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Abstract

HPV variants from the same type can be classified into lineages and sublineages based on the 

complete genome differences and the phylogenetic topologies. We examined nucleotide variations 

of twelve HPV types within the species Alpha-5 (HPV26, 51, 69, 82), Alpha-6 (HPV30, 53, 56, 

66), Alpha-11 (HPV34, 73), Alpha-13 (HPV54) and Alpha-3 (HPV61) by analyzing 1,432 partial 

sequences and 181 complete genomes from multiple geographic populations. The inter-lineage 

and inter-sublineage mean differences of HPV variants ranged between 0.9%−7.3% and 0.3%

−0.9%, respectively. The heterogeneity and phylogenies of HPV isolates indicate an independent 

evolutionary history for each type. The noncoding regions were the most variable regions whereas 

the capsid proteins were relatively conserved. Certain variant lineages and/or sublineages were 

geographically-associated. These data provide the basis to further classify HPV variants and 

should foster future studies on the evolution of HPV genomes and the associations of HPV 

variants with cancer risk.
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Introduction

Human papillomavirus (HPV) infections are very common and viral DNA can be detected 

from skin, oral and anogenital samples from all human populations. Currently, over 200 

types of HPV have been fully characterized and predominantly assigned into three genera: 

Alphapapillomavirus, Betapapillomavirus and Gammapapillomavirus (Bernard et al., 2010; 

de Villiers et al., 2004). Among the 65 HPV types belonging to Alphapapillomavirus 
(Alpha-HPV types), a limited set of viruses (e.g., HPV types 16, 18, 31, 33, 35, 39, 45, 51, 

52, 56, 58, 59) are considered oncogenic and associated with the development of cervical 

cancer and its precursor lesions (IARC Working Group on the Evaluation of Carcinogenic 

Risks to Humans, 2012; Schiffman et al., 2016). Cervical cancer is the fourth most common 

cancer among women worldwide and is of particular importance in developing countries 

based on the lack of proper cervical cancer screening programs (Catarino et al., 2015; 

Forman et al., 2012; Torre et al., 2017). The oncogenic HPVs causing essentially all cervical 

cancers are phylogenetically clustered in one clade composed of species Alpha-5, Alpha-6, 

Alpha-7, Alpha-9 and Alpha-11 (see Figure 1) (Burk et al., 2009; Schiffman et al., 2005).

It is still unclear why only a small proportion of oncogenic HPV infections progresses to 

precancer and cancer (Burk et al., 2009; Schiffman et al., 2016). Besides the pathogenic 

heterogeneity of distinct HPV types, previous studies indicate that HPV variants are also 

associated with different risks of cancer progression. For example, HPV type 16 (HPV16) 

variants can be divided into four main lineages and have been shown to correlate with 

different degrees of cancer risk (Burk et al., 2013; Mirabello et al., 2016; Xi et al., 2006). 

Particularly, D2 sublineage had the strongest increased risk of cervical intraepithelial 
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neoplasia grade 3 (CIN3) (OR=6.2) and cancer (OR=28.5). HPV31 lineages A/B have 

elevated risks for cervical precancers, i.e., cervical intraepithelial neoplasia grades 2–3 

(CIN2/3) when compared with lineage C (Schiffman et al., 2010; Xi et al., 2014; Xi et al., 

2012). Similarly, HPV58 E7 T20I/G63S variants (sublineage A3) are more frequently 

detected in East Asia and have been associated with a 7–9 fold higher risk for cervical 

cancer when compared with other HPV58 variants (Chan et al., 2002; Chan et al., 2011; 

Chan et al., 2013). These data indicate that HPV variants have different phenotypic 

characteristics including carcinogenicity.

Distinct HPV types are defined based on the L1 open reading frame (ORF) genetic 

sequence; those differing from all other characterized types by at least 10% are considered a 

“novel” HPV type and if the genome is isolated it can be curated and assigned a new number 

(http://www.nordicehealth.se/hpvcenter/) (Bernard et al., 2010; de Villiers et al., 2004). 

Isolates of the same HPV type are referred to variant lineages and sublineages when the 

pairwise nucleotide sequences of their complete genomes differ by approximately 1.0%

−10.0% and 0.5%−1.0%, respectively (Burk et al., 2013; Chen et al., 2011, 2013). We have 

employed this nomenclature system to classify HPV variants within the species Alpha-7 

(represented by HPV18) and Alpha-9 (represented by HPV16). A comprehensive 

classification system of HPV variants facilitates investigation of genotype-phenotype 

associations of clinical and biological characteristics by comparing data across different 

epidemiological and molecular studies (see Burk et al, 2013 for review). In addition, studies 

of HPV variants at the population level provide unique perspectives on host evolution (Chen 

et al., 2017). For example, the deep phylogenetic separation between HPV16 lineage A and 

BCD variants implies ancient codivergence between viruses and archaic hominins; a subset 

of HPV variants (e.g., HPV16 lineage A) could be the descendants of sexual transmission of 

viruses from Neanderthals/Denisovans to modern human populations through interbreeding 

(Pimenoff et al., 2017).

In this study, we focused on HPV variants from types within the species Alpha-5 (HPV26, 

51, 69, 82), Alpha-6 (HPV30, 53, 56, 66), and Alpha-11 (HPV34, 73) that cluster into an 

oncogenic clade (Burk et al., 2009; Schiffman et al., 2005), and from HPV54 and HPV61, 

two nononcogenic types highly prevalent in our study cohorts. The data presented in this 

report provide basic information and reference variant sequences for future investigation of 

viral-host evolution and viral pathogenesis.

Results

Alpha Papillomaviruses

The genus Alphapapillomavirus is a group of PVs that have been predominantly, although 

not exclusively isolated from the cervicovaginal anatomic region of humans and other non-

human primates. We utilized a set of representative Alphapapillomavirus genomes, including 

65 papillomavirus types from humans, 12 from macaques, 1 from colobus monkey and 1 

from chimpanzee, to construct a phylogenetic tree shown in Figure 1. This group of viruses 

constitutes 14 species groups (Bernard et al., 2010). Of particular medical interest is the 

group of papillomaviruses constituting the high-risk (HR) clade that encompasses all the 

human papillomaviruses associated with cervical cancer and the topology of the tree 
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suggests they have a common origin. In addition, there is a large set of PVs (within the 

species Alpha-12) that were isolated from the cervicovaginal region of macaques and have 

also been associated with cervical cancers (Chen et al., 2009b; Wood et al., 2007). Our 

interest has been to characterize the extent of HPV variability within this important HR 

clade and, in this report, we focus on types within the species Alpha-5, 6, 11 in addition to a 

few common or interesting non-HR types, HPV54 (Alpha-13) and HPV61 (Alpha-3) from 

the low-risk (LR) clades depicted in Figure 1.

HPV variant distribution, lineage classification and nomenclature

HPV isolates in this study were selected from a large set of samples previously typed for 

HPV and further analyzed for viral variants by sequencing partial segments of the upstream 

regulatory region (URR) and/or E6 open reading frame (ORF) (Table 1). The complete 

genome sequences of HPV variants obtained in this study (n=141) and those identified in 

NCBI/GenBank (n=40) were compared to reveal the extent of viral genomic heterogeneity 

(isolates listed in Table S1). In addition, phylogenetic trees were created for each type 

(Figure 2) and the topologies were examined to define major lineages and sublineages, with 

inter-lineage and inter-sublineage mean differences ranging between 0.9% - 7.3% and 0.3% 

- 0.9%, respectively (Table S2 and Figure S1). The prototype isolate was always assigned 

into the “A” lineage or “A1” sublineage. Previously defined “subtype” designation (AE2 

was a subtype of HPV82, AE9 was a subtype of HPV54, and HPV64 was a subtype of 

HPV34) was replaced by assigning a variant lineage name to each taxon.

During review of the prototype genome sequences of HPV51, 53, 54, 56, 69 and 82, we 

noted a number of probable “errors” in the original clones and have modified the reference 

genome sequences for these types as shown in Table S3. Most errors interrupted or shifted 

well-characterized ORFs, while some may be present in the genomes that were directly 

isolated from the original materials. Since these “errors” are unlikely representative and 

propagated as circulating viruses, a “repaired” genome is recommended to serve as a revised 

prototype reference, though the original clones were not re-sequenced in this study.

Genomic diversity of Alpha-5 variants

HPV26 variants.—HPV26 isolates were highly conserved in the sampled cohorts. Three 

isolates were selected for complete genome sequencing based on the SNP patterns within the 

partial region of URR. A total of 18 nucleotide changes across the complete genomes was 

observed; 4 were nonsynonymous within the E1, E2 and L1 ORFs (Tables 2 and S4a). No 

lineage or sublineage was assigned (Figures 2a).

HPV51 variants.—We screened 233 HPV51 isolates for viral variation by sequencing the 

partial regions of URR and/or E6, among which 22 variants were characterized for complete 

genome sequences. In addition, the prototype sequence and 6 complete genomes from a 

Brazilian study were also included in this report (Table S1). The overall nucleotide 

variability was 3.0% (235/7822); 85 of 2388 amino acid sites (3.6%) of 8 ORFs were 

variable (Tables 2 and S4b). The noncoding regions (NCR1, NCR2 and URR) were more 

variable than the coding ORFs, while E7 and E5 were the two most diversified proteins with 

overall amino acid differences of 9.9% and 9.5%, respectively. No insertion or deletion 
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(indel) changes were observed within the ORFs. Phylogenetic topology based on the 

complete genome alignment clustered HPV51 variants into 2 lineages designated A and B 

(Figure 2b). The A lineage was further divided into 4 sublineages (A1-A4), and B into 2 

sublineages (B1-B2). The inter-lineage and inter-sublineage mean differences ranged 

between 0.52%−0.74% and 0.92%−1.24%, respectively, and the intrasublineage mean 

differences were less than 0.20±0.03% (Table S2). All HPV51 isolates from Asia were 

assigned into the A lineage, whereas B variants were more commonly detected in African 

women (74%−100%) (Table 3). Both A and B lineage isolates were found in women from 

Costa Rica while the B2 sublineage was only detected in Africa.

HPV69 variants.—Six variants from 21 HPV69-containing Costa Rican women were 

selected for complete genome sequencing. We identified a total of 119 nucleotide sites 

amongst the 7705 bp HPV69 genome that were variable (1.5%). Of the 2431 encoded amino 

acids in the 8 ORFs, 56 (2.3%) showed variations (Tables 2 and S4c). The complete genome 

pairwise differences and tree topology support the assignment of HPV69 isolates into 4 

sublineages (A1-A4) (Figure 2c). The inter-sublineage mean differences ranged between 

0.61±0.08% and 0.90±0.09% (Table S2); the maximum pairwise difference was 0.9% as 

observed between isolates of Qv32771 and Qv35103. Hence, all sampled HPV69 variants 

were clustered into one lineage.

HPV82 variants.—The isolate AE2 (NCBI accession AF293961) was initially assigned as 

a “subtype” of the prototype HPV82. Among 58 screened HPV82 isolates, 46 (79.3%) 

shared a pattern with the AE2 genome. We selected 9 samples from the Costa Rica study 

and 8 from the Rwanda study representing unique SNP patterns for complete genome 

sequencing. Additionally three genomes were downloaded from GenBank (Tables 1 and S1). 

The maximum pairwise difference of any two HPV82 isolates was 7.3% across the complete 

genome and 7.8% within the L1 ORF. Overall, 9.1% (719/7931) of nucleotide sites and 

8.4% (201/2384) of amino acids were variable (Tables 2 and S4d). The tree topology 

clustered the HPV82 variants into two deeply separated clades, termed A/B and C, with 

mean differences of 6.89%−7.33% across the complete genomes (Figure 2d). The lineages A 

and B were relatively close, sharing mean differences of 0.83%−1.13% to each other. The 

“subtype” AE2 was designated the C lineage. In addition, each lineage was further divided 

into multiple sublineages (A1-A3, B1-B2 and C1-C5), with inter-sublineage mean 

differences ranging between 0.35±0.06% and 0.85±0.11%. Most isolates from Costa Rica 

(85%) sorted to the C lineage, whereas equal portions of Rwanda variants mapped to the 

A/B and C clades, respectively (Table 3).

Genomic diversity of Alpha-6 variants

HPV30 variants.—Twenty-three HPV30 isolates had the URR/E6 region sequenced. 

These sequences clustered into two main clades, from which we selected 14 samples for 

complete genome analysis (Tables 1 and S1). A total of 254/7890 (3.2%) nucleotide 

positions showed variations (Tables 2 and S4f). Similarly, there were 81/2471 (3.3%) 

variable amino acids across the 8 ORFs. Two distinct groups of HPV30 complete genomes 

were clustered, with inter-lineage mean differences of 1.66%−1.83% (Figure 2e). The A 

lineage was more diversified than the B lineage (intra-lineage mean distance of 0.59±0.07% 
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and 0.18±0.04%, respectively, p<0.001) and further divided into 5 sublineages (A1-A5). The 

inter-sublineage mean differences ranged between 0.40% and 0.84%. Insertions were 

detected within the E2/E4 ORF (6-bp) and the URR region (21-bp and 11-bp) of A3 and B 

variants (Table S4f).

HPV53 variants.—PCR amplification and sequencing of the URR and/or E6 partial 

regions of 362 HPV53-containing samples from Costa Rica, China and Rwanda clustered 

isolates into four clades, from which we characterized 22 complete genomes, in addition to 6 

sequences available in GenBank (Table S1). In total, 295 (3.7%) nucleotide variable 

positions and 116 (4.7%) encoded amino acid changes were detected across the complete 

genomes and the 8 ORFs, respectively (Tables 2 and S4g). Indels were observed within the 

noncoding regions only (NCR1 and URR). Phylogenetic trees inferred from HPV53 

complete genomes assigned isolates into four groups of variant lineages, A, B, C and D 

(Figure 2f). The maximum pairwise nucleotide difference was 1.8% between two variants 

from B and D. The C and D variants were more related, with mean differences of 0.81%

−0.91% when compared with the differences to other lineages (1.51%−1.73%). The D 

variants were further divided into 4 sublineages (D1-D4), sharing mean differences of 0.29%

−0.45% to each other. Isolates differed between geographic regions: B variants were only 

observed in Rwanda; whereas, Costa Rica had more D variants (70%) than did Taiwan 

(20%) or Rwanda (37%) (Table 3).

HPV56 variants.—The SNP patterns within the partial regions of the URR and/or E6 from 

260 sampled HPV56 isolates revealed limited variation. We selected 6 variants for complete 

genome sequencing, and incorporated 6 previously published genomes for analysis (Tables 1 

and S1). The overall nucleotide and amino acid variable positions of the complete genomes 

were 1.7% (134 sites among 7922 nt) and 2.0% (51 sites among 2520 aa), respectively 

(Tables 2 and S4h). The maximum likelihood trees inferred from the 12 HPV56 complete 

genomes clustered variants into two lineages (A and B); the A lineage was further divided 

into two sublineages (A1-A2) (Figure 2g). The inter-sublineage and inter-lineage mean 

differences were 0.55±0.05% and 0.87±0.10%, respectively, with a 1.0% maximum pairwise 

nucleotide difference between isolates from A2 and B. The B variants were 66-bp longer 

than A due to an insertion within the URR region. HPV56 isolates from Costa Rica mapped 

to A1 (38%, 81/211), A2 (37%, 77/211) or B (25%, 53/211) lineages; whereas, more than 

half of samples from Asia and Africa sorted to A2. No A1 isolates were detected in samples 

from either Rwanda or Burkina Faso (Table 3).

HPV66 variants.—The URR/E6 sequences of 146 HPV66 isolates were clustered into two 

distant clades; 10 isolates capturing the maximum viral genomic heterogeneity were 

sequenced. In total, 218 variable nucleotide positions were identified within the 7827 bp 

HPV66 genome (2.8%). There were 82/2519 (3.3%) variable amino acids within the 8 ORFs 

(Tables 2 and S4i). Phylogenetic topologies and pairwise differences classified HPV66 

complete genome variants into two lineages (A and B) and two sublineages (B1-B2) (Figure 

2h). The inter-lineage and inter-sublineage mean differences were 1.55±0.13% and 

0.53±0.06%, respectively. The majority of HPV66 isolates (130/146) were from Costa Rica 
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samples, and equally sorted to A (52%) and B (48%) lineages. We did not detect B2 isolates 

in African populations (Rwanda or Burkina Faso) (Table 3).

Genomic diversity of Alpha-11 variants

HPV34 variants.—Screening the partial URR and/or E6 regions of 25 HPV34-positive 

samples from patients in Costa Rica and Burkina Faso identified 60% of isolates (15/25) 

related to the HPV34 prototype, and 40% (10/25) related to previously named HPV64 (now 

recognized as a “subtype” of HPV34). A total of 15 complete genomes (7 from each clade) 

including the reference sequence were analyzed in this report (Tables 1, and S1). The 

maximum pairwise difference of any two HPV34 variants was 4.7% across the complete 

genome and 5.4% within the L1 ORF (Tables 2, S4j and S4k). We identified 6.0% 

(466/7828) of nucleotide sites and 5.3% (126/2364) of amino acids variable. The tree 

topology assigned HPV34 prototype-related variants into A and B lineages (inter-lineage 

mean differences of 1.18%−1.24%), and HPV64-related isolates into the C lineage (Figure 

2i). The A and C lineages were composed of 2 sublineages (A1-A2, C1-C2), with inter-

sublineage mean differences of 0.55±0.08% and 0.69±0.09%, respectively. Only one HPV34 

A2 isolate was observed in samples from Burkina Faso, whereas the remainder were from 

Costa Rica and mapped to A1 (11/24), A2 (2/24), B (1/24), C1 (4/24) and C2 (6/24) (Table 

3).

HPV73 variants.—Of the 57 HPV73 isolates sequenced for the partial regions of URR 

and/or E6, 11 were selected for complete genome characterization (Tables 1 and S1). The 

overall nucleotide and amino acid sequence variations were 2.1% (159/7733) and 2.5% 

(59/2375), respectively (Tables 2 and S4l). The maximum pairwise nucleotide difference 

was 1.4%, supporting the assignment of HPV73 variants into two distinct lineages (A and 

B), which is in consistent with the deep separation between A and B lineages in the 

maximum likelihood tree (Figure 2j). The A lineage was divided into two sublineages (A1-

A2), with inter-sublineage mean differences of 0.69±0.09%. All B variants formed one 

single lineage, sharing genomic differences less than 0.20±0.03%. Interestingly, when 

compared with the A lineage, the B variants had an amino acid deletion within the E2 ORF 

(Cysteine, aa 251) and the E4 ORF (Valine, aa 57), while most of them had a 19-bp or 23-bp 

insertion within the URR region (Table S4l). Inspection of the geographic distribution of 57 

HPV73 variants indicated that all 3 isolates from Rwanda were of the B lineage, whereas 

48% (26/54) and 52% of Costa Rica samples were A and B variants, respectively (Table 3).

Genomic diversity of HPV54 variants

The majority of HPV54 variants screened for the partial regions of URR and/or E6 were 

related to the prototype (85%, 103/121). Two isolates from Burkina Faso and sixteen isolates 

from Costa Rica (15%, 18/121) were more similar to the previously characterized AE9 

subtype genome (NCBI accession AF436129). Including two reference sequences and one 

variant (87C.54) from a Brazilian study, we sequenced 8 complete genomes from the Costa 

Rican cohort to characterize the genomic diversity (Tables 1 and S1). In total, 520 amongst 

7799 nucleotide sites were variable (6.7%) across the HPV54 complete genome. Of the 2372 

encoded amino acids, 186 (7.8%) were variable (Tables 2, S4m and S4n). The maximum 

pairwise nucleotide diversity of the complete genomes was 5.6%, as observed between 
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isolates from the prototype and AE9 clades. The maximum L1 diversity was 5.0%. The 

complete genome phylogeny separated HPV54 variants into two distantly divided groups. 

The prototype group was assigned to lineage A, which was further divided into two 

sublineages (A1-A2). The AE9 related isolates formed two lineages (B and C), and the C 

lineage was comprised of two sublineages (C1-C2) (Figure 2k). The mean differences 

between “prototypes” and “subtypes” (HPV54 A vs B/C) was 5.1%−5.6%, similar to the 

maximum diversity of HPV34 (4.5%−4.7%, A/B vs C) and HPV82 isolates (6.9%−7.3%, 

A/B vs C) (Figure S1). The variants from Costa Rica mapped to lineages A (87%), B (12%) 

and C (2%), whereas isolates from Burkina Faso sorted to C only, implying the C lineage 

was more common in Africa. However, variant screening in other countries/regions to 

validate the geographic dispersion of HPV54 and other types is warranted (Table 3).

Genomic diversity of HPV61 variants

We sequenced the partial regions of URR and/or E6 of 107 HPV61 variants from Costa Rica 

(n=93) and Rwanda (n=14). The nucleotide alignments identified three potential clusters; 

from each cluster, isolates representing unique variation patterns (n=8) were selected for 

complete genome sequencing (Tables 1 and S1). A total of 259/8037 (3.2%) nucleotide 

positions were changed and there were 81/2345 (3.5%) variable amino acid residues (Tables 

2 and S4o). The maximum nucleotide pairwise difference between the most dissimilar 

isolates was 2.3%; the noncoding regions (NCR1, NCR2 and URR) were the most variable 

regions. Phylogenetic trees generated from the complete genomes clustered HPV61 variants 

into three distinct lineages designated A, B and C (Figure 2l). The A and B lineages were 

relatively closer (mean differences of 1.23%−1.47%), and more distant to the C variants 

(1.92%−2.19%). Two A sublineages (A1-A2) were assigned, with differences of 

0.59±0.08%. Isolates from A lineage were highly abundant in Costa Rica (93%, 86/93) 

while B variants were more common in Rwanda (43%, 6/14). The C variants were relatively 

rare in the targeted populations (6.5% in Costa Rica, 14.3% in Rwanda) (Table 3).

HPV variant genomic diversity and evolution

The pairwise mean differences calculated from the complete genomes revealed different 

strata between distinct types: HPV34, 54 and 82 containing previously termed “subtypes” 

were most diversified, followed by HPV61, 30, 53, 66, 73, 51 and 56 that were designated 

with at least two main lineages. HPV69 was composed of one single lineage while HPV26 

was the least heterogeneous (Tables 2 and S2, Figures 2 and S1). To investigate the 

relationship between isolates of different types and species, we took representative variant 

genomes from each lineage and sublineage from species Alpha-3, 5, 6, 7, 9, 10, 11 and 13 as 

reported in this study to construct a phylogeny and plotted the percent differences based on 

the global alignment (Figure 3a) (Chen et al., 2011, 2013; Jelen et al., 2014; Jelen et al., 

2016; Smith et al., 2011). Using a Bayesian Markov Chain Monte Carlo (MCMC) method, 

we estimated the divergence times of Alphapapillomavirus types and species (Figure 3b). In 

addition, the correlation between sequence differences and divergence times was estimated 

when different HPV types/species (between type) (Figure 3c) or variants of the same type 

(within type) (Figure 3d) were compared. Multiple strata of percent differences were 

apparent, for example, isolates from one species are approximately 35–45% different from 

viruses within other species (inter-species difference). This difference corresponds to 
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divergence times spanning 22 – 38 million years ago (mya). Most distinct HPV types 

emerged from their most recent common ancestors (MRCAs) around 6 – 15 mya and share 

more than 70% sequence identity with members from the same species group (intra-species 

difference). In contrast, variants diverged on estimated 2.5 mya and many split from their 

MRCAs approximately 400 – 600 thousand years ago (kya). This later divergence time is 

approximately three times longer than modern Homo sapiens’ divergence times but well 

within the era of separation between ancestral modern humans and archaic Neanderthal/

Denisovans (Pimenoff et al., 2017; Prufer et al., 2014; Stringer and Barnes, 2015). 

Nevertheless, the time estimates using unknown variables (e.g., generation times) could be 

subject to error. However, there is a strong correlation between divergence times for both 

types and variants with a slight falloff for the most divergent types (Figs 3C and 3D).

Diversity of ORFs and viral regions

We evaluated all Alphapapillomavirus HPV variants (as listed in Figure 3a) to examine the 

genomic diversity across the predicted ORFs. The E5 and E4 ORFs showed the largest 

variability when compared to the other genes (Figure S2). The capsid proteins (L1 and L2) 

and the multipurpose DNA helicase E1 were the most conserved ORFs in terms of amino 

acid diversity. Nevertheless, lineage fixation of genetic changes is observed throughout all 

genes/regions. Lineage fixation is the property of genomes that do not undergo 

recombination whereby variable sites are highly correlated with and inseparable from other 

changes within genomes from the same sublineage and lineage, and may represent adapted 

changes in natural selection when variants split from their MRCAs (Chen et al., 2005). For 

each surveyed HPV type, we identify short regions that contain lineage- and sublineage-

specific single nucleotide polymorphisms (SNPs) characteristic of lineage fixation (Figure 

S3). For example, a 136-bp fragment within the E1 gene of HPV51 (nt. 1329 – 1464) is able 

to discriminate different variant sublineages based on unique SNP patterns that are 

correlated with changes within a partial URR region (nt. 7466 – 7547). Although variation 

patterns differ by genes/regions and types, they may facilitate characterization of HPV 

variants for simple assays. For computational access, we packaged the complete genome 

alignment in a fasta format and called the SNPs and indels of variants across the complete 

genomes of each type in a variant call format (VCF) as supplemental data in this work.

Discussion

In this report, we describe the complete genomes of HPV variants from the species Alpha-5 

(HPV26, 51, 69, 82), Alpha-6 (HPV30, 53, 56, 66), Alpha-11 (HPV34, 73), Alpha-13 

(HPV54) and Alpha-3 (HPV61). This work expands the study of viral heterogeneity and 

provides a taxonomy of variants based on comparison of the complete genome pairwise 

similarity and the phylogenetic topologies within a specified HPV type. These genomes 

were sampled from over 12,000 women residing in Central America (Costa Rica), Africa 

(Rwanda, Burkina Faso) and Asia (Thailand, Taiwan) whose specimens had been tested and 

typed for HPV infections. We screened this set of HPV types by sequencing a small region 

of the genome to identify isolates for further classification that represent circulating variants 

in the population. Based on the complete genome sequences, we created phylogenies and 

genome comparisons to define and name variant lineages and sublineages as previously 
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described (Burk et al., 2013; Chen et al., 2011, 2013). In a monograph from International 

Agency for Research on Cancer (IARC), 12 HPV types (HPV16, 18, 31, 33, 35, 39, 45, 51, 

52, 56, 58, 59) were classified as “carcinogenic to humans” (Group 1), and another 8 types 

(HPV68, 26, 53, 66, 67, 70, 73, 82) as “probably carcinogenic to humans” (Group 2) (IARC 

Working Group on the Evaluation of Carcinogenic Risks to Humans, 2012). Thus, this 

report combines with our previous work (Chen et al., 2011, 2013) and provides a complete 

picture of the variation of essentially all HPV genomes associated with cervical cancer.

Differential divergence times, genomic diversity and geographic dispersals of HPV variants 

indicate independent evolutionary histories for each HPV type. We detected a wide range of 

variation between HPV types: the maximum pairwise nucleotide sequence difference of 

HPV82 variants was 7.3% whereas HPV69 variants differed by less than 0.9%. The 

divergence time estimation in this work and other studies suggest ancient hominin-virus 

codivergence of HPV variants when ancestral modern humans split from the most recent 

common ancestors of archaic Neanderthal/Denisovans or other hominins (Chen et al., 2017; 

Pimenoff et al., 2017). Recent host switch, for example, interbreeding between modern 

humans and archaic Neanderthal/Denisovans, may be responsible largely for the viral 

transmission of HPV variants and the differential distribution in prevalence and geography. 

Some HPV variants, such as HPV26 and HPV35, showed less genomic diverse possibly due 

to the bottleneck of viral transmission or extinction of host migration shaping the radiation 

we observe in the phylogenetic tree of extant HPV variants. Alternatively, there could be 

isolated populations with other variants not seen in our samples. HPV genomic diversity has 

no direct correlation with viral carcinogenesis, for example, HPV61 variants with no 

evidence of oncogenicity have nearly twice the sequence diversity than does the 

carcinogenic HPV51 (maximum pairwise difference of 2.3% vs 1.3%, respectively), it is 

possible that HPV variants and/or types with higher rates of persistence that maintain 

production of infectious viral particles may accumulate random mutations perhaps under 

natural selection over millions of years of evolution (Chen et al., 2009a; Chen et al., 2005). 

In contrast, HPV variants could also be targeted and induced partly by host immune 

pressure, such as the innate antiviral activity of APOBEC3 cytosine deaminases (Mirabello 

et al., 2017; Vartanian et al., 2008; Warren et al., 2015). These acquired mutations, if not 

lethal for the virus, may be accumulated through selection and convergent evolution that 

affect the success of fitness and niche adaptation potentially contributing to HPV-associated 

cancer. Moreover, it is remarkable that the HPV types studied in this report seem to diverge 

over million years ago. The exact events resulting in the pattern seen in the phylogeny and 

the time frame need to be considered in light of the divergence of non-human primate PVs 

(e.g., types within the species Alpha-12), as these are the time periods encompassing host 

speciation (Shah et al., 2010).

Viral genomic variation was not evenly distributed through the whole genome. The capsid 

proteins, particularly L1 ORF, were the least heterogeneous, probably reflecting the 

constraints of maintaining an icosahedral structure similar for all papillomaviruses. Such 

structurally confined phenotypes would be expected to be under negative Darwinian 

selection, consistent with the observations of the papillomavirus predicted ORF encoding 

regions. In line with this reasoning, the E1 and L2 ORFs must also serve a highly conserved 

function whereby its structure is necessary for the viral life cycle (Burk et al., 2009; Doorbar 
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et al., 2012). The more adaptive encoding regions of the genome would include the E2, E4, 

E5, E6 and E7 ORFs, based on the predicted amino acid sequence diversity of 

Alphapapillomavirus HPV variants.

The strengths of this study are based on the careful selection and complete genome 

sequencing of isolates from various populations. We used overlapping PCR and Sanger 

sequencing in all cases and confirmed any ambiguous sequences, although variations from 

potential PCR or sequencing errors remain unavoidable. Nevertheless, this study provides 

sufficient information to gain a picture of the viral variants across the HPV spectrum. The 

availability of samples was based on studies performed in the Burk lab over the years and 

the sharing of samples from collaborators. Although we believe that essentially all variant 

lineages from the surveyed populations have been described, it is possible that future studies 

will reveal unexpected variants lineages. Certainly, not all viral variant isolates for a given 

type have been described. The sample size for many countries in this study was small and 

the number of isolates selected for sequencing was not exhaustive and the geographic 

patterns should not be interpreted as definitive. Lastly, this was not meant to be an 

exhaustive study of viral evolution since a comprehensive genome dataset based on random 

and large sampling is warranted in future studies to better interpret the complex evolution of 

HPV variants and types. Nevertheless, the findings in this work provide sufficient 

information to gain a picture of the viral variants described in the context of a larger story.

Implementation of new technologies such as Next-Generation Sequencing (NGS) facilitates 

the sequencing of large numbers of HPV complete genomes (Cullen et al., 2015; Mirabello 

et al., 2016; Siqueira et al., 2016). A high-throughput, ultra-deep coverage method permits 

more detailed examination of genotype-phenotype relationships between viral isolates and 

clinical outcomes, including carcinogenesis (Mirabello et al., 2017). Given the large 

differences in pathogenic consequence associated with HPV variants, a coherent and well-

defined classification of genotypic variants will make it possible to incorporate multicenter 

studies and/or meta-analyses and determine specific SNPs, sublineages or lineages 

responsible for unique carcinogenicity, geographic dispersion, virus-host interaction and 

human evolution.

Conclusion

Persistent infection with oncogenic human papillomaviruses (HPVs) has been associated 

with cervical cancer and precancer. Among the 65 genital HPV types, we still do not know 

clearly why there are only a limited set of HPV viruses that progress to cancer. HPV variants 

have different phenotypic characteristics including carcinogenicity. In this study, we focus 

on the heterogeneity, classification, evolution and dispersion of variants for 12 HPV types. 

We provide a comprehensive classification that will facilitate our understanding of the 

clinical and biological roles the sequence variations play. It will also allow HPV researchers 

to discuss and compare the properties of HPV variants across studies without having to 

describe sets of nucleotide changes to define a group of HPV variants. The findings in this 

work provide the basis to study pathogenesis, viral evolution, epidemiology, pathogenesis 

and preventative/therapeutic interventions of HPV infection and the associated diseases.
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Materials and Methods

Ethics Statement.

The studies providing cervical samples for this work have been IRB approved by each ethics 

committee. Only subjects older than 18 years were included in this work. Written informed 

consent was given to each participator. All samples tested in this study were anonymized 

without individual identifying information. In details, Rwanda: The Rwanda National 

Ethics Committee and the Institutional Review Board of Montefiore Medical Center, Bronx 

NY approved the study protocol and the consent process. Burkina Faso: The Yerelon 

Cohort Research Programme was approved by the Ethical Committee of the Centre Muraz, 

Bobo Dioulasso, the National Ethical Committee of the Ministry of Health, Burkina Faso, 

and the Ethics Committee of the London School of Hygiene and Tropical Medicine. 

Thailand: The study protocols were reviewed and approved by the committees on human 

subject research at Johns Hopkins Bloomberg School of Public Health, Baltimore, MD; 

Merck & Co., Inc., West Point, PA, each participating recruitment site, and the Institutional 

Review Board of the Thailand Ministry of Health (MOH), Thailand. Taiwan, China: The 

study was approved by the Institution Review Board of the National Taiwan University 

University College of Public Health. Costa Rica: The study and informed consent forms 

were approved by Institutional Review Boards of Costa Rica and the U.S. National Cancer 

Institute. Other sources: Previously published HPV complete genome sequences by other 

research groups (NCBI accession numbers listed in Table S1).

Clinical specimens, identification of novel HPV variants and whole genome sequencing.

All samples containing HPV isolates had been tested previously as reported in the following 

studies- Costa Rica (Herrero et al., 2005), Taiwan, China (Liaw et al., 1995), Thailand 

(Marks et al., 2011; Wongworapat et al., 2008), Rwanda (Singh et al., 2009) and Burkina 

Faso (Didelot-Rousseau et al., 2006). The methods for sample collection, DNA extraction 

and HPV genotyping are provided in the references for each study. The number of samples 

analyzed for variant screening is shown in Table 1. The HPV variants were initially 

classified by sequencing a small fragment of the URR region (approximately 300–600 bp) 

from PCR products as described (Chen et al., 2011, 2013). Isolates were further subject to 

the E6 ORF if the URR region did not yield data. The sequences of isolates for each type 

were aligned separately and the preliminary phylogenetic trees were constructed using a 

maximum likelihood algorithm to identify samples that likely contained divergent viral 

genomes. We selected type-specific viral isolates for complete genome sequencing that (1) 

represented novel variant clades or (2) had 2 or more isolates that contained at least 2 unique 

sequence variations in common (e.g., single nucleotide polymorphisms (SNPs)) not present 

in other isolates within the URR/E6 regions.

The complete viral genomes were amplified by PCR using type-specific primer sets in 2 to 3 

overlapping fragments, as described in previous publications (Chen et al., 2011, 2013). The 

Sanger sequence reads from the PCR products were assembled using the prototype 

sequences as a reference employing Geneious R9.1.7 (Kearse et al., 2012). Comparison of 

repeat sequencing of PCR products from the same isolates resulted in a difference of less 

than one change per 8,000 bp; whereas, comparison of the cloned genomes gave a difference 
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of approximately one difference per 5,000 bp. For discrepancies between sequences, we 

used the sequence of the PCR product as the valid sequence. To supplement the number of 

genomes in the current study, a GenBank search at the time of initial analysis (April 2017) 

identified an addition of 39 complete genomes or near complete genomes (including the 

prototype references) previously published (Burk et al., 2013; Delius and Hofmann, 1994; 

Kino et al., 2000; Lungu et al., 1991; Narechania et al., 2005; Siqueira et al., 2016; Volter et 

al., 1996; Wu et al., 2010). The accession numbers of all sequences analyzed in this study 

are listed in Table S1.

Evolutionary analyses and phylogenetic tree construction.

The complete viral genome sequences were linearized at the first ATG of the E1 ORF and 

globally aligned using the program MAFFT v7.221 (Katoh and Toh, 2010). The codon 

sequences from each ORF were aligned based on the aligned amino acids using MUSCLE 

v3.8.31 (Edgar, 2004). Based on the concept of a single ancestor for each type, a unique 

genome size was assigned to each HPV type based on the global alignment; the variation in 

genome sizes of isolated variants is the result of insertions and deletions (indels). Each indel 

was counted as one event. The assignment of position number for each nucleotide change is 

based on the nucleotide numbering of the prototype reference sequence under investigation.

Maximum likelihood (ML) trees were constructed using RAxML MPI v8.2.9 (Stamatakis, 

2006) and PhyML MPI v3.0 (Guindon and Gascuel, 2003) with optimized parameters based 

on the aligned complete genome nucleotide sequences. Data were bootstrap resampled 1,000 

times in RAxML and PhyML. MrBayes v3.2.6 (Ronquist and Huelsenbeck, 2003) with 

10,000,000 cycles for the Markov chain Monte Carlo (MCMC) algorithm was used to 

generate Bayesian trees. A 10% discarded burn-in was set to eliminate iterations at the 

beginning of the MCMC run. The average standard deviation of split frequencies was check 

to confirm the independent analyses approach stationarity when the convergence diagnostic 

approached <0.001 as runs converge. For Bayesian tree construction, the computer program 

ModelTest v3.7 (Posada and Crandall, 1998) was used to identify the best evolutionary 

model; the identified GTR model was set for among-site rate variation and allowed 

substitution rates of aligned sequences to be different. The CIPRES Science Gateway (Miller 

et al., 2010) was accessed to facilitate RAxML and MrBayes high-performance 

computation.

Nucleotide sequence and amino acid variations were determined based on the global 

complete genome alignment and the codon alignment of each ORF using scripts developed 

in R v3.3.2 (Team, 2014). Inter- and intra-lineage and sublineage nucleotide differences (± 

standard errors) of each type were calculated from the global sequence alignment using the 

p-distance algorithm in MEGA7 with 1,000 bootstraps (Tamura et al., 2011). Wilcoxon-

Mann-Whitney U test was used to determine the significance of pairwise sequence identity 

between the defined lineage or sublineage groups.

Divergence time estimation.

We used a Bayesian Markov Chain Monte Carlo (MCMC) method implemented by 

BEAST2 v2.4.5 (Drummond and Rambaut, 2007) and the previously published PV 
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evolutionary rates (Rector et al., 2007) to estimate the divergence times of 

Alphapapillomavirus. A phylogenetic tree was generated using a coalescent Bayesian 

skyline model, with the assumption of an uncorrelated lognormal distribution (UCLD) 

molecular clock of variation rate among branches. This model was tested to be the “best” 

choose by a posterior simulation-based analogue of Akaike’s Information Criterion for 

MCMC samples (AICM), as implemented in Tracer v.1.6 (data not shown) (Baele et al., 

2012). Meantime, we chose the General Time Reversible (GTR) sequence revolution model 

with the gamma-distributed rate heterogeneity among sites and a proportion of invariant sites 

(GTR+G+I) determined by the best-fit model approach of Modeltest v3.7 (Posada and 

Crandall, 1998). The concatenated nucleotide sequence partitions of six ORFs (E6, E7, E1, 

E2, L2 and L1) of Alphapapillomavirus types with variable rates of substitution over time 

were used: 2.39 × 10−8 (95% confidence interval 1.70 – 3.26 × 10−8) substitutions per site 

per year for the E6 gene, 1.44 × 10−8 (0.97 – 2.00 × 10−8) for the E7 gene, 1.76 × 10−8 (95% 

CI: 1.20 – 2.31 × 10−8) for the E1 gene, 2.11 × 10−8 (95% CI: 1.52 – 2.81 × 10−8) for the E2 

gene, 2.13 × 10−8 (95% CI: 1.46 – 2.76 × 10−8) for the L2 gene, and 1.84 × 10−8 (95% CI: 

1.27 – 2.35 × 10−8) for the L1 gene (Rector et al., 2007). In order to calibrate the divergence 

times, we introduced three time points inside and at the root of the Alpha-PV tree, with 

assumption of coevolved histories between primate papillomaviruses (humans and non-

humans) and their hosts: (1) the node between HPV13 and PpPV1 (Pan paniscus 
papillomavirus 1) at 7 million years ago (mya) (95% CI, 6–8 mya) matching the split 

between hominin and chimpanzee ancestors; (2) the node between the species Alpha-12 

(represented by Macaca mulatta papillomavirus 1) and Alpha-9/11 (represented by HPV16) 

at 28 mya (25–31 mya) matching the speciation between hominin and macaque ancestors; 

and (3) the node between Alphapapillomavirus and Dyoomikronpapillomavirus (represented 

by Saimiri sciureus papillomavirus 1) at 49 mya (41–58 mya) matching the divergence 

between Old World and New World monkey ancestors (Perez et al., 2013). The Saimiri 
sciureus papillomaviruses (SscPV1–3, accession numbers of JF304765-JF304767) were 

used as outgroup taxa for phylogenetic tree analysis and divergence time estimation. In order 

to estimate the initial divergence of HPV variants of each type from their most recent 

common ancestor, we used the complete genome alignments and the HPV16 variant 

evolutionary rate of 1.84 × 10−8 (95% CI: 1.43 – 2.21 × 10−8) substitutions per site per year, 

following the Hominin-host-switch (HHS) topology without time point calibrations as 

previously published (Pimenoff et al., 2017). The MCMC analyses were run for 100,000,000 

steps, with a subsampling every 10,000 generations and a discarded burn-in of the first 10% 

steps. Effective sample sizes (ESS) of all parameters are >300 (Alphapapillomavirus tree) 

and >2000 (HPV variant trees of each type), indicating that all Bayesian chains were well 

sampled and have converged. The tree files and the log files were analyzed in Tracer v.1.6. A 

consensus phylogeny tree with divergence times was inferred using TreeAnnotater v2.4.5 

and visualized using FigTree v1.4.2. The linear model (lm) function in R was used to 

estimate the correlation between sequence diversity and divergence time of HPV types and 

variants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights:

• Define variant lineages and sublineages for 12 distinct Alphapapillomavirus 
HPV types.

• The heterogeneity and phylogenies of HPV isolates indicate an independent 

evolutionary history for each type.

• A comprehensive classification will facilitate our understanding of the clinical 

and biological roles the sequence variations play.
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Figure 1. 
Phylogenetic tree of Alphapapillomavirus. The maximum likelihood tree was constructed 

using RAxML based on the nucleotide sequence alignment of concatenated 6 ORFs (E6, E7, 

E1, E2, L2 and L1) and the URR region. Saimiri sciureus papillomavirus types 1/2/3 

(SscPV1/2/3) were used as the outgroup taxa. The numbers just within the outer brackets 

represent the species groups (e.g. ‘α6’ contains HPV30, 53, 56 and 66). At least 3 ancestral 

papillomaviruses are responsible for the current heterogeneous groups of genital HPV 

genomes including LR1 (α1, 8, 10 and 13), LR2 (α 2, 3, 4 and 14) and HR (α 5, 6, 7, 9 and 
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11). The HPV type variants sequenced in this study are indicated in bold. The types joined 

by grey lines represent non-human primate PVs within Alphapapillomavirus. HR = High-

risk; LR = low-risk.
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Figure 2. 
Tree topologies and pairwise comparisons of complete genome variants from individual 

types. Phylogenetic trees were inferred from a global alignment of complete genome 

nucleotide sequences of the following variants from each of these types: (a) HPV26, (b) 

HPV69, (c) HPV51, (d) HPV82, (e) HPV30, (f) HPV53, (g) HPV56, (h) HPV66, (i) HPV34, 

(j) HPV73, (k) HPV54 and (l) HPV61. Numbers on or near branches indicate support 

indices in the following order: maximum likelihood (ML) bootstrap percentages using 

RAxML and PhyML, and Bayesian credibility value percentage using MrBayes. An asterisk 
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(*) indicates 100% agreement between methods. “NA” indicates disagreement between a 

method and the reference RAxML tree at a given node. Thus, one tree is shown, but three 

different methods of tree construction were used to estimate the support of the provided tree, 

as explained above. Distinct variant lineages (i.e., termed A, B, and C) are classified 

according to the topology and nucleotide sequence differences from > 1% to < 10%; distinct 

sublineages (e.g., termed A1 and A2) were also inferred from the tree topology and 

nucleotide sequence differences in the > 0.5% to < 1% range. The bar indicates the 

nucleotide substitution of unit changes (i.e., 0.002) per site. The percent nucleotide 

differences for each isolate compared to all other isolates (i.e., 1 × 1 comparisons) are shown 

in the panel to the right of the phylogeny. Values for each comparison of a given isolate are 

connected by lines and the comparison to self is indicated by the 0.0% difference point. 

Different colored lines are used to distinguish each lineage and sublineage.
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Figure 3. 
Divergence time estimation of Alphapapillomavirus HPV types and variants. (a) 

Phylogenetic tree and pairwise comparisons of representative Alphapapillomavirus lineages 

and sublineages show multiple strata of genomic differences. A maximum likelihood (ML) 

tree was constructed using RAxML inferred from the global alignment of complete genome 

nucleotide sequences. The percent nucleotide sequence differences are shown in the panel to 

the right of the phylogenetic tree as described in Fig. 2. The Alpha-5 (HPV26, 51, 69, 82), 

Alpha-6 (HPV30, 53, 56, 66), Alpha-11 (HPV34, 73), Alpha-13 (HPV54) and Alpha-3 

(HPV61) variants from this report, and Alpha-7 (HPV18, 39, 45, 59, 68, 70, 85, 97), 

Alpha-9 (HPV16, 31, 33, 35, 52, 58, 67) and Alpha-10 (HPV6, 11) variants from previous 

publications were included. (b) Divergence time estimation of HPV types using a Bayesian 

MCMC method. The nodes in the tree show split times of distinct species groups, with gray 

bars indicating the 95% highest posterior density for the corresponding divergence age. The 

nodes in red represent three main co-divergence events between viruses and host speciation 

(human and chimpanzee, human-chimpanzee and macaque, and New World and New World 

monkeys). The stars indicate non-human primate PVs within Alphapapillomavirus. (c) 

Correlation between genomic diversity (X-axis) and divergence time (Y-axis) of HPV types 

and species (between type). The divergence time was cited from each node in Figure 3b, and 

the percent difference was the maximum pairwise diversity of PV types within each node 

calculated based on the global alignment. (d) Correlation between genomic diversity (X-

axis) and divergence time (Y-axis) of HPV variants (within type). The divergence time was 

the initial split time of variants of each type estimated using a Bayesian MCMC method, and 

the percent difference inferred from the maximum pairwise diversity of variant of each type.
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Table 1.

Summary of HPV isolates, genomic variability and variant lineages.

Genus HPV type No. of 
URR/E 
6 
screene 

d
a

No. of CG 
sequence 

d
b

No. of 
CG 
from 
NCB 

I
c

Genome size (bp)
d GC conten t(%) Cp G site Variant lineage / 

sublineage

Alpha-5 HPV26 19 3 1 7855–7855 38.6–38.6 145 – 146 A

HPV51 233 22 7 7808–7816 38.9–39.2 140 – 145 A1-A4, B1-B2

HPV69 21 6 1 7700–7705 38.7–38.9 130 – 136 A1-A4

HPV82 58 17 3 7870–7912 39.9–40.2 135 – 153 A1-A3, B1-B2, C1-C5

Alpha-6 HPV30 23 14 2 7843–7881 40.2–40.5 149 – 157 A1-A5, B

HPV53 362 22 5 7856–7892 40.0–40.2 142 – 148 A, B, C, D1-D4

HPV56 260 6 6 7790–7866 37.9–38.0 129 – 134 A1-A2, B

HPV66 146 10 4 7816–7824 38.3–38.5 128 – 136 A, B1-B2

Alpha-11 HPV34 25 14 1 7723–7790 37.8–38.2 118 – 125 A1-A2, B, C1-C2

HPV73 57 11 5 7697–7730 36.2–36.3 106 – 109 A1-A2, B

Alpha-13 HPV54 121 8 3 7701–7760 41.8–42.0 142 – 154 A1-A2, B, C1-C2

Alpha-3 HPV61 107 8 2 7989–8030 45.9–46.4 198 – 207 A1-A2, B,C

a
Number of isolates characterized by sequencing the partial regions of URR and/or E6;

b
Number of complete genome (CG) variants the authors’ group sequenced;

c
Number of complete genome (or near complete genome) variants previously published or available on NCBI/GenBank including the prototype. 

See Table S1 for the list of isolates with accession numbers.

d
Near complete genomes were not included.
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