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Abstract
Background  There is a lack of research on the relations among genetic polymorphisms, viral load, adaptability, 
persistent infection ability, and pathogenicity of human papillomavirus (HPV) type 33. Understanding these relations 
is crucial for revealing its pathogenic mechanisms and formulating prevention strategies.

Methods  Exfoliated cervical cells were harvested from female participants in three hospitals located in the 
southwestern region of China (Guizhou, Sichuan, and Chongqing). Real-time fluorescence PCR technology was used 
for HPV genotyping and genomic quantification, and Sanger sequencing was used to obtain the gene sequence. 
then, changing trends in HPV33 detection rates and E6/E7 allele frequencies were compared. Positive selection, viral 
load, pathogenicity, and persistent infection capacity of different E6/E7 variants/mutations were analyzed.

Results  Among 239,743 samples, HPV detection number was 56,681, the HPV33 detection rate was 3.72% 
(2,110/56,681) among all detected HPV genotypes. Between 2009 and 2023, a downward trend in the HPV33 
detection rate was observed. The E6 + E7 prototype (E6 + E7 on the same variant is consistent with the reference 
sequence) was the dominant variant, with a significantly increased allele frequency. This dominant variant showed a 
significantly higher relative risk in causing persistent infection and cervical diseases (cervical intraepithelial neoplasia 
and cervical cancer). The viral load in the cervical disease group was significantly higher than that in the lesion-free 
group, and the viral load in the persistent infection group was significantly higher than that in the viral clearance 
group. There was no correlation between viral load and major genetic variants/mutations.

Conclusions  The E6 + E7 prototype has a significant impact on the pathogenicity and persistent infection capacity 
of HPV33. Viral load is positively correlated with pathogenicity and persistent infection capacity. It may serve as 
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Introduction
Cervical cancer is the fourth most common cancer 
among women, and infection with human papillomavi-
rus (HPV) is a key factor in its development [1]. HPVs 
are classified into high- and low-risk types based on their 
carcinogenicity [2]. Low-risk HPVs usually cause benign 
lesions, primarily including HPV 6 and 11 [3]. High-risk 
HPVs are closely associated with cervical cancer, and 
common high-risk HPV types include HPV 16, 18, 31, 33, 
45, 52, and 58 [4].

HPV33 is an important high-risk HPV type, with a 
global detection rate of approximately 3.5%, ranking 
tenth among high-risk HPV types [5]. However, its pro-
portion of cervical cancer cases is 5%, ranking fourth 
among all high-risk HPV types [5]. The fact that HPV33’s 
carcinogenic ranking is much higher than its prevalence 
ranking indicates its strong pathogenic potential and 
high research value.

HPV33 has six early genes (E1, E2, E4, E5, E6, and E7) 
and two late genes (L1 and L2) [6]. E6 and E7 are the 
most important oncogenic HPV genes. E6 can inhibit 
the function of P53, leading to an uncontrolled cell cycle 
and continuous division of infected cells [7]. E7 inhibits 
the function of retinoblastoma tumor suppressor pro-
teins, promoting infected cell division [8]. Under the 
combined action of E6 and E7, infected cells initiate and 
maintain cell division, accumulate mutations (permanent 
alterations in the DNA sequence of HPV33 genes), and 
increase the risk of cancer development [9]. Mutations 
in E6 and E7 may alter the biological activity of HPV, 
leading to changes in its pathogenicity. Studying genetic 
polymorphisms (the occurrence of multiple forms of a 
gene within the HPV33 intratype variant) aids in under-
standing the evolution and pathogenic mechanisms of 
microorganisms [10]. In recent years, some studies have 
examined the genetic polymorphisms of HPV33 [11–14], 
but only a few have analyzed the pathogenicity of E6/E7, 
and these analyses have been carried out at the sublin-
eage level [14].

HPV itself does not encode an enzyme for DNA repli-
cation and relies on host cell division enzymes to repli-
cate its genome [15]. The combined action of E6 and E7 
promotes and maintains infected cell division and drives 
the replication of the HPV genome. Viral load is a core 
indicator of the infectivity of a virus and may be related 
to persistent infection capacity and pathogenicity [16]. 
Therefore, exploring the relations among HPV33 viral 
load, E6/E7 genetic polymorphisms, persistent infection 

capacity, and pathogenicity can deepen our understand-
ing of its adaptation and pathogenic mechanisms.

The relation between HPV33 viral load and pathoge-
nicity remains controversial, and few studies have exam-
ined its correlation with persistent infections. Research 
on the association between HPV33 polymorphisms and 
pathogenicity is limited, particularly regarding specific 
variants (different forms of the virus that result from 
genetic changes) and mutations. Moreover, the correla-
tion between genetic polymorphisms and viral load has 
rarely been studied, and there is a lack of research on 
long-term gene polymorphism changes. Thus, our study 
aimed to explore the changing trends in HPV33 detec-
tion rates and E6/E7 genetic polymorphisms and further 
analyze the relations among genetic polymorphisms, 
viral load, pathogenicity, and persistent infection ability.

Methods
A schematic overview of the study design is provided 
in Supplementary Material 1. Below, we detail each 
component.

Study population
From January 1, 2009, to December 31, 2023, women 
who underwent gynecological examinations or related 
consultations at the Affiliated Hospital of Zunyi Medical 
University (Guizhou Province, China), Chengdu Huada 
Hospital (Sichuan Province, China), and Chongqing 
Tongnan Maternal and Child Health Hospital (Chongq-
ing municipality, China) were recruited, and their exfo-
liated cervical cells were collected for HPV genotyping. 
Women who visited the hospital for gynecological exami-
nations or consultations were included in the study. The 
exclusion criteria were as follows: no history of sexual 
activity, total hysterectomy, use of uterine or vaginal 
medications/surgery within the past 3 d, and menstrual 
period.

Sample collection
Gynecologists collected exfoliated cervical cells using 
cervical swabs (Chaozhou Kaipu Co., Ltd.) and stored the 
samples in a cell preservation solution (Chaozhou Kaipu 
Co., Ltd.) for HPV genotyping. If cytological examina-
tion was required, samples were collected using cervical 
swabs (Hologic, Inc) and stored in ThinPrep™ Pap Test 
PreservCyt (Hologic, Inc). All samples were temporar-
ily stored at 4  °C and tested or examined within 24 h of 
collection.

a biomarker for predicting disease progression during HPV33 screening. Other mechanisms underlying allele 
replacement require further investigation.
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HPV genotyping
We used the HPV Nucleic Acid Genotyping Detection 
Kit [17] (National Medical Device Registration Certificate 
No. 20143402188, Chaozhou Kaipu Biotech Co., Ltd.; 
detection limit: 20 copies/reaction; specificity: 100%) and 
its supporting equipment and reagents to detect HPV 
nucleic acids and determine genotypes, according to the 
manufacturer’s instructions. This kit can genotype HPV 
types 16, 18, 26, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59, 
66, 68, 6, 11, 42, 43, 44, 81, 73, and 82. Quality control 
was carried out for each batch of products, and positive 
samples were selected and stored at -80 °C.

Quantification and sequencing
First stage (January 1, 2009–December 31, 2015): Since 
the disease symptoms of patients were not collected and 
there was no follow-up for the samples in this stage, the 
samples in this stage were not quantified. Only HPV33 
samples were randomly selected for sequencing to com-
pare E6 and E7 allele frequencies (the relative abundances 
of different versions of E6 and E7 genes within HPV33).

Second stage (January 1, 2017–December 31, 2023): 
Patients were followed up after their information had 
been collected. HPV33 single-infection samples were 
randomly selected for E6 and E7 gene sequencing and 
DNA quantification.

We used the HPV Nucleic Acid Genotyping Detection 
Kit [18, 19] (fluorescent polymerase chain reaction (PCR) 
method, National Medical Device Registration Certifi-
cate No. 20153400364, Jiangsu BioPerfectus Co., Ltd.; 
detection limit: 20 copies/reaction; specificity: 99.6%) to 
quantify HPV33. This kit can genotype and quantify HPV 
types 6, 11, 16, 18, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59, 
66, 68, 26, 82, 73, and 81. To avoid concentration differ-
ences caused by the sampling method, the kit evaluates 
the viral load based on the concentration of human TOP3 
gene per 10,000 cells [18].

We used the primers 5’-​A​A​A​A​A​A​G​T​A​G​G​G​T​G​T​A​A​
C​C​G​A-3’ and 5’-​T​G​C​C​A​C​T​G​T​C​A​T​C​T​G​C​T​G​T-3’ to 
amplify the complete E6/E7 genes of HPV33 by PCR in 
a thermal cycler (Suzhou Tianlong, China). The 50 µL 
reaction mixture for amplification was as follows: 5 µL of 
DNA sample (10–100 ng), 25 µL of 2× San Taq PCR Mix 
(MgCl₂, dNTPs, DNA polymerase), 4 µL of each forward 
and reverse primer (0.25 µmol), and 12 µL of ddH2O. 
The PCR reagents were purchased from Sangon Biotech 
Co., Ltd. (Shanghai, China). The cycling conditions were 
as follows: pre-denaturation: 95 °C for 10 min; 35 cycles, 
each cycle consisting of denaturation: 94  °C for 50  s, 
annealing: 54  °C for 60  s, and extension: 72  °C for 60  s; 
final extension: 72 °C for 7 min; cooling: 10 °C for 5 min.

The 989-bp amplified products were bidirection-
ally sequenced using the same primer pair by a Sanger 
sequencing assay (Sangon Biotech, Shanghai, China).

Comparison of persistent infection capacity and 
pathogenicity
Based on previous studies, we designed a cross-sectional 
study with a short-term follow-up of 6–24 months in 
the second stage (January 1, 2017–December 31, 2023) 
[20–22]. Patients with a single HPV33 infection were 
recruited for this cross-sectional study and short-term 
follow-up. The exclusion criteria for the cross-sectional 
study were being immunocompromised patients (includ-
ing those with HIV infection or those taking immuno-
suppressive drugs) or refusing histopathological biopsy. 
After all patients underwent gynecological colposcopy 
or pathological Liquid-Based Cytology Test examination, 
a histopathological examination was performed for any 
detected abnormalities to distinguish between the lesion-
free and diseased groups. The disease group included 
only cervical intraepithelial neoplasia (CIN) (grades 1–3) 
and cervical cancer.

Cervical cancer, CIN3, and CIN2 usually require 
treatment and are regarded as disease endpoints; thus, 
these patients were not followed up. Patients with CIN1 
and lesion-free women were included in the follow-up 
period. Inclusion criteria for follow-up: women who 
tested positive for a single HPV33 infection were advised 
to undergo re-examinations every six months, including 
HPV retesting starting from the first examination point. 
The follow-up period lasted 6–24 months. Exclusion cri-
teria: surgical treatment, loss to follow-up, and coinfec-
tion with other high-risk HPV types. During follow-up, 
persistent HPV33 positivity was defined as persistent 
infection, whereas negative conversion was defined as 
non-persistent infection.

Finally, the data analyzed included only samples with 
successfully obtained cross-sectional study results and 
complete E6/E7 sequences.

Data analysis
The obtained sequences were compared with the Gen-
Bank database sequences and with the HPV33 E6/E7 
sequence with GenBank reference ID: M12732 (obtained 
from PaVE: pave.niaid.nih.gov). MEGA 7.0 (MEGA Lim-
ited, New Zealand) was used to determine and record the 
nucleotide substitution sites in the sequenced HPV33 
E6/E7 genes.

The PAML software was used for the likelihood ratio 
test to infer the non-synonymous/synonymous nucleo-
tide differences, calculate the positive selection sites in 
the HPV33 E6 and E7 gene sequences, and determine the 
non-synonymous/synonymous mutation ratio to mea-
sure the selection pressure of the environment on genes 
and mutation sites [23].

The first stage (January 1, 2009–December 31, 2015) 
was named Time 1, and the second stage (January 1, 
2017–December 31, 2023) was named Time 2 to enable 
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the comparison of allele frequencies over a longer period. 
Time 2 was evenly divided into Time 2.1 (January 1, 
2017–June 30, 2020) and Time 2.2 (July 1, 2020–Decem-
ber 31, 2023) to compare allele frequencies in the short 
term.

EXCEL 2019 was used to draw the trend line for 
HPV33 detection rates. The chi-square test was used to 
evaluate the differences between the two groups of data, 
and the independent samples t-test was used to compare 
the means of the two groups. Statistical significance was 
set at p < 0.05. SPSS 28 (IBM, USA) was used to calculate 
the relative risk, significance of differences and 95% con-
fidence intervals (CI).

Results
Detection rate and its trend
Among the 239,743 samples tested in this study, 42,332 
were positive. And due to the presence of multiple infec-
tions, HPV detection number was 56,681. The overall 
detection rate of HPV33 was 3.72% (2,110/56,681; 95% 
CI: 3.57-3.88%), ranking tenth among high-risk HPVs. 
From 2009 to 2023, the detection rates of HPV33 were 
4.34% (18/415; 95% CI: 2.38-6.30%), 5.15% (33/641; 95% 
CI: 3.44-6.86%), 5.88% (50/850; 95% CI: 4.30-7.46%), 
6.51% (35/538; 95% CI: 4.42-8.59%), 6.07% (73/1,203; 
95% CI: 4.72-7.42%), 4.07% (60/1,474; 95% CI: 3.06-
5.08%), 3.93% (103/2,623; 95% CI: 3.18-4.67%), 4.13% 
(103/2,623; 95% CI: 3.50-4.75%), 4.37% (258/5,900; 95% 
CI: 3.85-4.89%), 3.70% (183/4,951; 95% CI: 3.17-4.22%), 
3.29% (185/5,625; 95% CI: 2.82-3.75%), 3.24% (199/6,142; 
95% CI: 2.80-3.68%), 3.12% (228/7,309; 95% CI: 2.72-
3.52%), 3.12% (239/7,656; 95% CI: 2.73-3.51%), and 3.48% 
(285/8,181; 95% CI: 3.09-3.88%) (p < 0.001, χ² = 67.99). 
Overall, the detection rate exhibited a downward trend, 
as illustrated in Fig. 1.

Gene polymorphism and positive selection
In this study, 458 samples met the requirements for gene 
polymorphism analysis, including 196 samples at Time 
1 and 262 samples at Time 2. The mutation status of the 
HPV33 E6/E7 gene sequence is shown in Tables 1 and 2. 
The number of samples for each variant is shown in Sup-
plementary Material 2.

Based on the analyzed sequences, we identified mul-
tiple positive selection sites for both E6 and E7, as shown 
in Table 3.

Comparison of allele frequencies
Since rare mutations lacked statistical significance, we 
only analyzed variants/mutations with an allele fre-
quency > 2% (n ≥ 5) in Time 2. The variants/mutations 
included in the analysis were E6 prototype (n = 194), 
A213C (K35N) (n = 57), A364C (N86H) (n = 39), A387C 
(K93N) (n = 51), A446G (Q113R) (n = 41), G542A (R145K) 
(n = 6), E7 prototype (n = 200), C706A (A45E) (n = 10), 
C706T (A45V) (n = 11), and A862T (Q97L) (n = 38).

When comparing allele frequencies between Times 1 
and 2, the allele frequencies of the E6 and E7 prototypes 
increased significantly. Given their potential future rel-
evance, we conducted an additional analysis of the E6 
prototype + E7 prototype (both the E6 and E7 genes of 
the same viral strain are consistent with the reference 
sequence, subsequently named E6 + E7 prototype) and 
found that its frequency increased significantly. Con-
versely, the allele frequencies of G542T (R145K), C706T 
(A45V), and C706A (A45E) significantly decreased.

When comparing allele frequencies between Times 2.1 
and 2.2, only the frequency of C706A (A45E) changed 
significantly (decreasing significantly). The allele frequen-
cies are listed in Table 4.

Fig. 1  Change trend of HPV33 detection rates. Note: The solid line represents the detection rate. The dotted line represents the linear trend of the detec-
tion rate, and this linear trend was created using Microsoft Excel 2019
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Pathogenicity, persistent infection capacity, variant/
mutation, and viral load
In the cross-sectional study, the mean logarithmic value 
of viral load in the cervical disease group (CIN + cervi-
cal cancer) was 4.86 ± 0.95 (units: log₁₀ copies per 10,000 
cells), which was significantly higher than that in the 
lesion-free group (4.47 ± 0.88) (p = 0.001, t = 3.41). In the 
follow-up study, the mean logarithmic value of viral load 
in the persistent infection group was 4.91 ± 0.87, which 
was significantly higher than that in the viral clearance 
group (4.10 ± 0.91) (p < 0.001, t = 5.36).

In the analysis of the relation between variant/muta-
tion and viral load, only G542A (R145K) showed a sig-
nificantly high viral load. Further details are presented 
in Table 5. Viral load, cross-sectional results, and follow-
up results for each sample are shown in Supplementary 
Material 3.

Persistent infection capacity, pathogenicity, and variant
Compared with the control groups, the E6 prototype 
and E6 + E7 prototype led to a significantly higher rela-
tive risk of CIN1 and CIN3+ (CIN3 and cervical cancer); 
A213C (K35N), A364C (N86H), A387C (K93N), A446G 
(Q113R), and A862T (Q87L) resulted in a significantly 
lower relative risk of CIN+ (CIN and cervical cancer). 
Further details are presented in Table 6.

Discussion
E6 and E7 play crucial roles in the life cycle and pathogen-
esis of HPV, and polymorphisms in E6 and E7 have been 
reported in various HPV types [24–26]. HPV33 E6 and 
E7 gene polymorphisms have also been reported in sev-
eral papers [14, 21]. In contrast to studies on the genetic 
polymorphism of HPV33, this study, from a unique per-
spective, combined the detection rate of HPV33 with 
gene frequency changes and used multicenter samples to 
study the E6 and E7 gene polymorphisms, viral load, per-
sistent infection capacity, pathogenicity, and adaptation 
ability of HPV33. The results deepen our understanding 
of the evolution and pathogenic mechanisms of HPV and 
provide a scientific basis for the prevention and treat-
ment of HPV33.

According to reports from multiple regions in China, 
the prevalence of HPV33 ranks seventh to tenth among 
common high-risk types (5.32% in Xianning, ranking sev-
enth; 6.3% in Nanjing, ranking seventh; 5.0% in Zhejiang, 
ranking ninth; and 4.22% in Sichuan, ranking tenth) [27–
30]. In our study, the detection rate of HPV33 among 
women in gynecological outpatient departments and 
those undergoing physical examinations in the southwest 
region of China was approximately 3.72%, ranking tenth 
among high-risk types, similar to other regions in China. 
However, our trend study on HPV33 suggested that 
its detection rate slowly decreased, indicating that the Ta
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overall adaptability of HPV33 might be slower than that 
of other major types. Notably, in other studies, the num-
ber of cervical cancer cases caused by HPV33 was higher 
than its prevalence. For example, in a study in Xianning, 
HPV33 caused 7.78% of CIN2/3 (ranking fourth) and 
6.55% of cervical cancer (ranking fourth), which was 
higher than its prevalence ranking of 5.32% (seventh) 
[27]. A worldwide meta-analysis also showed that HPV33 
causes approximately 5% of cervical cancers, ranking 
fourth, which is significantly higher than its prevalence 

(3.5%, ranking tenth) [5]. A carcinogenic rate higher 
than the prevalence indicates the strong pathogenicity 
of HPV33 after infection, highlighting the importance of 
studying HPV33 and suggesting the possible existence of 
variants with strong pathogenicity.

The detection rate of HPV81 has increased rapidly, 
and the replacement of its internal variants has also 
been rapid [31]. The external detection rate of HPV33 
did not change rapidly, and its internal genetic poly-
morphisms showed only a slow change (no significant 

Table 2  Mutations in HPV33 E7 sequences
nt position 669 706 706 737 758 780 798 845 850 850 862
Reference G C C A C A C C C C A
33E7M01 - - - - - - - - - - T
33E7M02 - A - - - - - - - - -
33E7M03 - - T - - - - - - - -
33E7M04 - - - - - - - - A - T
33E7M05 C - - - - - - A - - -
33E7M06 - - - G - - - - - - T
33E7M07 - - - - - - G - - - -
33E7M08 - - - - G G G - - G -
33E7M09 - - - - - - - - - - -
Reference D A A V N N L C T T Q
AA position 33 45 45 55 63 70 76 91 93 93 97
mutation H E V - K D V - S S L
Note The nucleotides conserved with respect to the reference sequence were marked with a horizontal line (-), whereas a variation position was indicated by a letter. 
The “nt” represents nucleotide. The “AA” means amino acid

Table 3  HPV33 E6 and E7 positive selection
Genes Models LnL Estimates of parameters 2Δl and P Positively selected sites
E6 M7 -797.193306 p = 0.00500, q = 0.02000 NA

M8 -776.099507 p0 = 0.95623, p = 43.03699, q = 99.00000, p1 = 0.04377, ω = 36.18486 42.2, p < 0.001 35 K**, 86 N**, 89E*, 93 K**, 113Q**
E7 M7 -479.935234 p = 0.00749, q = 0.00500 NA

M8 -473.988826 p0 = 0.92441, p = 0.03104, q = 0.02469, p1 = 0.07559, ω = 36.49653 11.9, p < 0.001 45 A*, 93T*, 97Q**
Note M7 means specifies the model of nucleotide substitution (REV); M8 means specifies the model of nucleotide substitution (UNREST). LnL: the log-likelihood 
difference between the two models. 2Δl: twice the log-likelihood difference between the two models (P < 0.05 was considered statistically significant). NA means 
not applicable. NS means no sites reached the significance level of Bayes empirical Bayes 0.90. An asterisk indicates posterior probability ≥ 0.95, and two asterisks 
indicate posterior probability ≥ 0.99

Table 4  Comparison of HPV33 E6/E7 allele frequencies
Prototype/mutation Time 1 Time 2 p1 Time 2.1 Time 2.2 p2

E6prototype 126 (64.29%) 194 (74.05%) 0.024 92 (70.77%) 102 (77.27%) 0.230
A213C (K35N) 44 (22.45%) 57 (21.76%) 0.859 32 (24.62%) 25 (18.94%) 0.266
A364C (N86H) 21 (10.71%) 39 (14.89%) 0.191 17 (13.08%) 22 (16.67%) 0.414
A387C (K93N) 43 (21.94%) 51 (19.47%) 0.517 29 (22.31%) 22 (16.67%) 0.249
A446G (Q113R) 24 (12.24%) 41 (15.65%) 0.302 19 (14.62%) 22 (16.67%) 0.648
G542T (R145K) 22 (11.22%) 6 (2.29%) < 0.001 4 (3.08%) 2 (1.52%) 0.398
E7prototype 123 (62.76%) 200 (76.34%) 0.002 96 (73.85%) 104 (78.79%) 0.347
C706T (A45V) 27 (13.78%) 11 (4.20%) < 0.001 7 (5.38%) 4(3.03%) 0.342
C706A (A45E) 20 (10.20%) 10 (3.82%) 0.006 10 (7.69%) 0 0.001
A862T (Q87L) 24 (12.24%) 38 (14.50%) 0.484 16 (12.31%) 22 (16.67%) 0.316
E6 + E7prototype 98 (50.00%) 182 (69.47%) < 0.001 86 (66.15%) 96 (72.73%) 0.248
Note The data with significant differences are in bold. E6 + E7 prototype indicates that both E6 and E7 on the same sequence are identical to the reference sequence. 
Time 1: January 1, 2009 to December 31, 2015. Time 2: January 1, 2017 to December 31, 2023. Time 2.1: January 1, 2017 to June 30, 2020. Time 2.2: July 1, 2020 to 
December 31, 2023. The “number (percentage)” represents number and percentage of HPV33 E6 or E7 prototype/mutation allele detected within the corresponding 
time period. p1: The p-value of the comparison between time1 and time2. p2: The p-value of the comparison between time 2.1 and time 2.2
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change in dominant variants/mutations from 2017 
to 2023). However, after a long period of accumula-
tion, significant changes occurred (from 2009 to 2023), 
which could reflect the current environmental pressures 
faced by HPV33. One of the main evolutionary paths of 
pathogenic microorganisms is to reduce disease symp-
toms to achieve symbiosis with the host [32], because 
pronounced external symptoms are more likely to be 
detected and treated, thus blocking transmission [33]. 
However, for HPV, persistent infection of a single type is 
a necessary condition for its pathogenicity; the longer the 
persistent infection period, the longer the lesion develop-
ment time and the greater the severity of the lesion [34]. 
Therefore, whether persistent infection is beneficial or 
harmful to HPV’s survival warrants in-depth study. Our 
results showed that the HPV33 E6 + E7 prototype signifi-
cantly increased the relative risk for causing CIN1, CIN3 
and persistent infection. While the HPV33 E6 + E7 pro-
totype reduced the genetic diversity of HPV33 by out-
competing other variants, it also increased pathogenicity, 
leading to external symptoms that might weaken the 
overall adaptability of HPV33. This could be one of the 
factors contributing to the decline in HPV33 detection 
rates. HPV is an ancient virus that emerged during the 
early evolution of human ancestors and has co-evolved 
with them [35]. Our analysis showed that there were 
multiple positive selection sites on E6 and E7 that could 
enhance survival capacity [36]. However, in our study, 
the frequencies of positive selection sites accumulated 
during the long-term evolution of HPV33 E6/E7 did 
not increase significantly. Instead, the detection rate of 
the HPV33 E6/E7 prototype, which lacks these positive 
selection mutations, rose remarkably. This suggests that 
the survival ability of the variants carrying E6/E7 posi-
tive selection mutations is inferior to that of the E6/E7 

prototype variants, indicating that with environmental 
changes, different sites may have different adaptation 
effects [37].

The variants of HPV33 are divided into three main 
phylogenetic lineages (A, B, and C) and five sublineages 
(A1, A2, A3, B1, and C1) [21]. These lineages have dif-
ferent distribution patterns and exhibit distinct biologi-
cal activities worldwide [21]. The A1 sublineage, which is 
closest to the reference sequence, significantly increases 
the risk of CIN2/3 or cervical cancer and is also the pre-
dominant sublineage in Asia and Europe [14, 21]. How-
ever, the A1 sublineage comprises more than 10 variants, 
and the variant responsible for increasing the pathoge-
nicity and adaptability of A1 has not been reported. Our 
results not only confirm that A1 is the most dominant 
and pathogenic sublineage in HPV33 but also further 
identify the E6 + E7 prototype variant as the key deter-
minant of the strong pathogenicity and survival ability 
of A1. The mutations A213C (K35N), A364C (N86H), 
A387C (K93N), A446G (Q113R), and A862T (Q87L) 
significantly weakened persistent infection capacity and 
pathogenicity of HPV33, possibly because the control 
group predominantly consisted of E6 + E7 prototypes, 
which have stronger pathogenicity and greater persistent 
infection capacity.

Viral load is a core indicator of the infectivity, and it is 
also related to persistent infection capacity and patho-
genicity [16, 38, 39]. However, the association between 
high-risk HPV viral load and lesion severity remains 
unclear. Most cross-sectional studies on HPV viral load 
and cervical diseases have reported that the viral load 
of HPV16 is positively correlated with more severe cer-
vical lesions [40–43]. However, for other HPV types, 
the relation between viral load and disease is less well 
established. Among the four high-risk types—HPV18, 
33, 52, and 58—which rank second in importance to 
HPV16, a few studies have suggested that a high viral 
load is positively correlated with severe lesions, whereas 
most studies have found no such significant association 
[40–43]. Regarding other relatively less prevalent high-
risk types, very few studies have demonstrated a correla-
tion between viral load and cervical lesions [42, 43]. This 
inconsistency may arise because the correlation between 
viral load and pathogenicity varies among HPV types. 
Alternatively, insufficient sample sizes or interference 
from mixed infections may have led to discrepancies in 
research findings. Therefore, whether HPV viral load can 
serve as a predictor of disease progression or function as 
an auxiliary marker for assessing cervical disease sever-
ity requires further investigation. In this cross-sectional 
study, the viral load was significantly higher in the disease 
group than in the lesion-free group. Follow-up analysis 
further revealed that a high viral load was positively cor-
related with persistent infection. Given that persistent 

Table 5  Viral loads comparison of HPV33 E6/E7 variant/mutation
Variant/mutation with without p t
E6 prototype 4.62 ± 0.90 4.65 ± 1.02 0.786 0.27
A213C (K35N) 4.55 ± 1.01 4.65 ± 0.91 0.494 0.69
A364C (N86H) 4.59 ± 1.07 4.63 ± 0.91 0.790 0.27
A387C (K93N) 4.52 ± 1.05 4.65 ± 0.90 0.380 0.88
A446G (Q113R) 4.51 ± 1.10 4.65 ± 0.90 0.388 0.87
G542A (R145K) 5.72 ± 0.84 4.60 ± 0.92 0.003 2.96
E7 prototype 4.64 ± 0.90 4.57 ± 1.03 0.611 0.51
C706A (A45E) 4.58 ± 0.90 4.63 ± 0.93 0.859 0.18
C706T (A45V) 4.61 ± 0.89 4.63 ± 0.93 0.950 0.60
A862T (Q97L) 4.47 ± 1.09 4.65 ± 0.90 0.265 1.12
E6 + E7 prototype 4.60 ± 0.90 4.68 ± 0.99 0.543 0.61
Note The data with significant differences are in bold. “With” means carrying/
belonging to the variant/mutation, while “Without” means not carrying/
not belonging to the variant/mutation. The numbers below “With/Without” 
represent the mean logarithmic value of viral load (units: log10 copies per 10,000 
cells)
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infection is a prerequisite for HPV pathogenicity, this 
finding provides supporting evidence for the positive cor-
relation between high HPV33 viral load and severe dis-
ease. Thus, it can be inferred that detecting a high HPV33 
viral load not only suggests that current cervical disease 
severity may be greater but also indicates an increased 
risk of future persistent infection and a higher likelihood 
of disease progression.

In the HPV life cycle, E6 and E7 play a critical role by 
promoting infected cell division and driving viral repli-
cation. Mutations in E6 and E7 are likely to affect viral 
load. The E6 prototype of HPV81 is particularly nota-
ble, as it significantly increases viral load, leading to 
the rapid replacement of allele frequencies [31]. How-
ever, the situation differs in HPV33. Although we iden-
tified a G542T (R145K) mutation in HPV33 E6/E7 that 

Table 6  Pathogenicity and persistent infection capacity comparison of E6/E7 variants/mutations
Variant/mutation With Without Relative risk (95% CI) p
E6 prototype CIN3+ 40 6 1.30 (1.11–1.52) 0.008

CIN2 15 6 1.07 (0.80–1.43) 0.676
CIN1 34 4 1.34 (1.15–1.56) 0.006
CIN + total 89 16 1.27 (1.11–1.45) 0.001
Persistent 48 14 1.30 (1.04–1.62) 0.025

A213C (K35N) CIN3+ 5 41 0.37 (0.16–0.88) 0.011
CIN2 3 18 0.49 (0.17–1.43) 0.148
CIN1 3 35 0.27 (0.09–0.82) 0.006
CIN + total 11 94 0.36 (0.19–0.66) < 0.001
Persistent 11 51 0.49 (0.26–0.89) 0.013

A364C (N86H) CIN3+ 3 43 0.033 (0.11–1.03) 0.035
CIN2 3 18 0.72 (0.24–2.16) 0.55
CIN1 2 36 0.27 (0.07–1.07) 0.033
CIN + total 8 97 0.38 (0.19–0.81) 0.007
Persistent 7 55 0.46 (0.21–1.03) 0.046

A387C (K93N) CIN3+ 5 41 0.43 (0.18–1.02) 0.036
CIN2 3 18 0.56 (0.19–1.65) 0.26
CIN1 3 35 0.31 (0.10–0.95) 0.019
CIN + total 11 94 0.41 (0.22–0.76) 0.003
Persistent 10 52 0.49(0.26–0.94) 0.022

A446G (Q113R) CIN3+ 3 43 0.31 (0.1–0.97) 0.024
CIN2 3 18 0.68 (0.23–2.02) 0.471
CIN1 2 36 0.25 (0.06-1.00) 0.023
CIN + total 8 97 0.36 (0.17–0.75) 0.003
Persistent 7 55 0.42 (0.19–0.92) 0.021

E7 prototype CIN3+ 39 7 1.20 (1.02–1.41) 0.056
CIN2 17 4 1.15 (0.91–1.44) 0.326
CIN1 33 5 1.23 (1.05–1.44) 0.042
CIN + total 89 16 1.20 (1.05–1.36) 0.009
Persistent 50 12 1.32 (1.07–1.64) 0.011

A862T (Q87L) CIN3+ 3 43 0.34 (0.11–1.07) 0.042
CIN2 3 18 0.75 (0.25–2.24) 0.593
CIN1 2 36 0.28 (0.07–1.10) 0.039
CIN + total 8 97 0.40 (0.19–0.84) 0.01
Persistent 5 57 0.32 (0.13–0.79) 0.007

E6 + E7 prototype CIN3+ 38 8 1.32 (1.11–1.58) 0.01
CIN2 14 7 1.07 (0.77–1.48) 0.705
CIN1 32 6 1.35 (1.12–1.62) 0.011
CIN + total 84 21 1.28 (1.10–1.50) 0.002
Persistent 45 17 1.35 (1.05–1.74) 0.021

Note This table only shows the variants/mutations with significant statistical significance. For more detailed data, please refer to Supplementary Material 4. The 
results of significant differences are shown in bold. “Lesion-free” is the control “1” for the disease group, and “Non-Persistent” is the control “1” for the persistent 
infection ability group. “With” means carrying/belonging to the variant/mutation, while “Without” means not carrying/not belonging to the variant/mutation. The 
numbers under “With/Without” represent the corresponding sample numbers. “CI” stands for “Confidence Interval”. “CIN”: cervical intraepithelial neoplasia. “CIN3+” 
represents CIN3 and cervical cancer, and “CIN+” represents CIN and cervical cancer
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significantly influences viral load—and is also a positive 
selection site—the frequency of this mutation declined 
significantly. This suggests that HPV33 strains carrying 
this mutation have recently struggled to adapt to envi-
ronmental pressures, indicating that viral load has not 
been a decisive factor in HPV33 variant replacement. 
From a viral transmission perspective, during the spread 
of severe acute respiratory syndrome coronavirus 2 α and 
δ variants, a high viral load was a key driver of increased 
transmission rates [44]. This phenomenon is analogous 
to the rapid replacement of mutant strains driven by the 
high viral load of the HPV81 E6 prototype. However, 
during the transition from the severe acute respiratory 
syndrome coronavirus 2 δ variant to the omicron variant, 
omicron did not exhibit a substantial advantage in viral 
load over delta [45]. This scenario resembles HPV33, 
where variant replacement has not been driven primarily 
by changes in viral load [45]. Based on these findings, we 
speculate that alternative, unexplored mechanisms may 
be involved in HPV33 variant replacement [45].

Conclusion
The detection rate of HPV33 declined gradually between 
2009 and 2023. Among its variants, the E6 + E7 proto-
type—the dominant variant with the greatest survival 
advantage—exhibited a slight increase in persistent infec-
tion capacity but a significant increase in pathogenicity. 
A high viral load was positively correlated with CIN + dis-
ease and persistent infection. Therefore, viral load may 
serve as a biomarker for predicting disease progression in 
HPV33 screening. HPV33 E6 and E7 alleles were gradu-
ally replaced and exhibited significant changes following 
long-term accumulation. However, no correlation was 
observed between viral load and major genetic variants/
mutations, suggesting that alternative mechanisms may 
contribute to allele replacement.
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