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A B S T R A C T

Members of the Alphapapillomavirus genus are causative agents for cervix cancer and benign lesions in humans.
These viruses are classified according to sequence similarities in their L1 region. Yet, viral carcinogenicity has
been associated with variations in the proteins encoded by the E6 and E7 genes. In order to relate evolutionary
history with origin of carcinogenicity, we performed phylogenetic reconstructions using both nucleotide and
predicted amino acid sequences of the L1, E6 and E7 genes. Whilst phylogenetic analysis of L1 reconstructed
genus evolutionary history, phylogenies based on E6 and E7 proteins support the idea that mutations at amino
acids S/Tx [V/L] (E6) and LxCxE (E7) might be responsible for carcinogenic potential. These findings indicate
that virulence within Alphapapillomavirus have appeared multiple times during evolution. Our results reveal that
oncogenic potential is not a monophyletic clade-specific adaptation but might be the result of positive selection
on random mutations occurring on proteins involved in host infection during viral diversification.

1. Introduction

Alphapapillomavirus is a genus of medically important viruses of the
Papillomaviridae family (Chen et al., 2018). According to “The
Papillomavirus Episteme (PaVE), (2018)” database, the genus contains
64 types identified to date. Members infect epithelial cells and are the
most common sexually transmitted infectious agent worldwide
(Forman et al., 2012). These viruses can cause human cancers of the
anus-genital, head and neck regions (de Villiers et al., 2004). Based on
oncogenic potential, they are typically classified as low-risk (LR) or
high-risk (HR) types (Chiesa et al., 2016). Infection with high-risk
genotypes are responsible for approximately 99.7% of cervical cancer,
hence becoming a topic of increasing importance in health programs
(Walboomers et al., 1999). Worldwide, Alpha-PVs-induced carcinoma is
the fourth most common cancer in women with an incidence of 528,000
new cases in recent years, and a mortality rate of about 50% especially
in developing countries, where 85% of infected women die (Ferlay
et al., 2013).

Human papillomaviruses possess a circular double-strand DNA
genome of 8 kb in length that encodes eight open reading frames
(ORFs). These, are organized into three general regions: 1) an upstream
regulatory region (URR) containing elements that control transcription
and replication, 2) an early gene region that encodes the E1, E2, E4, E5,

E6 and E7 proteins and 3) a late region encodes the L1 and L2 structural
proteins (Danos et al., 1982). To promote viral replication, E6 and E7
proteins, target diverse cellular pathways involved in proliferation and
inactivation of cell-cycle checkpoints (Doorbar, 2006; Doorbar, 2005).
Among all different viral proteins, E6 and E7 gene products are well-
conserved in types that causes persistent infections and high-grade le-
sions (Giuliano et al., 2002; McBride, 2017). E6 protein (P03126)
contains two zinc-binding regions CxxC(x)29CxxC able to recognized
helical motifs LxxLL in target proteins (Huibregtse et al., 1991;
Scheffner et al., 1990; Vande Pol and Klingelhutz, 2013). Likewise, in
high-risk viruses, E6's carboxyl-terminal have a highly conserved motif
that interact with PSD95/DLG1/ZO1 (PDZ) proteins (Delury et al.,
2013). E7 proteins (P03129) contain three domains known as CD1, CD2
and CD3 (McLaughlin-Drubin and Münger, 2009). CD1/CD2 regions
have homology to a partial part of the conserved Adenovirus E1A's CR1
and CR2 domains and CD3 is a zinc-binding site CxxC(x)29CxxC
(Chellappan et al., 1992; Münger et al., 2001a; Songock et al., 2017).
Both oncoproteins induce changes in the activity of cell cycle regulators
and consequently, are shared by high-risk viral types (Howie et al.,
2009; McLaughlin-Drubin and Münger, 2009).

Unlike the E6 and E7 proteins, the L1 gene codes for a major capsid
protein with the ability to self-assemble spontaneously into virus-like
particles (VLPs) (Doorbar et al., 2016). Due to its fundamental role in
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viral-assembly, this gene has been well conserved during the Alpha
diversification and thus, it is used to classify them inferring evolu-
tionary history (Chan et al., 1995; de Villiers et al., 2004). In fact, the
2004 classification criteria for papillomavirus were defined based on
differences in the L1 region. According to this, different genus must
share< 60% identity, species between 60% and 70%, types between
71% and 89% and variants must differ by 1–2% (Bernard et al., 2010;
Burk et al., 2013; de Villiers, 2013; Fauquet, 2005). Historically, pa-
pillomaviruses have evolved along with birds, reptiles, and fish for over
350 million years adapting to changes in the epithelium of their an-
cestral hosts (Van Doorslaer, 2013). Molecular clock data suggest that
rates of evolution in these viruses is slow with an estimated of
(2× 10−8–5×10−9 nucleotide substitutions/site/year) and are well-
adapted to their hosts (García-Vallvé et al., 2005; Rector et al., 2007).
This, has led to the general assumption that “host-linked evolution” as
well as natural selection have played pivotal roles in papillomavirus
diversification (Chen et al., 2017; Gottschling et al., 2007), with over
240 distinct papillomavirus types classified into 37 genera, papillo-
mavirus may be considered the most successful families of vertebrate
viruses (Bernard et al., 2010; de Villiers et al., 2004; Van Doorslaer,
2013).

The evolution of the Alpha lineage may have occurred 200,000 years
ago, probably as a mucosal infecting type in the last common ancestor
of apes and humans (Bernard, 2013; Bernard, 1994; Bravo et al., 2010).
It has been suggested that this group of viruses have co-evolved in as-
sociation with pre-human hominid diversifying into types with different
tissue tropism and oncogenic potential (Chen et al., 2017; Varsani et al.,
2006). Viral diversity observed in the Alpha-PVs group have made them
interesting subjects for evolutionary studies, however, research has
mostly focused, on oncogenic species (Burk et al., 2011; Chen et al.,
2013; Chen et al., 2009). In addition, phylogenetic inconsistencies be-
tween early and late genes have been identified for some groups in the
Alpha lineage (Chen et al., 2015; Narechania et al., 2005). These might
be explained by gene/marker specific evolutionary histories, as dif-
ferent genes tell different stories (García-Vallvé et al., 2005).

In the present manuscript we have focused on analyzing sequences
for 64 genetically distinct papillomaviruses of the Alpha genus from the
PaVE database (https://pave.niaid.nih.gov) (Van Doorslaer et al., 2013)
using a “single-gene” phylogenetic approach. Although whole genome
phylogenies could provide a more comprehensive relationship network
between Alpha-PVs, the resulting topology will not explain how dif-
ferent parts of the genome are being shaped by distinct evolutionary
processes. With this in mind, we aimed to compared phylogenies based
on L1, E6 and E7 nucleotide (nt), amino acid (aa) and combined (nt/aa)
sequences, to understand the extent by which oncogenic potential
(high-risk and low-risk forms) is linked to Alpha-PVs' evolutionary
history. We paid special attention to selection of random mutations in
key oncogenic proteins as a mechanism to determine oncogenic phe-
notype of viral types during the Alpha diversification. Although
knowledge regarding the cellular mechanisms underlying human pa-
pillomavirus infection is considerable, the understanding of its evolu-
tionary history is not. In order to predict and understand carcinogeni-
city potential and tissue tropism in Alpha-PVs, it is necessary to
understand the evolutionary processes responsible for the origin of
carcinogenicity and tissue preference.

2. Materials and methods

2.1. Nucleotide and protein sequences

In this study, we used complete sequences of 64 Alpha-PVs genomes
from PaVE (https://pave.niaid.nih.gov) based on sequence registers
from Genbank (Van Doorslaer et al., 2013). All sequences were re-
viewed and compared with those in PaVE. To conduct phylogenetic

analysis, we extracted nucleotide sequences for L1, E6 and E7 regions
and predicted their amino acid sequences. Genbank and PaVE accession
numbers are available in Table 1.

2.2. Sequence alignment and phylogenetic analysis

Full-length nucleotide sequences were codon-based multiple
aligned, and then back-translated into nucleotide alignments using a
combination of MUSCLE (Edgar, 2004) and TranslatorX (http://
translatorx.co.uk) (Abascal et al., 2010). We performed a test of sub-
stitution saturation using DAMBE6 (Xia, 2017) and saturation plots
indicated that no substitution saturation was found for each alignment.
Therefore, all sites for L1, E6 and E7 were used in phylogenetic ana-
lyses. Information about tree topology and branch length of each region
was adjusted to a series of variables: 1) we used full-length sequences
and did not trim our alignments to tools such as Gblocks, TrimAl or
Guidance that cause a negative impact on tree inferences and topologies
(Jordan and Goldman, 2012; Privman et al., 2012; Tan et al., 2015), 2)
tree-construction was implemented using the same algorithm for nu-
cleotide and translated amino acid sequences to reduce accumulated
saturations of silent positions (Agosti, 1996; Gottschling et al., 2007;
Narechania et al., 2005) and 3) the best-fit evolutionary model was
computerized for both nucleotide and amino acid alignments (Arenas,
2015). The statistical selection of best-fit models of nucleotide sub-
stitution was performed using jModelTest v2.1.10 based on PHYML 3.0.
(Darriba et al., 2012). ProtTest v3.4.2 (Darriba et al., 2011) was used to
identify best-fit models for protein alignments. Analysis of the se-
quences for each criterion was implemented based on corrected Baye-
sian Information Criterion (BIC).

Phylogenetic analyses were performed with BI methods using MrBayes
v3.2 (http://mrbayes.sourceforge.net) (Ronquist and Huelsenbeck, 2003). It
is clear that each codon and its associated amino acid evolved together, but
this violates the assumption that the sites within the alignment evolve in-
dependently. In order to assess both rationales, the Bayesian analysis was
carried out using three datasets for each protein-coding gene (nucleotide/
amino acid/combined). According to the criterion, the L1, E6 and E7 genes
were fitted to a general-time-reversible model with a proportion of invariant
sites and gamma distributed rates (GTR+Г+I). For E6 and E7 proteins
alignment, the (JTT+F+Γ+I) fixed rate model was used, for L1 protein
alignment the best-fit model (RtREV + F+Γ+I) was selected. Mixed
dataset were treated as two partitions by amino acid and nucleotide se-
quences for each region with the parameters described above. The gamma
distribution was approximated using four rate classes.

We carried out five independent runs, each using four Metropolis-
coupled Markov Chain Monte Carlo (MCMCMC) (one cold and three
heated) for 10,000,000 generations, sampling every 500 generations.
Convergence to the stationary distribution was investigated using the
diagnostic software Tracer v1.7 (http://tree.bio.ed.ac.uk) (Rambaut,
2018a). Sufficient mixing of the chains was considered to be reached
when the average standard deviation of split frequencies was below
0.01 and PSRF (potential scale reduction factor) approach 1.0. After
discarding the first 25% samples as burn-in, the consensus trees and
Bayesian posterior probability values at nodes were calculated from the
posterior distribution at stationary phase. Trees were displayed using
FigTree v1.4.2 (http://tree.bio.ed.ac.uk) (Rambaut, 2018b). Sequences
from bovine papillomavirus type 1 (d4BPV1) were used as outgroup for
all analysis.

2.3. Statistical tree test

To assess confidence and select the best-supported phylogenetic
topology, we conducted nucleotide, amino acid and combined trees
comparisons using a significance tests under the Maximum Likelihood
criterion (Lemey et al., 2009). Our a priori hypothesis states that the
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Table 1
Characteristics of the papillomavirus used in this study.

Genus and species a HPV type IARC cancer
risk b

Tropism Host GenBank
Accession
Numbers

PaVE
Accession
Numbers

References

Alphapapillomavirus 1 HPV32 Low Mucosal Homo sapiens X74475 HPV32REF (Delius and Hofmann, 1994)
HPV42 Undefined Mucosal Homo sapiens M73236 HPV42REF (Philipp et al., 1992)

Alphapapillomavirus 2 HPV3 Undefined Cutaneous Homo sapiens X74462 HPV3REF (Delius and Hofmann, 1994)
HPV10 Undefined Cutaneous Homo sapiens X74465 HPV10REF (Delius and Hofmann, 1994)
HPV28 Low Cutaneous Homo sapiens U31783 HPV28REF (unpublished data)
HPV29 Low Cutaneous Homo sapiens U31784 HPV29REF (unpublished data)
HPV77 Low Cutaneous Homo sapiens Y15175 HPV77REF (Delius et al., 1998)
HPV78 Low Cutaneous Homo sapiens KC138720 HPV78REF (Silling et al., 2014)
HPV94 Undefined Cutaneous Homo sapiens AJ620211 HPV94REF (de Villiers et al., 1997)
HPV117 Undefined Cutaneous Homo sapiens GQ246950 HPV117REF (Köhler et al., 2010)
HPV125 Undefined Cutaneous Homo sapiens FN547152 HPV125REF (Kovanda et al., 2011)
HPV160 Undefined Cutaneous Homo sapiens AB745694 HPV160REF (Mitsuishi et al., 2013)

Alphapapillomavirus 3 HPV61 Low Mucosal Homo sapiens U31793 HPV61REF (unpublished data)
HPV62 Low Mucosal Homo sapiens AY395706 HPV62REF (Fu et al., 2004)
HPV72 Low Mucosal Homo sapiens X94164 HPV72REF (Völter et al., 1996)
HPV81 Low Mucosal Homo sapiens AJ620209 HPV81REF (Matsukura and Sugase, 2001)
HPV83 Low Mucosal Homo sapiens AF151983 HPV83REF (Brown et al., 1999)
HPV84 Low Mucosal Homo sapiens AF293960 HPV84REF (Terai and Burk, 2001)
HPV86 Low Mucosal Homo sapiens AF349909 HPV86REF (Terai and Burk, 2001)
HPV87 Low Mucosal Homo sapiens AJ400628 HPV87REF (Menzo et al., 2001)
HPV89 Low Mucosal Homo sapiens AF436128 HPV89REF (Terai and Burk, 2002)
HPV102 Undefined Mucosal Homo sapiens DQ080083 HPV102REF (Narechania et al., 2005)
HPV114 Undefined Mucosal Homo sapiens GQ244463 HPV114REF (Ekström et al., 2010)

Alphapapillomavirus 4 HPV2 Low Cutaneous Homo sapiens X55964 HPV2REF (Hirsch-Behnam et al., 1990)
HPV27 Low Cutaneous Homo sapiens X74473 HPV27REF (Delius and Hofmann, 1994)
HPV57 Low Cutaneous Homo sapiens X55965 HPV57REF (Hirsch-Behnam et al., 1990)

Alphapapillomavirus 5 HPV26 High Mucosal Homo sapiens X74472 HPV26REF (Delius and Hofmann, 1994)
HPV51 High Mucosal Homo sapiens M62877 HPV51REF (Lungu et al., 1991)
HPV69 High Mucosal Homo sapiens AB027020 HPV69REF (Kino et al., 2000)
HPV82 High Mucosal Homo sapiens AB027021 HPV82REF (Kino et al., 2000)

Alphapapillomavirus 6 HPV30 High Mucosal Homo sapiens X74474 HPV30REF (Delius and Hofmann, 1994)
HPV53 High Mucosal Homo sapiens X74482 HPV53REF (Delius and Hofmann, 1994)
HPV56 High Mucosal Homo sapiens X74483 HPV56REF (Delius and Hofmann, 1994)
HPV66 High Mucosal Homo sapiens U31794 HPV66REF (unpublished data)

Alphapapillomavirus 7 HPV18 High Mucosal Homo sapiens X05015 HPV18REF (Cole and Danos, 1987)
HPV39 High Mucosal Homo sapiens M62849 HPV39REF (Volpers and Streeck, 1991)
HPV45 High Mucosal Homo sapiens X74479 HPV45REF (Delius and Hofmann, 1994)
HPV59 High Mucosal Homo sapiens X77858 HPV59REF (Rho et al., 1994)
HPV68 High Mucosal Homo sapiens DQ080079 HPV68REF (Narechania et al., 2005)
HPV70 High Mucosal Homo sapiens U21941 HPV70REF (Forslund and Hansson, 1996)
HPV85 High Mucosal Homo sapiens AF131950 HPV85REF (Chow and Leong, 1999)
HPV97 Undefined Mucosal Homo sapiens DQ080080 HPV97REF (unpublished data)

Alphapapillomavirus 8 HPV7 Low Mucosal and cutaneous Homo sapiens X74463 HPV7REF (Delius and Hofmann, 1994)
HPV40 Low Mucosal and cutaneous Homo sapiens X74478 HPV40REF (Delius and Hofmann, 1994)
HPV43 Undefined Mucosal and cutaneous Homo sapiens AJ620205 HPV43REF (Lörincz et al., 1989)
HPV91 Low Mucosal and cutaneous Homo sapiens AF419318 HPV91REF (Terai and Burk, 2002)

Alphapapillomavirus 9 HPV16 High Mucosal Homo sapiens K02718 HPV16REF (Seedorf et al., 1985)
HPV31 High Mucosal Homo sapiens J04353 HPV31REF (Goldsborough et al., 1989)
HPV33 High Mucosal Homo sapiens M12732 HPV33REF (Cole and Streeck, 1986)
HPV35 High Mucosal Homo sapiens X74477 HPV35REF (Delius and Hofmann, 1994)
HPV52 High Mucosal Homo sapiens X74481 HPV52REF (Delius and Hofmann, 1994)
HPV58 High Mucosal Homo sapiens D90400 HPV58REF (Kirii et al., 1991)
HPV67 High Mucosal Homo sapiens D21208 HPV67REF (Kirii and Matsukura, 1998)

Alphapapillomavirus 10 HPV6 Low Mucosal Homo sapiens X00203 HPV6REF (Schwarz et al., 1983)
HPV11 Low Mucosal Homo sapiens M14119 HPV11REF (Dartmann et al., 1986)
HPV13 Low Mucosal Homo sapiens X62843 HPV13REF (Van Ranst et al., 1992)
HPV44 Low Mucosal Homo sapiens U31788 HPV44REF (unpublished data)
HPV74 Low Mucosal Homo sapiens AF436130 HPV74REF (unpublished data)

Alphapapillomavirus 11 HPV34 High Mucosal Homo sapiens X74476 HPV34REF (Delius and Hofmann, 1994)
HPV73 High Mucosal Homo sapiens X94165 HPV73REF (Völter et al., 1996)

Alphapapillomavirus 13 HPV54 Low Mucosal Homo sapiens U37488 HPV54REF (unpublished data)
Alphapapillomavirus 14 HPV71 Low Mucosal Homo sapiens AB040456 HPV71REF (Matsukura and Sugase, 2001)

HPV90 Low Mucosal Homo sapiens AY057438 HPV90REF (Terai and Burk, 2002)
HPV106 Low Mucosal Homo sapiens DQ080082 HPV106REF (Narechania et al., 2005)

Deltapapillomavirus 4 BPV1 Bos taurus X02346 BPV1REF (Chen et al., 1982)

a The table shows division of the Papillomaviridae into genera and species, following the classification criteria according to the de Villiers et al. (2004).
b The table shows notation of carcinogenic risk levels assigned by the large case-control study conducted by the International Agency for Research on Cancer

(IARC) (Muñoz et al., 2003).
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single-gene phylogenetic Bayesian inference based from the informa-
tion of the nucleotide and amino acid sequences separately, explain
better Alpha-PVs relationships than the combined analysis. For each
tested tree, the site-by-site likelihoods were calculated using TREE-
PUZZLE v5.3 (Schmidt et al., 2002) under the WAG + Γ+F evolu-
tionary model. We performed the Shimodaira–Hasegawa (SH) test
(Shimodaira and Hasegawa, 1999) and an Approximately Unbiased
(AU) test (Shimodaira, 2002) as implemented in CONSEL (Shimodaira
and Hasegawa, 2001) with a significance limit p < .05. The tests im-
plemented in both programs are based on bootstrapping with the re-
sampling estimated log-likelihoods (RELL) method (Kishino et al.,
1990).

2.4. Analysis of primary structure of the E6 and E7 proteins

Although the role of E6 and E7's primary structure in human pa-
pillomavirus infection is well characterized, the occurrence of random
mutations in regions responsible for oncogenic potential during the
Alpha diversification are not. In order to analyze the role of random
mutation determining viral malignity during the Alpha evolution, we
compared phylogenies based on life history (L1) and oncogenic markers
(E6/E7). To identify functional domains in oncogenic proteins we used
as a model, E6 and E7 orthologues from the a9HPV16 virus. Structural
motifs were identified using PROSITE (de Castro et al., 2006) and do-
mains identified in the Pfam database (Finn et al., 2016) using CLC
Genomics Workbench v10.1.1 (CLCBio, Cambridge, MA). For each
species group, sequences were aligned separately using CLUSTALW
(Thompson et al., 2002) in TranslatorX (http://translatorx.co.uk)
(Abascal et al., 2010). The consensus sequences similarity was calcu-
lated by using CLUSTALW (Thompson et al., 2002) and multiple se-
quence alignments (MSA) were performed with Jalview (http://www.
jalview.org) analysis tools (Clamp et al., 2004). Sequences were colored
in the Jalview–Zappo default style.

3. Results

3.1. Sequence information

To determine phylogenetic relationships within the Alpha genus we
generated three different datasets: 1) nucleotide alignments, consisting
of gene sequences, 2) amino acid alignments, consisting of predicted
protein sequences and 3) combined gene and protein alignments, con-
sisting of concatenated sequences. Numbers of characters and their
description are provided in Table 2.

3.2. Selection of the best tree

Both AU and SH tests showed that for all markers the combined
phylogeny (nt/aa) produced the topology that best explained the da-
tasets as the a priori hypothesis was not significantly accepted. As
presented in Table 3, “combined trees” have a stronger statistical sup-
port than trees originated from single characters and thus, are the most
suitable to infer phylogenetic reconstructions. Likewise, combined
topologies displayed well-supported trees with deep and recent node
rearrangements, contrasting with those of single character that show
the lowest proportion of supported nodes and a general lack of support
for species-level relationships (Supplementary Fig. S1).

3.3. Phylogenetic analysis reconstructed species-level relationships

Over 200 papillomaviruses have been identified and completely
sequenced (Bzhalava et al., 2015). From these, 64 belong to the Alpha
genus, which contains viral types with distinct tissue preference and
ability to induce human cancers. The known biological and clinical
properties of viruses studied in this work, are available in Supplemen-
tary Table S1. Phylogenetic inferences based on L1, E6, E7 regions were

constructed for all genotypes maintaining carcinogenic risk levels no-
tations assigned by the International Agency for Research on Cancer
(IARC) (Muñoz et al., 2003). As expected L1 phylogeny was able to
reconstruct all viral types as monophyletic groups, reflecting Alpha-PVs
evolutionary history (Fig. 1). L1 topology suggest that high-risk onco-
genic types have appeared multiple times during viral evolution.
Moreover, the fact that high-risk types are found in multiple clades
across the phylogeny, together with clustering of oncogenic Alpha-PVs
as monophyletic clades in E6/E7 topologies (Fig. 2), supports the idea
that mutations in these genes have occurred multiple times in the genus
and are responsible for determining malignancy potential. Our results
suggest that oncogenic potential and tissue tropism are not single
adaptations with monophyletic origin but on the contrary, have ap-
peared multiple times during the Alpha evolution. For viruses without
information in the databases, risk assessment was predicted according
to their clustering in the E6 and E7 phylogenies. It is necessary to
manage this information with discretion as predictions should be
clinically tested.

3.4. A high-risk mucosal infecting virus was likely the last common ancestor
for Alpha-PVs

As mention before, the concatenated alignment of 1599 nucleotides
and of 533 amino acids was selected as the most significant topology for
the L1 marker. In general terms, the phylogeny showed high Bayesian
posterior probability values (BPP≥93%) with two groups (1, 2) sup-
ported by values of 100. The group 1 was the most divergent lineage,
composed exclusively of mucosal high-risk genotypes of the α6 species.
The group 2 embraced remaining species within eight clades. The first
split of this group (lineage A), showed clade I as its most divergent
strain. It consisted of mucosal high-risk genotypes of the α5 species
(BPP=100). The fact that both α6 and α5 species are high-risk mu-
cosal infecting types diverging early in the phylogeny, suggests that an
ancestral genotype of this characteristics gave rise to current Alpha-PVs
diversity. The second split in group 2 (lineage B), shows the separation
of clade II and lineage C. For the first time we noted a cluster
(BPP=100) of cutaneous low-risk types (α2 species) branching in
Alpha-PVs evolution. This result indicates a loss of oncogenic potential
during the split of these branches. Nonetheless, early branching in
lineage C of clade III (BPP=100), which contains exclusively mucosal
high-risk viruses (α7 species) indicates regaining of oncogenic poten-
tial. Interestingly, diverse evolutionary scenarios appear to have fa-
vored once more the loss of oncogenic potential in lineage D as shown
in branching of clade IV and lineages E and F, which grouped mostly
species of low pathological risk (clusters V and VI respectively).

While clade V covered members of the α10 species (BPP= 100),
clade VI included α1 and α13 species group. These latter sequences
clustered confidently 100 out of 100 times. The fact that both clades
consisted of types of mucosal low-risk and branched early in their re-
spective lineages, points out that ancestral strains for E and F lineages
were most likely low-risk. Despite this, lineage G acquired once more
oncogenic potential as shown by the early branching of clade VII that
clustered together oncogenic species group α9 and α11. Although
members of these species are high-risk strains, they are sister-group to
clade VIII, which contains low-risk genotypes that not only infected the
mucosal membranes but also have acquired the ability to infect the
epidermis (α8 species). As a whole, topology L1 suggests a polyphyletic
origin for high-risk oncogenic viruses from a putative ancestral type
with high-virulence adapted to infect mucosal membranes. Moreover,
transition from high-risk to low-low risk genotypes appears to be a
highly dynamic strategy during viral evolution.

3.5. E6 and E7 phylogenies clustered high-risk types as monophyletic

The most significant topology for E6 was built using nucleotide
alignments of 663 lengths, concatenated with amino acid alignments of
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221 positions. E6 topologies were supported by BPP≥68%, displaying
two groups (1, 2) with a confidence value of 100 (Fig. 2A). The first
group contained exclusively a mucosal low-risk virus (a13HPV54) of
the α13 species. The second group clustered together the remaining
species within four clades. Clade I was the most divergent group of
lineage A, consisting of the mucosal/cutaneous low-risk strains (α8
species) and of mucosal low-risk types of the α10 species (BPP=79).
Clade II (BPP=85) was an early branch of lineage B grouping two sub-
lineages. The first one contained species lacking oncological risk (α14,
α4, α3 species), and the second clustered all cutaneous low-risk geno-
types of the α2 species with high BPP values (100). In this topology,
clade II emerged as sister-group of lineage C, which grouped low-risk
types α1 species (clade III) and all human papillomavirus highly asso-
ciated with cervical cancer clustered together in the clade IV (α6, α5,
α11, α9, α7 species) (BPP= 72). These results agree with the idea that
specific amino acid changes in the E6 protein might be related to the
oncogenic phenotype in Alpha-PVs.

Likewise, the best phylogenetic reconstruction for the E7 region was
supported by concatenated data, based on 453 nucleotides and at 105
residues of amino acids. In general, the tree showed robustness sup-
ported by BPP values ≥60%. The topology displayed two groups (1, 2)
with a statistical value of 100 (Fig. 2B). Whilst cutaneous low-risk types
a2HPV125, a2HPV3 of the α2 species were the only members of group
1, the remaining α2 types species were disperse in basal group 2 within
lineages A, B, C, D and E. This result indicates high E7 sequence var-
iation among α2 viruses. Lineage F consisted of all remaining Alpha-PVs
species grouped into five well-supported clusters. The clades: VI (α3,
α14, α4 species), VII (α8, α13 species), VIII (α10 species) and IX (α1
species) were the divergent cluster of lineages F, G, H and I respectively
and included mucosal low-risk genotypes. Finally, all high-risk viruses
were clustered together within clade X (α9, α7, α11, α5, α6 species). As

mentioned before, clustering of oncogenic Alpha-PVs as monophyletic
clades in E6/E7 topologies suggest that positive selection of mutations
in these genes might be responsible for determining malignancy po-
tential.

3.6. Viral carcinogenicity has been linked to conserved domains in E6 and
E7 proteins

As mentioned before, a9HPV16's E6 and E7 sequences were selected
as models to characterize protein primary structure due to the high-
oncogenic potential of this species (Ribeiro et al., 2014). Its primary
structure is shown in Fig. 3. a9HPV16's E6 protein consists of 158
amino acids with two conserved zinc-binding CxxC(x)29CxxC regions:
E6N situated at residues 37-73AA and E6C at 110-146AA. An inter-
domain of 36 residues link zinc-binding regions. Likewise, its C-term-
inal end contains conserved amino acids S/Tx[V/L], implicated in the
interaction with various PDZ domain-containing proteins. The presence
of this motif only in high-risk viruses suggests a critical role in E6-in-
duced cellular immortalization (Ganti et al., 2015) (Fig. 3A). On the
other hand, the E7 protein is a much shorter peptide of 98 amino acids.
It consists of three conserved regions named CD1, CD2 and CD3. The
CD1 and CD2 domains are located in positions 1 to 37AA consisting
each of 15 and 22 residues respectively. The CD2 region presents a
conserved motif at positions 22-26AA with a high binding affinity to
pRb-LxCxE, followed by two conserved serine residues (S31 and S32)
susceptible to casein kinase II (CKII) phosphorylation. Binding to pRb-
LxCxE is directly linked with the transforming activities of E7, including
tumor initiation and induction of genomic instability (Dick and Rubin,
2013). Finally, CD3 is located at the C-terminus end, consisting of a
zinc-binding site CxxC(x)29CxxC similar to the ones present in E6
(Fig. 3B).

Table 2
Datasets analyzed in the present study.

Reg-
ion

Dataset No. of
characters

Description

L1 Nucleotide 1599 L1 gene sequences of 64 Alpha-PVs and one bovine papillomavirus 1
Amino acid 533 L1 protein sequences of 64 Alpha-PVs and one bovine papillomavirus 1
Combined 2132 L1 gene and protein sequences matrix of 64 Alpha-PVs and one bovine

papillomavirus 1
E6 Nucleotide 663 E6 gene sequences of 64 Alpha-PVs and one bovine papillomavirus 1

Amino acid 221 E6 protein sequences of 64 Alpha-PVs and one bovine papillomavirus 1
Combined 884 E6 gene and protein sequences matrix of 64 Alpha-PVs and one bovine

papillomavirus 1
E7 Nucleotide 453 E7 gene sequences of 64 Alpha-PVs and one bovine papillomavirus 1

Amino acid 105 E7 protein sequences of 64 Alpha-PVs and one bovine papillomavirus 1
Combined 558 E7 gene and protein sequences matrix of 64 Alpha-PVs and one bovine

papillomavirus 1

Table 3
AU and SH test results.

L1 E6 E7

Tree ΔlnL a AU b SH c ΔlnL AU SH ΔlnL AU SH

Combined (best tree) −5.44 0.691+ 0.741+ −5.23 0.682+ 0.760+ −0.27 0.768+ 0.828+
Amino acid 5.44 0.478+ 0.661+ 5.23 0.440+ 0.590+ 0.27 0.413+ 0.668+
Nucleotide 32.49 0.193+ 0.243+ 11.82 0.276+ 0.327+ 14.23 0.056+ 0.078+

Comparison of alternative trees with CONSEL (Shimodaira and Hasegawa, 2001), inferred from separate maximum-likelihood analyses of nine datasets with the WAG
+ Γ+F evolutionary model. The “+” signs after the values indicate the null hypothesis could not be rejected.
Greater the p-value, the greater the probability that the tree was the best tree (Efron et al., 1996).

a Δlikelihood, differences between the likelihood of a constrained tree and the maximum-likelihood tree.
b Approximately Unbiased Test (p-values).
c Shimodaira–Hasegawa test (p-values).
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3.7. Mutations in conserved regions of the E6 and E7 proteins are
responsible for monophyletic clustering of oncogenic high-risk genotypes

MSA analysis for E6 and E7 proteins of all Alpha-PVs used in this
study suggests that variations in these molecules are playing someway
in oncogenic phenotype. These results are consistent with description of
the protein primary structure of a9HPV16 virus (Fig. 3). MSA of E6
proteins revealed that the C-terminus motif S/Tx[V/L] was well-con-
served in high-risk species but not present in low-risk types (Fig. 3A).
MSA of E7 proteins showed that the LxCxE binding site and the casein
kinase II (SS) within CD2 domain were strongly conserved both for high
and low-risk species (Fig. 3B). Interestingly, we identified a high
variability of E7-proteins in α2 species, supported by the clustering of
α2 as a polyphyletic group. MSA for the E6 and E7 proteins for all 64
genotypes are available in Supplementary Fig. S2.

4. Discussion

4.1. Carcinogenicity and tissue tropism are not monophyletic traits

To understand the extent by which oncogenic potential is linked to
Alpha-PVs' evolution we used publicly available molecular data from all
clinically important characterized genotypes. We compared phylo-
genies based on L1, E6 and E7 nucleotide (nt), amino acid (aa) and
combined (nt/aa) sequences and found that topologies based on con-
catenated sequences had stronger statistical support than those build
using single characters (Table 3). Our results are consistent with the
idea that including rapid change in silent nucleotide position during
phylogenetic reconstruction, results in better-resolved and well-sup-
ported topologies (Agosti, 1996). In particular, we paid special atten-
tion to mutations in proteins involved in host infection as a mechanism

Fig. 1. Bayesian Inference analysis of 64 whole
phylogenetically representative Alpha-PVs as in-
ferred from a combined data of L1 region justified by
AU and SH test (Table 3). Phylogenetic relationships
suggest a polyphyletic origin for oncogenic species.
Numbers near at nodes indicate Bayesian posterior
probability values (BPP). Nodes showing 100%
agreement are represented by an asterisk (*). Species
groups are identified according to IARC. Mucosal
high-risk (purple). Mucosal low-risk (blue). Cuta-
neous low-risk (brown). Mucosal and cutaneous low-
risk (black). Scale bar (bottom left) is proportional to
0.2 substitutions per site. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)
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to determine oncogenic potential of Alpha-PVs types during diversifi-
cation.

There is evidence showing that whilst early genes E6/E7 have a high
divergence rate (García-Vallvé et al., 2005; Hubert, 2005) and are re-
sponsible for host infection (Doorbar, 2006). L1 shows a high degree of
conservation and thus is a perfect marker to infer evolutionary history
(Bernard et al., 2010; Chan et al., 1995; de Villiers et al., 2004). Our
findings were consistent with these ideas as: 1) L1 was able to re-
construct all Alpha-PVs species independent of their oncogenic potential
in a topology likely to reflect ancestral relationships (de Villiers et al.,
2004) (Figs. 1) and 2) oncogenic species clustered together in both E6
and E7 phylogenies (Bravo and Alonso, 2004; García-Vallvé et al.,
2005; Narechania et al., 2005; Van Doorslaer and Burk, 2010). Al-
though E6 inference was also able to reconstruct all viral species,
topologies build from highly conserved sequences are more likely to
reflect evolutionary history (Bravo and Alonso, 2007). Interestingly, the
E7 marker was also able to reconstruct most Alpha species except the α2
group, suggesting that early gene topologies clustered together species
according positive selection on a particular trait (Chen et al., 2017)
most likely, conserved amino acid positions involved in oncogenic
phenotype (Fig. 3).

It is currently accepted that the Alpha genus branched early in
Papillomaviridae, from a mucosal infecting type that targeted the last
common ancestor between apes and humans (Bravo et al., 2010). Our
results support this hypothesis and suggest that a mucosal high-risk
genotype was the last common ancestor of all genus members. The

finding that the earliest diverging branch in our L1 topology exclusively
contained members of the mucosal high-risk infecting α6 species sup-
ports this appreciation. Moreover, the fact that another mucosal high-
risk infecting species (α5 species) branched out in the next level of the
L1 phylogeny (lineage A) suggests that high-risk carcinogenic potential
is an ancestral characteristic and low-risk is a derived trait that appear
latter in viral diversification (Fig. 1). It has been proposed that high-
oncogenic potential provides an evolutionary advantage by causing
disease and thus increased viral fitness (Van Doorslaer, 2013). In a si-
milar way, our L1 results suggest that loss of virulence was to some
extent related to colonization of new tissues, originating the cutaneous
low-risk infecting α2 species, which appears to be the most ancestral
low-risk genotype (Orlando et al., 2012). Virulence loss occurred ex-
tensible in the genus during the split of lineage G, evolving the totality
of mucosal infecting low-risk genotype known today. During this time,
a new skin low-risk infecting genotype also appeared (α4 species). It is
not clear whether virulence loss reflects natural selection/genetic drift
processes. Oncogenic potential appeared once more in recent viral
evolution, giving rise to the mucosa infecting species α9 and α11
(lineage G), which seem to be the most derived Alpha-PVs high-risk
genotypes. The fact that these two species are sister-group to the mu-
cosal/cutaneous low-risk infecting species α8, suggest that loss of on-
cogenic potential might be a viral strategy to adapt to new environ-
ments during extensive periods of co-speciation (Ong et al., 1993; Shah
et al., 2010; Van Doorslaer, 2013). The α8 species is to date, the only
known genotype able to infect both mucosa and cutaneous tissues and

Fig. 2. Bayesian trees based on the analysis of a combined matrix of nucleotides and amino acids of E6/E7 oncoproteins assessed by the AU and SH test, described in
Table 3. Mutations in pivotal binding-sites are linked with carcinogenicity status and tissue tropism across phylogenetic Alpha-PVs lineages. (A), E6 phylogeny
indicates specific amino acids are responsible for the clustering of types viral with high-oncogenic potential associated to mucosal tissue tropism and (B), E7 topology
sorts viruses into pathogenicity groups according to affinity LxCxE-pRB binding and reveals high sequence diversity for α2 species. Results from Bayesian inference
bootstrap analysis are shown near at nodes and numbers showing 100% agreement are represented by an asterisk (*). Species groups are identified according to
IARC. Mucosal high-risk (purple). Mucosal low-risk (blue). Cutaneous low-risk (brown). Mucosal and cutaneous low-risk (black). Scale bar (bottom left) is pro-
portional to 0.2 substitutions per site. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Primary structure of E6 and E7 oncoproteins from the a9HPV16 virus (top) andMSA of consensus sequence from 14 Alpha-PVs species (below). (A), E6 encodes a basic
protein of 158 amino acids that contains two zinc-binding regions (yellow) and a S/Tx[V/L] motif (fuchsia) at the C-terminal end, whereas (B), E7 encodes a small protein of
98 amino acids arranged in three conserved regions: CD1 (green), CD2 (blue), and CD3, which contains a zinc-binding region similar to those described in E6 (yellow). CD2
domain (blue) contains a pRb binding-region (LxCxE) (fuchsia) and two serine residues (31S and 32S) susceptible to CKII phosphorylation (fuchsia). Numbers indicate residue
positions. HR: High-Risk, LR: Low-Risk. Whilst conserved amino acids are hyphenated, positions with variation are shown by their respective one letter code. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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according to our results belongs to the most recent clade in Alpha-PVs
evolution (Fig. 1).

4.2. Punctual mutations are playing a role in shaping trees topologies of E6
and E7

As mentioned before, contrasting with L1, E6/E7 oncogenes are
highly variable due to point mutations, deletions and insertions (Batista
et al., 2011). Despite this, there are conserved regions only present in
high-risk viruses that are believed to have roles in viral carcinogenicity
(Giuliano et al., 2002; McBride, 2017). There is evidence showing that
conserved domains in E6 and E7 proteins, target cellular pathways in-
volved in proliferation and inactivation of cell-cycle checkpoints to
promote viral replication (Doorbar, 2006; Doorbar, 2005). Our results
are consistent with this idea as topologies for both markers re-
constructed oncogenic types as a monophyletic group (Fig. 2). Fur-
thermore, primary structure analysis revealed two conserved zinc-
binding regions CxxC(x)29CxxC in all E6 proteins as well as a conserve
C-terminal region S/Tx[V/L] restricted only to high-risk viruses. While
zinc fingers recognized helical motifs LxxLL in target proteins
(Huibregtse et al., 1991; Scheffner et al., 1990; Vande Pol and
Klingelhutz, 2013), the S/Tx[V/L] motif interacts with PDZ proteins
(Delury et al., 2013; Ganti et al., 2015). To some extent, the latter in-
teraction appears to be responsible for oncogenic potential, as: 1) it is
responsible to induce cell proliferation in host tissues (Myers and
Androphy, 1995), 2) it is restricted only to high-risk viral types, sug-
gesting positive selection for the motif (Pierri et al., 2010; Van
Doorslaer et al., 2015) and 3) all S/Tx[V/L] containing viral types cause
severe atypical cervical squamous cells and finally carcinoma in situ
(NIC III) (Hosaka et al., 2013). The fact that all genotypes lacking the S/
Tx[V/L] motif, cause small changes in cervical squamous cells but
rarely cervical cancer supports this idea (Fig. 3A).

On the other hand, E7 proteins consist of three conserved domains
from which, the first 2 (CD1 and CD2) have homology to distinct re-
gions of the E1A Adenovirus and the last one (CD3) is a zinc-binding
site CxxC(x)29CxxC (Songock et al., 2017). There is evidence demon-
strating that E7 conserved domains have roles as cell cycle regulators in
host tissues and thus are likely under positive selection in high-risk
types (McLaughlin-Drubin and Münger, 2009). The ability of LxCxE
motif (within CD2) to interact with pRb proteins disrupting pRb-E2F
complexes is perhaps one of the most relevant factors regulating on-
cogenic level for Alpha-PVs (Münger et al., 2001b). This interaction
triggers pRb hyper-phosphorylation by cyclin-dependent kinases, in-
ducing premature activation of E2F transcription factor, which acti-
vates numerous genes required to enter the S-phase (Liu et al., 2006;
Münger et al., 2001a). Consistent with these ideas and similar to E6, the
E7 phylogeny clustered together oncogenic genotypes as a mono-
phyletic group, differing only with E6 in the relationships between
species. Interestingly, E7 was the only marker unable to reconstruct the
α2 species as distinct evolutionary unit (Fig. 2B). Primary structure
analysis on E7 proteins showed high sequence variation in the con-
served LxCxE sequence within CD2 for α2 species types, result that
might explain the phylogeny. As α2 types are cutaneous low-risk in-
fecting viruses is reasonable to think that E7 protein has not direct role
determining tissue preference yet, it is likely to regulate oncogenic
potential. Contrasting with the E6 MSA analysis where it was easy to
identify conserved motifs restricted to oncogenic genotypes, E7 MSA
revealed a great degree of conservation in protein structure among
Alpha-PVs species, excluding α2 species types (Fig. 3B).

At first glance, our results indicate that the primary structure of E7
has not a prominent role determining malignity. However, there is
evidence indicating that potential to progress to malignant lesions in
oncogenic types is mediated by the efficiency of the LxCxE region to
interact with pRb proteins (Dahiya et al., 2000). According to the lit-
erature oncogenic viral species cluster in clade X (lineage I) have 10
times more affinity for pRb than remaining viral species (Dick and

Dyson, 2002; Heck et al., 1992; McLaughlin-Drubin and Münger, 2009).
Although computational approaches have been used to predict protein/
domain function (Pierri et al., 2010), experimental work outside the
scope of this study is necessary to further test these ideas.

5. Conclusion

All together our results indicate a polyphyletic origin for modern
oncogenic high-risk viruses, from a putative mucosal infecting ancestral
type with high-virulence. Transition from high-risk to low-risk geno-
types appears to be a highly dynamic strategy for viral adaptation.
Switches from oncogenic to non-oncogenic types are associated to
punctual changes in E6 and E7 oncoproteins that have occurred mul-
tiple times during the Alpha evolution. Malignancy seems to be medi-
ated by the ability of E6's S/Tx[V/L] motif to modulate cell growth, as
well as the ability of the LxCxE motif in E7 proteins to premature in-
itiate S-phase in target cells. Likewise, our results fail to determine the
role of the E6 and E7 protein in tissue tropism as: 1) tissue preferences
appear to have a polyphyletic origin and 2) protein sequence compar-
ison failed to detect changes restricted to cutaneous/mucosal infecting
genotypes. Despite this, loss/regulation of oncogenic potential during
evolution appears to have played roles in determining tissue tropism
during viral diversification.
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