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ARTICLE INFO ABSTRACT

Keywords: New human polyomaviruses have been described in the last years, including the Merkel-cell polyomavirus
Merkel Cell polyomavirus (MCPyV; Human polyomavirus 5) and the Human polyomavirus 6 (HPyV6). Although their infection is usually
Human polyomavirus 6 asymptomatic, in immunocompromised host can cause life-threatening pathologies, such as the Merkel cell

phylodynamic analysis, South America

Eveluti carcinoma, an aggressive skin neoplasia associated to the MCPyV. Despite being prevalent viruses in population,
volution

epidemiological data from South America are scarce, as well as the characterization of the viral types circulating
and their origin. The aims of this work were to describe MCPyV and HPyV6 from environmental samples with
different geographical origin and to analyze their phylogenetic and evolutionary histories, particularly for
MCPyV.

Partial and complete genome sequences were obtained from sewage samples from Argentina, Uruguay and
Spain. A total number of 87 sequences were obtained for MCPyV and 33 for HPyV6. Phylogenetic analysis
showed that MCPyV sequences distributed according to their geographic origin in Europe/North America,
Africa, Asia, South America and Oceania groups, suggesting that viral diversification might have followed
human migrations across the globe. In particular, viruses from Argentina associated with Europe/North America
and South America genotypes, whereas those from Uruguay and Spain also grouped with Africa genotype, re-
flecting the origin of the current population in each country, which could arrive not only during ancient human
migration but also during recent migratory events. In addition, the South American group presented a high level
of clusterization, showing internal clusters that could be related to specific locations, such as French Guiana and
Brazil or the Southern region into South America, such as Argentina and Uruguay, suggesting a long term
evolutionary process in the region.

Additionally, in this work, we carried out the first analysis about the evolutionary history of MCPyV trough
the integration of phylogenetic, epidemiological and historical data. Since a strong association is observed be-
tween the phylogenetic relationships and the origin of the sampled population, this analysis was based on the
hypothesis of co-divergence between the virus and human populations. This analysis resulted in a substitution
rate of 5.1 X 108 s/s/y (~5.1% of divergence per million years) for the complete genome of MCPyV, which is
in the range of those estimated for other double-stranded DNA viruses.

Regarding HPyV6, a South American group with clusterization was observed (sequences from Uruguay).
Meanwhile, sequences from Argentina grouped with European ones (France and Spain) and remained separated
from those isolated in China, USA or Australia.

The analysis of viruses from the environment allowed us to deep characterize prevalent infections in different
geographic regions, reveling that viruses circulating in each population reflected its origin and that there are
specific lineages associated with South America.
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1. Introduction

New human polyomaviruses have been discovered in the last years,
including the Merkel-cell (MCPyV, Human polyomavirus 5) and the
Human polyomavirus 6 (HPyV6) (Feng et al., 2008; Schowalter et al.,
2010).

These viruses have been described to be part of the skin microbioma
(Foulongne et al., 2012; Schowalter et al., 2010). Viral DNA has been
detected in ~80% (MCPyV) and ~28% (HPyV6) of skin swabs of
healthy individuals (Foulongne et al., 2010; Wieland et al., 2014), al-
though they were also found in samples from other tissues such as re-
spiratory tract, urine or feces (Dalianis and Hirsch, 2013; Spurgeon and
Lambert, 2013). Both viruses have been detected in sewage reinforcing
the idea of a high prevalence in the general population (Bofill-Mas
et al., 2010; Cantalupo et al., 2011; Di Bonito et al., 2014; Torres et al.,
2016).

For both viruses, it was proposed that primary infection occurs
during childhood with a significant increase in seroprevalence with age,
becoming life-long components of the skin flora (Chen et al., 2011; Van
Der Meijden et al., 2013). Particularly, seropositivity ranged be-
tween ~ 10-40% in the early childhood to ~ 60-80% or higher values
in adulthood (Martel-Jantin et al., 2013; Nicol et al., 2013; Vahabpour
et al., 2016; Van Der Meijden et al., 2013).

Although their infection is usually asymptomatic, as for other
human polyomaviruses, in immunocompromised host can cause life-
threatening pathologies. Particularly, the MCPyV has been associated to
the Merkel cell carcinoma (MCC), an aggressive skin cancer arising in
the elderly and in chronically immunosuppressed individuals (Dalianis
and Hirsch 2013; IARC, 2014).

In regards to HPyV®6, it has been proposed to be a contributing agent
of epithelial proliferations in patient receiving BRAF inhibitor therapy
(Schrama et al.,, 2014) and it was frequently detected in keratoa-
canthomas (a non-melanoma skin cancer) and in bile samples of pa-
tients with malignant biliary obstruction (Beckervordersandforth et al.,
2016; Chan et al., 2017). Besides, it was also found in the cerebrospinal
fluid of an HIV-positive individuals with leukoencephalopathy, in cer-
vical samples and in tonsillar tissues (Delbue et al., 2015; Kolia-
Diafouka et al., 2016; Salakova et al., 2016).

Molecular characterization allows to deepen the study of molecular
signatures associated with pathologies or severity, in particular, tumor-
specific mutations were described for MCPyV genome (Shuda et al.,
2008; Kassem et al., 2008; Laude et al., 2010; Sastre-Garau et al., 2009;
among others). In addition, this characterization is also useful to de-
scribe viral lineages associated with specific human populations, as was
shown for other polyomaviruses (Kitchen et al., 2008; Krumbholz et al.,
2008; Mes et al., 2010; Shackelton et al., 2006).

However, despite being prevalent viruses in population, epidemio-
logical data from South America are scarce, as well as the knowledge
about the viral types circulating and their origin.

Thus, the aims of this work were: i. To describe MCPyV and HPyV6
-two of the most prevalent polyomaviruses scarcely studied so far - from
environmental samples with different geographical origin; and ii. To

Table 1
Clones and sequences obtained for MCPyV positive samples.
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analyze the phylogenetic and evolutionary profiles to study their spatio-
temporal dispersion patterns, particularly for MCPyV.

2. Material and methods
2.1. Samples

Raw sewage samples from different countries were analyzed. They
were collected from Buenos Aires city and suburbs in Argentina (2013,
n = 2 and 2016, n = 1); Fray Bentos, Bella Unién, Salto and Paysanda
cities in Uruguay (2011 and 2012, n = 48); and Barcelona city in Spain
(2011, n = 10).

2.2. Sample processing

Briefly, samples from Argentina and Uruguay were concentrated by
ultracentrifugation based on protocols by Pina et al. (1998), as pre-
viously described (Torres et al., 2016; Victoria et al., 2014), whereas
samples from Spain were concentrated by flocculation based on pro-
tocols by Calgua et al. (Calgua et al., 2013), as previously described
(Rusinol et al., 2015). These concentration protocols allow retrieving
virions, but free-circulating DNA can also be present in the concentrate.

Nucleic acids from concentrates were extracted with the High Pure
Viral Nucleic Acid Kit (Roche, Germany) and the QIAamp® Viral RNA
Mini Kit (Qiagen, USA) for samples from Argentina and Spain, or using
guanidinium/silica method (Boom et al., 1990) for samples from Ur-
uguay.

2.3. Polyomavirus detection and sequencing

Samples from Argentina were previously characterized as positive
for MCPyV and HPV6 by Torres et al. (2016) while samples from Bar-
celona correspond to those with the highest viral load for MCPyV
(=10.000 genome copies/L) analyzed by Rusinol et al. (2015). Samples
from Uruguay were screened for MCPyV in this work, by a nested PCR
directed to the overlapping genetic region that encodes for VP2 and
VP1 proteins (244 nt length for the second round amplicon) (Torres
et al., 2016). A subset of the MCPyV positive samples from Uruguay and
Spain were amplified and sequenced in the VP1 gene (20 from Uruguay
and six from Spain), according to previously published protocols
(Torres et al., 2016), whereas the two VP1 direct sequences from Ar-
gentina were previously obtained (Torres et al. 2016) (Table 1).

One VP1 amplicon from each country was cloned into a pGEM-T
Easy Vector System II (Promega, USA) and the clones were sequenced.
In addition, the two samples from Argentina were amplified and cloned
in the complete genome by a nested PCR described in Table SI.
Different clones were sequenced along the complete or partial genomes
(Table 1).

In addition, samples from Uruguay and Spain were screened for
HPyV6/HPyV7 using a nested PCR directed against the VP2/VP1 par-
tial region (Torres et al., 2016). Identity of viruses was confirmed by
sequencing. The complete genome of HPyV6 was amplified from one

Origin Positive/Total® (%) N° of VP1 sequences N° of samples cloned in VP1 (n° of clones N° samples cloned in complete genome (n° of clones sequenced)
sequenced)
Argentina  2/24 (8.3%) 2 1 (10 clones) 2 (15 clones: 4 clones in complete genome, 9 in VP1 and LT genes, and 2
only in VP1 gene)
Uruguay 37/48 (77.1%) 20 1 (16 clones) -
Spain 21/24 (87.5%) 6 1 (10 clones) -

@ Total of samples corresponding to the original sampling from which MCPyV positive samples were obtained. Samples from Uruguay have been fully analyzed for
MCPyV detection and sequencing in this work. Samples from Spain were screened for detection in Rusifol et al. (2015) but cloned and sequenced in this work. The
two VP1 sequences from Argentina were obtained in Torres et al. (2016) but cloned in this work, along with the amplification, cloning and sequencing of the

complete genomes.
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sample of each of the three countries using a nested PCR described in
Table S1. Products were purified, cloned into a pGEM-T Easy Vector
System II (Promega, USA) and sequenced. Different clones were se-
quenced along the complete or partial genomes.

2.4. Phylogenetic analysis

Phylogenetic analysis was performed on MCPyV VP1 sequences
from Argentina, Uruguay and Spain, along with all available sequences
longer than 500 bp in GenBank at September 30th, 2017. In addition,
phylogenetic trees were also built using the LT genetic region, the
concatenate VP1-LT genetic regions or the complete genome sequences.
Only one of identical sequences were retained for the analyses, except
for sequences reported in this work or from Argentina (see Figure’s
captions for details).

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 v3.2.6 (Ronquist et al., 2012).
For each dataset, analyses were performed using an appropriate sub-
stitution model according to the Bayesian Information Criterion, esti-
mated with the jModelTest v2.1 software (Darriba et al., 2012). Sub-
stitution models selected for datasets were: TPM3uf+ G (VP1), TPM2uf
+G (VP1-LT), TIM2+G (LT), TVM+I (complete genome). Analyses
were run up to convergence, assessed by effective sample 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. Majority rule con-
sensus trees were used to represent the most common clades of the
posterior distribution of trees obtained. In addition, all the analyses
were also carried out by Maximum Likelihood with the IQ-Tree soft-
ware v1.5 (Nguyen et al., 2015), implemented in the IQ-Tree Server
(Trifinopoulos et al., 2016). Confidence was evaluated through the
Ultrafast Bootstrap Approximation (1000 replicates) (Hoang et al.,
2017).

In addition, for HPyV6, phylogenetic trees were built for both
methods using the VP2/VP1 partial region, the concatenate VP1 and LT
genetic regions or the complete genome, using sequences reported in
this work and all available sequences from GenBank at September 30th,
2017. Substitution models selected for datasets were: JC (VP2/VP1
partial region), HKY +G (VP1-LT) and HKY + G (complete genome).

2.5. MCPyV phylodynamics: Geographical structure and evolutionary
history

The degree of association between the phylogenetic clustering and
the geographical origin of MCPyV sequences has been tested and
quantified estimating association statistics and pairwise Fsy values. On
one hand, the Parsimony Score (PS), the Association Index (AI) and the
Maximum Exclusive Single-state Clade Size (MC) statistics were esti-
mated with the BaTS v0.9 software (Parker et al., 2008). The phylo-
geny-discrete trait correlation is evaluated considering uncertainty
from phylogenetic analysis, by integrating over the posterior distribu-
tion of trees obtained by Bayesian methods. For this analysis, VP1 da-
taset was analyzed labeling sequences according to the country of
origin reported for the sequences or the geographic region (Africa, Asia,
Europe, North America, Oceania and South America). Statistics were
computed for a null distribution with 1000 replicates (expected values
under a random phylogeny-trait association) and compared to those
obtained for the posterior distribution of trees from the Bayesian ana-
lysis (observed values) (Section 2.4). P-values < 0.05 were considered
as significant.

On the other hand, pairwise Fsr distances were estimated for the
VP1 dataset with groups (subpopulations) defined by the country of
origin or the geographic region of the sequences, using TrN+G evo-
lutionary model (the most similar model, implemented in the program,
to the estimated with jModeltest) with the Arlequin software v.3.5.2.2
(Excoffier and Lischer, 2010). The significance of estimates was
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determined using 10,000 randomizations of sequences between popu-
lations.

The evolutionary history of MCPyV was studied using a Bayesian
coalescent analysis on complete genome sequences obtained in this
work and from GenBank. Analysis was carried out on a complete da-
taset (n = 49) and on a reduced dataset (n = 33) that excluded se-
quences obtained from MCC samples, which could present specific
signature mutations that may bias ancestral dates and long-term evo-
lutionary rates estimations. These datasets included only one sequence
per individual (when more than one was available) and neither con-
sensus sequences nor those obtained from cell lines were included. The
analysis was carried out using an appropriate substitution model ac-
cording to the Bayesian Information Criterion, estimated with the
jModelTest v2.1 software. Substitution models selected for datasets
were HKY+I (complete genome, n = 33) and TVM+I1 (complete
genome, n = 49). As MCPyV phylogenetic groups showed association
with different populations and geographic regions that suggest co-di-
vergence with humans, temporal calibration was performed based on
previously proposed dispersal dates for human populations in the Out-
of-Africa model (Forster, 2004; Mellars et al., 2013; Pagani et al., 2016)
and for the peopling of Europe (Goebel, 2007; Mellars, 2006) and South
America (Rothhammer and Dillehay, 2009). Uniform priors on the time
to the most recent common ancestors (tMRCA) were used:
50,000-100,000 years for MCPyV, 40,000-45,000 years for the Europe/
North America group and 13,500-15,000 years for the South America
group. The uncorrelated lognormal (UCLN) molecular clock model
(Drummond et al., 2006) and the GMRF Bayesian Skyride coalescent
model (Minin et al., 2008) implemented in the BEAST v1.8.4 software
package, in the CIPRES Science Gateway server (Miller et al., 2010)
were used. Convergence was assessed by effective sample size (ESS)
values higher than 200 and 10% of the sampling was discarded as burn-
in. The results obtained were annotated in the maximum clade cred-
ibility tree of each run (the tree of the posterior distribution that shows
the maximum product of posterior clade probabilities). Uncertainty in
parameter estimates was evaluated in the 95% highest posterior density
(HPD95%) interval. Two independent runs were combined.

In addition, for the reduced dataset, different evolutionary hy-
potheses were compared through Bayes Factor using the Marginal
Likelihood values estimated by the Generalized Stepping-Stone method
(Baele et al., 2016). The three models analyzed included a non-con-
strained analysis, Africa as a basal group of the tree (fitting the Out-of-
Africa model) and the Africa group as sister group of the Europe/North
America genotype (fitting the topology obtained in the most clade
credibility tree for a non-constrained analysis).

2.6. GenBank accession numbers

Nucleotide sequences reported in this work have been deposited in
GenBank under the accession numbers MG241567-MG241665.
Sequences shorter than 200bp were included in Supplementary
Material.

3. Results

Sewage samples from Argentina, Uruguay and Spain were analyzed
to characterize MCPyV and HPyV6. These viruses have been selected
for a deep analysis given their reported high prevalence and scarce
characterization, especially in South America.

3.1. MCPyV detection and sequencing

The 77.1% (37/48) of the samples from Uruguay were positive for
MCPyV. Direct sequences of VP1 gene were obtained from 20 samples
from Uruguay and six samples from Spain, and they were analyzed
along with the two previous sequences from Argentina. Besides, one
sample from each country was cloned in the VP1 gene and 10 clones
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(from Argentina and Spain) or 16 clones (from Uruguay) were se-
quenced. In addition, the complete genome of MCPyV was cloned from
two samples from Argentina; 15 of the clones obtained were sequenced
along the complete genome or in different regions (Table 1). These
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Fig. 1. Majority rule consensus tree from the
Bayesian analysis of VP1 sequences of MCPyV
(1147 nt) (mid-point rooted). Posterior prob-
abilities values higher than 0.5 are shown at
nodes for relevant groups. Genotypes proposed
by Martel-Jantin et al. (2014) are indicated in
squared brackets. Sequences reported in this
work are shown in bold. Country of origin is
indicated when available, abbreviated in up-
percase. BRA: Brazil, CIV: Ivory Coast, CHE:
Switzerland, CHN: China, CMR: Cameroon,
COD: Democratic Republic of the Congo, CZE:
Czech Republic, DEU: Germany, FGU: French
Guiana, FRA: France, HUN: Hungary, JPN:
Japan, LTU: Lithuania, NCL: New Caledonia,
SWE: Sweden, USA: the United States of
America. Genbank accession numbers for
identical sequences are indicated among ver-
tical lines, except for those reported in this
work: M-cg-9-11.1 | M-cg-9-11.3, M-cg-28-8.1
| M-cg-28-8.16, M-cg-28-8.2 | M-cg-28-8.10,
M-U42 | M-U45. *“Monophyletic in the analysis
of complete genome sequences (Fig. $2). "Se-
quence reported in USA from individuals born
in Asia (Schowalter et al., 2010). “Sequence
reported in USA from an individual born in
Europe (Schowalter et al., 2010).

South America

sequences were included in phylogenetic and evolutionary analyses

(Sections 3.2 and 3.3).



C. Torres et al.

3.2. Phylogenetic analyses of MCPyV

The phylogenetic analyses showed that MCPyV sequences were
distributed according to their geographic origin in Europe/North
America, Africa, Asia, South America and Oceania groups or genotypes
(Fig. 1 and Figs. S1-S4), as was previously suggested (Martel-Jantin
et al.,, 2014). For complete genome sequences, these groups were
monophyletic, whereas for VP1, LT or VP1-LT regions, the Europe/
North America genotype became paraphyletic owing to the location of
the Africa genotype. In particular, the analysis of VP1 region allowed a
deep description of internal grouping, especially within the South
America genotype, given that few sequences are available for the other
genetic regions. Similar topologies were observed for Bayesian and
Maximum likelihood methods (Fig. 1 and Figs. S1-S4).

The analysis of VP1 sequences from Argentina included direct se-
quences obtained for the two positive samples, molecular clones of VP1
region (from one sample) and molecular clones of the complete gen-
omes (from the two samples). The direct sequence of one of the
Argentinean samples grouped with samples from Europe/North
America. All clones obtained from this sample distributed within the
Europe/North America genotype, and seven of them formed a mono-
phyletic cluster in the analyses of VP1-LT and LT regions (Figs. S3 and
S4). The direct sequence of the other Argentinean sample grouped with
sequences from South America (Fig. 1 and Fig. S1). Its molecular clones
clustered with sequences from Uruguay, forming a monophyletic group
within the South American genotype.

The analysis of MCPyV from Uruguay comprised the VP1 direct
sequences from 20 samples. Most of them (80.0%; 16/20) grouped with
samples from the Europe/North America genotype and 20.0% (4/20)
with samples from South America. One sample related to the Europe/
North America genotype that showed mixed nucleotide positions was
cloned in VP1 region and 16 clones were obtained. Analysis showed
that 11 variants related with the South American genotype and four of
them formed an inner group with high posterior probability and
bootstrap value, whereas five sequences associated with sequences from
Afro-descendant individuals (Africa genotype) (Fig. 1 and Fig. S1).

Finally, the six positive MCPyV samples from Barcelona were se-
quenced in VP1. Most of them (4/6) grouped with sequences from
Europe/North America, whereas one was related with Afro-descendant
individuals (Africa genotype) and one with sequences from South
America. One of the samples related with the Europe/North America
genotype that presented mixed nucleotide positions was cloned and ten
clones were obtained. Most of the variants (9/10) were related with the
Europe/North America genotype while one sequence clustered with the
South America genotype.

Therefore, the South American group presented a high level of
clusterization, showing a first split into sequences from French Guiana
and a subgroup formed by sequences from Argentina, Uruguay, Brazil,
French Guiana and Spain (Fig. 1 and Fig. S1). This last subgroup also
showed internal clusters that could be related to specific locations, such
as French Guiana and Brazil or the Southern region into South America,
such as Argentina and Uruguay (Fig. 1 and Fig. S1).

This analysis also revealed that sequences from samples collected in
South America (Uruguay, Brazil and French Guiana) and classified
within the African genotype were not monophyletic, probably corre-
sponding to introductions in South America from different countries.

3.3. Phylodynamics of MCPyV

The geographical structure of MCPyV was evaluated using the Al, PS
and MC statistics and pairwise Fgr distances, estimated in the VP1 da-
taset. On overall, a non-random distribution of sequences was observed
when sequences were labeled according to the country of origin or the
geographic region (Europe, North America, Africa, Asia, Oceania, South
America) (p < 0.001 for AI and PS statistics for both analyses)
(Table 2). In addition, all the regions and most of the countries showed
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Table 2
Association between the phylogenetic clustering and the geographical origin of
MCPyV VP1 sequences.

Discrete trait Statistic Observed mean Expected mean p-value®
(95% confidence  (95% confidence
interval) interval)
Geographic Al 6.9 (5.6-8.3) 15.2 (14.4-16.1) < 0.001
region
PS 63.2 (58.0-68.0) 115.3 < 0.001
(111.9-118.6)
MC (Africa) 3.4 (3.0 - 5.0) 1.5 (1.2-2.0) 0.002
MC (Asia) 16.2 (10.0-27.0) 1.9 (1.5-2.4) 0.001
MC 3.0 (2.0-5.0) 2.1 1.8-3.0) 0.046
(Europe)
MC (North 3.1 (3.0-4.0) 1.9 (1.5-2.2) 0.014
America)
MC 2.0 (2.0-2.0) 1.0 (1.0-1.0) 0.001
(Oceania)
MC (South 27.0 (20.0-35.0) 3.2 (2.7-3.7) 0.001
America)
Country of Al 10.1 (8.6-11.6)  18.1 (17.4-18.7) < 0.001
origin
PS 97.0 147.5 < 0.001
(92.0-102.0) (144.0-150.8)
MC (ARG) 3.5 (3.0-5.0) 1.8 (1.4-2.2) 0.015
MC (BRA) 1.6 (1.0-2.0) 1.1 (1.0-1.2) 0.005
MC (CHE) 1.0 (1.0-1.0) 1.0 (1.0-1.0) 1.000
MC (CHN) 1.0 (1.0-1.0) 1.0 (1.0-1.0) 1.000
MC (CIV) 3.2 (3.0-4.0) 1.2 (1.0-1.9) 0.001
MC (CMR) 1.1 (1.0-2.0) 1.0 (1.0-1.0) 1.000
MC (COD) 2.1 (2.0-3.0) 1.1 (1.0-1.2) 0.005
MC (CZE) 1.0 (1.0-1.0) 1.0 (1.0-1.0) 1.000
MC (DEU) 1.0 (1.0-1.0) 1.0 (1.0-1.0) 1.000
MC (ESP) 2.0 (1.0-3.0) 1.3 (1.1-2.0) 0.032
MC (FGU) 2.0 (2.0-2.0) 1.0 (1.0-1.1) 0.002
MC (FRA) 2.0 (1.0-3.0) 1.3 (1.1-2.0) 0.035
MC (HUN) 1.0 (1.0-1.0) 1.0 (1.0-1.0) 1.000
MC (JPN) 14.6 (10.0-25.0) 1.8 (1.5-2.2) 0.001
MC (LTU) 1.0 (1.0-1.0) 1.0 (1.0-1.0) 1.000
MC (NCL) 2.0 (2.0-2.0) 1.0 (1.0-1.0) 0.001
MC (SWE) 1.0 (1.0-1.0) 1.0 (1.0-1.0) 1.000
MC (URY) 4.2 (4.0-5.0) 2.0 (1.6-2.3) 0.001
MC (USA) 3.1 (3.0-4.0) 1.9 (1.5-2.2) 0.019

@ The p-value corresponds to the proportion of trees from the null distribu-
tion (expected distribution in a random phylogeny-trait association) equal to, or
more extreme than, the posterior estimate of the statistic from the posterior
distribution of trees (observed distribution). Significant values are shown in
bold.

significant geographical association (p < 0.05 for the MC statistics)
(Table 2). On the other hand, the analysis of pairwise Fgr distances
among groups defined by geographic regions showed a significant po-
pulation subdivision for all values (p < 0.05), except for the Europe
and North America groups (Fig. 2), as expected, given the sequence
intermingling observed in phylogenetic trees (Fig. 1 and Fig. S1). Re-
garding the Fsr pairwise distances among sequences grouped by the
country of origin, in general, subdivision was observed among countries
belonging to the different geographic regions and low or null subdivi-
sion was obtained between the countries of the same region (Europe,
North America, Africa, Asia, Oceania, South America) (Table S2 and
Fig. S5).

The timescale of MCPyV evolutionary history was studied through
Bayesian coalescent analyses. Briefly, previously estimated dispersal
dates for human population were used to calibrate the tMRCA of
MCPyV, Europe/North America and South America groups, for the
dataset containing complete genome sequences under different hy-
pothesis.

This analysis showed that the tMRCA for MCPyV dated
~72,443 years ago (in a non-constrained analysis), and that the geno-
types diversified in the range of ~14,297-42,148 years ago, although
high uncertainty in estimations were obtained (Table 3 and Fig. 3a).
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Matrix of pairwise Fst

North America 0.8
Europe 0.01
0.6
South America = 0.22*%* 0.22**
— 0.4
Africa  0.04* 0.10%* 0.18** - 02
Oceania
—- 0.0
Nort.h Europe Sout.h Asia  Africa Oceania
America America

Fig. 2. Graphical visualization and pairwise Fgr values for MCPyV VP1 se-
quences grouped by geographic regions. 'p < 0.05, "p < 0.01.

Table 3
Time to the most recent common ancestors for MCPyV complete genome se-
quences.

Non-constrained analysis Constrained analysis (Africa as

basal group)

Group Median HPD95% (years) Median HPD95% (years)
(years) (years)
Europe/NA 42,148 40,041-44,724 42,482 40,045-44,785
Africa 33,191 11,564-53,932 39,278 10,688-66,150
Oceania 34,768 13,063-67,043 23,908 8231-40,108
South 14,297 13,579-14,995 14,278 13,572-14,993
America

Asia 22,700 6019-44,857 17,918 5561-32,801
MCPyV 72,443 52,852-97,697 58,119 50,004-80,723

ancestor

Furthermore, a global evolutionary rate for MCPyV genome was esti-
mated as 5.1 x 10™8s/s/y (HPD95% = 3.7 x 10" 8 — 6.6 x 10~ %).
Notably, estimates for the dataset that included sequences from MCC
samples resulted in more recent ancestral dates (~ 55,652 years ago for
MCPyV) and in a slightly faster evolutionary rate (5.8 x 10~ ®s/s/y)
(Table S3 and Fig. S7).

Under the hypothesis of co-divergence with humans, the Africa
group is expected to be a basal group in the MCPyV phylogenetic tree,
however, as was observed in the midpoint-rooted phylogeny, the most
clade credibility tree obtained for the non-constrained analysis showed,
instead, that this group shared a common ancestor with the Europe/
North America genotype (Fig. 3a). Then, the hypothesis of co-diver-
gence with humans with Africa as a basal group in the phylogeny
(Fig. 3b) was compared with a non-constrained topology hypothesis
using Bayes Factor (BF). This comparison did not significantly favor any
of these models (InBF = 1.1, Table S4). However, when a deliberate
hypothesis of Africa and Europe/North America groups sharing a
common ancestor was compared to the hypothesis with Africa as a
basal group, the former was favored by BF (InBF = 11.5, Table S4).

Under the hypothesis of Africa as the basal group, an evolutionary
rate of 5.5 x 10~ 8s/s/y (HPD95% = 4.1 x 1078 — 7.1 x 10~ 8s/s/y)
is obtained, whereas the time for the ancestor of MCPyV was estimated
as 58,119 years (HPD95% = 50,004-80,723) (Table 3 and Fig. 3b). In
Fig. S6 are shown the maximum clade credibility trees in substitutions
per site scale for the coalescent analyses under a non-constrained hy-
pothesis and forcing Africa as a basal group.
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3.4. HPyV6 detection and phylogenetic analysis

HPyV6 detection resulted positive in 41.7% (20/48) of samples
from Uruguay and in 20.0% (2/10) of samples from Barcelona.
Remarkably, in one HPyV6 positive sample from Uruguay also HPyV7
was found by sequencing (Fig. 4b and Fig. S8b). A further character-
ization of HPyV6 viruses was carried out through amplification of
complete genome sequences, followed by molecular cloning and se-
quencing. Analysis of VP1-LT concatenate regions and complete
genome sequences showed that viruses from Argentina and Spain
grouped with the only sequence from Europe available so far (from
France) and that sequences from Uruguay grouped together with high
posterior probability and bootstrap support (Fig. 4a and Figs. S8a—S9).

4. Discussion

In this work, MCPyV and HPyV6 viruses from samples with different
geographical origin were analyzed through phylogenetic and phylody-
namic analysis, particularly for MCPyV, a prevalent virus associated
with a neoplastic disease but scarcely studied so far in South America.
Then, samples from two South American countries, Argentina and
Uruguay, together with a European country, Spain, were analyzed in
the context of the known worldwide genetic information of these
viruses.

For this analysis, environmental samples were used, which is a
strategy that has previously shown to be useful to analyze epidemio-
logical patterns of viral infections in the general population. In this
study, a high level of detection was observed in sewage samples from
Uruguay, reaching 77.1% and 41.7% for MCPyV and HPyV6, respec-
tively, suggesting a significant level of circulation in general popula-
tion. The distribution of MCPyV reported for the samples from Spain
reached similar levels (75.0%) (Rusinol et al. 2015). However, in Ar-
gentina, the detection of MCPyV and HPyV6 in raw sewage was 8.3%
for both viruses (Torres et al. 2016). These differences could be at-
tributed to different protocols or processing methods used. Other stu-
dies have also shown the viral detection in sewage from Spain and Italy
(Bofill-Mas et al., 2010; Cantalupo et al., 2011; Di Bonito et al., 2014),
supporting a possible excretion by the fecal or urinary routes or because
of skin peeling (Bofill-Mas et al., 2010; Torres et al., 2016). It is worth
noting that two negative samples from Uruguay tested positive after an
enrichment step using a Rolling Circle Amplification (RCA) technique
(data not shown), suggesting an even increased viral presence in
sewage; in addition, the RCA might be a useful technique to enhance
the amplification of circular double-stranded DNA viruses.

Based on the molecular characterization of MCPyV, a distribution of
phylogenetic groups (genotypes) associated to their geographic origin
was observed. The -clustering pattern defined the Europe/North
America, Africa, Asia, South America and Oceania genotypes, as pre-
viously proposed (Martel-Jantin et al., 2014). This distribution allowed
us to propose that viral diversification might have follow human mi-
grations across the globe, as was suggested for other DNA viruses as-
sociated with persistent infections and high host specificity (Kitchen
et al., 2008; Krumbholz et al., 2008; Torres et al., 2011; Yogo et al.,
2004; Zheng et al., 2007; among others).

The analysis of the phylogeographic distribution observed is con-
sistent with the proposal of viral diversification following migrations.
On one hand, Argentina population (City of Buenos Aires) is mainly
composed by Native American and European descendants. Europeans
arrived and settled in the current Argentine territory in several waves
since the conquest of America with a maximum of immigration between
1880 and 1930, which was reactivated to a lesser extent in the mid-XX™
century (Devoto and Benencia, 2003). Whereas, Uruguay population
includes, in addition, individuals with African ancestry — descendants of
people enslaved and transferred from Sub-Saharan Africa to the
Americas in the XVI™-XIX'™ centuries - that reach 8.1% of the current
population of the country. The Afro-descendant population is composed
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Fig. 3. Maximum clade credibility trees of (a) the non-constrained coalescent analysis, and (b) the constrained analysis with Africa as basal group, carried out on
MCPyV complete genome sequences. Trees are in temporal scale, negative values indicate years before the present. Posterior probability values are shown at nodes
for relevant groups. Colored bars represent the HPD95% interval for the tMRCA. Sequences reported in this work are shown in bold. ARG: Argentina, CHN: China,
CZE: Czech Republic, FGU: French Guiana, FRA: France, HUN: Hungary, JPN: Japan, NCL: New Caledonia, SWE: Sweden, USA: the United States of America.
2Sequence reported in USA from individuals born in Asia (Schowalter et al., 2010). bSequence reported in USA from an individual born in Europe (Schowalter et al.,
2010). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

216



C. Torres et al.

a)

A Argentina (Aclones)
B Uruguay (Oclones)
@ Spain (O clones)

.1 HMO11560 USA 2009 |

;[‘ KM387421 CHN 2012
094] | HMO11561 USA 2009
L HMO11563 USA 2009
L HMO11562 USA 2009
L HMO011559 USA 2009
L KM655817 AUS 2010
V[L KX771234 USA 2008

HMO11558 USA 2009
0.99 |

i

H6-gU43.1 O
095/ 4]

0.96

0.97

H6-cg-U432 O
H6-cg-U435 O
H6-cg-U433 O
H6-cg-U434 O
H6-cg-U436 O

1— H6-cg-B1594 ©
il'[ H6-cg-A2f.11 A
KU596573 FRA 2014

KR0S0570 AUS 2010
KX379630 CHN 2011
KX379631 CHN 2011
HMO011565 HPyV7
HMO011567 HPyV7

9AAdH

0.61

—//—1(__

0.05 subs/site

b)

Molecular Phylogenetics and Evolution 126 (2018) 210-220

090 — KR090570 AUS 2010
M1 HEACMy ARG 2012 A

L HMO11562 USA 2009

L HMO011561 | HMO11560 | HMO011559 USA 2009
L HMO11558 USA 2009

[ KM387421 CHN 2012

A Argentina (Aclones)
B Uruguay (O clones)
@ Spain (O clones)

[——  KMB55817 AUS 2010

|- KUS596573 FRA 2014
|- HMO11563 USA 2009
| ——  KX771234 USA 2008
|- HecgU431 O

|- HecgU33 O
He-cg-U432 O

H6-cg-U43.6
H6-PNMy ARG 2012 A
H6-PPMy ARG 2012 A
H6-PP) ARG 2012 A
HE-AC) ARG 2012 A
H6-2.10 ARG 2013 A
H6-378 ARG 2011 A

0.94 HeUs

9AAdH

i
]
CTTT T U]

- L KX379630 CHN 2011
L kx379631 CHN 2011

096 HMO011566 | HMO11567 USA 2009
-_Eomlzss USA 2013

H7-Ef2 ARG 2009 A

097~ HMO11569 USA 2009
—1___ (733013 UsA 2014
HMO011564 | HMO11565 USA 2009
|- HMO11568 USA 2009
| k1733012 USA 2014
L H7-us3

LN\AdH

0.02 subs/site

Fig. 4. Majority rule consensus trees from the Bayesian analyses of (a) the concatenate VP1-LT region sequences of HPyV6 (2082 nt) (mid-point rooted), and (b) the
VP2/VP1 fragment (165 nt) of HPyV6 and HPyV7 (mid-point rooted). Posterior probabilities values higher than 0.5 are shown at nodes. Sequences reported in this
work are shown in bold. Year of isolation and country of origin is indicated when available, abbreviated in uppercase. AUS: Australia, CHN: China, FRA: France, USA:
the United States of America. Genbank accession numbers for identical sequences are indicated among vertical lines, except for those from Argentina for the VP2/VP1
fragment: H6-cg-U43.1 | H6-cg-U43.3, H6-PNMy ARG 2012 | H6-PPMy ARG 2012 | H6-PPJ ARG 2012, H6-U6 | H6-U10 | H6-U11 | H6-U14 | H6-U18 | H6-U20 | H6-
U21 | H6-U25 | H6-U28 | H6-U30, H6-U33 | H6-U35, H6-U37 | H6-U38 | H6-U42 | H6-U44 | H6-B76.

by individuals that directly arrived to Uruguay from Africa but also by
more recent migrants from Brazil, Central America and the Caribbean
(Cabella et al., 2011). Therefore, in South America, the circulation of at
least three MCPyV genotypes was demonstrated (Europe-North
America, South America and Africa genotypes), reinforcing previous
descriptions made for clinical samples from Brazil and French Guiana
(Baez et al., 2016; Martel-Jantin et al., 2014). Notably, different var-
iants and clusters within the genotypes were observed. In particular,
supported clusters found within the South American group might be
related to diversification events occurred in particular regions of South
America associated with the early settlement of the continent.

On the other hand, as expected, most of the sequences from
Barcelona were related to the Europe/North America genotype, al-
though viruses associated to South America and Africa genotypes were
also found. In this case, epidemiological records indicate that these
variants might be the result of recent migration events from South
America and Africa to Spain. These records indicate that in the period
from 1991 to 2014, the proportion of individuals from South America
and Africa in the population of the Metropolitan area of Barcelona in-
creased from 0.3 to 4.0% and from 0.2 to 2.0%, respectively (AMB,
2014).

Additionally, in this work, we carried out the first analysis about the
evolutionary history of MCPyV trough the integration of phylogenetic,
epidemiological and historical data. This analysis was based on the
hypothesis of co-divergence between the virus and human populations
since a strong association is observed between the phylogenetic re-
lationships and the origin of the samples. Calibration of the analysis
was based on estimated dates of human migrations across the globe,

according to which anatomically modern humans spread out of Africa
into Eurasia 50,000-100,000 years ago (Forster, 2004; Mellars et al.,
2013; Pagani et al., 2016), and the dispersal of humans from Eurasia to
the Mediterranean and temperate Europe could have occurred about
40,000-45,000 years ago (Goebel, 2007; Mellars, 2006). Furthermore,
many studies about the peopling of America suggest that a small po-
pulation entered the Americas from Beringia around 16,000 years ago
(Llamas et al., 2016), and after a rapid migration to the south, entered
South America around 13,500-15,000 years ago (Rothhammer and
Dillehay, 2009).

As expected, the temporal estimation for Europe/North America and
South America genotypes fitted the calibration used in the analysis.
According to our hypothesis testing results, no significant differences
between the non-constrained and the constrained (Africa as basal
group) models was found, indicating that both scenarios may be plau-
sible for the evolution of this virus, at least with the data available so
far. The Africa-as-basal model would be the best fitting scenario for the
hypothesis of viral dispersion following human migration, however, in
the other hypothesis (non-constrained analysis), an inconsistency with
the Out-of-Africa model (Nielsen et al., 2007) is observed for the lo-
cation of the Africa group in the coalescent tree, and for both hy-
potheses, in the estimation date (median) for its ancestor that resulted
more recent than the European one. If, as proposed, MCPyV co-diverged
with the human populations during migrations across the globe, our
results might indicate that current sampled lineages of the Africa group
probably represent only a small part of the actual diversity of viruses
from Africa, resulting in an underestimation of the time to the most
recent common ancestor. It is worth noting that no information is
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available about the ethnical origin of individuals from which the
MCPyV complete genome of the Africa group were sequenced, thus,
their inclusion was based on the observed intermingling with other
sequences with a known ethnical origin in the phylogenetic tree of VP1
region. Wider information of complete genome sequences of MCPyV,
especially from sub-Saharan Africa will clarify the first events in the
evolution of this virus.

In addition, questions arise about the position into the tree of a
sequence isolated in USA from an individual born in Europe without
MCC (HMO011552) (Schowalter et al., 2010). Although the lack of in-
formation about the country of origin or the ethnical background of the
individual do not allow solid speculations, one possibility is that it
could be the unique sequence available so far from a group of viruses
possibly not described yet, which could not be related to viruses that
migrated to North America. Also, other sequences showed an un-
expected pattern such as those isolated from individuals born in Asia,
particularly in China (C. Buck, personal communication). One of them
grouped with sequences from New Caledonia (Oceania genotype) and
the other, with sequences from USA (Europe/North America genotype).
These cases emphasize the importance of having a more detailed record
of samples to be used in phylogeographic studies, since the geographic
origin assignment could not be enterally useful in some cases. Even
though other processes than co-divergence with human could be in-
volved in the evolution of MCPyV, we think that it might explain a great
part of the current geographical distribution of this virus. Further
speculations and testing could be done when more sequences and in-
formation are available.

In addition, a median long-term substitution rate of 5.1 x 10~ ®s/s/
y (~5.1% of divergence per million years) was estimated for the non-
constrained  analysis, whereas a rate of 5.5x 10" %s/s/y
(HPD95% = 4.1 x 10" 8s/s/y — 7.1 x 10~ ®s/s/y) was estimated for
the analysis that forced Africa as a basal group. These rates are in the
range of those estimated for other double-stranded DNA viruses
(Aiewsakun and Katzourakis, 2016). However, they are faster than the
rates estimated for the PyV Monominor clade -that includes MCPyV-
(5 x 10 ?5s/s/y for the 1st+2nd codon position and 2 x 10 8s/s/y
for the 3rd codon position for VP1 and LT regions) (Buck et al., 2016).
This discrepancy could be explained by the fact that evolutionary rate
estimates are negatively correlated with the measurement timescale
(time-dependent rate phenomenon) (Aiewsakun and Katzourakis,
2016). Therefore, the phylodynamic analysis calibration using the time
of diversification of different host species will estimate slower sub-
stitutions rates that doing so with diversification events within a single
host species. We consider that this last approach is more appropriate for
an accurate evaluation of the evolutionary behavior of MCPyV lineages
in the human host.

Regarding HPyV6, even though it would be a prevalent virus, still
few sequences are available. Similar to MCPyV, a South American
group with clusterization was observed (sequences from Uruguay).
European sequences separated from those isolated in China, USA or
Australia. The only sequence from Argentina grouped with the
European ones, which could represent only part of the viral diversity in
the country. As many sequences became available from distinct loca-
tions, more analyses will allow understanding the evolutionary beha-
vior and the geographic structure of this virus.

Finally, the analysis of viruses from the environment allowed us to
deep characterize prevalent infections in different geographic regions,
reveling that viruses circulating in each population reflected its origin
and that there are specific lineages associated with South America.
Further studies are needed to analyze the clinical and epidemiological
impact of these genetic variants.
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