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New human polyomaviruses have been recently described. The aim of this work was to detect and characterize
human polyomaviruses circulating in Argentina by recovering viruses from environmental and sewage samples
and evaluating their potential role as viral indicators of humanwaste contamination. Analysiswas performed in a
wider context including viruses fromclinical samples froman immunocompromisedpopulation. Riverwater and
sewage samples were analyzed as a strategy to study themolecular epidemiology of viruses excreted bymillions
of people. Samples belonged to theMatanza-Riachuelo River (2005–2006: n=25 and 2012: n=20) and sewage
from Buenos Aires city and suburbs (2011 and 2013: n= 24). Viral detectionwas performed by PCR and the am-
plified viral genomes were characterized by phylogenetic analysis. Polyomaviruses were detected in 95.8% of
sewage samples, identifying BKPyV (87.5%), JCPyV (83.3%),MCPyV (8.3%) andHPyV6 (8.3%). Besides, one sample
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Argentina
Environmental surveillance
Viral contamination
collected in 2009 resulted positive for HPyV7. In 2005–2006, polyomaviruses were detected in 84.0% of river
water samples, with the highest detection for MCPyV (52.0%), followed by BKPyV (44.0%), JCPyV (20.0%) and
MWPyV (4.0%). In 2012, polyomaviruses were detected in 85.0% of river samples, finding JCPyV (85.0%),
BKPyV (75.0%), MCPyV (25.0%) and HPyV6 (25.0%). Also, polyomaviruses, including JCPyV, BKPyV and MCPyV,
were detected in 63.2% of urine samples from patients infected with HIV (n = 19). Characterization indicated
the coexistence of different genotypes and variants for each virus, particularly in sewage. MCPyV sequences
(the only sequences from Argentina) formed a monophyletic group with the single sequence available for
South America (French Guiana). The high level of detection and viral diversity found by environmental surveil-
lance, which involved the characterization of viruses not previously described in South America, reinforces the
usefulness of this approach to monitor viral contamination and describe the viral epidemiology in the general
population.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

In the last years, new human polyomaviruses have been discovered,
predominantly through the use of next generation sequencing tech-
niques (DeCaprio and Garcea, 2013) and added to the already known
JC and BK polyomaviruses (JCPyV, BKPyV). Following the order of re-
ports, these viruses are: KI (KIPyV), WU (WUPyV), Merkel-cell
(MCPyV), human polyomavirus 6 (HPyV6), human polyomavirus 7
(HPyV7), trichodysplasia spinulosa-associated polyomavirus (TSPyV),
human polyomavirus 9 (HPyV9), polyomavirus Malawi (MWPyV/
MXPyV/HPyV10), polyomavirus Saint Louis (STLPyV), human polyoma-
virus 12 (HPyV12) and New Jersey polyomavirus (Allander et al., 2007;
Feng et al., 2008; Gaynor et al., 2007; Korup et al., 2013; Lim et al., 2013;
Mishra et al., 2014; Schowalter et al., 2010; Scuda et al., 2011; Siebrasse
et al., 2012; van der Meijden et al., 2010).

Although polyomavirus infection is usually asymptomatic, under
some circumstances -such as the immunocompromised host resulting
from the increase in frequency of tissue transplantation, use of immuno-
modulators and AIDS incidence- it can be associated with specific pa-
thologies. The most commonly associated clinical diseases are as
follows: i—the progressive multifocal leukoencephalopathy (PML)
(caused by JCPyV), a frequently fatal disease of the central nervous sys-
tem in patients with HIV/AIDS or in individuals under immunomodula-
tory therapies with monoclonal antibodies, such as those with multiple
sclerosis; ii—the polyomavirus-associated nephropathy (PVAN) or
hemorrhagic cystitis (caused by BKPyV) in patients that have received
a solid organ transplant or a bone marrow transplant, respectively;
iii—the trichodysplasia spinulosa (caused by TSPyV), a rare skin dyspla-
sia seen in immunocompromised individuals, and iv—the Merkel cell
carcinoma (caused by MCPyV), an aggressive skin cancer arising in the
elderly and in chronically immunosuppressed individuals (Dalianis
and Hirsch, 2013).

Due to their specificity for human host, prevalence in the popula-
tion, routes of excretion, and chemical and physical resistance,
human polyomaviruses (HPyV) have been proposed as viral indica-
tors of human sewage contamination in environmental samples
(Albinana-Gimenez et al., 2009; Bofill-Mas et al., 2006, 2000). JCPyV and
BKPyVhave been the virusesmost frequently evaluated as viral indicators
of human sewage contamination, but other HPyV have been found in
sewage and environmental waters (Bofill-Mas et al., 2010; Cantalupo
et al., 2011). However, different polyomaviruses might display a different
epidemiology around the world and more indeed, widely distributed vi-
ruses might show a different regional distribution of subtypes, as ob-
served for JCPyV and BKPyV, and recently proposed for MCPyV
(Agostini et al., 1997; Martel-Jantin et al., 2014; Sugimoto et al., 1997;
Zheng et al., 2007).

Epidemiological data related to polyomaviruses in South America
and Argentina are scarce and most reports have been limited to the
study of closed populations or individual cases (Bonaventura et al.,
2005; Comerlato et al., 2015; Fernandez-Cobo et al., 2002; Machado
et al., 2011; Reyner and Juan, 2008; Sanjuan et al., 2010; Schiavelli
et al., 2014). In addition, little is known about the viral types circulating
in the general population or about the recently described viruses.

Thus, the aim of this work was to describe themolecular epidemiol-
ogy of the different human polyomaviruses circulating in Argentina and
to evaluate their potential role as viral indicators of human waste
contamination.

2. Material and methods

2.1. Samples

2.1.1. River water samples
The rivers in the metropolitan area of Buenos Aires city, which are

closely related to the population of Buenos Aires city and its surround-
ings, are part of the Río de la Plata basin (Río de La Plata, Riachuelo-
Matanza and Luján Rivers). One of these tributaries,Matanza–Riachuelo
River, is one of the most contaminated rivers in Argentina. Chemical
contaminants, organic material and anoxic conditions are present
along the path of the Matanza–Riachuelo River through Buenos Aires
city as a result of the activity of several industries, wastewater
treatment plants and unregulated discharges of fecal material. This
river has an average flow of 7.0 m3/s with no severe flow fluctuation.
This river receives discharges of sewage effluents from wastewater
treatment plants, which perform primary, secondary and tertiary
treatment.

The samples from the Matanza–Riachuelo River were collected in
two periods: 1) October 2005 to February 2006, every two weeks at
three points located downstream from the wastewater treatment
plant (n = 25), and 2) January to September 2012, every two months
in these three points and in an additional one (n= 20) (Supplementary
file ‘Sampling points.kmz’). The sampling points were selected to repre-
sent areas where dense populations live along the banks of the river.
Virus concentration was performed from 2-l water samples by the
adsorption–elution method on negatively charged membranes, as de-
scribed previously with minor modifications (Blanco Fernandez et al.,
2012). Briefly, the pH of samples was adjusted to pH 3.5 and a final con-
centration of MgCl2 0.1 N was achieved by addition of MgCl2 5 N. The
samples were then filtered through glass fiber prefilters (MSI,
G15WP14225) and a negatively charged membrane (Millipore,
HAWP14250). After filtration, prefilters were removed, and the mem-
brane was rinsed with 25 ml of 0.14 N NaCl. The viral concentrate was
obtained by elution with 7.5 ml of buffer glycine–NaOH 0.1 N (pH
11.5). Viral recovery by this method, evaluated in different river water
samples by using bacteriophage PP7 as viral control, according to the
procedure previously described (Poma et al., 2013), ranged between
28.1 and 55.0%.

2.1.2. Sewage samples
Raw sewage samples from the income channel of the two wastewa-

ter treatment plants and a sewage lift station were taken every two
months from March to December 2011 and from April to November



Table 1
Primers for broad nested-PCRs used for detection of human polyomaviruses.

Reaction Primers Number of mismatchesa

JCPyV BKPyV TSPyV MCPyV MWPyV HPyV9 KIPyV WUPyV HPyV6 HPyV7

PCR A 1st round Forward
S-AP1: CCTSAMTGGATGTTGCCT (from 1399 to 1416)b 0 0 0 6 5 5 – – – –
S-AP2: CCAGATTGGATKCTWCCTC (from 1399 to 1417)b 6 6 4 1 4 1 – – – –
S-AP3: CCTGATTGGATGCTACAAT (from 1399 to 1417)b 6 6 6 5 0 4 – – – –
Reverse
AS-AP1a: ATGTGGGAGGCTGTNACY (from 1789 to 1772)b 0 0 2 3 4 2 – – – –
AS-AP1b: AGASACAGCYTCCCACAT (from 1789 to 1772)b 2/3 1/2 0 3 5 1 – – – –
AS-AP2: TGCCTCCCACATMTRCAA (from 1783 to 1766)b 4 3/4 6 0 0 5 – – – –
Size of expected amplicon (bp)c 391 415 440 446 505 443 – – – –

2nd round Forward
S-AS1a: AARAGGAGGAGTAGAAGT (from 1531 to 1548)b 0 0 8 2 6 2 – – – –
S-AS1b: TAAAGGAGGGGTRGAAGT (from 1531 to 1548)b 3 2 8 1 4 1 – – – –
S-AS2: TAAGGGTGGGATAGATGT (from 1531 to 1548)b 7 6 6 6 0 5 – – – –
S-AS3: GAAGGGCAATATAGAGGT (from 1532 to 1549)b 9 8 0 9 6 8 – – – –
Reverse
AS-AS1: ACAGGTHAGRTCCTCATT (from 1759 to 1742)b 0 0 0 1 2 2 – – – –
AS-AS2: ACAGGTCATRTCTTCATT (from 1759 to 1742)b 3 3 3 2 0 0 – – – –
Size of expected amplicon (bp)c 229 229 235 244 220 235 – – – –

PCR A1 1st round Forward
JC1: AATGTGCAATCTGGTGAATT (from 1333 to 1352)b 0 5/6 – – – – – – – –
BK1: TACATTCAGGAGAGTTTATAGA (from 1432 to 1453)d 5/6 0 – – – – – – – –
Reverse
AS-AP1a
Size of expected amplicon (bp)c 457 477 – – – – – – – –

2nd round Forward
JC3:CCTTTACTTTTAGGGTTGTAC (from 1414 to 1434)b 0 3/4 – – – – – – – –
BK3:CCTTTRCTTCTAGGCCTG (from 1559 to 1526)d 3 0 – – – – – – – –
Reverse
AS-AS1
Size of expected amplicon (bp)c 346 370 – – – – – – – –

PCR A2 1st round Forward
S-AP2, S-AP3
Reverse
AS-AP1b, AS-AP2
Size of expected amplicon (bp)c – – – 446 505 443 – – – –

2nd round Forward
S-AS1b, S-AS2
Reverse
AS-AS1, AS-AS2
Size of expected amplicon (bp)c – – – 244 220 235 – – – –

PCR B 1st round Forward
S-BP1: CCTGACTGGATTTTRTAT (from 1416 to 1433)e – – – – – – 0 0 7 6
S-BP2: CCTCAATGGMTGCTTTTT (from 1235 to 1252)f – – – – – – 6 6 0 0
Reverse
AS-BP1: TTCTRTACAGCTCCCATA (from 1888 to 1871)e – – – – – – 0 0 7 6
AS-BP2: TCTAWAGGCYTCCCAAAC(from 1595 to 1578)f – – – – – – 5 5 1 1
Size of expected amplicon (bp)c – – – – – – 473 452 361 370

2nd round Forward
S-BS1: TMARAAAAGGAGGGGTAG (from 1583 to 1600)e – – – – – – 0 0 2 2
S-BS2: ARCTTCCCAGAGTRATAA (from 1324 to 1341)f – – – – – – 8 8 0 0
Reverse
AS-BS1: TGATTWGGWATATCAGGG (from 1847 to 1830)e – – – – – – 0 0 6 5
AS-BS2: GCMTCAGGAATTTCAGGC(from 1555 to 1538)f – – – – – – 7 5 0 0
Size of expected amplicon (bp)c – – – – – – 265 232 232 232

a According to the GenBank reference sequences (for JCPyV and BKPyV, different genotypes were considered).
b Positions numbered according to the JCPyV GenBank reference sequence NC_001699.
c Estimated according to the GenBank reference sequence of each polyomavirus.
d Positions numbered according to the BKPyV GenBank reference sequence NC_001538.
e Positions numbered according to the KIPyV GenBank reference sequence NC_009238.
f Positions numbered according to the HPyV6 GenBank Reference sequence NC_014406.
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2013 (n = 24). These facilities receive the domiciliary effluents from a
population of 9,300,000 inhabitants of Buenos Aires city and surround-
ing areas. Additionally, one sewage sample collected in 2009 was also
analyzed. Samples were concentrated by ultracentrifugation as previ-
ously described (Pina et al., 1998). Briefly, samples (45 ml) were
ultracentrifuged (110,000 ×g for 1 h at 4 °C) and sediment was resus-
pended in 4 ml of 0.25 N glycine buffer, pH 9.5, on ice for 30 min.
Suspended solids were removed by centrifugation (12,000 ×g for
15min) and the viruses in the supernatant were pelleted by ultracentri-
fugation (110,000 ×g for 1 h at 4 °C) and resuspended in 2 ml of PBS.
Viral recovery by this method, evaluated using bacteriophage PP7 as
viral control, ranged between 12.2 and 61.6%.

2.1.3. Patient samples
Urine samples were collected from epidemiologically unrelated sub-

jects (n = 19), diagnosed as infected with HIV, attending the “Hospital
General de Agudos Dr. Juan A. Fernández”, Buenos Aires, Argentina,
from 2012 to 2013. Urine samples (20 ml) were concentrated by ultra-
centrifugation (100,000 g for 1 h at 4 °C) and the virus-containing pellet
was suspended in 200 μl of PBS (Bofill-Mas et al., 2000). The study was



Table 2
Results of molecular analysis of river water, sewage and urine samples.

Sample Period Positive/analyzed
samples (%)

Polyomaviruses
detected
(n samples)

Polyomaviruses
sequenced in VP2/VP1
partial region
(n samples)

Polyomaviruses
sequenced in
VP1
(n samples)

Polyomaviruses characterized: viral type
(n samples)

River
water

2005–2006 21/25 (84.0) JCPyV (5)
BKPyV (11)
MCPyV (13)
MWPyV (1)

JCPyV (5)
BKPyV (11)
MCPyV (12)
MWPyV (1)

MCPyV (1) MCPyV: European/North American genotype (n = 5), South American
genotype (n = 6), mixed (European/North American and South
American genotypes) (n = 2)

River
water

2012 17/20 (85.0) JCPyV (17)
BKPyV (15)
MCPyV (5)
HPyV6 (5)

MCPyV (5)
HPyV6 (5)

JCPyV (10)
BKPyV (5)

JCPyV: subtype 2A (n = 9), 3A (n = 1).
BKPyV: subgroup Ib1 (n = 4), subtype Ia (n = 1).
MCPyV: European/North American genotype (n = 1), South American
genotype (n = 4)

Sewage 2011 and
2013

23/24 (95.8) JCPyV (20)
BKPyV (21)
MCPyV (2)
HPyV6 (2)

MCPyV (1)
HPyV6 (5)

JCPyV (6; 10
clones)
BKPyV (5; 10
clones)
MCPyV (1)

JCPyV: subtype 2A (n = 4), subtype 1B (n = 2 and 10 clones from one
of these samples)
BKPyV: subgroup Ia (n = 1), Ib1 (n = 2), Ib2 (n = 1), II/III (n = 1), and
subtypes Ib1 (n = 2) and Ib2 (n = 8) in 10 clones from the sample
characterized as Ib2.
MCPyV: South American genotype (n = 2).

Urine 2005–2006 12/19 (63.2) JCPyV (5)
BKPyV (7)
MCPyV (2)

MCPyV (1) JCPyV (4)
BKPyV (4)
MCPyV (1)

JCPyV: subtype 2A (n = 3), 3B (n = 1).
BKPyV: subgroup Ib1 (n = 1), Ib2 (n = 1), IVc2 (n = 2)
MCPyV: European/North American genotype (n = 2)
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carried out according to the World Medical Association Declaration of
Helsinki and approved by the Ethical Committee of the “Facultad de
Farmacia y Bioquímica de la Universidad de Buenos Aires”, Argentina.
2.2. Extraction of nucleic acids from sample concentrates

Nucleic acids from environmental and sewage samples were ex-
tracted with the QIAamp® Viral RNA Mini Kit (Qiagen, USA) according
to themanufacturer's instructions. The nucleic acids from urine concen-
trates were extracted by the phenol/chloroformmethod (Bergallo et al.,
2006).
2.3. Polyomavirus detection

Nested broad-spectrum PCRs for the detection of different human
polyomaviruses were designed and directed to the overlapping genetic
region that encodes for VP2 and VP1 proteins (hereinafter denominated
as “VP2/VP1 partial region”). Four different PCRs were performed using
2.5 μl of DNA, 0.625 U of GoTaq DNA Polymerase (Promega, USA), 1X
GoTaq Green Reaction Buffer, primers (Table 1) at a final concentration
between 0.2 and 0.4 μM each, 3.0 mMMg+2, 0.2 mM dNTPs and nucle-
ase freeH2O in afinal volume of 25 μl. For thefirst round of the PCRA, A1
and A2 described in Table 1, the cycling conditionswere: 2min at 94 °C,
10 cycles of 30 s at 94 °C, 30 s at 45 °C (with a decrease of 0.5 °C per
cycle), 40 s at 72 °C, 26 cycles of 30 s at 94 °C, 30 s at 40 °C, 40 s at
72 °C, and a final extension of 5 min at 72 °C. For the second round,
the conditions were as follows: 2 min at 94 °C, 8 cycles of 30 s at
94 °C, 30 s at 42 °C (with a decrease of 0.5 °C per cycle), 40 s at 72 °C,
28 cycles of 30 s at 94 °C, 30 s at 38 °C, 40 s at 72 °C, and a final extension
of 5min at 72 °C. The last conditionswere used for both rounds of PCR B.
The approximate limits of detection of these PCRs are 25–50 genome
copies (gc) (PCR A), 125–250 gc (PCR A1), 25–50 gc (PCR A2) and 10–
25 gc (PCR B). The different PCRs were implemented following an algo-
rithm that included two steps: first, two generic nested PCRs were per-
formed for the detection of JCPyV, BKPyV, MCPyV, TSPyV, HPyV9 and
MWPyV (PCR A) and for KIPyV, WUPyV, HPyV6 and HPyV7 (PCR B).
When PCR A was positive, two nested PCRs were performed for the de-
tection of JCPyV, BKPyV and TSPyV (PCR A1), and MCPyV, HPyV9 and
MWPyV (PCR A2). When PCR A was negative, it was repeated with a
1/5 dilution of the extracted DNA to reduce the effect of PCR inhibitors
in the samples.
The polyomaviruses detected were identified as follows: i. by
amplicon size for PCR A1, which allows identifying JCPyV and BKPyV,
and ii. by sequencing of the PCR A2 or PCR B amplicons or, from the
PCR A amplicons if the second step PCRs were negative. Viruses ampli-
fied by PCR A or PCR A1 from the period 2005–2006 were also se-
quenced to confirm the identification by amplicon size.
2.4. Polyomavirus characterization

VP1 gene sequences were obtained from the viruses classified as
JCPyV (n = 19), BKPyV (n = 14) and MCPyV (n = 3) that we were
able to amplify by using virus-specific nested PCRs (Table A.1). To con-
firm the viral diversity expected in complex samples such as sewage, ge-
nomic fragments of JCPyV and BKPyVwere cloned from PCR products of
two sewage samples. The purified PCR products were cloned into a
pGEM-T Easy Vector System II (Promega, USA). Ten clones from each
sample were sequenced.

Phylogenetic analyseswere performed on sequences fromArgentina
and reference sequences obtained fromGenBank, belonging to different
genotypes and subgroups/subtypes. Sequences were aligned with
ClustalX v2.1 (Larkin et al., 2007) and edited with BioEdit v7.0 (Hall,
1999). Phylogenetic trees were built using Bayesian inference with
MrBayes v3.2 (Ronquist et al., 2012). For each dataset, analyses were
performed using an appropriate substitution model according to the
Akaike Information Criterion, estimated with the jModelTest v2.1 soft-
ware (Darriba et al., 2012). Analyses were run for 1 million generations
and sampled every 1000 generations, in the CIPRES Science Gateway
server (Miller et al., 2010). Convergence was assessed by effective sam-
ple size values higher than 200 using the Tracer v1.6 software (Rambaut
et al., 2014), and 10% of the sampling was discarded as burn-in.

In addition, sequences of the VP2/VP1 partial region obtained for the
identification of MWPyV, HPyV6 and HPyV7 were also analyzed along
with all available sequences from GenBank, performed as described
above.
2.5. GenBank accession numbers

Nucleotide sequences larger than 200 bp reported in this work were
deposited in GenBank under the accession numbers KT354779-
KT354848. Sequences shorter than 200 bpwere included in Appendix B.
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3. Results

3.1. Polyomavirus detection

A nested broad-spectrum PCR was used for human polyomavirus
detection in environmental, sewage and urine samples. This strategy in-
cluded an algorithm of sequential PCRs and a simple differentiation of
JCPyV and BKPyV according to the amplicon size or further characteriza-
tion by sequencing.

Polyomavirus detection ranged from 84.0 to 91.7% for river water
and sewage sampleswithout any variation in the percentage of positive
samples along the year (Table 2). In more detail, in river samples from
the period 2005–2006 polyomavirus detection was 84.0% (21/25),
with JCPyV (5/25; 20.0%), BKPyV (11/25; 44.0%) and MCPyV (13/25;
52.0%) as themain viruses, andMWPyV (1/25; 4.0%) as aminor compo-
nent. The simultaneous detection of different polyomaviruses was
found in 6 out of 25 samples (24.0%).

In river samples from 2012, viral detection reached 85.0% (17/20).
These viruses were classified as JCPyV (17/20; 85.0%), BKPyV (15/20;
75.0%), MCPyV (5/20; 25.0%) and HPyV6 (5/20; 25.0%). More than one
polyomavirus was found in 75.0% (15/20) of samples.

On the other hand, the broad-spectrum nested PCR was positive in
95.8% (23/24) of the sewage samples collected in 2011 and 2013. Virus-
es were classified as JCPyV (20/24; 83.3%), BKPyV (21/24; 87.5%),
MCPyV (2/24; 8.3%) and HPyV6 (2/24; 8.3%). Besides, the additional
sample collected in 2009 resulted positive for HPyV7.

Finally, polyomaviruses were detected in 63.2% (12/19) of urine
samples from patients infected with HIV. These were classified as
JCPyV (5/19), BKPyV (7/19) and MCPyV (2/19). Among the positive
samples, the following coinfections were also found: JCPyV/BKPyV (1/
12), JCPyV/MCPyV (1/12) and BKPyV/MCPyV (3/12).

3.2. Polyomavirus characterization

Viruses identified as JCPyV, BKPyV and MCPyV that were amplified
on the VP1 gene region or, alternatively, on the VP2/VP1 partial region
(for MCPyV), were sequenced and characterized (Table 2). Samples
from sewage showed higher genetic diversity for JCPyV and BKPyV
than samples from river water. This higher diversity was evidenced by
the identification of several genotypes but also by the observation of
mixed nucleotides in direct sequencing (arising from the concomitant
presence of different genotypes, subgenotypes or even distinct genetic
variants within a subgenotype).

Phylogenetic analysis of VP1 JCPyV sequences from sewage indicat-
ed that four out of six samples analyzed belonged to subtype 2A and
that the other two samples resulted as subtype 1B (Fig. 1). Molecular
cloning of one of these subtype 1B samples (which presentedmixed nu-
cleotides in direct sequencing) showed that all 10 clones grouped with
subtype 1B and that eight of these clones formed amonophyletic cluster
(Fig. 1). In river waters, most of the samples were characterized as sub-
type 2A (9/10), whereas the remaining sample showed the presence of
subtype 3A (1/10). In addition, samples from patients showed JCPyV
subtype 2A (3/4) and 3B (1/4) (Fig. 1 and Table 2).

Phylogenetic analysis of VP1 BKPyV sequences from sewage showed
the presence of subgroups Ia (1/5), Ib (Ib1 (2/5), Ib2 (1/5)) and II (1/5)
(Fig. 2). Molecular cloning of the sample classified as Ib2 (according to
direct sequencing) showed the presence of subtype Ib2 (8/10 clones)
but also of subtype Ib1 (2/10 clones). Besides, three clones identified
as Ib2 formed a highly supported monophyletic cluster with a sample
from a patient. In addition, the viral genomes from river water samples
Fig. 1. Bayesian phylogenetic tree of VP1 sequences of JCPyV (1080 nt) (mid-point rooted). Pos
are indicated in squared brackets. Sequences from Argentina are shown in bold. Country of orig
Germany, ESP: Spain, FSM:Micronesia: Chuuk, GBR: Great Britain, GRC: Greece, GTM: Guatema
Mongolia, MUS: Mauritius, MYS: Malaysia, NCL: New Caledonia, NLD: The Netherlands, PER: Pe
ria), SAU: Saudi Arabia, SLA: Sri Lanka, SLB: Salomon Islands, THA: Thailand, TZA: Tanzania, U
quences originally classified as subtype 2C.
were characterized as Ia (1/5) and Ib1 (4/5), while samples from pa-
tients showed BKPyV subtype Ib1 (1/4), Ib2 (1/4) and IVc2 (2/4)
(Fig. 2 and Table 2).

RegardingMCPyV, the analysis of the VP2/VP1 partial region and the
VP1 sequences from Argentina indicated the presence of at least two
viral types in Argentinean samples (Table 2). While sequences of one
of these viral types were similar to European/North American se-
quences (8 out of 22 sequences), other sequences (12 out of 22 se-
quences) showed three nucleotides only present in the South
American VP1 sequences (whichwere considered asmolecularmarkers
of the group). Besides, direct sequencing of two samples showedmixed
nucleotides that would correspond to the European/North American
and South American groups, suggesting the concomitant presence of
both viral types.

Notably, two VP1 sequences from Argentina were phylogenetically
close and grouped with the single VP1 sequence from South America
available so far, isolated from French Guiana (Fig. 3), whereas one VP1
sequence from a patient grouped with European sequences.

On the other hand, sequences obtained from the VP2/VP1 partial re-
gion for identification of MWPyV, HPyV6 and HPyV7 were also ana-
lyzed. Particularly, the sequence of MWPyV from Argentina grouped
with a sequence from China and would be the most ancient MWPyV
virus sequenced so far (given that is was collected in 2005) and the
only sequence from South America reported to date (Fig. 4 (a)). Mean-
while, HPyV6 sequences fromArgentinawere similar to the only HPyV6
sequences available so far, from the USA, Australia and China, and no
clustering was observed (Fig. 4 (b)). In addition, despite the small size
of the region analyzed, the HPyV7 sequence from Argentina clustered
with viral genomes from the USA (Fig. 4 (b)).
4. Discussion

In this study we presented the design of a nested broad-spectrum
PCR that allowed the simultaneous detection of different polyomaviruses
from environmental, sewage and clinical samples. This strategy allowed
us to perform an environmental surveillance of these viruses and to
evaluate the usefulness of polyomaviruses as viral indicators of human
waste contamination. Further characterization of the samples allowed
describing the molecular epidemiology of the human polyomaviruses
circulating in Buenos Aires city, Argentina.

As compared to polyomavirus detection in other locations, polyoma-
virus detection in river waters from Argentina (~85%) agreed with the
highest values within the range of levels found in other geographic
areas (Germany, Japan, Spain and the USA), which varies from 11 to
100% of positive samples, mainly focused on the detection of JCPyV
and BKPyV (Albinana-Gimenez et al., 2009; Hamza et al., 2009;
Haramoto et al., 2010; Jurzik et al., 2010; Staley et al., 2012), and less fre-
quently on that of MCPyV (Bofill-Mas et al., 2010).

On the other hand, the detection in sewage samples was high
(~96%) and similar to most of the reports from different areas of
Europe, Africa, the USA and Brazil, where detection ranged from 88 to
100% of samples for JCPyV, BKPyV and MCPyV (Bofill-Mas and Girones,
2001; Bofill-Mas et al., 2010, 2006, 2000; Fumian et al., 2010; McQuaig
et al., 2009; Staley et al., 2012). However, a lower detection in sewage
(50–75%) from some regions of Greece, Spain, Italy and Sweden has
also been reported (Bofill-Mas et al., 2000; Di Bonito et al., 2014;
Kokkinos et al., 2011). These differences could be attributed to the dis-
similar sensitivity of methods, the viral targets or differences in their
prevalence in populations.
terior probability values higher than 0.5 are shown at nodes for relevant groups. Subtypes
in is indicatedwhen available, abbreviated in uppercase. AUS: Australia, CHN: China, DEU:
la, IND: India, ITA: Italy, JAP: Japan, KOR: South Korea, MAR:Morocco, MEX:Mexico, MNG:
ru, PHL: the Philippines, PNG: Papua New Guinea, PRI: Puerto Rico, RUS-Sib: Russia (Sibe-
SA: the United States, VUT: Vanuatu, ZAF: South Africa.*non-monophyletic groups. **se-
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Fig. 3.Bayesian phylogenetic tree of VP1 sequences ofMCPyV (1087 nt) (mid-point rooted). Posterior probability values higher than 0.5 are shown at nodes for relevant groups. Genotypes
proposed byMartel-Jantin et al. (2014) are indicated in squared brackets. Sequences from Argentina are shown in bold. Country of origin is indicated when available, abbreviated in up-
percase. CHN: China, FGU: FrenchGuiana, FRA: France, HUN: Hungary, NCL: NewCaledonia, JPN: Japan, CHE: Switzerland, USA: theUnited States. *this grouppresents a sequence from the
USA.
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In this sense, it would be expected that strategies that use the con-
comitant detection of different viral targets might increase the chance
of finding contaminant viruses in samples that collect viral excretion
from millions of people. In fact, this strategy allowed us to detect the
most frequent viral targets (JCPyV, BKPyV and less often, MCPyV) but
also viruses such as MWPyV and HPyV7, which had not been described
in sewage or river water samples so far, and HPyV6, which has been
Fig. 2. Bayesian phylogenetic tree of VP1 sequences of BKPyV (1155 nt) (mid-point rooted). Pos
are indicated in squared brackets. Sequences fromArgentina are shown inbold. Country of origin
China, DEU: Germany, ESP: Spain, ETH: Ethiopia, FNL: Finland, FRA: France, GBR: Great Britain,
Niger, NLD: The Netherlands, PHL: the Philippines, RUS: Russia, USA: the United States, VNM:
previously detected only once through pyrosequencing in sewage
from Spain (Cantalupo et al., 2011).

Shedding of some polyomaviruses such as JCPyV, BKPyV, KIPyV,
WUPyV and MCPyV by the urinary or fecal route, as well as their pres-
ence in sewage, have been described (Babakir-Mina et al., 2010;
Bofill-Mas et al., 2010; Di Bonito et al., 2014; Husseiny et al., 2011).
However, although viruses such as MWPyV, HPyV6 and HPyV7 have
terior probability values higher than 0.5 are shown at nodes for relevant groups. Subgroups
is indicatedwhenavailable, abbreviated inuppercase. CAF: Central African Republic, CHN:
GRC: Greece, IRL: Ireland, JPN: Japan, KEN: Kenya, MMR: Myanmar, MNG: Mongolia, NER:
Vietnam.*non-monophyletic groups.



Fig. 4. a) Bayesian phylogenetic tree of VP2/VP1 partial region sequences of MWPyV (152 nt) (STLPyVwas used as outgroup), and b) Bayesian phylogenetic tree of VP2/VP1 partial region
sequences of HPyV6 and HPyV7 (165 nt) (mid-point rooted). Posterior probability values higher than 0.5 are shown at nodes for relevant groups. Sequences from Argentina are shown in
bold. Year of isolation and country of origin is indicated when available, abbreviated in uppercase. AUS: Australia, CHN: China, MWI: Malawi, USA: the United States.
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been detected in fecal samples (Rockett et al., 2013), their route of ex-
cretion has not been definitely established yet. The evidence here pro-
vided, indicating the presence of these viruses in river water and
sewage, suggests that they would be excreted by the fecal or urinary
routes and that they would be widely present in the Argentine popula-
tion, since they should be an important component of these samples to
be detected by a direct PCR. Alternatively, the presence of HPyV6 and
HPyV7 in sewage could also be the result of skin peeling since the
viral genome has been detected mainly in skin swabs (Schowalter
et al., 2010).

Current legislation related to the control of microbial contamination
of water only considers the use of bacterial indicators. However, it has
been shown that these indicators do not satisfactorily reveal viral con-
tamination: then, monitoring specific human viruses in water is partic-
ularly important (He et al., 2009; Vivier et al., 2004). The analyses of our
environmental and sewage samples using a broad detection strategy in-
dicate that polyomaviruses could be good, highly frequent, non-
seasonal viral indicators.

Further characterization of the samples allowed us to describe the
molecular epidemiology of the human polyomaviruses circulating in
Buenos Aires with the coexistence of different genotypes and variants
for each virus, particularly in sewage.

JCPyV has been classified into genotypes (1–8) and several subtypes
associated with different human population (Stoner et al., 2000;
Sugimoto et al., 1997; Yogo et al., 2004). In this work, subtype 2A was
the main JCPyV type in all kind of samples (sewage, river water and
urine), although subtypes 1B, 3A and 3B were also detected. Subtype
2Ahas beenwidely associatedwith theAsian andNative American pop-
ulation and it would have entered the American continentwith the first
settlers through the Bering Strait (Agostini et al., 1997; Fernandez-Cobo
et al., 2002), whereas subtype 1Bhas been associatedwith Europe. Thus,
considering the origin of the current population, which includes Native
American (descendants from the Asian population) and European peo-
ple, the finding of both types in our region is not surprising. More sur-
prising was the detection of genotype 3, mainly associated with Africa
or central/western Asia (Jobes et al., 1998; Stoner et al., 2000;
Sugimoto et al., 1997). Although it is true that it could be an occasional
detection, in a previous work we found an uncommon genotype of
hepatitis A virus in sewage (Blanco Fernandez et al., 2012), not detected
previously in clinical samples, which after a few months, was clinically
detected (Altabert et al., 2015). Based on these results, this finding
could indicate that the circulation of the JCPyV genotype 3 in the popu-
lation could be wider than expected.

Whereas subtype 3B has been found in African and Afro-American
populations, subtype 3A has spread through African, Afro-American,
western/southern/central-western Asian populations and scarcely in
southern Europe (Agostini et al., 2001; Dubois et al., 2001; Pagani
et al., 2003; Takasaka et al., 2006).

On the other hand, BKPyV has been classified into four subtypes (I to
IV) with subgroups within some of them (Ia, Ib1, Ib2, Ic and IVa1, IVa2,
IVb1, IVb2, IVc1, IVc2) that show a relationship with particular geo-
graphic regions and human populations. Briefly, subtype I would be
the most prevalent virus throughout the world; in particular subgroup
Ib1 has been associated with Southeast Asians and subgroup Ib2 with
Europeans and West Asians (Zheng et al., 2007). Subtypes II and III
have been rarely detected worldwide and subtype IV is commonly dis-
tributed in East Asia and Europe (Yogo et al., 2009). BKPyV viruses
found in this work corresponded mainly to subtype I (subgroups Ib1
and Ib2), but subtype II and IV (subgroup IVc2)were also found. Finding
subgroups Ib1, Ib2 and IVc2 in our region is congruent with the origin of
the population, as mentioned above. However, the detection of subtype
II in a sewage sample – a rare genotype according to the provenance of
the Argentine population – is noteworthy and encourages the analysis
of the real prevalence of this type in the country. Previous reports
have showed a very low prevalence worldwide (Yogo et al., 2009;
Zheng et al., 2007) but a recent study has shown a seroprevalence of
69% for this viral type in a commercial serum panel (Pastrana et al.,
2013).

In addition, this work reports the first sequences of MCPyV from
Argentina. Previously, geographically related MCPyV genotypes were
proposed: Europe/North America, Africa (sub-Saharan), Oceania,
South America andAsia/Japan (Martel-Jantin et al., 2014). Twomain lin-
eages were found among MCPyV isolates from Argentina: one viral ge-
nome (from a patient) grouped with European sequences (Europe/
North America clade), whereas the other twoMCPyV genomes reported
in this work grouped with the single VP1 sequence from South America



201C. Torres et al. / Science of the Total Environment 542 (2016) 192–202
available so far, isolated from French Guiana, belonging to the South
American genotype. Notably, these two Argentine sequences also
formed a supported cluster within the South American group, which
could represent a viral lineage associatedwith a southern locationwith-
in South America.

Further analyses based on a larger number of samples from different
locations in South America and larger genetic fragments will probably
clarify and deepen the study of the geographic structure of these
viruses.

Finally, the high level of detection and viral diversity found in
sewage and environmental samples (which received the discharge of
sewage effluents coming from millions of inhabitants) and the charac-
terization of viruses scarcely reported worldwide and no previously
described in South America reinforce the usefulness of this approach
to study the viral contamination of human origin and to analyze the
molecular epidemiological patterns of viral infections in the general
population. This is particularly important given that epidemiological
data from the general population are often unavailable for these viruses.
Most of the viral types detected in a small number of clinical samples
were also recovered from sewage and environmental samples, which
indicates that environmental surveillance is a good approach to describe
the epidemiology of viruses excreted on sewage.

Several limitations, such as low viral recovery, differential viral re-
covery depending on concentration methods or lack of information re-
garding viral infectivity, affect the results of environmental Virology.
However, this and other previously publishedworks show that environ-
mental viral analysis is a powerful tool. Further analysis and methodol-
ogy development are still needed to exploit this field of research.
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