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Abstract: Human papillomavirus type 16 (HPV16) is the most prevalent HPV type causing cervical 9 

cancers. Herein, using 1,597 full genomes of HPV16, we systemically investigated the mutation pro- 10 

files, surface protein glycosylation sites and the codon usage bias of the eight open reading frames 11 

(ORFs) of HPV16 genomes from different lineages and sublineages. Multiple lineage- or sublineage- 12 

specific mutation sites were identified. Glycosylation analysis showed that HPV16 lineage D con- 13 

tained the highest number of unique potential glycosylation site in both L1 and L2 capsid protein, 14 

which might lead to their antigenic distances from other HPV16 lineages. Nucleotide composition 15 

of HPV16 showed that the overall AT content was higher than GC content at the 3rd codon position. 16 

Relatively high ENC values suggested that the HPV16 ORFs didn’t have strong codon usage bias. 17 

Most of the HPV16 ORFs were mainly governed by natural selection pressure such as translational 18 

pressure, except for L2. HPV16 only shared some of the preferred codons with human, which might 19 

help reduce competition in translational resources. These findings may help increase our under- 20 

standing of the heterogeneity between HPV16 lineages and sublineages, and the adaptation mech- 21 

anism of HPV in human cells, which might facilitate HPV classification and improve vaccine devel- 22 

opment and application.  23 

Keywords: HPV16; lineage and sublineage; mutation; codon usage bias; glycosylation. 24 

 25 

1. Introduction 26 

Human papillomaviruses (HPVs) can cause mucous and cutaneous infections. Up to 27 

now, more than 200 different HPV types have been identified (http://www. hpvcenter.se/). 28 

According to their carcinogenicity, HPVs can be divided into high-risk and low-risk types. 29 

High-risk types include HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 58, 59, etc. [1], which mainly 30 

cause reproductive tract diseases. Among them, HPV16 is the dominant type leading to 31 

cervical cancer and accounts for above 50% cervical cancer cases [2, 3].  32 

 33 

HPVs are double-stranded circular DNA viruses with a genome size of about 8kb. 34 

HPV16 genomes include three general regions: a region encoding early-stage proteins (E1, 35 

E2, E4, E5, E6 and E7), a region encoding late-stage proteins including L1 and L2, and an 36 

upstream regulatory region (URR) [4]. E1 and E2 proteins regulate the replication and 37 

transcription of HPV genomes [5, 6]. E5, E6 and E7 proteins are cofactors for HPV carcin- 38 

ogenesis, involving in epithelial dysplasia and tumor progression after HPV infection [7- 39 

10]. L1 and L2 are the major and minor capsid proteins, which are expressed during the 40 

late stage of HPV infection. Besides forming the elegant icosahedral surface of the papil- 41 

lomavirus virion, these two capsid proteins are essential for virus binding and entry into 42 

cells [11, 12]. Currently, L1 and L2 proteins are the targets of HPV prophylactic vaccines, 43 

while E6 and E7 are targets of therapeutic vaccines of HPV-induced cancers [13]. 44 
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Above the type or genotype level, HPVs are classified based on the nucleotide se- 45 

quence of L1 [14, 15]. In 2013, Chen et al. proposed the lineage/sublineage classification 46 

criteria for papillomaviruses of the same type based on the nucleotide difference of com- 47 

plete genomes, with 1.0 - 10.0% and 0.5 - 1.0% differences defining different lineages and 48 

sublineages [16]. Up to date, four lineages (A-D) and sixteen sublineages (A1–4, B1–4, C1– 49 

4 and D1–4) have been identified for HPV16 around the world [17, 18].  50 

 51 

It has been reported that HPV16 sublineages differ in their geographic distribution 52 

and carcinogenicity [19-21]. A1 sublineage was the dominant sublineage in Europe, the 53 

Americas, South Asia and Oceania, and A2 sublineage was distributed in Europe, North 54 

America and Oceania, while A3 and A4 sublineages were mainly distributed in East Asia.  55 

Lineage B and C were almost exclusively distributed in Africa, and lineage D was the most 56 

common in South/Central America [22]. Mirabello et al. found that white women infected 57 

with HPV16 A1/A2 variants had an increased risk of CIN3+ progression, and A4 subline- 58 

age was associated with an increased risk of cancer in Asian women [23]. 59 

 60 

Glycosylation plays an important role in the folding and stabilization of viral proteins, 61 

recognition of host cell receptors and immune escape of viruses. Mutation of the N-glyco- 62 

sylation site of the surface envelope glycoprotein of HIV, gp120, would remove the gly- 63 

cosylated oligosaccharide chain and expose the masked antigenic epitopes, increasing the 64 

antigenic recognition of gp120 by the antibodies [24]. Addition of glycosylation to the he- 65 

magglutinin and neuraminidase protein of influenza viruses can result in viral antigenic 66 

drift from older strains [25, 26]. Therefore, it is meaningful to elucidate the potential gly- 67 

cosylation modification sites of viral surface proteins, which could help uncover novel 68 

molecular determinants of antigenic differences and improve vaccine design. 69 

 70 

A trinucleotide codon is used to encode one standard amino acid, and most amino 71 

acids are coded by more one codon, except Met and Trp. The codons code for the same 72 

amino acid are called synonymous codons. Usage of synonymous codons may vary be- 73 

tween and within species, which is called codon usage bias (CUB). Natural selection, mu- 74 

tation pressure, and other factors can all affect CUB [27, 28]. Viruses depend on their host 75 

for survival, so their codon usage patterns may be similar to those of the host in order to 76 

express viral proteins efficiently [27, 29]. However, it has also been found that some vi- 77 

ruses may have CUB different from their host to escape from the host immune system [30]. 78 

It has been shown that the genera Alphapapillomavirus and Betapapillomavirus had different 79 

CUB, and the different codon usage pattern may be related to the histological specificity 80 

of the papillomaviruses [31]. CUB was correlated with high A + T content at the 3rd codon 81 

position of HPV genes [32]. Codon-optimized HPV16 E6 and E7 genes were suggested for 82 

the development of therapeutic vaccines against HPV16 [33, 34] to improve protein pro- 83 

duction level in cells. Understanding the CUB of HPV16 genes would also increase our 84 

understanding in their interaction with human hosts and the mechanism underlining per- 85 

sistent infection. 86 

 87 

The rapid accumulation of HPV16 genome data has provided a new opportunity for 88 

extensive and in-depth research on the genetic diversity of HPV16. In this study, we aimed 89 

to explore the genomic mutation profiles and the glycosylation site distribution for surface 90 

proteins in different HPV16 sublineages. The subsequent findings would help us further 91 

understand the heterogeneity between the sublineages and how such differences might 92 

influence surveillance and vaccine application. To further understand the viral-host inter- 93 

action mechanism of HPV16, we also comprehensively analyzed the codon usage patterns 94 

of the eight HPV16 ORFs and compared their viral CUB with that of humans. 95 

2. Materials and Methods 96 

2.1 Data preparation 97 
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A total of 3,729 complete sequences of HPV16 genomes were retrieved from the Na- 98 

tional Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/Gen- 99 

bank/) as of May 13, 2020. In order to get high quality genomes, these sequences were 100 

processed as follows: (1) sequences with a length of 7000-8500bp and ambiguous sites less 101 

than 5 were kept; (2) sequences that contain 70 or more consecutive “N” (about 1% com- 102 

plete sequence) were removed; (3) sequences were aligned by MAFFT v7.407 [35]; (4) the 103 

aligned sequences were checked in BioEdit v7.0.5 [36] and low-quality sequences and 104 

those with early stop codons were removed. DNA sequences were translated into amino 105 

acid sequences to ensure correct reading frames. Finally, a total of 1,597 genomes were 106 

included for this study. The eight ORFs were extracted based on the coordinate of HPV16 107 

reference genome (Accession Number K02718), considering that the starting position of 108 

most E6 genes is 104, it was set as the starting position of all E6 genes. The detailed infor- 109 

mation of the genomes, such as host origins, geographical locations and collection time, 110 

were provided in Table S1. 111 

 112 

2.2 Phylogenetic and cluster analysis 113 

In order to compare the codon usage preferences between different sublineages, the 114 

whole genomes obtained were classified into different sublineages. Maximum likelihood 115 

phylogeny was constructed with IQ-TREE using TVM+F+I+G4 nucleotide substitution 116 

model with 1000 ultrafast bootstrap implementation [37-39]. The nucleotide difference be- 117 

tween all sequences and the reference sequences were calculated with R package seqinr 118 

v3.6-1. According to the phylogenetic topology and sequence differences (inter-lineage 119 

difference: 1% - 10%; inter-sublineage difference: 0.5% - 1%), all sequences were divided 120 

to lineages and sublineages for downstream analysis. The reference sequences of different 121 

lineages/sublineages were obtained from GenBank [18], with their accession numbers as 122 

follows: K02718 (A1), AF536179 (A2), HQ644236 (A3), AF534061 (A4), AF536180 (B1), 123 

HQ644298 (B2), AF472509 (C1), HQ644257 (D1), AY686579 (D2), AF402678 (D3), 124 

HQ644244 (C2), KU053920 (C3), KU053925 (C4), KU053931 (D4), KU053915 (B3), 125 

KU053914 (B4). 126 

 127 

2.3 Mutation detection of ORFs 128 

Nucleotide sequences of the eight ORFs were compared against the reference ge- 129 

nome (K02718) to identify mutations. The amino acid mutations resulting from the nucle- 130 

otide mutation were also determined. 131 

 132 

2.4 Identification of potential glycosylation sites in L1 and L2 protein. 133 

L1 and L2 sequences were translated into protein sequences in BioEdit. The potential 134 

glycosylation sites were determined by identification of N-linked glycosylation motifs (N- 135 

X-T/S, X: any amino acid except for P) in the protein sequences. 136 

 137 

2.5 Nucleotide composition analysis 138 

Calculations of the GC content at the 1st, 2nd and 3rd codon positions (GC1, GC2, GC3) 139 

and the average content of GC1, GC2 (GC12) of all ORFs were conducted with R package 140 

SADEG v1.0.0 [40].  141 

 142 

2.6 Analysis of effective number of codons 143 

 144 

Effective number of codons (ENC) is a parameter to evaluate the overall codon pref- 145 

erence of genes. ENC value ranges from 20 to 61. The value of 20 means that only one 146 

codon is used for each amino acid, and 61 means that every codon is used [41]. The lower 147 

the ENC value, the stronger the bias for codon usage. Genes with low expression levels 148 
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were found to have high ENC values and more rare codons [42]. The ENC was calculated 149 

using R package SADEG. The formula for calculating ENC value is as follows [41]: 150 

 151 

𝐸𝑁𝐶 = 2 +
9

𝐹2
+

1

𝐹3
+

5

𝐹4
+

3

𝐹6
                        152 

 153 

where F2 is the identical probability of two synonymous codons randomly selected.  154 

 155 

Wright [41] suggested that the ENC-plot (ENC plotted against GC3) could be used to 156 

investigate codon usage patterns across genes, and that ENC value is independent of gene 157 

length and amino acid (aa) composition. The standard curve in ENC-plot analysis repre- 158 

sents that CUB is completely determined by nucleic acid composition. If a point falls on 159 

the expected curve, the codon usage is influenced by mutational pressure; If a point falls 160 

below the standard curve, its codon usage is also affected by selection pressure. The ex- 161 

pected ENC was calculated using the equation: 162 

 163 

𝐸𝑁𝐶𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 = 2 + 𝑆 + (
29

𝑆2+(1−𝑆)2)                  164 

 165 

where S indicates the content of GC3. 166 

 167 

2.7 Neutrality plot analysis 168 

Both mutational pressure and natural selection affects the bias of codon usage. 169 

Amino acid changes at the 3rd codon positions usually cause synonymous mutation, which 170 

indicate a mutational pressure, while nucleotide changes causing nonsynonymous muta- 171 

tions indicate selection pressure. The ratio of GC12 and GC3 is used to measure the influ- 172 

ence of natural selection and mutation pressure. The slope of the regression line represents 173 

the evolutionary speed of the mutation pressure and natural selection pressure [43]. The 174 

more the slope close the diagonal of the coordinate axis, the greater the influence of the 175 

mutation pressure. However, if the regression line deviates from the diagonal, the selected 176 

codons were influenced by other factors, like natural selection [44]. 177 

 178 

2.8 Codon usage frequeny analyses 179 

Relative synonymous codon usage (RSCU) is largely independent of amino acid com- 180 

position and can be used to compare codon usage among genes or genomes with different 181 

lengths and amino acid compositions. The calculation of the RSCU value assumes that the 182 

codons of the same specific amino acid have equal usage, and the ratio of the actual codon 183 

usage frequency to the expected frequency is defined as the RSCU value [45]. RSCU values 184 

of <0.6, 0.6-1.6, >1.6 indicate low, normal, over usage of the codon [44]. The average RSCU 185 

data of human was originated from work by Malik et al. [43], while the mean RSCU 186 

values of HPV16 ORFs were calculated by R package SADEG v1.0.0. [40]. The calculation 187 

formula of RSCU is as follows, 188 

 189 

                          𝑅𝑆𝐶𝑈𝑖𝑗    =   
𝑔𝑖𝑗

∑ 𝑔𝑖𝑗
𝑛𝑖
𝑗

× 𝑛𝑖                          190 

 191 

where i is i-th codon and j is j-th amino acid, gij is the observed number of the i-th 192 

codon for the j-th amino acid that has an “ni” type of synonymous codon [45]. 193 

3. Results 194 

3.1 Classification of HPV16 lineages and sublineages  195 
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Using 1,597 full genomes (Supplementary Table S1), we constructed a Maximum 196 

Likelihood tree (Supplementary Figure S1) and conducted lineage/sublineage classifica- 197 

tion based on the criteria proposed by Chen et al [16]. Only one sequence was not assigned 198 

to any lineage/sublineage because its long distance to other known lineages. In summary, 199 

we obtained 1352 (84.7%) sequences from lineage A, 34 (2.1) from lineage B, 56 (3.5%) from 200 

lineage C, and 154 (9.6%) from lineage D (Supplementary Table S2). Of all the sequences 201 

in lineage A, 1,053 (77.9%) genomes belonged to A1 sublineage (Table 1, Supplementary 202 

Table S2), following by A2 (204), A4 (84) and A3 (11) sublineages. Unfortunately, the num- 203 

ber of genomes in several B and C sublineages were less than 5 sequences. Other subline- 204 

ages with more than 10 sequences included B1 (28), C1 (50), D1 (12), D2 (35), D3 (95) and 205 

D4 (12). 206 

 207 

3.2 Mutations identified across the HPV16 genome  208 

Because different HPV sublineages displayed heterogeneity in geographical distri- 209 

bution and carcinogenic ability, we sought to identify mutations that significantly differ 210 

between the lineages and sublineages. Sites in the ORFs that differ from the reference se- 211 

quence (K02718) were identified as mutation sites. The distributions of mutations by gene 212 

are shown in Figure S2. The L2 and E2 ORFs of HPV16 showed higher levels of genomic 213 

diversity than other genes, with 6,459 and 6,320 mutations detected in E2 and L2, respec- 214 

tively, while E7 was relatively conserved, with only 183 mutations observed (Supplemen- 215 

tary Table S3, Figure S2). To identify lineage-specific genetic changes, mutations occurring 216 

in over 90% sequences of the sublineages that contained more than 10 sequences were 217 

further identified. There were at least 25 nucleotide sites displayed lineage-fixation in at 218 

least one sublineage (Table 1; Supplementary Table S3). Mutations including E2 T3223A, 219 

L2 A4967G, L2 A5032T, L2 T5366G and L2 T5384G were uniquely associated with lineage 220 

D, while E5 A4054T, E5 G3881A, L2 A5288G were uniquely associated with lineage B or 221 

sublineage B1, and E6 G131T and L2 A5288C were associated with sublineage C or sub- 222 

lineage C1. Several other mutations were found to be sublineage specific, including E1 223 

A1931C for A3, E2 G3412A for D1, E2 G3415A for D2, E2 T3386C and L1 A6801T for D3, 224 

and E2 C3158G for D4. These mutations may be useful for the lineage or sublineage iden- 225 

tification based on nucleotide polymorphism. 226 

 227 
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3.3 Glycosylation analysis of HPV16 L1 and L2 proteins  228 

The L1 protein plays a major role in the receptor binding of HPVs to host cells [5]. L1 229 

protein is the main component of the current HPV prophylactic vaccines, and the varia- 230 

tion of its protein sequence is closely related to the effectiveness of the vaccines [46]. Due 231 

to the complex design of the multivalent L1-VLP vaccines, the vaccines cannot prevent all 232 

types of HPV infection, and some HPVs that can cause mucosal cancer cannot be covered. 233 

While the minor capsid protein L2 contains common epitopes that induce low titers of 234 

 

 

 

Table 1. Mutation profiles of HPV16 sublineages. 

ORF  Nucleotide 

mutation 

Amino acid 

mutation 

Proportion of sequences with the corresponding mutations in each sublineage (%) 

A1

（n=1053） 

A2 

(n=204) 

A3 

(n=11) 

A4 

(n=84) 

B1 

(n=28)（B, 

n=34） 

C1 

(n=50) (C, 

n=56) 

D1 

(n=12) 

D2 

(n=35) 

D3 

(n=95) 

D4 

(n=12) 

E1 A1931C 

G2336A 

G2649A 

E399D 

M534I 

E639K 

 

1.9 

1 

 

90.9 

9.1 

 

97.6 

 

   

 

100 

 

 

98.9 

 

E2 A3180C 

C3158G 

G3412A 

G3415A 

G3430A 

T3223A 

T3383C 

T3386C 

E142D 

T135R 

A220T 

A221T 

A226T 

L157I/Ma 

I210T 

I211T 

 

 

 

 

 

 

 1.7 

 

 

 

 

 

 

100 

 

 

 

 

 

 

 

100 

14.3 (14.7) 6 (7.1) 

 

 

 

100 (98.2) 

 

 

100 

 

 

100 

 

 

 

100 

2.9 

100 

97.9 

 

 

 

 

100 

 

95.8 

 

100 

 

 

 

100 

E5 A4054T 

G3881A 

I65L 

A7T 

    

100 (100) 

100 (100) 

    

 

E6 G132T 

T350G 

R10I 

L83V 

   

 47.8 

 

21.6 

 

 

   

 

3.6 (14.7) 

98 (87.5)  

100 

 

100 

 

100 

 

100 

E7 A647G N29S 

   

98.8 

 

100 (89.3) 

    

L1 A6178C 

A6801T 

T6480C 

N207T                 

T415S                 

S308P                 

 

41.7 14.3 (11.8) 

 

3.6 (2.9) 

78 (75) 

 

100 (100) 

 8.3  5.7 100 

97.9 

 

L2 A4967G 

A5032T 

A5288C 

A5288G 

T5366G 

T5384G 

T245A 

L266F 

T353P 

T353A 

S379V/Ab 

S385A 

    

 

 

 

100 (97.1) 

 

 

100 (89.3) 

100 

100 

 

 

100 

100 

97.1 

100 

 

 

97.1 

97.1 

98.9 

100 

 

 

96.8 

100 

100 

100 

 

 

100 

100 

Note: mutation sites were determined for sublineages with more than 10 sequences, and only those mutations occurred in >90% of the 

sequences in a certain sublineage were showed. Blank space indicates that there were little/no corresponding mutations in the sublineage 

or that sublineage contained less than 10 sequences. Because multiple sublineages of B and C lineage contained less than 10 strains, there-

fore, mutation frequencies were also calculated for B and C lineage. The numbers in parentheses indicate the proportion of the mutation in 

B or C lineage. Mutation frequencies over 85% are in bold. 

a L157I/M: T3223A -> L157I; T3223A and A3224G -> L157M.  

bS379V/A: T5366G -> S379A; T5366G and C5367T -> S379V. 
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antibody, it can produce broadly cross-neutralizing antibodies against heterologous HPV 235 

types and might be served as a potential common HPV vaccine antigen [47]. To explore 236 

the variations of HPV16 L1 and L2 proteins, the amino acid sequences of L1 and L2 of 237 

1,597 HPV16 genomes were predicted for glycosylation sites. The A1 sublineage had the 238 

largest number of potential glycosylation sites in L1 and L2 protein, which may be due to 239 

the abundant sequences within this sublineage (Supplementary Table S4 and Table S5). 240 

Ten and twenty-nine glycosylation sites were identified in all lineages for L1 and L2 pro- 241 

teins, respectively (Figure 1). Some glycosylation sites were lineage specific. In L1 protein, 242 

27 glycosylation sites were observed only in A lineage, 1 in C lineage and 10 in D lineage. 243 

In L2 protein, 61 glycosylation sites were only found in A lineage, 2 in B lineage and 11 in 244 

D lineage. Collectively, the L1 and L2 glycosylation sites in lineage D displayed the largest 245 

differences from the other lineages, especially lineage A. These lineage-specific glycosyl- 246 

ation sites may play an important role in host cell recognition and immune escape process.  247 

 248 

Figure 1. The lineage distribution of potential glycosylation sites on L1 and L2 proteins. 249 

3.4 Nucleotide composition of HPV16 genomes 250 

Our analysis on nucleotide contents showed that HPV16 genomes are AT-rich (Table 251 

2). The mean nucleotide content of A and T for the eight ORFs (E1, E2, E4, E5, E6, E7, L1, 252 

L2) were 31.91% and 28.84%, respectively, higher than that of C and G. The mean G+C% 253 

of the eight ORFs ranged from 33.46% (E5) to 50.11% (E4). Comparison by codon positions 254 

showed that the third codon positions contained low GC content (15.07% - 41.85%), with 255 

E1 (18.62%) and L2 (15.07%) showing extremely low values. These indicated that the third 256 

codon position mainly accounted for the nucleotide composition bias of HPV16. 257 

 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 

 270 

 271 

 272 

Table 2. Nucleotide composition of the eight ORFs of HPV16 (%).  

 T C A G A+T G+C GC1 GC2 GC12 GC3 

E1 28.27  12.88  36.40  22.45  64.67  35.33  41.96  36.83  39.40  18.62  

E2 26.00  18.38  36.34  19.27  62.35  37.65  46.24  37.22  41.73  27.88  

E4 18.94  31.43  30.93  18.70  49.87  50.13  54.43  52.42  53.43  41.85  

E5 43.37  17.90  23.16  15.56  66.54  33.46  32.90  35.71  34.30  24.49  

E6 28.17  15.65  34.18  22.00  62.35  37.65  42.07  39.16 40.62  31.21  

E7 25.36  20.85  30.92  22.87  56.28  43.72  54.73  40.08  47.40  37.32  

L1 30.35  19.13  31.92  18.60  62.27  37.73  47.76  40.83  44.30  23.45  

L2 31.10  22.01  30.82  16.07  61.91  38.09  46.53  52.17  49.35  15.07  

Avg 28.95  19.78  31.83  19.44  60.78  39.22  45.83  41.80  43.82  27.49  
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3.5 The effect of mutation and natural selection pressure on CUB of HPV16 273 

ENC plot was used to measure the relative effects of mutational pressure and natural 274 

selection on CUB. In Figure 2, the curve represents the expected ENC determined by GC3 275 

content and the points represent the actual ENC values of the eight ORFs. Almost all ENC 276 

values of HPV16 ORFs lie below the standard curve, suggesting that in addition to muta- 277 

tion pressure, other factors, such as natural selection, also influence the codon usage pat- 278 

tern of HPV16. The mean ENC values for the HPV16 ORFs was 41.27, with seven out of 279 

the eight ORFs had ENC larger than 35, indicating that the overall extent of CUB in HPV16 280 

genomes was low. Interestingly, E4, E5 and E7 exhibited relatively lower ENC than ex- 281 

pected, especially the E5 ORF (the mean ENC value was 24.95), implicating relatively high 282 

CUB. Although ENC is generally independent of gene length, these may still be influenced 283 

by the extremely short length of the three ORFs (E4, 95aa; E5, 78aa; E7, 98aa).  284 

 285 

 286 

Figure 2. ENC plot of the eight ORFs of HPV16. The continuous curve plots the relationship be- 287 
tween GC3 and ENC in the absence of selection. The horizontal dotted line represents the ENC 288 
value of 35. All points lie below the expected curve. 289 

To further understand the influence of mutational or translational selection in HPV16 290 

codon usage, regression analysis was conducted using GC12 (the mean GC content at the 291 

first and second codon positions) and GC3 (GC content of the third codon position) of 292 

each ORF (Figure 3). We observed a high correlation between GC12 and GC3 of E5 293 

(R2=0.84), indicating mutation pressure on all the three codons. However, as previously 294 

mentioned, this result might be partly influenced by the short length of this gene. For the 295 

remaining seven ORFs, we didn't observe high correlations (R2 <0.5). Most of the ORF (E1, 296 

E2, E4, E5, E6 and L1) were partly (15% to 30%) influenced by mutational pressure except 297 

for E7 and L2. L2 was found to be largely controlled by mutational pressure (81%). E7 was 298 

minimally (4%) governed by mutational pressure, indicating that the expression of this 299 

protein was largely affected by translational pressure. We have to point out that, because 300 

our data was skewed toward the A1 sublineage, the regression analysis might be biased. 301 
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 302 

Figure 3. Neutrality plot analysis of GC12 and GC3 for HPV16 ORFs. 303 

3.6 Analysis of RSCU 304 

To measure the usage variations of each codon, we calculated the RSCU values for 305 

HPV16 ORFs. The RSCU values varied in the eight ORFs (Figure 4). The RSCU of most 306 

codons ending in G/C was below 0.6, indicating that the usage frequency of these codons 307 

was relatively low. In contrast, RSCU values greater than 1.6 were mostly found in codons 308 

ending in A/T, indicating high usage preference. The top highly used codons including 309 

GCA for alanine, CCA for proline, ACA for threonine, TTA for leucine, AGA for arginine. 310 

TTA (leucine) was both highly used in L1 and L2 gene, AGA was the highly used codon 311 

in E6 gene, while E7 gene mostly preferred the codon of GTA (Supplementary Table S5). 312 

This finding was consistent with the high AT content in the nucleotide composition of the 313 

ORFs. 314 

 315 

Figure 4. Relative synonymous codon usage (RSCU) analysis revealed over-representation of co- 316 
dons ending in A/T in HPV16 ORFs. Columns correspond to the 59 codons (three stop codons and 317 
those for Trp, Met were excluded). Rows correspond to the eight ORFs. Blue cells indicate under- 318 
represented codons (RSCU < 0.6) and red cells indicate over-represented codons (RSCU > 1.6). “X3s” 319 
indicated the 3rd position nucleotide of synonymous codon.  320 
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To understand the codon usage compatibility between virus and host, a correlation 321 

analysis between RCSU values of the eight HPV16 ORFs and those of humans was per- 322 

formed (Figure 5). The low R square values indicated that the codon usage preferences of 323 

the two species were only partially overlapped, with around 22-35 commonly preferred 324 

codons (i.e., normal and over usage) and 3-5 commonly preferred codons (Figure 5, bot- 325 

tom panel). These left 14-27 codons that were only preferred by human and 5-7 codons 326 

only preferred by HPV16. These results suggested that HPV16 was adapted in using the 327 

host translational machinery, but also avoided over competition with cellular protein pro- 328 

duction to reduce stimulation of the host immune response, which would help its persis- 329 

tence in human. 330 

 331 

 332 

Figure 5. Pairwise correlation analysis of RSCU for 59 codons in eight HPV16 ORFs versus those of 333 
human. The R-squared values of linear regression analysis are shown. The embedded table denotes 334 
the number of common preferred (RSCU ≥ 0.6) codons and unpreferred (RSCU < 0.6) codons for the 335 
eight ORFs of HPV16 with human, and the number of preferred codons in human but unpreferred 336 
in HPV16 and preferred codons in HPV16 but unpreferred in human. 337 

4. Discussion 338 

Mutations in viral genes are important for variant identification and functional an- 339 

notation. In our results, the most common mutations were T350G in the E6 gene and 340 

A647G in the E7 gene (Table 1). It was reported that these two mutations were related 341 

with the development of disease [48-50] and may be more common in China [51]. The 342 

HPV16 E6 T350G (L83V) variant has been shown to be prevalent in patients with high- 343 

grade cervical lesions and was strongly associated with cervical cancer progression [52, 344 

53]. While A647G on the HPV16 E7 gene has been seen in other reports and it is thought 345 

that the mutation may be associated with persistent infection [49, 50]. Our mutation anal- 346 

ysis showed that T350G mutation was detected in all viruses of lineage D and some strains 347 

in A1, A2 sublineages, while E7 A647G was observed in almost all A4 and C1 sublineages. 348 

This indicated that these mutations were not lineage or sublineage-specific. HPV16 E6 349 

D25E was associated with an elevated risk for development of invasive cervical cancer 350 

[54]. Kahla et al. [55] reported that the mutation T310K in HPV16 E2 reduces the E2 DNA 351 

binding affinity and reverses its transcriptional regulatory activity on the early promoter 352 

of the virus. However, these two mutations were not identified in this study, possibly due 353 

to their scattered distribution across the different sublineages. We also found some line- 354 

age/sublineage-specific nucleotide variations. For example, A4967G and A5032T were 355 
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only observed in D lineage and C3158G was a specific mutation in D4 sublineage. Line- 356 

age/sublineage-specific variants are highly correlated and represent fixed changes. These 357 

lineage/sublineage-specific mutation maybe helpful to determine the different HPV16 lin- 358 

eages/sublineages of infections. 359 

 360 

Glycosylation modification of viral surface proteins is critical for viral infectivity and 361 

antigenicity, which has been documented for influenza viruses [26], Dengue viruses [56], 362 

HIV viruses [24], etc., and is a factor to be considered in the design of highly immunogenic 363 

vaccine. Among the four HPV16 lineages, lineage D contained the largest number of dif- 364 

ferent glycosylation sites in L1 and L2 proteins from lineage A (Figure 1). Godi et al 365 

showed that comparing with HPV16 lineage A, lineage B, C, and D exhibited slightly (<2- 366 

fold) reduced sensitivity to nonavalent vaccine sera [57]. The unique glycosylation sites 367 

existed on the L1 proteins of lineages B, C and D, especially D, might be one of the deter- 368 

minants for this difference. Importantly, Zhou et al. reported that glycosylated L1 re- 369 

mained in the endoplasmic reticulum and was not transported for viral particle assembly, 370 

suggesting that glycosylated L1 might not be an important component of the papilloma- 371 

virus virion [58]. Additional studies are needed to demonstrate the function of glycosyla- 372 

tion sites of HPV16 L1 and L2 proteins and the impact of glycosylation on the design of 373 

HPV vaccines. 374 

 375 

Our nucleotide composition analysis showed that the A+T content of HPV16 was 376 

higher than the G+C content in most HPV16 ORFs. Zhao et al. [32] analyzed 79 HPV types 377 

and showed that the E4 gene was GC-rich while the other open reading frames were AT- 378 

rich, this result was in accordance with our findings. It has been shown that GC3 was 379 

associated with the CUB of the organism [59-61], GC-rich codons were more likely to end 380 

in GC, and vice versa. We found that the GC3 content varied greatly between different 381 

ORFs of HPV16, ranging from 15.07% to 41.85%, which was closely related to codon usage 382 

preference. Consistently, we found that the relative synonymous codon usage was higher 383 

for codons ending in AT. In our analysis, the ENC values of the HPV16 genes were above 384 

35 except that of E5 gene, indicating a lower codon preference and possibly low gene ex- 385 

pression level [59, 62]. The statement that ENC calculation was generally independent of 386 

gene length was true for genes with over 100 codons but may not be applicable for short 387 

genes [63]. Therefore, the ENC results for the three ORFs (E4, E5 and E7) with less than 388 

100 codons should not be over-interpreted. The CUB of organisms is largely influenced 389 

by natural selection and mutational pressure [60, 64, 65]. Our ENC and neutrality results 390 

indicated that the main factor affecting HPV16 codon usage might be translational selec- 391 

tion, except for E5 and E7 genes. We also found that the codon usage of HPV16 did not 392 

fully overlap with that of humans, which might help the virus better evade host immunity 393 

to facilitate persistent infection in human.  394 

 395 

Using a large amount of HPV16 genomes (1,597), we have comprehensively investi- 396 

gated the mutation profiles across the HPV16 genome, potential glycosylation site distri- 397 

bution in surface proteins and the codon usage patterns of all the eight ORFs of HPV16. 398 

These findings might provide important implications for variant identification, novel vac- 399 

cine development and give hints on the viral-host interaction mechanism supporting the 400 

chronic viral infection in humans. Currently the available HPV16 genomes were mainly 401 

from lineage A, especially sublineage A1. Therefore, our neutrality plot might be greatly 402 

affected by the abundant similar sequences. Increased genomic surveillance around the 403 

world may help reveal the complete sublineage diversity of HPV16 and improve the ge- 404 

nomic research on the viruses.  405 

 406 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1,  407 

Table S1: The detailed information of HPV16 genomes downloaded from public database.  408 

Table S2: Summary of the lineage/sublineage distribution of HPV16 genomes. 409 
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Table S3: All mutations observed in HPV16 ORFs. 410 

Table S4: Potential glycosylation sites in L1 proteins of HPV16 sublineages.  411 

Table S5: Potential glycosylation sites in L2 proteins of HPV16 sublineages.  412 

Table S6: The RSCU values of 59 synonymous codons in eight HPV16 ORFs. 413 

 414 

Figure S1: Phylogeny of HPV16 complete genomes. Maximum likelihood phylogeny was 415 

constructed with IQ-TREE using TVM+F+I+G4 nucleotide substitution model. Bootstrap 416 

values over 70 were labelled in purple. The tree scale was displayed at the bottom. The 417 

pairwise nucleotide sequence differences were calculated for each isolate and are shown 418 

on the right panel. The references genomes were labelled by black solid circles. Different 419 

colors indicated different lineages/sublineages.  420 

Figure S2: Mutation distribution across the HPV16 genome.  421 
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