high interest although still 19 

in  its  initial  steps.  The  application  of  next‐generation  sequencing  (NGS) 20 

techniques to study viruses present in urban sewage has been limited to 21 

very few studies,, which is in part due to the lack of reliable and sensitive 22 

protocols to study viral diversity as well the difficulties with processing NGS 23 

data. One important step in the methodology needed is an efficient virus 24 

concentration  protocol  for  sewage  samples.    In  this  study,  different 25 

protocols  for  virus  concentration  in  urban  sewage  were  evaluated.  The 26 



 

 

application  of  a  concentration method  based  on  organic  flocculation  of 27 

viruses  using  skimmed  milk  (SMF)  in  10  L  of  sewage  has  allowed  the 28 

detection  of  many  viruses,  producing  very  valuable  information  on  the 29 

virome of urban sewage in different seasons, however some viruses as the 30 

human  Adenovirus  (HAdV)  were  not  always  detected  using  the 31 

metagenomics approach even when a qPCR assay was positive. In order to 32 

evaluate the diversity of adenoviruses  present  in  sewage,  a  targeted 33 

metagenomics assay using one of the previously tested sewage samples by 34 

untargeted  metagenomics,  was  studied  using  general    degenerated 35 

primers.  .  The  results  of  the  targeted  metagenomics  assay  showed  the 36 

presence  of  a  high  diversity  of  adenoviral  strains,    most  of  them 37 

taxonomically assigned to murine Adenoviruses (60%), HAdV‐41 (29%) and 38 

HAdV‐9  (3,6%).  In order  to  increase  the  sensitivity of  the metagenomics 39 

assay in urban sewage improvements in the concentration protocols were 40 

evaluated.  Two  different  protocols  for  the  virus  concentration  were 41 

comparatively  analysed:  an  ultracentrifugation  protocol  and  a  lower‐42 

volume SMF protocol (500 ml)  producing robust results in the virome with 43 

both protocols proving that the bioinformatics pipeline was efficient. The 44 

sewage  virome  presented  41  viral  families,  including  pathogenic  viral 45 

species  that  were  taxonomically  assigned  to  Caliciviridae,  Adenoviridae, 46 

Astroviridae,  Picornaviridae,  Polyomaviridae,  Papillomaviridae  and 47 

Hepeviridae. The contribution of urine to the viral composition of sewage 48 

was  also  evaluated  by  analysing  a  pools  of  urine  samples  by  viral 49 

metagenomics  and  it  seems  to  be  restricted  to  few  specific  DNA  viral 50 

families, including Polyomavirus and Papillomavirus species. Amplification 51 

of  viral  strains  present  in  sewage  by  experimental  infections  using  the 52 

Rhesus macaque model allowed for the identification of  infective human 53 

hepatitis E  (HEV) and JC Polyomavirus  (JCPyV) but no novel viruses were 54 



 

 

identified  in the rhesus serum samples. The protocol for the analysis of the 55 

virome  in urban sewage developed showed to be reliable and the  list of 56 

species in the sewage virome has been defined including members of the 57 

human  virome,  classical  pathogens  and  emerging  strains.  A  sensitive 58 

protocol  for  the  analysis  of  viruses  in  sewage  and  other  environmental 59 

samples by metagenomics has been proposed. Urban raw sewage consists 60 

of the excreta of thousands of inhabitants; therefore, it is a representative 61 

sample for epidemiological surveillance purposes. Therefore, the study of 62 

the metavirome present in sewage can provide important information of 63 

public  health  significance,  highlighting  the  presence  of  viral  strains 64 

circulating within a population while acting as a complex matrix  for viral 65 

discovery. 66 

Keywords:  viral  metagenomics,  Human  adenovirus,  viral  pathogens, 67 

sewage, next‐generation sequencing   68 



 

 

1. Introduction 69 

In  recent  years,  water  scarcity  and  the  application  of  more  sustainable 70 

water reuse practices has favoured the use of treated sewage for several 71 

purposes,  such  as  crop  and  green  area  irrigation,  river  catchment 72 

replenishment  and  toilet  flushing.  Conventional  treatments  applied  in 73 

wastewater  treatment  plants  are  known  to  be  less  efficient  for  viral 74 

removal  compared  to  faecal  indicator  bacteria  (FIB)  (Gerba  et  al.,  1979; 75 

Pusch et al., 2005). This higher viral survival in waste water treatment plants 76 

(WWTP) treatments can represent a threat for consumers because WWTP 77 

effluents with viruses can contaminate water or food. Raw urban sewage is 78 

a complex matrix consisting of urine, faeces and skin desquamation from 79 

people. Therefore, raw sewage contains a large variety of viruses, bacteria 80 

and  protozoa  excreted  from  thousands  of  inhabitants.  Sewage  contains 81 

pathogenic  and  commensal  viruses,  the  latter  of  which  might  play  a 82 

beneficial role in the human gut microbiome; also, a high number of plant 83 

viruses  pass  though  the  human  intestines.  Sewage  additionally  contains 84 

other  non‐human  inputs,  which  increases  the  diversity  of  this  complex 85 

ecosystem. Viruses do not have a conserved gene marker, such as 16s, that 86 

is  shared  across  all  species,  hampering  the  study of  viral metagenomes. 87 

However, the application of random‐primer based sequencing approaches 88 

in  combination  with  next‐generation  sequencing  techniques  (NGS)  has 89 

opened a new path for viral discovery, increasing the viral species described 90 

each year. The application of viral metagenomics in sewage constitute an 91 

excellent tool to monitor and identify potentially known and unknown viral 92 

pathogens circulating among the population, contributing to public health 93 

surveillance. 94 

Although  some  viral  metagenomics  protocols  are  available  for  clinical 95 

samples (Kohl et al., 2015), only a few manuscripts describe the application 96 



 

 

of  metagenomics  approaches  to  analyse  the  viruses  present  in  sewage 97 

(Cantalupo et al., 2011; Ng et al., 2012). Previous studies have shown that 98 

viruses  prevalent  in  sewage  are  not  always  detected  by metagenomics, 99 

suggesting that protocols should be  improved to  increase sensitivity. For 100 

example, HAdV were hardly detected by Cantalupo and collaborators by 101 

NGS, although they had high genome numbers by qPCR.  102 

In the present manuscript, we have studied the diversity of viruses present 103 

in  raw  sewage  by  testing  samples  from  three  different  seasons  using 104 

metagenomics. The application of this methodology allowed for description 105 

of  the  human  virome  and  evaluation  of  the  sensitivity  of  the  technique 106 

using  HAdVs  as  a  reference  virus.  Human  Adenoviruses  (HAdVs)  were 107 

selected because their double role as pathogens and as specific human viral 108 

faecal indicator (Bofill‐Mas et al., 2013).  109 

With  this  purpose,  we  compared  the  performance  of  untargeted 110 

metagenomics  to  an  adenovirus‐targeted  NGS  assay  and  HAdV  qPCR 111 

values.  To  increase  the  number  of  different  viral  species  identified  in 112 

sewage, different protocols for virus concentration in urban sewage were 113 

evaluated. and an efficient  protocol for the  analysis of viruses in sewage 114 

and other environmental samples by metagenomics has been proposed. 115 

The  application  of  metagenomics  in  different  human  body  parts  has 116 

facilitated the study of viral communities in the oral cavity (Ly et al., 2014), 117 

gut  (Minot  et  al.,  2011),  respiratory  tract  (Willner  et  al.,  2009),  skin 118 

(Foulongne et  al.,  2012),  blood  (Sauvage  et  al.,  2016)  and  cerebrospinal 119 

fluid  (Perlejewski et al., 2015). Viral  faecal viromes have been studied  in 120 

healthy  (Minot  et  al.,  2011)  and  unhealthy  patients  (Linsuwanon  et  al., 121 

2015) as well as in domestic animals (Mihalov‐Kovács et al., 2014); hence, 122 

the viral contribution of  faeces  to  raw sewage seems clear. Of note,  the 123 



 

 

viral communities excreted through urine remain poorly studied (Tasha M 124 

Santiago‐Rodriguez  et  al.,  2015),  which  is  probably  because  urine  was 125 

previously considered a sterile environment. To assess the contribution of 126 

urine to the virome of raw sewage and to study its viral composition, viruses 127 

in  pooled urine samples have been  also analysed by metagenomics in this 128 

study. 129 

The infectivity of known and unknown viral species present in raw sewage 130 

has been explored by the  intravenous  inoculation of a sewage sample to 131 

Rhesus monkeys as a potential enrichment step prior the application of the 132 

metagenomics approach in the rhesus serum samples.  133 

Finally,  a  tailored  protocol  to  analyse  sewage  and  other  environmental 134 

samples using metagenomics has been proposed. Bioinformatics‐specific 135 

parameters were adjusted at different levels and new tools were tested to 136 

filter  out  the  best  set  of  raw  reads,  such  as  those  containing  the most 137 

informative  sequences.  Those  reads  were  combined  into  assembled 138 

contigs that were later used to detect the known species genomes present 139 

in the samples and the relative abundances of the taxonomic groups found 140 

in  the  species  mixture.  Similarity  searches  also  provided  a  basic 141 

characterization of the pathogenic species present in the samples. 142 

2. Materials and methods 143 

2.1 Concentration of viral particles from tested samples 144 

2.1.1. Concentration of viral particles from raw sewage using skimmed milk 145 

organic flocculation (SMF). 146 

Three 10‐L samples of raw sewage from a UWWTP in Sant Adrià del Besós 147 

were  collected  in  Winter,  Spring  and  Summer  2013.  Samples  were 148 

processed after 2 hours of collection. Viral particles were concentrated by 149 



 

 

applying the skimmed milk organic flocculation (SMF) method described by 150 

Cantalupo et al.  (2011). Free DNA from viral concentrates was  removed, 151 

nucleic  acids  (NAs)  were  extracted,  and  libraries  were  prepared  as 152 

explained in section 2.2.  153 

In a second protocol, the reduction of the volume of the sewage sample 154 

was also evaluated in order to reduce inhibitory compounds and interfering 155 

materials in the viral concentrate.  156 

Briefly,  the SMF‐adapted protocol used 500 mL of  raw sewage  that was 157 

preconditioned to a pH of 3.5. A volume of 500 µL of a pre‐flocculated skim 158 

milk solution at pH 3.5 was added to the samples. After 8 h of stirring, flocks 159 

were centrifuged at 8000xg for 40 minutes, and the pellet was suspended 160 

in 4 mL of phosphate buffer [vol/vol] (0.2 M Na2HPO4 and 0.2 M NaH2PO4). 161 

The viral concentrate was kept at ‐80°C until further use.  162 

A third protocol based on ultracentrifugation was evaluated in comparison 163 

the  500ml  SMF  protocol.  Two  samples  of  600 mL  of  raw  sewage  were 164 

collected. Samples were divided into two aliquots: 500 mL for processing 165 

according to the SMF protocol adapted from Calgua et al., 2008, and 42 mL 166 

for the ultracentrifugation protocol adapted from Pina et al., 1998a. The 167 

ultracentrifugation protocol used 42 mL of sewage that was processed as 168 

described by Pina et al., 1998a. The obtained SMF and Ultracentrifugation 169 

viral concentrates were filtered in 0.45‐µm Sterivex filters. Free DNA was 170 

removed, NAs were extracted, and libraries were prepared as explained in 171 

section  2.2.  For  both  methodologies,  the  equivalent  of  7  mL  of  a  raw 172 

sewage sample was analysed in the final constructed libraries. HAdV qPCR 173 

was performed on NA extractions as described in section 2.5.   174 



 

 

2.1.2 Concentration of viral particles from urine 175 

 176 

To explore the viruses excreted by urine and the contribution from urine to 177 

the  raw  sewage  virome,  100 mL of  urine  from 14  healthy  volunteers  of 178 

different ages and origins (7 males and 7   females from 25‐63 years old) 179 

although most of them living in Barcelona was collected. Individual urine 180 

samples were ultracentrifuged for 1 h at 90,000xg at 4°C. The obtained viral 181 

pellets were suspended in 300 µL of PBS1X and kept at ‐80°C until further 182 

use.  A  pooled  sample  with  1000  µL  of  each  individual  urine  viral 183 

concentrate was obtained.  From  the pooled  sample,  500 µL was DNAse 184 

treated, NAs were extracted, and a  library was prepared as explained  in 185 

section 2.2.  186 

2.2  Free  DNA  removal,  nucleic  acid  extraction,  library  preparation  and 187 

sequencing 188 

 189 

In all samples, DNAse treatment was performed with the same conditions. 190 

Then, 300 µL of raw sewage viral concentrate was treated with 160 U of 191 

Turbo DNase (Ambion Cat nº AM1907, Ambion) to remove non‐viral free 192 

DNA  during  1  h  at  37°C.  DNAse  was  inactivated  using  the  provided 193 

inactivation  reagent  and  centrifugation  at  10,000xg  for  1.5  minutes. 194 

Treated supernatant was collected and kept at 4°C until nucleic viral acid 195 

extraction.  Then,  280  µL  of  viral  concentrate  was  extracted  using  the 196 

Qiagen  RNA  Viral  Mini  Kit  (cat  no.  22906,  Qiagen,  Valencia,  CA,  USA) 197 

without RNA carrier. NAs were eluted using 60 µL of AVE buffer.  198 

For all  samples,  libraries were prepared  following  the same protocol.  To 199 

detect both RNA and DNA viruses, NAs were retrotranscribed using random 200 



 

 

nonamer  Primer  A  (5’‐GTTTCCCAGTCACGATANNNNNNNNN’‐3)  as 201 

previously  described  in Wang  et  al.,  2003.  Briefly,  RNA  templates  were 202 

reverse  transcribed  using  SuperScript  III  (cat  nº  18080093,  Life 203 

Technologies)  and  Primer  A,  which  contains  a  17‐nucleotide  specific 204 

sequence followed by 9 random nucleotides for random priming. A second 205 

cDNA  strand  was  constructed  using  Sequenase  2.0  (cat  nº 206 

USBM70775Y200UN, USB/Affymetrix, Cleveland, OH, USA). To address PCR 207 

inhibition, 2  library preparations were  constructed using 1:2 dilutions of 208 

viral  NAs.  To  obtain  sufficient  DNA  for  library  preparation,  a  PCR 209 

amplification  step  using  Prime  rB  (5’‐210 

GTTTCCCAGTCACGATANNNNNNNNN’‐3)  and  AmpliTaqGold  (cat  nº 211 

4311806, Life Technologies, Austin, Texax, USA) was performed. After 10 212 

min at 95°C to activate DNA polymerase, the following PCR program was 213 

applied:  30  s  at  94°C,  30  s  at  40°C,  30  s  at  50°C  for  25  cycles  for  the 214 

ultracentrifugation and low‐volume adapted SMF and 40 cycles for the 10L 215 

SMF  protocol,  and  finally  60  s  at  72°C.  PCR  products were  cleaned  and 216 

concentrated  in  a  small  volume  (15  µL)  using  Zymo  DNA  clean  and 217 

concentrator (D4013, Zymo research, USA). Amplified DNA samples were 218 

quantified by Qubit 2.0 (cat nº Q32854, Life Technologies, Oregon, USA), 219 

and libraries were constructed using a Nextera XT DNA sample preparation 220 

kit  (Illumina  Inc)  according  to  the  manufacturer’s  instructions.  Samples 221 

were  sequenced  on  Illumina MiSeq  2x250  bp  and  2x300  bp,  producing 222 

paired end reads. 223 

2.3. Bioinformatic pipeline and quality filtering 224 

 225 

The quality of  raw and  clean  read  sequences was assessed using FASTX‐226 

Toolkit  software,  version  0.0.14  (Hannon  Lab).  Read  sequences  were 227 



 

 

cleaned using Trimmomatic, version 0.32 (Bolger et al., 2014), taking care 228 

of sequencing adaptors and  linker contamination. Low quality ends were 229 

trimmed considering an average threshold Phred score above Q15 over a 230 

running‐window of 4 nucleotides. Low complexity sequences, which were 231 

mostly  biased  to  repetitive  sequences  that  affect  the  performance  of 232 

downstream  computational  procedures,  were  then  discarded  after 233 

estimating a linear model based on Trifonov's linguistic complexity (Sarma 234 

et  al.,  1990)  and  the  sequence  string  compression  ratio.  Discrimination 235 

criteria for the linear model assume low complexity scores below a line with 236 

a 45° slope and crossing at 5% below the complexity inflexion point found 237 

by  the model, which  is  specific  to  each  sequence  set.  Finally, duplicated 238 

reads were  removed  in  a  subsequent  step  to  speed up  the downstream 239 

assembly.  Virome  reads  were  assembled  using  90%  identify  over  a 240 

minimum of 50% of the read  length using CLC Genomics Workbench 4.4 241 

(CLC bio USA, Cambridge, MA), and the resulting contig spectra were used 242 

as the primary input for the index. After that, contigs longer than 100 bp 243 

were queried for sequence similarity using BLASTN and BLASTX (Altschul et 244 

al., 1997, 1990) against the NCBI viral complete genomes database (Brister 245 

et al. 2015), the viral division from GenBank nucleotide database (Benson 246 

et al., 2015), and viral protein sequences from Uniprot (UniProt Consortium 247 

2015). Species nomenclature and classification was performed according to 248 

the NCBI Taxonomy database (Baltimore, 1971) standards. HSPs considered 249 

for  taxonomical  assessment must  have  an  E‐value  of  10‐5  and minimum 250 

length of 100 bp. Based on the best BLAST result and 90% coverage cut‐off, 251 

sequences  were  classified  into  their  likely  taxonomic  groups  of  origin. 252 

Contigs were merged by Geneious software assembler (Geneious 9, Kearse 253 

et  al.  2012),  and  scaffold  sequences  were  subsequently  mapped  using 254 

Geneious mapper  tool. Phylogenetic  trees were constructed  for  selected 255 



 

 

alignments  using  Geneious  software,  and  the  neighbour‐joining method 256 

was  chosen  with  1000  bootstrap  replicates.  Tables  summarizing  the 257 

number  of  sequences  from  the  assembly matching  each  taxonomic  unit 258 

were built. From those tables, richness ratios were calculated by Catchall 259 

software, version 4.0 (Allen et al., 2013); among all the models included in 260 

the package, the non‐parametric model Chao1 was chosen, which was the 261 

model providing the best results on the data‐sets. Heatmaps were created 262 

using heatmaps from the ggplot2 R graphics library (Kolde, 2015).  263 

2.4 HAdV qPCR as a faecal indicator marker 264 

HAdV were quantified in the urban sewage samples by qPCR as described 265 

in previous studies ,(Bofill‐Mas et al., 2006).   266 

2.5 Targeted metagenomics for the characterization of adenovirus 267 

To detect and typify all Mastadenovirus and other potential adenoviruses 268 

present in raw sewage, general primers for AdV hexon were designed. To 269 

do  so,  the  hexon  region  from  149  AdV  genomes,  recognized  by  the 270 

Adenovirus  taxonomy group and  retrieved  from GenBank, was analysed. 271 

The  hexon  region  was  selected  considering  its  versatility  as  a  very 272 

conserved/variable region (Hernroth et al., 2002), conserved for the design 273 

of  common  primers  and  variable  in  the  internal  sequences  useful  for 274 

typification. Due to the specific requirements of the Roche 454 Junior GS 275 

protocol, designed primers were flanked by an adaptor and key sequences 276 

to  identify  samples.  Primers  and  conditions  for  Adenovirus  PCR  are 277 

presented in Supplementary material 3. PCR products were purified using 278 

Zymo  clean  and  concentrator  (cat  nº  D4013,  Zymo  Research).  Purified 279 

amplicons  were  then  pyrosequenced  in  a  454  GS  Junior  System    (Life 280 

Science‐Roche).  Obtained  raw  reads  in  SFF were  transformed  to  FASTQ 281 

using sff_extract from Roche. Adaptors were removed by cutadapt (Martin, 282 

2011a); the complexity and quality of reads were assessed by PrintSeq and 283 



 

 

FastQC (Schmieder and Edwards, 2011), which were then trimmed using 284 

FASTX‐Toolkit  software,  version  0.0.14  (Hannon  Lab).  To  define  non‐285 

redundant  Operational  Taxonomic  Units  (OTUs),  CD‐Hit  was  used  and 286 

tested  at  different  distance  levels  from which  0.02  was  chosen.  A  local 287 

database  was  built  that  contained  the  hexon  region  of  153  Adenovirus 288 

genomes available from GenBank (2016) and representing different species 289 

within  the  5  Adenoviridae  genus:  Aviadenovirus  (9),  Atadenovirus  (12), 290 

Mastadenovirus  (122), Siadenovirus  (4) and  Ichtadenovirus(1). OTUs  that 291 

matched  the  0.02  criteria  were  blasted  against  the  Adenovirus  local 292 

database using BLASTN (Altschul et al., 1997, 1990). A phylogenetic  tree 293 

using Raxml with 1000 bootstrap replicates was computed using Geneious 294 

(Geneious 9, Kearse et al. 2012). 295 

2.4. Virus amplification by experimental infection 296 

 297 

In  collaboration  with  Dr.  Robert  H.  Purcell  (Hepatitis  Viruses  Section, 298 

Laboratory  of  Infectious  Diseases,  NIAID,  NIH,  USA),  experimental 299 

infections of two Rhesus macaques (Macaca mulatta) that were previously 300 

immunized for HAV  were carried out as a part of a wider study in Bioqual, 301 

Rockville, MD in compliance with the guidelines of Bioqual’s and NIAID’S 302 

Institutional Animal Care and Use Committees. The rhesus macaques were 303 

inoculated intravenously with 27 mL of 0.45‐µm filtered raw sewage from 304 

Barcelona mixed with 3 mL of 10X PBS. Blood from both Rhesus macaques 305 

was extracted on a weekly basis over two months to study the potential 306 

replication of human viruses present in raw sewage. A blood sample from 307 

both animals was extracted a week before inoculation of raw sewage that 308 

was used as a negative control. 	309 



 

 

Nucleic acids and  libraries were processed according  to  section 2.1.2.  In 310 

total,  the  following  4  different  library  preparations  were  sequenced:  a 311 

pooled  library  prior  to  raw  sewage  inoculation  from  the  two  rhesus 312 

monkeys (PW1), two different libraries from each of the animals one week 313 

after  inoculation (RW1 and RW2), and a pooled library from both rhesus 314 

monkeys  4  weeks  after  inoculation  (RW4).  Free  DNA  from  viral 315 

concentrates  was  removed,  NAs  were  extracted,  and  libraries  were 316 

prepared as described in section 2.2.  317 

3. Results and discussion  318 

3.1. Mi‐Seq run outputs in 10L sewage samples from 3 different seasons 319 

Mi‐Seq  results  obtained  for  sequenced  samples  are  summarized  in 320 

Supplementary material 1. The virome of urban sewage collected in three 321 

different  seasons,  February,  May,  September  was  analysed    using  10  L 322 

samples of raw sewage, and 37 different viral families were identified. The 323 

numbers  of  different  viral  species  assigned  to  a  given  viral  family  are 324 

graphically presented in Figure 1. 325 

Bacteriophage  families  Siphoviridae,  Myoviridae,  Podoviridae  and 326 

Microviridae show a higher diversity degree in urban sewage. This finding 327 

agrees  with  other  studies  that  bacteriophages  are  the  most  abundant 328 

organisms on earth (Clokie et al., 2011). The ssDNA Parvoviruses, closely 329 

followed by Picornaviruses, are viral families infecting animals/humans with 330 

higher  diversity.  Viral  plant  Virgaviridae  species  were  also  abundantly 331 

represented  in  samples.  Important  human  viral  pathogens  that  are 332 

taxonomically  assigned  to  Astroviridae,  Caliciviridae,  Hepeviridae  and 333 

Polyomaviridae were detected too. Also reads related to viruses belonging 334 

to  the  Circoviridae  and  Picobirnaviridae  families  were  sequenced.  A 335 

summary of the number of reads and contigs associated with those viral 336 



 

 

families can be found in Table 1. A complete list of detected viral sequences 337 

is provided as Supplementary material 2. 338 

A wide diversity and abundance of human and animal astroviruses were 339 

detected in the winter sample. The majority of the reads from that sample 340 

belonged to the MAstV‐1 genogroup, whereas MAstV‐6, 8 and 9 were less 341 

frequent.  Similarly,  more  sequences  taxonomically  assigned  to  the 342 

Caliciviridae viral  family, and specifically  to different norovirus GI and GII 343 

species and human sapoviruses, were detected in winter. The seasonality 344 

of Astroviruses and Caliciviruses during low‐temperature seasons has been 345 

well‐documented (Bosch et al., 2014; Haramoto et al., 2006). Within the 346 

Picornaviridae  family,  several  human  and  animal  Picornaviruses  were 347 

sequenced,  including the recently described Human Salivirus/Klassevirus, 348 

several Aichi viruses, and the recently described genus Cosavirus. Aichi virus 349 

read  counts  were  higher  during  summer  compared  to  the  other  tested 350 

seasons.  Human  Enteroviruses  from  species  A,  B,  C  and  D  had  similar 351 

numbers,  irrespective of  the analysed season.  Important viral pathogens 352 

causing  hepatitis  transmitted  through  the  consumption  of  water/food 353 

contaminated  with  faecal  material,  such  as  HAV  and  HEV,  were  only 354 

detected in low numbers in the winter sample although this will be related 355 

to the low prevalence of these infections in the studied area..  356 

Viral  faecal  markers  present  in  urban  raw  sewage,  such  as  human 357 

Adenoviruses, were not detected by the metagenomics approach when the 358 

10‐L SMF protocol was applied. This contrasts with the detection of human 359 

Adenoviruses by conventional qPCR  in  the  three seasons  tested, Winter, 360 

Spring and Summer, with 3,18x104 GC/L, 5,32x105 GC/L and 1,23x105 GC/L, 361 

respectively.  362 

 363 



 

 

3.1.2. Targeted metagenomics for Adenovirus characterization 364 

To address the lack of detection of HAdV and to study the diversity of the 365 

genus Mastadenoviridae  in raw sewage, a  target enrichment assay using 366 

broadly  degenerated  primers  for  the  hexon  region  was  conducted. 367 

Previously concentrated SMF from summer was used because it contained 368 

higher numbers of genome copies of HAdV. A  total of 55,903  raw reads 369 

were generated by pyrosequencing. All raw reads passed the cleaning cut‐370 

offs and were used for subsequent analyses. A sequence similarity of 98% 371 

was chosen as a cut‐off for the homology searches, which resulted in a total 372 

of 3,677 different OTUs, accounting for 52,370 sequences from the sample 373 

(93.7%).  The  obtained  OTUs  were  blasted  against  the  custom‐built 374 

Adenovirus database, falling into 52 phylogenetically different AdV taxons, 375 

HAdV A, B, C, D, F and G‐. Detected AdVs from raw sewage are shown in 376 

Figure 2, and a complete  list detailing the abundance of detected AdV  is 377 

available  in  Supplementary  material  3.  Most  of  the  sequences  were 378 

assigned to Murine Adenovirus‐2 (60%) as well as to HAdV from species F, 379 

such as to HAdV‐41 (29%) and HAdV‐40 (0.7%). HAdV‐9, from species type 380 

D, was the second most abundant HAdV, accounting for a total 3.6% of the 381 

reads. The degenerated primers facilitated the detection of a wide range of 382 

AdVs with a high variability of the hosts. However, given that some of the 383 

detected sequences were from AdV exotic animals and that they clustered 384 

with other well‐known HAdV  species,  the  used AdV database might  not 385 

reflect the true diversity within the Adenoviridae family, and other excreted 386 

human/non‐human  adenoviruses  are  yet  to  be  discovered.  This  is 387 

exemplified by some of the detected Simian Adenovirus (SAdV), which  is 388 

closely related to HAdV40 and 41 (see Figure 2). Therefore, detected SAdV 389 

could be variants of the closely related HAdV40 and 41. It should also be 390 

considered that  in the short region analyzed, few changes are  important 391 



 

 

and  errors may  be  introduced  during  PCR  amplification  and  sequencing 392 

process, it has been described that 454 GS Junior has an overall error rate 393 

of  0.18%  in  a  study  by  Niklas  et  al(2013),and  it  is  known  also  that  the 394 

distribution of errors in the sequences is not homogenous. 395 

3.2.  Comparative  evaluation  of    ultracentrifugation  and  SMF  of  small 396 

volumes for virus concentration in sewage 397 

 398 

In  order  to  increase  sensitivity,  two  protocols  were  comparatively 399 

evaluated  for  the  concentration  of  viruses  in  sewage  and  the 400 

metegenomics analysis. A modified protocol of virus concentration based 401 

on  SMF with  lower  volume  of  sample,  500ml,  and  a  protocol  based  on 402 

ultracentrifugation. Despite the small volume tested  when compared with 403 

the results obtained concentrating 10‐L of urban sewage, the new modified 404 

flocculation  protocol  allowed  the detection of members  of  viral  families 405 

that were previously not detected, such as Adenoviridae, Polyomaviridae 406 

and Papillomaviridae, identified when using this methodology. 407 

Previous studies in the laboratory did evaluate the effect of different cycle 408 

amplifications  (25  vs  35  PCR  cycles)  on  the  observed  viral  diversity  by 409 

estimating the viral richness. Libraries that amplified 35 cycles had a lower 410 

average estimated viral richness, affecting the different species of detected 411 

dsDNA viruses (data not shown). Both protocols ultracentrifugation and the 412 

SMF of 500 ml were used with 25 cycles of amplification  before the library 413 

construction.   414 

Ultracentrifugation is an efficient technique to concentrate viruses, yielding 415 

good recoveries. However, the difficulty to simultaneously concentrate viral 416 

particles  from several  samples and  the  requirement of  an ultracentrifuge 417 



 

 

device hampers  its  applicability. A  recent  comparative  study published  in 418 

collaboration with Hjelmsø et al.,  (2017) showed that  the analysis of 10‐L 419 

SMF, as described in section 2.1.1,  in combination with QIAgen extraction 420 

columns (Iker et al., 2013) had inhibition problems, as evidenced by HAdV 421 

qPCR  quantifications.  This  observed  inhibition  might  have  affected  the 422 

subsequent detection of some viral species by NGS. A simplified version of 423 

SMF using an initial smaller volume that avoided the ultracentrifugation step 424 

was compared against the reference ultracentrifugation protocol developed 425 

by  Pina et al., (1998) to improve and minimize the observed limitations of 426 

the  reference  protocol.  Both  protocols  assayed  the  same  two  collected 427 

sewage  samples,  testing  the  same  volume  of  7  raw  sewage  millilitre 428 

equivalents per library.  429 

In this comparative study of two samples tested each one in parallel with 430 

both methods,  producing  very  good  results with  the detection of  a wide 431 

variety of RNA and DNA pathogens with a light  increase  in the number of 432 

sequences (bacteriophages principally) when using the ultracentrifugation 433 

method.  The  four  viral  concentrates  were  analysed  for  HAdV  by  qPCR 434 

showing  8.14x105 GC/L, 1.23x105 GC/ L, 2.19x105GC/L, and 1.48x105 GC/L 435 

for HAdV in SMF1, SMF2, Ultra1, and Ultra2, respectively. MI‐seq results are 436 

summarized  in  Supplementary  material  4.  The  estimated  viral  richness 437 

values  were  755.8  (779.4‐732.2),  541.0  (559.9‐522.1),  1,066.4  (1,089.6‐438 

1,043.2), and 1,318.5 (1,345.6‐1,290.4) for SMF1, SMF2, Ultra1, and Ultra2, 439 

respectively.  These  results  demonstrate  a  higher  estimated  viral  richness 440 

when using ultracentrifugation compared to SMF. In total, 41 different viral 441 

families  were  detected  considering  all  samples.  A  complete  list  of  the 442 

detected viral families is highlighted in Figure 3. The modified SMF protocol 443 

with reduction of the sample volume, allowed the detection of 36 different 444 

viral  families  compared  to  the  38  different  viral  families  detected  by 445 



 

 

ultracentrifugation. A higher diversity in viral phage families was observed 446 

by this methodology, which impacts the calculated richness by significantly 447 

increasing it (see Figure 3). Higher estimated viral richness was also reflected 448 

in the detection of few viral human species showing a low number of contigs 449 

only detected by the ultracentrifugation protocol, such as the Anelloviridae, 450 

Alloherpesviridae,  Geminiviridae,  Hepeviridae,  Totiviridae,  Geminiviridae, 451 

and Polyomaviridae families. Other viral families, such as the Luteoviridae, 452 

Nanoviridae, and Baculoviridae families, were only detected using SMF. For 453 

most important viral families, including human pathogenic viruses, such as 454 

Adenoviridae,  Caliciviridae,  Parvoviridae,  Circoviridae,  Astroviridae,  and 455 

Picornaviridae,  a  high  diversity  of  viral  species was  detected with  similar 456 

results by both SMF‐500ml and ultrafiltration protocols, demonstrating the 457 

suitability of these concentration methods for the detection of pathogens 458 

such as Caliciviruses, the main virus responsible for gastroenteritis outbreaks 459 

(Ahmed et al., 2014). Hence,  the availability of an effective concentration 460 

method to detect pathogenic viruses is crucial if NGS metagenomic data will 461 

be  used  for  surveillance  purposes.  The  efficacy  of  SMF  to  concentrate 462 

ssRNA+ viral particles agrees with previously published results by Hjelmsø et 463 

al.(2017).  The  low‐volume  SMF  protocol  allowed  for  detection  of  a 464 

previously undetected family, Adenoviridae. Human Adenoviruses detected 465 

by  untargeted  metagenomics  were  taxonomically  assigned  to  Human 466 

Adenovirus F species (HAdV40 and HAdV41). Higher sensitivity is observed 467 

for  a  specific  group  of  viruses  when  using  targeted  metagenomics.  The 468 

results obtained in urban sewage using the specific targeted metagenomics 469 

assay  for  adenovirus  showed  a  wide  diversity  of  adenoviruses.  Murine 470 

Adenovirus  2  was  found  to  be  the  most  abundant  Adenoviridae 471 

representative in this specific sample analysed and HAdV 40 and 41 and low 472 

numbers  of    other  adenoviral  species  were  also  detected.  The  specific 473 



 

 

characteristics of the sample and a possible biased preference for Murine 474 

Adenoviruses of the highly degenerated Adenovirus hexon primers used in 475 

the targeted assay may contribute to explain the high number of sequences 476 

assigned to this viral species  477 

Larger volumes of analysed sample (10 L vs 500 mL) could represent a higher 478 

chance to detect rare viral families on sewage. However, larger volumes also 479 

have  a  higher  proportion  of  inhibitors  (Schrader  et  al.,  2012).  Inhibitors 480 

might have affected the PCR amplification step, considering that 40 cycles 481 

were needed for 10‐L SMF to prepare libraries, while only 25 amplification 482 

cycles were needed when 500 mL of SMF was used. Viral metagenomics is 483 

limited by the low levels of viral DNA/RNA present in the samples, requiring, 484 

in  most  cases,  a  PCR‐based  random  amplification  step  after  the  RT  and 485 

sequenase  reactions  to  obtain  sufficient  DNA  for  library  preparation. 486 

Interestingly,  viral  richness  was  quite  similar  despite  the  different  PCR 487 

amplification  cycles  that  were  applied.  The  PCR  amplification  step might 488 

introduce  bias  by  amplifying  the most  abundant  genomes  such  that  less 489 

abundant genomes might not be sequenced or may be underrepresented 490 

(Karlsson et al., 2013). This might be the case for HAdV, as data obtained in 491 

previous  assays  showed  that  PCR  random  amplification  methods  more 492 

significantly  decreased  the  estimated  viral  richness  of  dsDNA  genomes 493 

compared  to  other  viral  genomes  (data  not  shown).  Overall,  the  data 494 

indicate  that  a  concentrated  of  500  mL  of  urban  raw  sewage  is  a 495 

representative sample volume to study the virome of raw sewage. 496 

One of the main objectives of  this research was to shed  light on the viral 497 

families  that  are  present  in  raw  sewage, which we  define  as  the  sewage 498 

virome.  This  list  should  be  periodically  reviewed  using  the  developed 499 

protocols for environmental surveillance and to identify the introduction of 500 



 

 

pathogens,  novel  or  emerging  viral  strains  in  the  population  and  the 501 

environment. A complete  list of all different viral  species detected  in  raw 502 

sewage using the metagenomics approach in this manuscript is detailed in 503 

Supplementary material 2.  504 

In  total,  more  than  11  different  viral  families  considered,  or  putatively 505 

considered,  as  pathogenic  have  been  detected  in  raw  sewage  from 506 

Barcelona. Astroviridae is a single‐stranded, positive‐sense RNA viral family 507 

of  6.2‐7.8  kilobases  (kbp)  that  infects  mammals.  Human  astroviruses 508 

(HAstV) are suspected to be involved in 0.5 to 15% of all acute diarrhoea 509 

outbreaks  in  children  (Bosch  et  al.,  2014).  In  the  present  study,  a  high 510 

diversity  of  sequences,  mainly  assigned  to  the  MastV‐1  genotype,  was 511 

detected in all tested samples, but several recombinant genotypes, such as 512 

MAstV‐6, ‐8 and ‐9, were observed in lower abundance. More precisely, the 513 

application of NGS techniques has facilitated the detection of these later 514 

mentioned  animal  recombinant  astroviruses  (Finkbeiner  et  al.,  2009; 515 

Kapoor  et  al.,  2009),  which  are  related  to  neurological  disorders  in 516 

immunocompromised patients (Brown et al., 2015).  517 

Noroviruses  (NoV),  within  the  Caliciviridae  family,  are  the  leading 518 

aetiological agent of food‐borne disease outbreaks worldwide (Koo et al., 519 

2010). NoV from both genogroups GI and GII were detected in all sewage 520 

samples, reflecting a wide diversity within this variable viral family. Those 521 

included  sequences were  taxonomically assigned  to NoV GII.4 and NoV 522 

GII.17, which are the more frequently reported gastroenteritis genotypes 523 

(Chan  et  al.,  2015;  Vega  et  al.,  2011).  Within  the  same  family,  human 524 

sapoviruses (HSaV) that belong to GI, GII, GIV, and GV were also found; they 525 

have been previously reported as gastroenteritis agents (Oka et al., 2015). 526 

Picornaviridae  is  a  family  grouping  of  more  than  30  different  genera  of 527 



 

 

ssRNA+  viruses  infecting  vertebrates,  and  it  includes  important  human 528 

pathogens, such as hepatitis A virus and poliovirus. Several species of the 529 

genera  Kobuvirus,  Enterovirus  (EV),  Cosavirus,  Salivirus,  and  Cardiovirus 530 

were detected in sewage. Aichi virus (AiV) has been recovered in all seasons 531 

and in all tested sewage samples, which agrees with available data (Lodder 532 

et  al.,  2013).  Recent  studies have  suggested  that AiV may  co‐infect with 533 

other  enteric  viruses,  causing  gastroenteritis  (Ambert‐Balay  et  al.,  2008; 534 

Räsänen et al., 2010). EV is one of the most important genera within the 535 

Picornaviridae family;  it contains 12 different species that  infect humans, 536 

including EV species A to D and Rhinovirus species A to C (Plyusnin et al., 537 

2011). Different EV from species A, B, and C and animal enteroviruses from 538 

species  G  and  J  were  also  noted.  Most  of  the  identified  human 539 

enteroviruses belong to species A and B, but important enteroviruses from 540 

species C, such as Enterovirus‐A71, were caught. An increase in enterovirus 541 

outbreaks  has  recently  been  reported  to  be  caused  by  emerging 542 

recombinant  EV  strains  (Holm‐Hansen  et  al.,  2016;  Zhang  et  al.,  2010). 543 

Other  sequences  related  to  the  Salivirus  and  Cosavirus  genera,  whose 544 

causal  role  in  gastroenteritis  is  suspected,  have  been  detected  (Li  et  al., 545 

2009; Tseng et al., 2007). 546 

Parvoviridae is a large viral family with a wide range of hosts, from mammals 547 

to  insects,  and  constitutes  an  important  component  of  urban  sewage. 548 

Several  sequences  resembling animal  parvoviruses  that  infect  dogs,  rats, 549 

cattle  and  swine  as well  as  several  densoviruses with  invertebrate  hosts 550 

have been identified. Human bocavirus (HBoV) species HBoV1, 2, 3 and, 4 551 

and human bufaviruses have been observed, yet the implications of those 552 

parvoviruses in human disease is controversial (Nawaz et al., 2012; Phan et 553 

al., 2012), and further studies should be conducted to better characterize 554 

their  pathogenic  role  or  consider  them  as  part  of  the  human  gut  viral 555 



 

 

community. 556 

Sequences that are taxonomically assigned to the Circoviridae family have 557 

been  detected  in  all  sewage  samples.  To  date,  the  Circoviridae  family 558 

contains two genera, namely, Circovirus and Gyrovirus, with a third of the 559 

proposed genus Cyclovirus under revision (Dayaram et al., 2013). Because 560 

circoviruses are prevalent  in  several human  fluids,  their detection  in  raw 561 

sewage seems reasonable. Their relationship with disease remains unclear, 562 

but cycloviruses have been involved in acute nervous system infections (Tan 563 

et al., 2013).  564 

Orthohepevirus, within the Hepeviridae  family,  is a genus with the specie 565 

Orthoherpesvirus A that includes the viruses causing hepatitis in humans. 566 

Genotypes  1  and  2  have  been  described  to  infect  only  humans,  while 567 

genotypes  3  and  4  are  zoonotic  (Legrand‐Abravanel  et  al.,  2009).  The 568 

finding in one sample of the HEV genotype 3, frequently detected in swine, 569 

illustrates its low prevalence compared to other faecal transmitted viruses 570 

causing gastroenteritis (RUTJES et al., 2014).  571 

Surprisingly,  no  members  of  the  Reoviridae  family  were  detected. 572 

Important  pathogenic  viruses  within  this  family  include  the  human 573 

Rotaviruses,  which  are  already  known  as  an  important  gastroenteritis 574 

agent in children and cause approximately 453,000 deaths in 2008 (Tate et 575 

al., 2012). Although Rotaviruses are detected with similar concentrations 576 

as other enteric viruses in sewage (Prado et al., 2011), their prevalence is 577 

lower  and  influenced  by  seasonality  patterns  compared  to  HAdV  (El‐578 

Senousy et al., 2015; Zhou et al., 2016). Other metagenomic studies failed 579 

to  detect  rotaviruses  although  they  included  sewage  samples  from 580 

endemic  rotavirus  areas  (Cantalupo  et  al.,  2011;  Ng  et  al.,  2012). 581 

Picobirnaviridae  viruses  from  the  family,  which  also  have  dsRNA 582 

segmented  genomes,  have  been  detected  in  all  tested  raw  sewage 583 



 

 

samples.  Human  Picobirnaviruses  are  prevalent  by  conventional  PCR  in 584 

100% of sewage samples and have been detected at high concentrations 585 

(Symonds  et  al.,  2009).  Again,  a  higher  relative  abundance  of  this  viral 586 

family compared to Rotaviruses should be expected.  587 

In  the  present  study,  dsDNA  viral  families,  such  as  Polyomaviridae, 588 

Adenoviridae  and Papillomaviridae,  have  been  detected.  Polyomaviruses 589 

and Adenoviruses are excreted by symptomatic and asymptomatic carriers, 590 

independent of  the seasonality or geographical area. Therefore,  they are 591 

present in nearly 100% of untreated sewage, which makes them suitable as 592 

human  viral  faecal  indicators  (Bofill‐Mas  et  al.,  2013).  Human 593 

Papillomaviruses (HPV) have recently been reported in raw sewage (La Rosa 594 

et  al.,  2013).  The  transmission  of  papillomaviruses  through  the 595 

consumption of faecal contaminated water or food remains unproven, and 596 

further studies on the significance of their molecular detection are needed. 597 

Families  with  insect  viruses,  such  as  Dicistroviridae,  Iridoviridae,  and 598 

Nodaviridae, have also been detected, insects could be expected through 599 

the sewage system of a city.. 600 

A high abundance and diversity of plant viruses was found in our samples. 601 

Viruses  from  the  Virgaviridae,  Closteroviridae,  Partitiviridae, 602 

Alphaflexiviridae,  Betaflexiviridae,  Tombusviridae,  Bromoviridae, 603 

Secoviridae,  Potyviridae,  and  Tymoviridae  families  seem  to  be  abundant 604 

and  important components of  the sewage virome. Especially diverse are 605 

the members of Virgaviridae family, which were the second most diverse 606 

detected family, irrespective of the concentration method or volume. Plant 607 

viruses  are  highly  abundant  in  human  faeces  (Zhang  et  al.,  2006);  for 608 

example, PMMV has been recently related to specific immune responses, 609 

fever, and abdominal pains in humans by Colson et al. (Colson et al., 2010). 610 

The  infectivity  of  human  excreted  plant  viruses  has  already  been 611 



 

 

demonstrated (Tomlinson et al., 1982; Zhang et al., 2006). As a result, their 612 

presence  in  WWTP  effluents  could  represent  an  economic  threat  for 613 

farmers if reclaimed water without a suitable quality control is used for crop 614 

irrigation.  615 

Bacteriophages  were  the  major  fraction  from  the  sewage  virome  with 616 

sequences spotted from Microviridae, Podoviridae, Myoviridae, Leviviridae, 617 

Siphoviridae  and Myoviridae  families. Microviridae  is  the  family  with  a 618 

higher level of diversity. Detected phage viral families in the present study 619 

agree with other untargeted metagenomic analyses (Tamaki et al., 2012). 620 

It  is  likely  that  the  number  of  bacteriophages  sequences  has  been 621 

underestimated  due  to  the  taxonomical  assignment  of  prophages  as 622 

bacterial DNA. 623 

The application of NGS techniques to environmental and clinical samples 624 

facilitates the simultaneous analysis of millions of sequences. Of note, a 625 

significant fraction of sequences remains unassigned to known taxonomic 626 

units after bioinformatics analyses.  In  the present  study,  samples were 627 

virion‐enriched  by  the  applied  concentration  methods,  and  the  viral 628 

concentrate was  filtered  to  remove bacteria, while DNAse was used  to 629 

remove free DNA. Nevertheless, the percentage of sequences assigned to 630 

a  known  virus  taxon  was  extremely  low,  but  it  agreed  with  previous 631 

publications.  632 

The evaluated sewage virome is only an initial attempt to address complex 633 

water matrices. The lack of a universal viral marker‐compared to bacterial 634 

16S and the need to sequence all available RNA/DNA present in samples 635 

requires  concentration methods  for  viral  particles while  removing  other 636 

DNA sources to increase the sensitivity of viral metagenomics. It is expected 637 

that  the  development  and  availability  of  improved  sequencing 638 



 

 

technologies,  such  as  single‐molecule  nanopore  sequencers,  in  the 639 

forthcoming years will provide a more accurate and detailed composition 640 

description of the viral mixtures from different types of samples, including 641 

those of the sewage virome.   642 

The  annotation  of  the  urban  sewage  virome  by  applying  NGS  methods 643 

describes  the  catalogue  of  the  viral  species  circulating  across  a  given 644 

population, which increasingly achieves an important role in public health 645 

surveillance. Viruses are more resistant than bacteria to specific treatments 646 

applied  in  WWTP;  therefore,  they  can  be  present  in  reclaimed  water 647 

produced  for  crop  irrigation,  surpassing  FIB  microbiological  quality 648 

parameters. A previous study by Rosario et al., (2009) demonstrated that 649 

reclaimed water contains 1000‐fold more virus‐like particles than potable 650 

water.  Although  no  pathogenic  viruses  were  detected  in  that  study, 651 

pathogenic  infectious viruses have been detected in reclaimed water in 652 

other studies (Rodriguez‐Manzano et al., 2012).  653 

3.3. The contribution of urine to the viral composition of sewage 654 

 655 

Detected  viral  sequences  from  the  human  urine  samples  analysed  are 656 

summarized  in  Supplementary  material  5.  The  urine  viral  concentrate 657 

contained  different DNA viral families infecting humans: Papillomaviridae, 658 

Polyomaviridae, and sequences distantly related to circular ssDNA families 659 

Circoviridae,  and  Anelloviridae.  Those  results  highlight  that  urine 660 

contributes  to  the  highly  diverse  viral  composition  of  urban  sewage  by 661 

introducing principally DNA viruses. Human  polyomaviruses were the most 662 

abundant,  specifcally  JC  polyomavirus  (JCPyV)    known  to  be  excreted 663 

through  urine  principally,  and  with  a  lower  number  of  sequences  BK 664 

Polyomavirus (BKPyV),, the 0.76% of the total reads were associated with 665 



 

 

this  family.  This  excretion  route  for  Polyomaviruses  has  already  been 666 

documented in the literature (Egli et al., 2009; Shinohara et al., 1993); for 667 

this reason, the group has been widely used as a specific indicator of human 668 

excreta  in  water  (Harwood  et  al.,  2009).  In  recent  years,  new 669 

Polyomaviruses  have  been  described,  including  up  to  13  human 670 

Polyomaviruses (Mishra et al., 2014). MCPyV is not excreted through urine 671 

(Loyo  et  al.,  2010);  instead,  it  is  frequently  detected  in  skin  samples  in 672 

conjunction  with  human  Polyomaviruses  6,  7,  and  9  (Foulongne  et  al., 673 

2012). The lack of detection of the new polyomavirus from urine samples 674 

suggests that the excretion patterns of these polyomaviruses might occur 675 

through faeces and skin desquamation. Reads of HPV (0.03% of total reads), 676 

matching  HPV129  and  HPV170,  which  probably  come  from  epithelium 677 

desquamation during urination, were identified. The detection of HPVs has 678 

been reported in faeces (Di Bonito et al., 2015), raw sewage (La Rosa et al., 679 

2013),  and  urine  (Tasha  M.  Santiago‐Rodriguez  et  al.,  2015).  In  a  prior 680 

study, several β‐HPV (HPV49, HPV92, and HPV96) and γHPV (HPV121 and 681 

HPV178) samples were detected. HPV species detected in this study have 682 

not been  reported  in  any of  the urine metagenomic  studies  available  to 683 

date (Tasha M. Santiago‐Rodriguez et al., 2015; Smelov et al., 2016, 2014). 684 

Although  skin desquamation  and  excretion  through  faeces might be  the 685 

main modes  through which human Papillomaviruses  land  in sewage,  the 686 

excretion  of  specific  papillomaviruses  like  the  skin‐specific  γHPV,  which 687 

might have tropism for the urinary tract, is an interesting finding. Because 688 

none of the volunteers participating in this study had been diagnosed with 689 

HPV  infections or  genital warts, HPV could be part  of  the  virome of  the 690 

urinary  tract  without  causing  any  known  disease.  More  urine‐focused 691 

studies,  such  as  those  applying  specific  PCR  target  enrichment  to 692 

sequencing, would improve our knowledge of the diversity of HPVs in urine. 693 



 

 

Sequences  distantly  related  at  the  protein  level  to  Circoviridae  and 694 

Anelloviridae were also observed. ssDNA viruses seem to be ubiquitously 695 

present in blood (Vasilyev et al., 2009); therefore, the detection of these 696 

specific viral families in urine seems very plausible. With the advent of NGS 697 

techniques, there has been a significant increase in viruses classified under 698 

these two ssDNA viral families (Kim et al., 2011) and other ssDNA circular 699 

viral particles still unclassified (Kim et al., 2012). 700 

3.4. Identified infective human viruses present in raw sewage amplified by 701 

experimental infection 702 

 703 

One  week  after  inoculation,  the  first  Rhesus  monkey  presented  reads 704 

matching JCPyV and Hepatitis E virus, supporting the active replication of 705 

these two human viruses identified in urban raw sewage when using animal 706 

models. The HEV strain found in the rhesus blood sample was annotated as 707 

genotype 3. The inoculation of the environmental HEV strain into Rhesus 708 

monkeys is an effective method to replicate the virus (Pina et al., 1998a). 709 

Sequences classified within  this genotype are  frequently  reported  in  the 710 

geographical area of the study, in Europe (Clemente‐Casares et al., 2009), 711 

and this genotype is one of the most commonly detected HEV genotypes in 712 

Europe  and North  America  (Clemente‐Casares  et  al.,  2003).  The  second 713 

Rhesus monkey did not presented JCPyV or HEV sequences in serum at the 714 

studied  dates  (one week  and  one month  after  inoculation).  The  pooled 715 

sample from both Rhesus monkeys after 4 weeks post‐inoculation did not 716 

have any sequences related to Hepatitis E virus or JCPyV, supporting the 717 

model  of  the  acute  asymptomatic  infection..  Pooled  serum  samples 718 

collected one week before the inoculation showed the presence of several 719 

viral plants from the Virgaviridae family as well as some phages from the 720 



 

 

Microviridae and Inoviridae families. Large fractions of genomic plant DNA 721 

have been detected in blood (Spisák et al., 2013), suggesting the possibility 722 

that  viral DNA/RNA  could  also be  circulating  through blood and  thus be 723 

detected by metagenomics. A total of 1,462 reads (0.08%) in sera sample 724 

after inoculation were taxonomically assigned to the Anelloviridae family, 725 

more specifically human Torque teno virus viruses (TTV) 26 and 27. These 726 

two viral species were captured in all Rhesus sera samples, supporting the 727 

wide  distribution  and  prevalence  of  those  viruses  among mammals  (de 728 

Villiers and Hausen, 2009). The presence of these viruses in blood has also 729 

been  reported  in  humans without  any  associated  disease  (Biagini  et  al., 730 

2013). 731 

Conclusions 732 

Raw sewage harbours  a  vast number of different  viral  families  that may 733 

contaminate the environment since commonly viruses are not completely 734 

removed  in  WWTPs.  The  methodology  developed  based  in 735 

ultracentrifugation and if a ultracentrifuge is not available, using the SMF 736 

protocol  for 500 ml samples  is useful and produce robust results  for the 737 

description of the virome of urban sewage detecting both DNA and RNA 738 

viruses. The information of the virome of urban sewage may constitute an 739 

important  data  base  for  known  and  novel  and  emerging  viral  strains 740 

excreted in the population in a specific time. Among human viral families, 741 

important  human  pathogens  have  been  detected  by  NGS,  including 742 

members  of  the  Parvoviridae,  Caliciviridae,  Hepeviridae,  Adenoviridae, 743 

Polyomaviridae,  Papillomaviridae,  and  Astroviridae  families.  The 744 

implementation and application of a low‐volume SMF protocol minimized 745 

the  inhibition  problems  detected  when  sampling  larger  volumes,  while 746 

offering  a  representative  volume  that  yielded  comparable  results  to  the 747 



 

 

tested ultracentrifugation method. However,  the sensitivity  for analysing 748 

specific  viral  groups  and  reduce  representation  biases  on  relatively  less 749 

abundant viral species is increased by using targeted metagenomics assays 750 

designed to amplify specific viral species. 751 

The  amplification  of  viruses  excreted  in  sewage  through  experimental 752 

infection  in Rhesus macaques allowed for detection of  infective HEV and 753 

JCPyV from urban sewage showing interesting information on the presence 754 

of plant virus  in  the serum of  the macaques and small cDNA viruses still 755 

unclassified that will merit further studies. 756 

The contribution of urine to sewage seems  limited to DNA viral  families, 757 

mainly  to Polyomaviruses  JCPyV which appear  to be highly excreted and 758 

with lower quantities BKPyV,.  759 

The  use  of  NGS  techniques  for  sewage  analysis  can  pinpoint  major 760 

pathogens that circulate in the population and environment, constituting 761 

an interesting tool for epidemiologic studies and public health surveillance.  762 
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ABSTRACT:  15 

Microbial  food‐borne  diseases  are  still  frequently  reported  despite  the 16 

implementation of microbial quality legislation to improve food safety. Among all 17 

the microbial agents, viruses are the most important causative agents of food‐18 

borne  outbreaks.  The  development  and  application  of  a  new  generation  of 19 

sequencing  techniques  to  test  for  viral  contaminants  in  fresh  produce  is  an 20 

unexplored field that allows for the study of the viral populations that might be 21 

transmitted by  the  fecal‐oral  route  through  the consumption of contaminated 22 

food.  To  advance  this  promising  field,  parsley  was  planted  and  grown  under 23 

controlled  conditions  and  irrigated  using  contaminated  river  water.  Viruses 24 

polluting  the  irrigation  water  and  the  parsley  leaves  were  studied  by  using 25 

metagenomics. To address possible contamination due to sample manipulation, 26 

library  preparation,  and  other  sources,  parsley  plants  irrigated  with  nutritive 27 



 

solution were used as a negative control. In parallel, viruses present in the river 28 

water used for plant irrigation were analyzed using the same methodology. It was 29 

possible to assign viral taxons from 2.4 to 74.88% of the total reads sequenced 30 

depending on the sample. Most of the viral reads detected in the river water were 31 

related to the plant viral families Tymoviridae (66.13%) and Virgaviridae (14.45%) 32 

and  the  phage  viral  families  Myoviridae  (5.70%),  Siphoviridae  (5.06%),  and 33 

Microviridae (2.89%). Less than 1% of the viral reads were related to viral families 34 

that  infect  humans,  including  members  of  the  Adenoviridae,  Reoviridae, 35 

Picornaviridae  and Astroviridae  families.  On  the  surface  of  the  parsley  plants, 36 

most of the viral reads that were detected were assigned to the Dicistroviridae 37 

family  (41.52%).  Sequences  related  to  important  viral  pathogens,  such  as  the 38 

hepatitis E virus, several picornaviruses from species A and B as well as human 39 

sapoviruses  and  GIV  noroviruses  were  detected.  The  high  diversity  of  viral 40 

sequences found in the parsley plants suggests that irrigation on fecally‐tainted 41 

food may have a role in the transmission of a wide diversity of viral families. This 42 

finding reinforces the idea that the best way to avoid food‐borne viral diseases is 43 

to  introduce  good  field  irrigation  and  production  practices.  New  strains  have 44 

been identified that are related to the Picornaviridae and distantly related to the 45 

Hepeviridae  family.  However,  the  detection  of  a  viral  genome  alone  does  not 46 

necessarily indicate that there is a risk of infection or disease development. Thus, 47 

further investigation is crucial for correlating the detection of viral metagenomes 48 

in samples with the risk of infection. There is also an urgent need to develop new 49 

methods to improve the sensitivity of current Next Generation Sequencing (NGS) 50 

techniques in the food safety area.  51 

 52 

Keywords:  Food  metagenomics,  viral  pathogens,  food  safety,  Caliciviridae, 53 

Picornaviridae, next generation sequencing 54 



 

1. Introduction 55 

 56 

Food‐borne  diseases  remain  as  a  significant  cause  of  illness  worldwide,  and 57 

consumers are exposed to microbiological and chemical contaminants. From a 58 

microbiological point of view, food can be a vehicle for protozoan, bacterial, viral, 59 

and  prion  infections.  Although  most  fecally  excreted  microorganisms  cause 60 

gastroenteritis  or  acute  hepatitis,  other  pathologies  such  as  meningitis, 61 

myocarditis, and neurological disorders are also possible. 62 

Food contamination can occur at several stages of food chain production, from 63 

the  irrigation  and  collection  stages  on  farms  to  contamination  during  food 64 

processing  in  industrial  settings, during food preparation at a restaurant, or at 65 

home. In high income countries, measures have been implemented to reduce the 66 

risk  of  fecal  contamination  of  water  and  food  such  as  proper  sewer  pipeline 67 

systems  and  hygienic  measures  during  food  handling,  manufacturing,  and 68 

preparation.  Countries use  legislation  to  control  the microbiological  quality  of 69 

water and food, yet food‐borne outbreaks are still reported frequently (Bernard 70 

et al., 2014; Ethelberg et al., 2010).  71 

Among  all  the  food‐borne  etiological  agents,  viruses  are  the most  important 72 

causative  agents  of  food‐borne  outbreaks  (Painter  et  al.,  2013).  For  example, 73 

noroviruses  are  the  leading  cause  of  food‐borne  illnesses,  accounting  for  125 74 

million cases per year (Kirk et al., 2015). The increase in fresh food consumption, 75 

probably as a way for consumers to develop a healthier diet, has been linked to 76 

an  increase  in  viral  food‐borne  outbreaks  (Callejón  et  al.,  2015;  Kozak  et  al., 77 

2013).  Coleman  and  co‐workers  (2013)  noted  that  of  the  127  outbreaks 78 

associated with  leafy  greens  in  the United States  from 2004‐2008  in  the area 79 

where  the  pathogen  was  identified,  64%  of  cases  were  attributed  to  a  viral 80 

infectious  agent  such  as  noroviruses,  sapoviruses,  and  hepatitis  A  virus.  As 81 



 

mentioned, viruses can be accidentally introduced at different steps in food chain 82 

production,  and  crop  irrigation with  fecally  contaminated water  is  one  of  the 83 

most  critical  points.  Recently,  Maunula  et  al.  (2013)  reported  that  9.5%  of 84 

irrigation  water  samples  used  to  water  berries  were  positive  for  human 85 

adenoviruses  (HAdV),  underlining  the  presence  of  fecal  contamination. 86 

Although there are  laws to control  the microbiological water quality, none of 87 

them  currently  include  specific  viral  parameters,  and,  therefore,  water  safety 88 

monitoring relies only on the use of fecal indicator bacteria (FIB). The usefulness 89 

of  these  laws  for  minimizing  the  viral  presence  in  food  matrices  is  unclear 90 

because the FIB do not always correlate with the presence of viral pathogens, 91 

and viruses are more resistant to water treatments than bacteria (Gerba et al., 92 

1979; Jiang, 2006; Marzouk, 1980; Pusch et al., 2005; Savichtcheva and Okabe, 93 

2006) 94 

While bacterial contamination in food has been widely reported, notifications 95 

of  viral  outbreaks  have  been  hampered  in many  cases  by  a  lack  of  specific, 96 

sensible, and standardized concentration/detection methods. These important 97 

factors are mandatory for the inclusion of viral parameters in food legislation. 98 

Recently, a standard ISO 15216‐1:2017 was published for the concentration and 99 

quantification of the two food‐borne viruses hepatitis A virus (HAV) and human 100 

noroviruses (HNoV) (https://www.iso.org/standard/65681.html), and qualitative 101 

detection is in preparation (ISO/TS 15216‐2:2013). The concentration methods 102 

are limited by their low recoveries while detection and quantification methods, 103 

which  are  usually  based  on  RT‐PCR  or  q(RT)PCR,  are  restricted  to  specific 104 

targeted viruses. Many different pathogens may contaminate water and food 105 

simultaneously,  especially  if  fecally  contaminated  irrigation water  is  used  on 106 

fresh  vegetables.  The  introduction  of  next  generation  sequencing  (NGS) 107 

techniques  in  the  food  safety  field  allows  for  the  simultaneous  analysis  of 108 



 

diverse viral pathogens in a single assay. To date, NGS has been applied to study 109 

the  viral  species  that  are  present  in  all  types  of  environmental  and  clinical 110 

samples as follows: oceans (Hurwitz et al., 2013),  lakes (Djikeng et al., 2009), 111 

raw sewage (Cantalupo et al., 2011), reclaimed water (Rosario et al., 2009), and 112 

infectious  clinical  samples with unknown etiological  agents  (Greninger et al., 113 

2015).  However,  the  use  of  NGS  in  the  food  safety  field  has  not  been 114 

exhaustively explored (Aw et al., 2016; Park et al., 2011; Zhang et al., 2014).  115 

The  focus  of  the  present  study  is  to  provide  more  information  on  the 116 

applicability  of  NGS  techniques  in  the  food  safety  field  by  studying  viral 117 

contamination in fresh vegetables, with parsley plants (Petroselinum crispum L) 118 

that  were  irrigated  with  river  water  containing  fecal  contamination  as  the 119 

model. 120 

 121 

2. Materials and methods 122 

2.1. River water samples 123 

 124 

The Besòs River (Sant Adrià de Besòs, Barcelona, Catalonia, Spain) is a river that 125 

is  17.7  km  long,  and  it  displays  irregular  discharge  due  to  the Mediterranean 126 

climate. Along its path, the river collects the secondary effluent of 27 wastewater 127 

treatment plants (WWTP) and ends in the Mediterranean Sea next to Barcelona. 128 

Since the mid‐1990, it has been subject to a recovery process to improve its water 129 

quality. As a  consequence of  these efforts,  the Besòs River  is being used as a 130 

source of water to irrigate crops by some local farmers. Twenty liter river water 131 

samples from the Besòs River were collected  in May 2014. Ten L of each river 132 

sample was used to irrigate the parsley plants, and the remaining 10 L was used 133 

to concentrate the viral particles to characterize the viruses that were present 134 

through qPCR and NGS. After two weeks, the procedure was repeated and the 135 



 

river water was  tested by qPCR. The  river water  samples collected  for parsley 136 

irrigation were kept in the dark at 4°C for 15 days and used to irrigate the plants.  137 

 138 

2.2. River water viral particle concentration 139 

 140 

The viruses that were present in the 10 L river water samples were concentrated 141 

using skimmed milk organic flocculation. This method has a recovery efficiency 142 

of  50%  (20–95%)  and  it  was  applied  as  previously  described  by  Calgua  et  al. 143 

(2013). In brief, a suspension of skimmed milk was prepared by adding 10 g of 144 

skimmed milk powder (Difco, Detroit, MI, USA) to 1 L of artificial seawater (Sigma‐145 

Aldrich Chemie GMBH, Steinheim, Germany); the solution was then adjusted to 146 

a pH of 3.5 using 1 N HCl  to obtain a pre‐flocculated 1%  (w/v)  skimmed milk 147 

solution (PSM). At that moment, all the river water samples were adjusted to a 148 

conductivity of 1.5 mS/cm2 and acidified to a pH of 3.5 using 1 N HCl. Ten mL of 149 

PSM was added to previously conditioned samples to obtain a final sample milk 150 

concentration of 0.01%. After 8 h of stirring at room temperature, the flocs were 151 

allowed to sediment by gravity for 8 h. The supernatant was carefully removed, 152 

and  the  remaining  sediment  from  approximately  500 mL  of  the  solution was 153 

centrifuged at 8000 × g for 30 min at 4°C. The pellets were suspended in 8 mL of 154 

phosphate buffer (pH 7.5) and stored at ‐80°C until nucleic acid (NA) extractions 155 

could be performed. The two viral concentrates are labeled as the Besòs River 156 

Water (BRW1 and BRW2) samples. 157 

 158 

2.3. Parsley plant growth and irrigation 159 

 160 

Parsley (Petroselinum crispum L) seeds were planted and cultivated in a climate 161 

room at 22°C, 60% relative humidity, and light conditions equivalent to 110 µmol 162 



 

of  photosynthetically  active  radiation  (PAR)  at  the  “Serveis  de  Camps 163 

Experimentals” at the University of Barcelona. The seeds were irrigated using a 164 

nutritive solution containing iron, nitrogen and phosphorus (Hoagland solution 165 

50%).  After  6  weeks,  a  total  of  12  different  parsley  pots  were  moved  to  a 166 

greenhouse from the same facility. 167 

All 12 parsley pots were irrigated twice a week during the whole growth process 168 

(from May to June) by using 4 L of  the same nutritive Hoagland solution. This 169 

irrigation procedure was performed by inundating the tray containing the parsley 170 

pots,  and  thus  the parsley  leaves were not washed. Half  of  the 12 pots were 171 

irrigated daily, in addition to receiving nutritive solution, by spraying the leaves 172 

with  15 mL  of  Besòs  river water.  These  samples were  labeled  as  Besòs  River 173 

Parsley (BRP).  174 

In  the  same way,  the  remaining pots were used as a Negative Control Parsley 175 

group (NCP), and they were irrigated daily by spraying 15 mL of the same nutritive 176 

solution that was used for irrigation, but by inundation, into both the control and 177 

test  pots.  The  negative  control  was  used  as  a  blank  sample  to  identify  viral 178 

sequences that could be naturally present in the parsley plants or due to other 179 

external  factors  (greenhouse,  irrigation  nutritive  solution,  facility  users, 180 

manipulation, reagent contaminants or equipment). 181 

Two weeks  later,  a  fresh BRW sample was  collected  to  continue  the  irrigation 182 

process  for another 15 days. At  the end of  the study, both plant groups were 183 

irrigated with 450 mL of river water or control nutritive solution water. After one 184 

month of daily irrigation, 25 g of parsley leaves from NCP and BRP were hand‐cut 185 

by investigators who were wearing sterile gloves, and the leaves were placed in 186 

sterile bags (BagPage® filter‐bag, Interscience, France). The samples were kept at 187 

4°C for less than 48 h until the concentration method was applied.  188 

 189 



 

2.4. Viral concentration from plants 190 

 191 

Twenty‐five grams of NCP and BRP were washed in a sterile filter‐bag with 50 mL 192 

of glycine buffer (pH of 9.5, 0.25 N) for 40 minutes using a stomacher. Afterwards, 193 

the  sample  pH was  adjusted  to  7.0  (±0.2)  by  using HCl  0.1 N.  To  remove  the 194 

bacteria and other suspended organic material, the samples were centrifuged at 195 

8000 x g for 10 minutes at 4°C. The supernatant was carefully collected without 196 

disturbing the pellet and ultracentrifuged at 90,000 x g for 1 h. The supernatant 197 

was  discarded  and  the  pellet  was  suspended  in  a  final  volume  of  500  µl  of 198 

phosphate buffer (pH 7.5). Viral concentrates were stored at ‐80°C until further 199 

analysis. 200 

 201 

2.5.  Nucleic acid extraction, library preparation, and sequencing 202 

 203 

Volumes of NCP, BRP, BRW1 and BRW2 viral concentrates were treated with 156 204 

units  of  Turbo  DNAse  (cat  nº  AM1907,  Ambion,Lithuania)  for  1  h  at  37°C  to 205 

remove free DNA prior to nucleic acid extraction, and 280 µl of the treated DNAse 206 

viral  concentrate  was  extracted  using  the  QIAamp®Viral  RNA  Mini  Kit  from 207 

QIAGEN (Qiagen, Valencia, CA, USA). The nucleic acids (NA) were eluted in 60 µl 208 

according to the manufacturer’s instructions, and they were stored at ‐80 °C for 209 

further analysis. To enable the detection of both DNA and RNA viruses, the total 210 

NAs were reverse‐transcribed as previously described in Wang et al. (2002 and 211 

2003).  In  short,  SuperScript  II  (Life  Technologies,  California, USA) was used  to 212 

retrotranscribe  RNA  to  cDNA  with  primerA  (5’‐213 

GTTTCCCAGTCACGATCNNNNNNNNN‐3’).  Second  strand  cDNA  and  DNA  were 214 

constructed with  the primer  sequences  using  Sequenase  2.0  (USB/Affymetrix, 215 

Cleveland, OH, USA). A PCR amplification with AmpliTaqGold (Life Technologies, 216 



 

Austin, Texax, USA) was performed using primerB (5’‐GTTTCCCAGTCACGATC‐3’) 217 

with 20‐30 cycles; this step was run in duplicate. The PCR products were purified 218 

and eluted in 15 µl using a Zymo DNA clean and concentrator (cat nº D4013, Zymo 219 

Research, USA) to yield enough DNA for the library preparation. NGS sequencing 220 

was performed by SGB‐UAB, Barcelona. Amplified DNA samples were quantified 221 

by  Qubit  2.0  (Life  Technologies,  Oregon,  USA)  and  libraries  were  constructed 222 

using a Nextera XT DNA sample preparation kit (Illumina Inc) in accordance with 223 

the manufacturer’s  instructions.  The  samples were  sequenced  on  an  Illumina 224 

MiSeq 2x300 in base‐pair paired end format. Raw read sequences for the four 225 

analysed  samples  were  made  publicly  available 226 

at NCBI Sequence Read Archive database (NCBI‐SRA), under the PRJNA381682 227 

bioproject. 228 

 229 

2.6. Determination  of  the  level  of human  fecal  contamination  in  river water  by 230 

HAdV qPCR 231 

 232 

To evaluate the level of human fecal contamination in the Besòs river water, 233 

specific real‐time qPCR assays for human adenovirus were performed with 234 

TaqMan® Environmental Master Mix 2.0 (Life Technologies, Foster City, CA, 235 

USA). Real‐time primers and probes for HAdV were described in (Bofill‐Mas et 236 

al., 2006; Hernroth et al., 2002). An MX3000Pro qPCR sequence detector 237 

system (Stratagene, La Jolla, CA, USA) was used to quantify the HAdV. 238 

 239 

2.7.  Bioinformatic analyses 240 

 241 

The quality of the raw and clean read sequences was assessed using FASTX‐Toolkit 242 

software,  version  0.0.14  (Hannon  Lab,  http://www.hannonlab.org).  The  read 243 



 

sequences were cleaned by Trimmomatic version 0.32 (Bolger et al., 2014), while 244 

attending to the sequencing adaptors and linker contamination. Low quality ends 245 

were  trimmed  by  using  an  average  threshold  Phred  score  above  Q15  over  a 246 

running‐window of 4 nucleotides. Low complexity sequences, which were mostly 247 

biased to repetitive sequences that would affect the performance of downstream 248 

procedures in the computational protocol, were then discarded after estimating 249 

a linear model based on Trifonov's linguistic complexity (Sarma et al., 1990) and 250 

the sequence string compression ratio. The discrimination criteria for that linear 251 

model assumes low complexity scores below a line with a 45º slope and it crosses 252 

at 5% below the complexity inflexion point found by the model, which is specific 253 

to each sequence set. Finally, duplicated reads were removed in a subsequent 254 

step to speed up the downstream assembly. 255 

 256 

Assemblies were  obtained  using  Velvet  (Zerbino  and Birney,  2008)  and Meta‐257 

Velvet  tools  (Namiki  et  al.,  2012)  versions  1.2.10  and  1.2.02,  respectively. 258 

Afterwards,  the  contigs  and  singletons  longer  than  100  bp  were  queried  for 259 

sequence similarity using NCBI‐BLASTN and NCBI‐BLASTX (Altschul et al., 1997, 260 

1990) against the NCBI viral complete genome database (Brister et al. 2015), the 261 

viral division from the GenBank nucleotide database (Benson et al., 2015), and 262 

viral  proteins  from  UniProt  (UniProt  Consortium  2015, 263 

ftp://ftp.uniprot.org/pub/databases/uniprot/current_release).  The  species 264 

nomenclature and classification were assigned according to the NCBI Taxonomy 265 

database standards and the basic Baltimore classification. The HSPs considered 266 

for  taxonomic assessment must have an E‐value  that  is  lower  than 10‐5  and a 267 

minimum length of 100 bp. On the basis of  the best BLAST results and a 90% 268 

coverage cutoff, the sequences were classified into their likely taxonomic groups 269 

of  origin.  Contigs  and  singletons  with  viral  taxonomic  assignments  were 270 



 

scaffolded by using the Geneious software assembler (Geneious 9, Kearse et al. 271 

2012). The scaffolded sequences were subsequently mapped using the Geneious 272 

mapper tool. Phylogenetic trees were constructed, also using Geneious software 273 

and a neighbor‐joining method with 1,000 bootstrap replicates was chosen.  274 

 275 

2.8.  Richness 276 

 277 

Tables  summarizing  the number of  sequences  from the assembly matching of 278 

each  taxonomic  unit  were  built.  From  those  tables,  the  richness  ratios  were 279 

calculated with CatchAll software, version 4.0 (Allen et al., 2013). Among all the 280 

models included in the package, the Chao1 non‐parametric model was chosen, 281 

which was the one that provided the best results about the datasets. 282 

 283 

3. Results 284 

3.1.   Mi‐Seq sequence output 285 

Parsley that was irrigated with river water was assayed using 20 (BRP20) and 30 286 

amplification cycles (BRP30). The 20 and 30 river irrigated parsley samples, the 287 

parsley negative control and the river water samples (BRP20, BRP30, NCP, BRW1 288 

and BRW2) were sequenced in a Mi‐Seq Illumina device, producing 1,192,716, 289 

6,677,622, 8,067,728, 5,426,788 and 2,476,054 raw reads, respectively. A sum‐290 

mary of the bioinformatics filtering and assembly of the reads can be found on 291 

Table 1 (data for BRP30 not shown, as explained on next section). Total number 292 

of sequences having at least an homology hit to a viral sequence from the distinct 293 

databases after BLAST  searches,  as well  as  the  total  viral  species and  families 294 

from which each sample richness score was estimated are also listed on that ta‐295 

ble. Only a small amount of sequences were taxonomically assigned to known 296 



 

viruses, except for the NCP sample where most of the hits accounted for viruses 297 

infecting aphids parasiting  the  leaves.  In  this case, despite having much more 298 

reads from the sequencing experiment, the taxonomic complexity was lower an‐299 

yway. 300 

3.2. Estimating the viral diversity by using CatchAll 301 

 302 

The estimated total richness ratios for the BRP20 and BRP30 samples were 255.6 303 

(±34.7  s.d.)  and  171.8  (±40.9  s.d.),  respectively.  The  higher  estimated  viral 304 

richness  obtained  in  BRP20  (20  cycle  amplification)  over  BRP30  (30  cycles 305 

amplification)  is  consistent with  the observed higher diversity of  the detected 306 

viral species. It has been described that number of cycles can introduce biases on 307 

sequence representation as an effect of the exponential amplification of the PCR 308 

over content specific nucleotide sequences (Kebschull and Zador, 2015). For this 309 

reason, all further analyses were conducted only taking into account BRP20.  310 

The resulting richness ratios for NCP, BRW1, and BRW2 were 130.3 (±34.7 s.d.) 311 

and 632.4  (±44.4  s.d.)  and 923.5  (±70.9  s.d.),  respectively.  The  richness  value 312 

obtained from the river water is about 3 to 4 times greater than that obtained for 313 

the  other  two  samples.  This  finding  reflects  a  higher  diversity  in  the  viral 314 

population that was present in a more complex ecosystem, such as river water, 315 

which is heavily impacted by human activity. As expected, the NCP richness was 316 

lower than that of BRP, which was irrigated using BRW.  317 

 318 

 319 

 320 

 321 

 322 



 

3.3.  Identification of human and animal  viruses  in  river water  samples used  for 323 

irrigation (BRW) 324 

 325 

River  water  samples  from  the  Besòs  River  contained  human  viral  fecal 326 

contamination, as shown by the finding that both samples were positive by qPCR 327 

for  Human  Adenovirus  (HAdV)  with  low  concentration  1.2x10+3  GC/L  and 328 

5.62x10+2 GC/L, respectively. Parsley irrigated with Bèsos River water was qPCR‐ 329 

positive  for  HAdV,  also with  low  concentration  7.2x10+1 CG/25g.  Interestingly, 330 

only the BRW2 presented reads assigned to Adenoviridae family, specifically to 331 

HAdV41  (HAdV‐F).  Plant‐infecting  ssRNA+  viruses  from  the  Tymoviridae, 332 

Virgaviridae, and Alphaflexiviridae families were found. These plant viral families 333 

accounted for a 66.13%, 14.45%, and 1.11% of the viral reads, respectively. The 334 

primary phage sequences found in the river water were annotated as Myoviridae, 335 

Siphoviridae,  Podoviridae,  and  dsDNA  Microviridae  families,  accounting  for 336 

5.70%, 5.06%, 3.69% and 2.88% of the viral reads, respectively. The human and 337 

potentially zoonotic viruses found here are summarized in Table 2. By applying 338 

the  described metagenomics  approach,  up  to  26  different  viral  families  were 339 

identified in river water used for irrigation. Among the pathogenic and potentially 340 

pathogenic  viruses,  members  of  the  Astroviridae,  Adenoviridae,  Reoviridae, 341 

Picobirnaviridae,  Picornaviridae  and  Parvoviridae  families  were  detected. 342 

Although important pathogenic viruses were detected using the metagenomics 343 

procedure, the sum of all the reads from all the putative pathogenic families did 344 

not reach the 1% of viral reads for the sample.  345 

 346 

 347 

 348 

 349 



 

 3.3.1 ssRNA+ viruses detected from Picornaviridae, Astroviridae and Hepeviridae families 350 

in BRW 351 

Human pathogenic viruses within the Picornaviridae  family, such as Aichi virus 352 

species,  were  found  to  have  high  identities  (94.4%).  Compared  to  reference 353 

strains  several  sequences  presented  low  identity  scores  and  high  coverage 354 

(>99%);  been  distantly  related  to  the  recently  described  Ampivirus  genus 355 

(NC_027214.1) and were detected in the BRW1. The BLASTx sequences matched 356 

up to 80% of the identity of putative RHV‐like sequences in the ampivirus species 357 

of the Picornaviridae family, suggesting that these detected viral sequences could 358 

represent a new viral species within the same genus. Furthermore, sequences of 359 

159 and 206 base pairs resembling rodent hepatovirus and bat picornavirus were 360 

detected, revealing shared identities of 77 and 79%, respectively.  361 

Several  sequences  that were  distantly  related  to  the Hepeviridae  family were 362 

detected in Besòs river water. A total of 4 sequences with lengths ranging from 363 

242 to 636 nucleotides showed a distant relation to a sequence from a newly 364 

suggested virus named tentatively hepelivirus (accession AFR11847) according to 365 

a  BLASTx  against  the  entire  GenBank  database.  All  the  translated  reads were 366 

distantly aligned to the RdRp region of this new proposed virus with  identities 367 

ranging from 39.3 to 42.2% and query coverage from 54.43 to 100%. A translated 368 

sequence from the read with query coverage of 100% was used to construct a 369 

phylogenetic  tree,  together  with  reference  to  Hepeviridae  GenBank  entries 370 

covering the RdRp region (Figure 1). Within the Hepeviridae family, the sequence 371 

detected  in  river  water  shares  its  closest  common  ancestor  with  Hepelivirus, 372 

which was recently described in a sewage sample from Nepal. Both sequences 373 

seem to have diverged  from species within  the Orthohepevirus genus and are 374 

closer to the recently characterized Piscihepevirus. Sequences belonging to the 375 

Astroviridae species Mamastrovirus 1 were detected in river water that was used 376 



 

for  irrigation, with nucleotide  identities ranging from 92.6% to 97.4%. Most of 377 

the resulting sequence reads had a hit with the serine protease that is encoded 378 

in the genome of this viral family, showing high identities at the amino acid level 379 

(≥90%).  380 

 381 

3.3.2  ssDNA  viruses  detected  in  from  families  Parvoviridae  and  Circoviridae  in 382 

BRW 383 

 384 

The ssDNA viral reads assigned to the Parvoviridae family represented 0.067% of 385 

the total viral sequences. Most of the viral reads associated with this family are 386 

sequences that share a high amount of their identity with several densoviruses. 387 

Those species  infect a wide range of hosts  including cockroaches, mosquitoes, 388 

and  ants,  among  other.  However,  some  of  the  sequences  presented  a 389 

heterogeneous degree of identity with viruses that infect mammals (swine, rats, 390 

and mice) and with  several adeno‐associated parvoviruses  that  infect humans 391 

(84‐100%). ssDNA viral reads matching the Circoviridae family made up 0.07% of 392 

the viral sequences. Most of the reads associated with this family presented a 393 

high identity with several circoviral sequences that were previously described in 394 

porcine stool, birds, insects and sewage.  395 

 396 

3.3.3. dsRNA viruses of Reoviridae, Picobirnaviridae families detected in BRW 397 

 398 

Human Rotaviruses from species A were detected only in BRW2 sharing higher 399 

identities (99‐100%) whereas BRW1 had no reads taxonomically assigned to the 400 

family Reoviridae.  401 

Sequences that were remotely homologous to the double‐stranded RNA human 402 

picobirnaviruses were detected. These sequences displayed proteins similar  to 403 



 

the  RNA‐dependant  RNA  polymerase  (RdRp)  region  of  the  human 404 

picobirnaviruses, showing identities ranging from 60 to 90%. Some reads hit the 405 

capsid viral protein and ORF3 of human picobirnaviruses.  406 

 407 

3.4. Identification of human and animal viruses in parsley plants irrigated with con‐408 

trol water (NCP) 409 

NCP was used as a negative control to discard the sequences that were already 410 

present in the plants or  introduced due to external factors. Despite the higher 411 

number of viral sequences obtained (7.50%) in comparison with the sequences 412 

from BRW (2.41%), none of them matched the pathogenic enteric viruses. Most 413 

of the taxonomically assigned sequences from this sample were classified as the 414 

dsDNA phage families Podoviridae  (32.09%) and Siphoviridae  (0.09%), whereas 415 

the majority of  ssRNA+ viral  sequences  (57%) were  related  to  the  insect virus 416 

Dicistroviridae family. 417 

 418 

3.5. Identification of human and animal viruses in parsley plants irrigated with river 419 

water samples (BRP) 420 

 421 

Viral  concentrates  from  the  BRP  contained  viruses  from  18  different  families. 422 

Despite  the  low MiSeq  output  (596,358  raw  reads), members  of  the  families 423 

Astroviridae,  Caliciviridae,  Flaviviridae,  Hepeviridae,  Parvoviridae,  and 424 

Picornaviridae, which included several viral pathogenic species, were detected. 425 

The Dicistroviridae  family  of  insect  viruses  accounts  for  the majority  of  reads 426 

(41.52%). Among bacteriophages, the Podoviridae family are the most abundant, 427 

accounting for 14.06% of the total viral reads. Candidate sequences for the plant 428 

viral  families Tymoviridae  (0.19%) and Virgaviridae  (0.13%) as well as  the viral 429 



 

phages families Inoviridae (1.77%) and Siphoviridae (0.19%) were also found. A 430 

more detailed list of human viral families is summarized in Table 3. 431 

 432 

3.5.1. ssRNA+  viruses  from  the  Picornaviridae,  Caliciviridae,  Hepeviridae  and 433 

Flaviviridae families detected in BRP 434 

 435 

The majority of human pathogenic viral  reads  from BRP were assigned  to  the 436 

Picornaviridae family (0.035% total reads from sample) and several enteroviruses 437 

from species A and B were detected. For enterovirus species A, most of the reads 438 

were similar to the reads for coxsackievirus A6 (CV‐A6), coxsackievirus A10 (CV‐439 

A10),  and  coxsackievirus  A16  (CV‐A16).  After  scaffolding  almost  the  entire 440 

genome, CV‐A16 was recovered. Enterovirus species B reads displayed matches 441 

up with echovirus E6 and enteroviruses B4 and B5. 442 

Viral  sequences  related  to  the  ssRNA+ Caliciviridae  family were  identified and 443 

taxonomically assigned to human sapovirus GI and norovirus genogroup IV. The 444 

sapovirus reads were scaffolded with Geneious software. A contig of 1592 base 445 

pairs  covering  the  RdRp/VP1  junction was  found  to  be  closely  related  to GI.2 446 

sapoviruses, sharing 96% of the identity of GenBank accession AB614356. 447 

Four sequences presented identities above 98% with norovirus GIV. One out of 4 448 

NoVGIV sequences recovered here shared 100% of  its nucleotide identity with 449 

the VP1 region (GenBank accession LC150859).  450 

Within the Hepeviridae family, several sequences related to hepatitis E genotype 451 

3 ranging from 154 to 548 base pairs long were detected in the parsley leaves. 452 

Those sequences matched up with variable identities at nucleotide levels ranging 453 

from 86%  to  98%.  A  phylogenetic  tree  including  the  proposed HEV  reference 454 

strains  in Smith et al.  (2016) was constructed. The HEV contig was sequenced 455 

from parsley leaves clusters and shown to have HEV genotype III sub genotype f 456 



 

(data  not  shown).  A  sequence  of  448  nucleotides  that  were  taxonomically 457 

assigned to this family was detected by BLASTx. This sequence had a low amino 458 

acid identity match with the RdRP domain from the Hepatitis E virus (34% amino 459 

acid  identity,  80%  coverage,  Accession  ANJ02846).  The  retrieved  sequence 460 

contains  an  FKGDDS  domain  as  well,  which  is  commonly  present  in  other 461 

Hepeviridae  family  members.  The  sequence  was  aligned  with  other 462 

representative sequences within  the Hepeviridae  family,  including  the  recently 463 

described  strain  Hepelivirus  a  sequence  from  sewage  collected  in  Nepal.  The 464 

phylogenetic tree suggests that the RdRp region from this putative Hepeviridae 465 

sequence  that  was  detected  on  the  parsley  surface  would  be  closer  to  the 466 

Hepelivirus sequence detected in sewage (Figure 1).  467 

The  ssRNA+  viral  species  GBV‐C  virus  from  the  Flaviviridae  family  were  also 468 

reported. These detected sequences had an identity between 84.7 and 94% at 469 

the  nucleotide  level,  and  they  covered  several  regions  of  the  GBV‐C  virus 470 

including the E1 and E2 proteins, helicase, NS3, and NS5A domains.  471 

 472 

3.5.2. Members of ssDNA viral families Parvoviridae, Anelloviridae and Circovir‐473 

idae detected in BRP 474 

 475 

The ssDNA viral reads belonging to the Parvoviridae family represented 0.016% 476 

of  the  total  viral  sequences. Most  of  the  reads  were  associated  with  human 477 

bocavirus.  A  large  contig  of  1,287  base  pairs  aligned with  human bocavirus  2 478 

(HBoV‐2) (99.1% identity, 100% coverage). This region matches more than half of 479 

ORF3,  a  region  that  encodes  the VP1 and VP2  viral  capsid proteins. Only  two 480 

reads of 99 and 451 base pairs match the densovirus. 481 

Sequences related to the ssDNA viral Anelloviridae  family are highly prevalent, 482 



 

accounting for 35.10% of the total reads from the samples. A variety of sequences 483 

related to Torque teno mini virus (from TTMV 1 to 9), Torque teno midi virus (from 484 

TTMDV 1 and 2) and Torque teno virus (TTV2, 3, 18 and 19) were found. The most 485 

prevalent species were TTMVs 4, 5 and 8.  486 

4. Discussion 487 

   488 

In this manuscript, NGS techniques were applied using viral Metagenomics within 489 

the food safety field. River water contaminated with human faeces was used to 490 

irrigate parsley as a plant model. To our knowledge, only two studies using NGS 491 

techniques in the field of food safety have been published, with one on meat and 492 

another one on lettuce (Aw et al., 2016; Zhang et al., 2014), and many questions 493 

and  technical  improvement  are  still  pending.  In  this  study,  a  high  diversity  of 494 

viruses including pathogens has been identified in water and more importantly 495 

on the surface of vegetables. Contaminated parsley could present a risk to the 496 

population, and  it could represent a source for different viral diseases such as 497 

hepatitis and gastroenteritis due to the presence of viral genomes from hepatitis 498 

E virus, sapoviruses, and several enteroviruses that are transmissible by the fecal‐499 

oral route. 500 

BRW contains human viral fecal contamination as shown by the positive HAdV 501 

qPCR results and the results obtained by NGS. HAdV has been widely used as a 502 

fecal marker of human viruses as reviewed in Bofill‐Mas et al. (2013).  Therefore, 503 

the Besòs river water was appropriate for this simulation assay as representative 504 

irrigation water with human viral fecal contamination that could be used for crop 505 

irrigation.  Despite  the  positive  HAdV  qPCR  results,  although  with  low 506 

concentration  of  adenovirus,  for  the  two  river  water  types  collected  here 507 

(1.2x10+3 GC/L and 5.62x10+2 GC/L) and at the parsley surface (7.2x101 GC/25g), 508 

only  HAdV41  sequences  were  detected  in  BRW2  by  using  untargeted 509 



 

metagenomics.  Viral  metagenomics  is  usually  limited  by  the  quantities  of 510 

DNA/RNA of viral origin that are present in the tested samples. Therefore, after 511 

the  RT  and  sequenase  reactions,  a  PCR‐based  random  amplification  method 512 

(SISPA) is used to obtain enough DNA for library preparation. This PCR step might 513 

introduce bias by amplifying the most abundant genomes and producing %GC 514 

bias (Duhaime et al., 2012). Less abundant genomes might not be sequenced or 515 

may be underrepresented (Karlsson et al., 2013). A balance between the number 516 

of cycle amplifications and DNA concentrations for library preparation must be 517 

achieved. The application of a higher number of PCR cycles produced higher DNA 518 

concentrations for library preparation but decreased the estimated viral richness 519 

of  the  river  water‐irrigated  parsley,  as  in  BRP30(data  not  shown).  For  these 520 

reasons, metagenomes cannot be interpreted quantitatively but only as a relative 521 

abundance  of  species  for  comparison.  The  detection  of  low  numbers  of  DNA 522 

viruses, such as Human Adenovirus, whose presence has been quantified in River 523 

water and Parsley leaves by qPCR and have only been detected by metagenomics 524 

in one river water sample, arises a sensibility question regarding metagenomics 525 

applied  to  food  safety.  This  point  is  especially  important  due  to  the  fact  that 526 

viruses  are  present  in  food  and  environmental  samples  In  low  concentration, 527 

many times close to the LODs and LOQs of PCR and (RT)qPCR systems to detect 528 

them.  To  reduce  this  possible  lack  of  sensitivity  of  viral  metagenomics 529 

targeted/capture sequence NGS could be a more suitable approach to be applied 530 

as a tool to detect all diverse viral strains in one specific group of viruses in food 531 

and drinking water. As  sequencing  costs  are dramatically diminishing with  the 532 

novel high‐throughput technologies, this kind of approaches will be affordable to 533 

run periodic controls and to check potential risks in real time in the near future.  	534 

Noroviruses from GI and GII are abundantly found in fecally contaminated water 535 

but were neither detected in vegetal produce nor in the river water tested. The 536 



 

absence of these pathogens can be explained by their seasonality (Haramoto et 537 

al., 2006; Nordgren et al., 2009) and, probably, by the low titer of these viruses 538 

during the period of the year when the study was conducted (May). Other dsRNA 539 

viruses  from  the  family  Picobirnaviridae  were  detected  in  tested  samples. 540 

Therefore, according to our results, there is no data that clearly indicate a bias 541 

for  rotaviruses  or  other  viruses  not  detected,  and  the  absence of  these  virus 542 

might be related to a lower relative abundance compared to other viral species 543 

present.  544 

Other factors that might affect the detected viral sequence diversity can be the 545 

different efficiencies of the given concentration methods and the representative 546 

sample volume tested for each matrix as well as the inactivation and degradation 547 

of viral genomes during crop production. 548 

Despite  this,  the  results  presented  in  this  work  support  the  use  of  a  viral 549 

Metagenomics approach for a general assessment of viral contaminants present 550 

in  food matrices  by  using  a  single  assay.  Taking  into  account  all  the  samples, 551 

viruses  were  assigned  to  more  than  34  different  families.  Important  viral 552 

pathogens  belonging  to  the  families  Astroviridae,  Adenoviridae,  Reoviridae, 553 

Caliciviridae,  Circoviridae,  Hepeviridae,  Picornaviridae,  and  Parvoviridae  have 554 

been detected. 555 

The parsley that was irrigated with river water shows a very high diversity of viral 556 

strains, and more pathogenic viruses were detected in parsley than in river water. 557 

This  finding could be  related  to a  lower background of DNA/RNA  input  in  the 558 

sample  and  potentially  high  absorption  or  stability  capabilities  for  some  viral 559 

species  at  the  vegetable  surface.  Two  different  concentration  protocols  have 560 

been used to concentrate viral particles due to the different nature of matrices 561 

tested. The viral concentration method used for parsley leaves is based on elution 562 

using glycine at basic pH and ultracentrifugation whereas the concentration from 563 



 

river samples was done by using SMF.  Although the recovery efficiency of both 564 

methods have showed to be equivalent for viral indicators, the impact of different 565 

concentration  and  extraction methods might  have  played  a  role  as  proven  to 566 

occur  in  sewage on  the  context  of metagenomics  sequencing  (Hjelmsø  et  al., 567 

2017). Parsley that was irrigated with a nutritive solution and used as a negative 568 

control  showed  an  expected  absence  of  viruses  associated  with  fecal 569 

contamination. 570 

Human astrovirus (HAstV) is suspected to be involved in 0.5 to 15% of all acute 571 

diarrhea outbreaks  in  children,  representing  the  third‐most  common  cause of 572 

this pathology within that age segment (Bosch et al., 2014). In the present study, 573 

all the HAstV‐related sequences were only detected in BRW and were assigned 574 

to  the  genus Mamastrovirus,  species  MAstV‐1.  The  involvement  of  HAstV  in 575 

foodborne  outbreaks  has  also  been  documented  (Oishi  et  al.,  1994),  but  its 576 

occurrence  seems  to  be  of  lower  importance  compared  to  the  number  of 577 

outbreaks caused by NoV. As an example, the CDC’s Foodborne Disease Outbreak 578 

Surveillance  System  database  (FOOD  Tool  ‐ 579 

https://wwwn.cdc.gov/foodborneoutbreaks)  has  reported  only  2  outbreaks 580 

involving  Astroviruses  since  1998.  The  importance  of  HAstV  might  be 581 

underestimated due that in sporadic gastroenteritis cases the etiological agent is 582 

not investigated. 583 

The Caliciviridae viral family has been detected in the parsley plants. This family 584 

contains  5  different  genera  including  Sapovirus  and  Norovirus,  and  they  are 585 

known as human caliciviruses. Noroviruses (NoV) are the leading cause of food‐586 

borne  disease  outbreaks  worldwide  (Koo  et  al.,  2010)  whereas  human 587 

sapoviruses  (HSaV)  are  increasingly  recognized  as  a  food‐borne  outbreak 588 

etiological agent (Kobayashi et al., 2012; Yamashita et al., 2010); it became the 589 

third‐most  common  cause  of  viral  gastroenteritis  after  NoVs  and  rotavirus  in 590 



 

Osaka, Japan (Iritani et al., 2016). Human gastroenteritis is primarily caused by 591 

the specific genotype NoV GII.4  ( Verhoef et al., 2015). Other minority HNoV 592 

species, such as GIV NoV (which are not commonly included in environmental or 593 

food  safety  studies) were detected  in  the parsley  leaves. NoV GIV  food‐borne 594 

outbreaks have rarely been reported, but the association of this virus with human 595 

pathology has been  shown  (Ao et al.,  2014).  The availability of environmental 596 

NoV GIV information is scarce; therefore,  information about the seasonality of 597 

the virus is not clear. The presence of norovirus in fresh vegetables is a matter 598 

of concern with respect to the norovirus genogroup, and more data regarding 599 

NoV GIV seasonality and epidemiology is needed. 600 

Human sapoviruses (HSaV) belonging to GI, GII, and GV were detected. Most of 601 

the  sequences  were  assigned  to  HSaV  GI.2,  which  is  considered  a  minor 602 

genogroup with very few outbreaks reported (Iwakiri et al., 2009). However, an 603 

increase in the number of outbreaks ligated to HSaV GI.2 has been observed in 604 

recent years (Lee et al., 2012; Svraka et al., 2010;).  605 

Interesting  results  have  been  obtained  for  the  Hepeviridae  family. Within  the 606 

Orthohepevirus genus, there are 4 classical Hepatitis E virus (HEV) genotypes that 607 

can infect several avian and mammal hosts. Genotypes 1 and 2 have only been 608 

detected in humans while genotypes 3 and 4 are considered zoonotic, being that 609 

pigs,  wild  boars,  and  deer  are  the main  reservoirs  (Legrand‐Abravanel  et  al., 610 

2009). HEV is an emerging virus that is transmitted through the fecal‐oral route 611 

and causes hepatitis. To our knowledge, HEV Food‐borne outbreaks have been 612 

linked to  the consumption of contaminated meat  (Li et al., 2005; Yazaki et al., 613 

2003)  but  no  single  outbreak  has  been  linked  to  the  consumption  of  fresh 614 

vegetables yet. However, Kokkinos et al. (2012), who studied the prevalence of 615 

HEV in leafy green irrigation water and in point‐of‐sale lettuce, have found the 616 

virus  in  1  out  of  20  (5,0%)  and  4  out  of  125  (3,2%)  of  the  tested  samples, 617 



 

respectively. HEV‐3 has been detected in the parsley; this is a potentially zoonotic 618 

HEV strain, and its finding is consistent with the results of Kokkinos et al., which 619 

suggests that vegetables could represent a potential vehicle of transmission for 620 

HEV. In Spain, HEV‐3 in the clade of subtype 3f strains have been detected in most 621 

autochthonous  human  cases  (Fogeda  et  al.,  2009)  and  in  pigs,  including  HEV 622 

cases associated to pork meat consumption (Riveiro‐Barciela et al., 2015).  In this 623 

study,  several  sequences  that  are  distantly  related  to  the  RdRp  from  genus 624 

orthohepevirus and closely related to hepeliviruses found in sewage from Nepal 625 

have  been  detected  (Ng  et  al.,  2012).  This  result  shows  how  little  actual 626 

knowledge there is about the Hepeviridae family, but it will surely be expanded 627 

with the application of NGS techniques to different samples. However, the role 628 

and importance of these viral sequences as a food‐borne agent have yet to be 629 

fully understood.  630 

Different viruses in the Picornaviridae family have been detected in river water 631 

and parsley. Picornaviridae is a family grouping of more than 30 different genera 632 

of  ssRNA+  viruses  that  infect  vertebrates  and  includes  historically  important 633 

human  pathogens,  such  as  hepatitis  A  virus  (HAV),  enteroviruses  (EV),  and 634 

poliovirus. They are very stable in the environment, and several waterborne and 635 

foodborne outbreaks have been reported in this taxon (Severi et al., 2015). Aichi 636 

virus (AiV), which has been detected in river water, is a viral specie within genus 637 

Kobuvirus related to gastroenteritis (Yamashita et al., 1991). Recent studies have 638 

shown that AiV may co‐infect with other enteric viruses (Räsänen et al., 2010).  639 

Different  Enteroviruses  (EV)  from  species  A  and  B  were  detected  in  parsley 640 

surface.  An  increase  in  enterovirus  outbreaks  has  been  reported  recently  by 641 

emerging recombinant EV strains (Holm‐Hansen et al., 2016; Zhang et al., 2010). 642 

Nearly  the entire genome of CV‐A16,  an emerging enterovirus  genotype  from 643 

species  A  which  is  related  to  hand,  foot,  and  mouth  disease  (HFMD),  was 644 



 

sequenced. Although EV can be transmitted person‐to‐person, the EV from these 645 

species have been linked to water‐borne (Beller et al., 1997; Häfliger et al., 2000) 646 

and food‐borne outbreaks (Le Guyader et al., 2008).  647 

Closely related animal Picornaviruses sequences with low nucleotide identity to 648 

Ampivirus (Reuter et al., 2015), a new genus infecting amphibians, and with rat 649 

hepatovirus  (Drexler  et  al.,  2015),  a  proposed  ancestral  virus with  a  putative 650 

common origin with HAV, have been detected.  651 

Currently, several new picornaviruses have been discovered with the introduction 652 

of  NGS  technologies  to  virology  (Holtz  et  al.,  2009;  Ng  et  al.,  2015).  The  low 653 

shared  identities  for  the  sequences  found  in  this  study  suggest  that  more 654 

members of the Picornaviridae family will be discovered in the years to come.  655 

Other viral sequences detected in the parsley or irrigation water used and whose 656 

transmission  route  through  fecally  contaminated  water  or  food  is  not  fully 657 

understood  were  detected.  Those  families  include  the  GBV‐C  virus  from  the 658 

Flaviviridae  family,  sequences  remotely  close  to  Human  Picobirnaviruses,  and 659 

several  ssDNA  viruses  from  the  families  Parvoviridae,  Circoviridae  and 660 

Anelloviridae.  Those  viruses  are  known  to  infect  human  although  their 661 

association with disease is unknown.   662 

Several  sequences  that  were  taxonomically  assigned  to  Dicsitroviridae  family 663 

aligned with the Aphid lethal paralysis virus (ALPV). The presence of greenflies in 664 

the  greenhouse  area  could  explain  their  high  abundance.  Plant  viruses  from 665 

Virgaviridae  and  Tymoviridae  families  as  well  as  bacteriophages  from  the 666 

Siphoviridae, Podoviridae, Microviridae  and  Inoviridae  families were  detected. 667 

The quantities of plant and bacteriophage viruses matching our read sequences 668 

were expected because previous environmental studies already highlighted their 669 

high concentrations (Cantalupo et al., 2011; Ng et al., 2012). 670 

Recently, some authors have described the ability of lettuce to internalize viral 671 



 

particles  belonging  to  the  Caliciviridae  family  (DiCaprio  et  al.,  2015a,  2015b; 672 

Esseili et al., 2012b), which suggests the possibility that  infectious viruses may 673 

not  only  be  found  on  food  surfaces.  Also  the  risk  of  infection  through  the 674 

consumption of internalized NoV has been quantified using QMRA approaches 675 

(Sales‐Ortells et al., 2015). Present study has only evaluated viruses attached at 676 

leaves surfaces. Future studies should gaze at  this  internalization scenario  to 677 

evaluate viral risk of infection through internalized viruses.  678 

Finally, it is remarkable that the Metagenomics approach facilitates the capture 679 

and assignment of a wide diversity of DNA/RNA viruses from a particular sample 680 

in  a  single  assay.  In  the  present  work,  several  viral  species,  the  transmission 681 

routes of which are not yet fully understood, have been detected in food or in 682 

river water used for irrigation. Viral persistence has been associated with specific 683 

and non‐specific attachment to carbohydrate moieties (Esseili et al., 2012a). This 684 

association  has  been  described  for  human  NoV  VLPs,  which  are  bound  with 685 

different strengths to the extracts of different plants including coriander, iceberg 686 

lettuce,  spinach,  or  romaine  lettuce  (DiCaprio  et  al.,  2015b).  Data  involving 687 

parsley  extracts  or  extending  to  other  viral  models  that  were  different  from 688 

caliciviruses have not been published to date.  689 

Once viral genomic sequences have been detected, the question whether those 690 

viruses represent a risk arises. The sole presence of viral genomes in food does 691 

not necessarily  represent a biological hazard, as natural  inactivation processes 692 

may occur during  food harvesting. More  specific  studies on differences  in  the 693 

attachment,  stability  and  potential  internalization  of  viruses  should  be 694 

conducted. These data might be useful when evaluating the risk associated to the 695 

consumption of food containing viral genomes. 696 

			697 

	698 



 

	699 

	700 

	701 

	702 

5. Conclusions 703 

 704 

1. A protocol with a high sensitivity for pathogenic viruses present on the surface 705 

of fresh vegetables has been described.  706 

2. The application of viral Metagenomics to water and food safety surveillance is a 707 

useful tool for investigating, within a single assay, the potential risk associated 708 

to presence of viral pathogens in irrigation river water and vegetable food ma‐709 

trices.  710 

3. New  viral  sequences  related  to  the Hepeviridae  and  Picornaviridae  families, 711 

which may represent new variants/genera within those families, have been de‐712 

tected. These sequences indicate the merit of further studies.  713 

4. Viral pathogens can represent a threat at low concentrations; thus, high sensi‐714 

tivity  to  detect  low  number  of  viral  pathogens  is  critical  for water  and  food 715 

safety. Biases related to the relative viral abundance, the difficulty of obtaining 716 

viral concentrates from food and water samples, and the limited availability of 717 

viral sequences in public databases are among the problems that remain to be 718 

solved. The NGS sequencing output has to be carefully analyzed downstream 719 

later on, to improve the taxonomic classification of more robust assemblies.  720 

5. New standardized protocols that will be adjusted to the uniqueness of specific 721 

food matrices with  the  aim  of  addressing  all  the  aforementioned  points  are 722 

needed  to  introduce Metagenomics  effectively  to  the water  and  food  safety 723 

fields. 724 
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