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 2 

Abstract 26 

Increasing evidences indicate that high-risk HPV variants are heterogeneous in 27 

carcinogenicity and ethnic dispersion. In this work, we identified genetic signatures 28 

for convenient determination of lineage/sublineage of HPV16, 18, 52 and 58 29 

variants. Using publicly available genomes, we found that E2 of HPV16, L2 of 30 

HPV18, L1 and LCR of HPV52, and L2, LCR and E1 of HPV58 contain the proper 31 

genetic signature for lineage/sublineage classification. Sets of hierarchical signature 32 

nucleotide positions (SNPs) were further confirmed for high accuracy (>98%) by 33 

classifying HPV genomes obtained from Chinese females, which included 117 34 

HPV16 variants, 48 HPV18 variants 117 HPV52 variants and 89 HPV58 variants. 35 

The circulation of HPV variants posing higher cancer risk in Eastern China, such as 36 

HPV16 A4 and HPV58 A3, calls for continuous surveillance in this region. The 37 

marker genes and signature nucleotide positions may facilitate cost-effective 38 

diagnostic detections of HPV variants in clinical settings. 39 

 40 

 41 

Keywords: Human papillomavirus; lineage; sublineage; classification; signature; 42 

genome; sequencing; Chinese female; cervical cancer; detection. 43 

 44 

 45 

 46 

  47 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 30, 2020. ; https://doi.org/10.1101/2020.07.30.229112doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.30.229112
http://creativecommons.org/licenses/by-nc-nd/4.0/


 3 

Background 48 

Human papillomaviruses (HPVs) are a heterogeneous group of double-stranded 49 

DNA viruses mainly infecting epithelial surfaces of human beings. Currently, more 50 

than 200 types of human papillomaviruses have been identified, with the majority 51 

clustering into a limited set of phylogenetic genera (e.g., Alpha-, Beta-, Gamma-, Mu- 52 

and Nu-PV)  [1]. The genital high-risk carcinogenic HPV types (e.g., HPV types 16 53 

and 18) causing cervical cancer are part of a monophyletic clade within the genus 54 

Alpha-PV [2,3]. Cervical cancer is the 4th most common cancer in women [4], with 55 

more than 0.5 million new cases and 0.2 million deaths occur worldwide annually [5]. 56 

 57 

Distinct HPV types are defined based on the L1 open reading frame (ORF) genetic 58 

sequence, with dissimilarity at least 10% to all other characterized viruses as a 59 

“novel” HPV type. Isolates of the same HPV type are referred to variant lineages and 60 

sublineages based on the complete genome nucleotide sequences differing 61 

approximately 1%-10% and 0.5%-1%, respectively [6]. HPV16, 18, 52 and 58 have 62 

been found to be the top four prevalent high-risk HPVs among Chinese females [7–63 

10]. So far, multiple variant lineages and sublineages have been designated to 64 

HPV16 (A1-A4, B1-B4, C1-C4, D1-D4) [6,11,12], HPV18 (A1-A5, B1-B3, C) [6], 65 

HPV52 (A1-A2, B1-B2, C1-C2, D) [6] and HPV58 (A1-A3, B1-B2, C, D1-D2) [6]. HPV 66 

variants have different phenotypic characteristics including carcinogenicity and 67 

ethnic dispersion. For example, HPV16 A3 and A4 were linked with higher cancer 68 

risks in Asian populations comparing to the European prototype A1, while A4 and D 69 

displayed higher carcinogenesis in North Americans than A1 [12,13]. Moreover, 70 

HPV16 A1 and A2 tended to cause higher cancer risks in white Americans, and D2 71 

and D3 in Latino Americans [11]. Similarly, HPV18 B/C, HPV52 B and HPV58 A3 72 
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might be linked with higher cancer risks than the other variants of the same type [14–73 

18].  74 

 75 

Since infections with different HPV variants herald cancer risks differently, 76 

identification of lineage/sublineages will provide instructions on the triage and 77 

screening frequency of HPV-infected individuals. Herein, we used the publicly 78 

available genomes of HPV16, 18, 52 and 58 to pinpoint the marker genes and 79 

signature nucleotide positions for the determination of HPV variants, which would 80 

facilitate cost-effective diagnostic detections of HPV lineages and/or sublineages. 81 

Genomes of HPV16, 18, 52 and 58 types obtained from Chinese females were 82 

utilized for variant classification accuracy using the signature genes and sites. 83 

 84 

Methods 85 

Data preparation 86 

Genome sequences for HPV16 (n=3,718), 18 (n=129), 52 (n=91) and 58 (n=172) 87 

were downloaded from NCBI nucleotide dataset by keyword search (Keyword: 88 

txid333760 for HPV16, txid333761 for HPV18, txid10618 for HPV52, txid10598 for 89 

HPV58; Species: Viruses; Molecular types: genomic DNA/RNA; Sequence type: 90 

Nucleotide; Release Date: from 0000/01/01 to 2019/07/25; Sequence length: from 91 

7,000 to 8,500; accessed on 25 July 2019). Reference genomes [6,19] were 92 

retrieved from PaVE [20]. Only unique genomes with over 95% of the HPV genome 93 

length (after excluding ambiguous sites) were selected. Moreover, all genes (E1, E2, 94 

E4, E5, E6, E7, L1 and L2) and LCR (long control region) sequences of the selected 95 

genomes had >70% coverage of the corresponding gene/region complete length. 96 

The sequences were aligned with MAFFT v7.427 and manually scrutinized and 97 
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edited with BioEdit v7.0.5. After exclusion of highly similar sequences, a total of 98 

2,695 genomes (HPV16, n=2,385; HPV18, n=99; HPV52, n=77; HPV58, n=134; see 99 

Supplementary Table 1) were retained for downstream analysis.  100 

 101 

Phylogeny reconstruction and data visualization 102 

Nucleotide substitution model test was conducted with IQ-TREE ModelFinder [21] 103 

and the best model identified was subsequently used for Maximum Likelihood (ML) 104 

phylogeny construction for HPV16, 18, 52 and 58 using the aforementioned 105 

datasets, with 1,000 ultrafast bootstrap pseudo-replications [22]. Lineage and 106 

sublineage assignments were conducted according to the classification criteria 107 

proposed by Burk et al. [6]. Representative phylogenies of HPV16, 18, 52 and 58 108 

were reconstructed with mean intra- and inter-group sequence distances calculated 109 

using R package seqinr and in-house R scripts. Phylogeny and the associated data 110 

were visualized with ggtree package in R [23]. 111 

 112 

Pairwise distance matrix comparison 113 

Pairwise p-distances for HPV sequences were calculated with R package ape, with 114 

gaps deleted in a pairwise manner. Correlations between the DNA distance matrices 115 

of partial genomic sequences and the full genomes were analyzed using Mantel test 116 

with the R package vegan [24]. 117 

 118 

Determination of signature nucleotide positions  119 

All sequences over 95% of the reference complete genomes were used to identify 120 

lineage- and sublineage-specific signature nucleotide positions as marker sites for 121 

variant classification. Positions with over 10% gaps or displaying a conservation rate 122 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 30, 2020. ; https://doi.org/10.1101/2020.07.30.229112doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.30.229112
http://creativecommons.org/licenses/by-nc-nd/4.0/


 6 

of over 98% across the alignments were excluded. All signature nucleotide positions 123 

were highly conserved in 99% of the sequences in the corresponding 124 

lineage/sublineage or genetic cluster. The HPV reference genomes used were  125 

downloaded from NCBI except for HPV16: HPV16, K02718 (downloaded from PaVE 126 

[20]); HPV18, AY262282; HPV52, X74481; HPV58, D90400. The distribution of the 127 

signature positions along the HPV genomes were further summarized based on a 128 

sliding window size of 1000bp and a step size of 500bp. 129 

 130 

HPV-positive cervical samples from Chinese women 131 

Exfoliated cervical cells were obtained from women participating in National Cervical 132 

Cancer Screening Program in Eastern China, including Anhui, Jiangsu, Shandong 133 

and Guangdong provinces. HPV DNA detections were conducted with BGI SeqHPV 134 

Kit (BGI-Shenzhen, China) [25,26]. The majority of subjects involving in this large-135 

scale screening program displayed no clinical illness or slight inflammation in 136 

histopathological examination. Only samples from participants who consented to 137 

donate their residual sample for microbial investigation were selected, with their 138 

personal data anonymized. A total of 347 participants were recruited in this study. All 139 

the participants aged from 30 to 67 years old, with a median age of 48.  140 

 141 

HPV genome sequencing and assembly 142 

Probes covering the complete genomes of 18 HPV types (HPV6, 11, 16, 18, 31, 33, 143 

35, 39, 45, 51, 52, 56, 58, 59, 66, 68, 69 and 82) were designed by MyGenostics 144 

[27]. The extracted DNA was sheared to fragments around 250 bp in length, adapter-145 

added, hybridized with probes at 65°C for 24h, and washed to remove uncaptured 146 

fragments. The DNA library was sequenced using a BGISEQ-500 platform for 147 
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paired-end 100bp reads (BGI-Shenzhen, China). Following demultiplexing, raw 148 

reads were trimmed with fastp [28] and deduplicated with BBMap 149 

(https://sourceforge.net/projects/bbmap/). Quality-filtered reads were mapped to HPV 150 

reference genomes with BWA alignment tool [29]. Reads with both ends aligned to 151 

HPV16, 18, 52 and 58 were extracted and subject to de novo assembly with SPAdes 152 

3.12.0 [30]. 153 

 154 

Verification of signature genes and nucleotide positions 155 

HPV16 (n=120), 18 (n=48), 52 (n=120) and 58 (n=93) genomes from Chinese 156 

females generated in this work were used to verify the hierarchical signature 157 

nucleotide positions for variant lineage/sublineage classification. The designations 158 

were conducted based on ML tree topologies and signature nucleotide position 159 

mapping algorithms. In brief, the genomes combining with the reference sequences 160 

(Supplementary Table 2) were aligned with MAFFT v7.427 and constructed for ML 161 

trees using IQ-TREE with 1,000 ultrafast bootstrap implementations [21,22]. The 162 

phylogenetic trees inferred from the ORFs and LCR were reconstructed following the 163 

same procedure, and the subsequent classification results were compared against 164 

those defined by complete genome data. R scripts were developed in-house to map 165 

the sequences against the signature nucleotide position sets to define variant 166 

lineages and sublineages. 167 

 168 

Ethical statement 169 

This study was reviewed and approved by the Institutional Review Board of Beijing 170 

Genomics Institute, Shenzhen, China (BGI-R071-1-T1 & BGI-R071-1-T2). All the 171 
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participants consented to the donation of their exfoliated cell samples and 172 

anonymized associated data for research purposes. 173 

 174 

Data availability 175 

The data that support the findings of this study have been deposited into CNSA 176 

(CNGB Sequence Archive) of CNGBdb with accession number CNP0001117 177 

(https://db.cngb.org/cnsa/). 178 

 179 

Results 180 

Signature genes for sublineage/lineage identification 181 

In order to pinpoint marker genes for HPV16, 18, 52 and 58 variant classification, we 182 

compared the consistency between the complete genomes, individual ORF/region 183 

(E1, E2, E4, E5, E6, E7, L1, L2, LCR), and the concatenated regions (4R: 184 

E1+E2+L1+L2, 5R: E1+E2+L1+L2+LCR, 8R: E1+E2+E4+E5+E6+E7+L1+L2, and 185 

9R: E1+E2+E4+E5+E6+E7+L1+L2+LCR) regarding to sequence diversity and 186 

lineage/sublineage assignment.  187 

 188 

Sequence diversity comparison. All the partial genomic regions showed a positive 189 

correlation with full genome sequences based on pairwise distance matrix 190 

comparison (p<0.05) but yielded different correlation coefficient values. The distance 191 

matrices of the concatenated partial genomes usually display a high correlation with 192 

that of the full genome, with correlation coefficients ranging from 0.957 to 0.996 193 

(Figure 1). For individual genomic regions, E2 of HPV16, L2 of HPV18, and E1 of 194 

HPV58 displayed the highest correlation with its full genome. For HPV52, the 195 
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distance matrices of L1 and LCR displayed similar correlation with that of full 196 

genome depending on the nucleotide substitution model utilized. 197 

 198 

Lineage/sublineage classification.  Phylogeny of each genomic region for 199 

lineage/sublineage classification was reconstructed with the same setting for each 200 

HPV type. The assignments based on partial genomes (e.g., 4R, 5R, 8R and 9R) 201 

were 100% consistent with those by complete genomes for HPV18, 52 and 58 202 

(n<150). For HPV16, the classification consistencies of partial genomes were around 203 

99.8%, which may be due to the relatively abundant dataset (n=2385) and the 204 

variation in the non-coding regions of this type (Figure 2). We also found high 205 

accuracy of variant classification inferred from distinct ORF/region including HPV16 206 

E2 (98.49%), HPV18 L2 (100%), HPV52 L1 (100%) and LCR (100%), and HPV58 L2 207 

(100%), LCR (100%) and E1 (100%). The phylogenetic topologies inferred from E4, 208 

E5, E6 and E7 genes were severely distorted, given the limited variation these genes 209 

contain. Although some short ORFs, e.g., HPV18 E4 and E5, HPV52 E6 and E7, 210 

achieved lineage/sublineage classification results with high accuracies in our study, 211 

the assignment process relied heavily on the abundance of references and 212 

experience, and may be prone to human subjectivity and visual error. Therefore, the 213 

short ORFs (E4, E5, E6, E7) may be not suitable for phylogenetic classification. 214 

 215 

Signature nucleotide positions for lineage/sublineage assignment 216 

Since HPVs have a relatively low mutation rate [31] and previous reports have 217 

shown certain positions to be population- or lineage- specific, we sought to identify 218 

signature nucleotide positions with lineage and/or sublineage fixation across the 219 

complete genome. Because no exclusive single nucleotide positions were 220 
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determinable for HPV16, 18, 52 and 58 variants, we used tree topologies and a 221 

hierarchical manner to identify lineage- and/or sublineage-specific nucleotide sites 222 

and patterns.  223 

 224 

Certain sublineages, including HPV16 A1-3, B2-4, C1-4 and D1-4, HPV18 A1-4 and 225 

B1-3, and HPV52 A1-2 were merged together because of the limited sequence 226 

variation or inadequate distances these clusters contained (Supplementary Figure 227 

1). A total of 79, 133, 161 and 123 signature nucleotide positions were characterized 228 

for HPV16, 18, 52 and 58, respectively (Figure 4 and Supplementary Table 3). At 229 

lineage level of HPV16, 35 sites were able to discriminate lineage A from lineage 230 

B/C/D, followed by 13 sites further discriminating B from C/D, and 17 discriminating 231 

C from D. At the sublineage level of HPV16, we found 12 positions for the 232 

discrimination of A1-3 and A4, and 2 for B1 and B2-4. The hierarchical structure of 233 

signature nucleotide positions for HPV18, 52, and 58 can be interpreted similarly 234 

(Figure 3). 235 

 236 

Using a sliding window size of 1000bp and a step size of 500bp, we explored the 237 

distribution of the signature sites along the viral genomes. Results showed that the 238 

1001st-2000th genomic positions of HPV16 (the 5’ terminal region of E1), the 3501st-239 

4500th of HPV18 (flanking E2, E4, E5 and L2),  the 6501st-7500th of HPV52 (the 3’ 240 

terminal region of L1) and the 7001st-7824th of HPV58 (LCR) may contain the most 241 

sufficient signature sites to distinguish all the hierarchical levels for each HPV type. 242 

(Figure 4). 243 

 244 

Genetic diversity of verification dataset 245 
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To verify the signature of marker genes and sites in variant classification, we 246 

accessed HPV16, 18, 52 and 58 genomes from Chinese women who participated in 247 

the National Cervical Cancer Screening Program. Most of the participants were from 248 

Eastern China. All sequences are >95% coverage in size of the complete genomes. 249 

Based on tree topologies and distance threshold, 116 out of 117 HPV16 sequences 250 

were unambiguously assigned as lineages A (A1-2=25, A3=24, A4=66) and D 251 

(D3=1) (Figure 5, Supplementary Table 4). The high prevalence of HPV16 A4 252 

variants in Eastern Chinese women was consistent with previous reports in Eastern 253 

Asian [18]. HPV16 A4 was also linked with higher cancer risks in Asian populations 254 

than other variants [12,13]. All HPV18 genomes belonged to lineage A (A1=37, 255 

A3=1, A4=10) (Figure 5, Supplementary Table 4), which were consistent with 256 

previous reports on HPV18 sublineage distribution in China [32,33]. The majority of 257 

HPV52 and HPV58 sequences were lineages B (111/117, 94.9%) and A (88/89, 258 

98.9%), respectively, that were further divided into HPV52 B2 (n=111) and HPV58 259 

A1 (n=51), A2 (n=25) and A3 (n=12) (Figure 5, Supplementary Table 4). Rest of 260 

HPV52 sequences belonged to A1 (n=2), C2 (n=3) and D (n=1), and HPV58 to B2 261 

(n=1). HPV52 lineages B and C were common in Asian countries, with B the most 262 

prevalent in China [34–36]. However, the cancer risk of HPV52 B variants was 263 

reported to be lower than lineage C [16]. Lineage A of HPV58 was found to be 264 

globally distributed and was the most prevalent in Asian females [16,33,35,37,38]. 265 

Moreover, HPV58 sublineage A3 might pose higher cancer risk than other variants 266 

[17,18]. The prevalence of HPV variants associated with higher cancer risk (e.g., 267 

HPV16 A4, HPV58 A3) in Eastern China called for continuous surveillance on female 268 

populations in this region.  269 

 270 
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Verification of HPV lineage classifications with signature regions and 271 

nucleotide positions 272 

Using the assembled HPV sequences from Eastern Chinese women, we further 273 

confirmed that HPV16 E2, HPV18 L2, HPV52 L1 and LCR, and HPV58 LCR 274 

contained sufficient variation information to assign the target genes/region with 275 

proper lineages and/or sublineages, consistent with the classification by the 276 

complete genomes (Table 1, Supplementary Table 4). In addition, HPV58 E1 and 277 

L2 reached 98.88% accuracy in variant classification, except for one sequence with 278 

ambiguous assignment. Classification results by signature nucleotide positions also 279 

showed high consistency with those by the complete genomes, with 100% and >98.9% 280 

accuracies in variant classification at lineage and sublineage levels, respectively. It’s 281 

worth noting that one HPV58 A2 sequence based on the complete genome 282 

assignment was grouped to A1 since only one variation was discriminative for A1, A2 283 

and A3. Hence, mutations at certain individual position may affect the accuracy of 284 

sublineage assignment. 285 

 286 

Discussion 287 

It has been recommended to use the complete genomes to identify HPV variant 288 

lineages and sublineages [6]. However, ambiguous assignment may arise when the 289 

complete genomic sequences are not available in clinical settings or in developing 290 

areas. Lineage fixation of genetic changes in one gene/region highly correlated with 291 

other changes within genomes from the same lineage and sublineage is observed 292 

throughout HPVs and may represent adapted variations in natural selection with 293 

different phenotypic characteristics and carcinogenicity. In this study, we sought to 294 

identify genes and sites with lineage- and sublineage-specific significance for HPV 295 
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variant characterization in large-scale screening program. Our data indicated that 296 

marker genes (e.g., HPV16 E2, HPV18 L2) as well as signature nucleotide positions 297 

proved high accuracy in lineage/sublineage classification, which was further verified 298 

by assembled HPV sequences from Eastern Chinese women.  299 

 300 

Hotspots of the genetic signature position may be chosen as the target regions for 301 

the developing of rapid classification assays, such as the 1001st-2000th genomic 302 

positions of HPV16, the 3501st-4500th of HPV18, the 6501st-7500th of HPV52 and the 303 

7001st-7824th of HPV58 (Figure 3, Figure 4, Supplementary Table 3). Because 304 

most detection methods, such as qPCR, utilize short genomic regions as detection 305 

targets, we recommend using multiple genetic regions to achieve optimal detection 306 

accuracy. Due to the uneven distribution of the genetic signature positions, single 307 

regions may not be able to provide high-resolution classification. For example, while 308 

the 1001st-2000th positions of HPV16 may be able to distinguish all the classification 309 

levels, this region contains much less information for the separation of Ax 310 

sublineages than the 3001th-4000th region. Therefore, selection of multiple genetic 311 

regions pertinent to the local HPV diversity and detection methods such as multiplex-312 

PCR may facilitate the cost-effective classification of HPVs to lineage/sublineage 313 

levels, which would help promote large-scale epidemiological study on the 314 

carcinogenesis of HPV variants. 315 

 316 

This study has several limitations: 1) Though we have already gathered all available 317 

genomes from public database, the global diversity of HPVs may not be 318 

comprehensively covered. The scarcity of high-quality full genomes for certain 319 

lineages and sublineages, such as HPV16 lineage C and D, hinders the exploration 320 
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of cluster-specific genetic signatures. 2) Due to the limited sample sizes of this study, 321 

the genetic diversities of high-risk HPVs in China remain to be explored. 3) Because 322 

the clinical information of the surveyed sequences was not available in this work, the 323 

association between disease statuses and specific variants/variations in China 324 

remains elusive. Such defects call for genetic studies on HPV-infected individuals 325 

from more diverse geographic regions with sufficient clinical records to enhance our 326 

understandings of specific variants that may pose significant effects on cervical 327 

health.  328 

 329 

The sublineage distributions of the four HPV types in China generated in this study 330 

were consistent with previous reports [16,33–40]. However, with the intensification of 331 

globalization, the genetic diversity of HPV in China and other parts of the planet 332 

remains dynamic and requires continuous surveillance. The genetic signatures 333 

characterized by this study may provide valuable references for the design of cheap 334 

and fast detection assay to classify the four high-risk HPV types in Eastern China. 335 

Nevertheless, high-quality genomes were still scarce for many HPV types except 336 

HPV16. With the extensive application of whole genome sequencing in HPV 337 

research, the classification power using signature regions or nucleotide positions 338 

could be further increased. 339 

 340 

  341 
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Figures and tables 342 

 343 

Figure 1: Correlation of the genetic distance matrix between full genome and 344 

partial genomic sequences of HPV16, 18, 52 and 58. Raw pairwise p-distances 345 

and genetic distances based on the TN93 model for HPV sequences were calculated 346 

using R package ape, with gaps deleted in a pairwise manner. Correlations between 347 

the DNA distance matrices of partial genomic sequences and the full genomes were 348 

explored using Mantel test with Spearman correlation method. Asterisks indicate the 349 

individual gene that showed the highest correlation with full genome under the 350 

corresponding substitution model for each HPV type. Abbreviations: FG, full 351 

genome; LCR, long control region; 4R, partial genome concatenated with 4 genetic 352 

regions: E1+E2+L2+L1; 5R, partial genome concatenated with 5 genetic regions: 353 

E1+E2+L2+L1+LCR; 8R, partial genome concatenated with 8 genetic regions: 354 

E6+E7+E4+E5+E1+E2+L1+L2; 9R, partial genome concatenated with 9 genetic 355 

regions: E6+E7+E4+E5+E1+E2+L1+L2+LCR. 356 
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 360 

Figure 2: Accuracies of lineage/sublineage assignments using different part of 361 

the genomes. Values indicate the percentage consistency in lineage/sublineage 362 

assignment using the corresponding genomic regions comparing against the 363 

assignment results using full genomes. Cell colors: yellow, 100%; red: 95~100%; 364 

white, <95%. Abbreviations are the same as Figure 1. 365 

 366 

 367 

 368 

Sequence

HPV16 HPV18 HPV52 HPV58 HPV16 HPV18 HPV52 HPV58

9R 99.79 100 100 100 100 100 100 100

8R 99.75 100 100 100 100 100 100 100

5R 99.83 100 100 100 100 100 100 100

4R 99.79 100 100 100 100 100 100 100

L1 86.71 98.99 100 94.78 99.96 100 100 97.76

L2 93.71 100 96.1 100 99.92 100 100 100

LCR 93.54 96.97 100 100 99.83 100 100 100

E1 97.36 98.99 98.7 100 99.87 100 100 100

E2 98.49 98.99 98.7 92.54 99.96 100 100 97.76

E4 94.88 84.85 88.31 87.31 99.29 100 88.31 96.27

E5 77.15 62.63 93.51 82.84 95.3 100 96.1 93.28

E6 78.32 82.83 93.51 77.61 99.54 98.99 100 97.76

E7 84.32 83.84 94.81 91.04 97.65 95.96 100 97.76

Sublineage Lineage
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 369 

Figure 3. Hierarchical discrimination of HPV lineages and sublineages with 370 

signature nucleotide positions. The number of nucleotide positions determined for 371 

discriminating variant lineages and/or sublineages are displayed on the common 372 

node of two lineage/sublineage level. For example, in the panel of HPV16, 35 is the 373 
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number of signature sites to distinguish lineage A and BCD, and 12 to distinguish 374 

A1-3 and A4. The hierarchical structure was not scaled to genetic distances. The 375 

signature positions were color-labelled for each classification level based on the 376 

genomic organization of the reference genome of each HPV type, with the ORF/LCR 377 

locations indicated by color bars. 378 

 379 

Figure 4. Genetic hotspots for signature nucleotide positions of HPV16, 18, 52 380 

and 58 types. Using a sliding window size of 1000bp and a step size of 500bp, 381 

distribution of the signature nucleotide positions identified for the four HPV types 382 

were summarized. The X axis indicates the start position for each sliding window. 383 

The Y axis indicates the number of distinct signature positions for each window 384 

based on the corresponding reference genomes. Color code indicates the number of 385 

lineage/sublineage identifiable within each sliding window. The color legend applies 386 

to all types. 387 
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 389 

Figure 5. ML phylogenies of HPV16, 18, 52 and 58 sequenced in this study. The 390 

ML phylogenies were constructed with full genomes using IQ-TREE, implementing 391 

1000 ultra-fast bootstrap tests. Bootstrap values of over 70 were displayed on nodes. 392 

Tips labelled by solid circles are reference genomes obtained from NCBI, while 393 

those labelled by triangles were sequenced in this study. Lineage/sublineages are 394 

indicated by colors and the name for each lineage/sublineage is presented with the 395 

same color. U: Undefined. 396 

  397 
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Table 1: Accuracies of lineage/sublineage assignments using E1, E2, L1, L2 398 

and LCR with verification dataset. Values indicate the percentage consistency in 399 

lineage/sublineage assignment using the corresponding sequences comparing 400 

against the assignment results using full genomes. 401 

Region Sublineage Lineage 

  HPV16 HPV18 HPV52 HPV58 HPV16 HPV18 HPV52 HPV58 

E1 78.63 100 99.15 98.88 100 100 100 98.88 

E2 100 100 99.15 73.03 100 100 100 73.03 

L1 48.72 100 100 97.75 100 100 100 97.75 

L2 49.57 100 97.44 98.88 100 100 100 98.88 

LCR 94.02 100 100 98.88 100 100 100 100 

 402 

 403 

 404 

  405 
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Supplementary Data 406 

Supplementary Table 1: Genomes of HPV16, 18, 52, 58 downloaded from 407 

public database. 408 

Supplementary Table 2: Reference HPV complete genomes selected for the 409 

four HPV types. 410 

Supplementary Table 3: Hierarchical SNPs for lineage/sublineage 411 

classification of HPV16, 18, 52 and 58. 412 

Supplementary Table 4: Classification of the HPV16, 18, 52, 58 genomes 413 

generated by this study. 414 

Supplementary Figure 1: Representative phylogenies of HPV16, 18, 52 and 58. 415 

Using publicly available complete genomes, ML trees were reconstructed for the four 416 

HPV types and each sequence was classified to sublineage level based on tree 417 

topologies. The representative phylogenies were reconstructed based on mean intra- 418 

and inter-group percentage differences of clades, which are simultaneously 419 

displayed on the right panel of each tree. The number of HPV genomes in each 420 

clade is displayed in tip labels. The sizes of black circles on tree tips indicate the 421 

relative sequence abundance of the corresponding clade. Abbreviations: Ax and Cx, 422 

the strains belonged to lineage A and C, but could not be assigned to any existing 423 

sublineages; U, (i.e., Undefined), the strains were not assigned to any existing 424 

lineage. Number of genomes used: HPV16, n=2,385; HPV18, n=99; HPV52, n=77; 425 

HPV58, n=134. 426 

 427 
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