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Background: Cervical cancer is reportedly caused by the synergistic effects of persistent high-risk
human papillomavirus (HPV) infection. Cervical microbiota represent a unique and dynamically changing
microecological system that is directly exposed to the vagina. The relationship between HPV and the
composition of the cervical microbiome has long been a primary focus of research.

Methods: To determine the specific differential florae throughout the process of cervical cancer
development, in the present study, 16S rRNA sequencing was combined with KEGG pathway enrichment
analysis to analyse five groups of cervical scraping samples with increasing durations of HPV infection and
cervical intraepithelial neoplasia pathological classification.

Results: The findings revealed that decreasing levels of probiotics, including Shuttleworthia, Prevotella,
Lactobacillus, and Sneathia, and increasing levels of pathogenic bacteria, including Dispar, Streptococcus, and
Faecalibacterium prausnitzii, could be the direct result of early HPV infection. Other pathogenic bacteria,
such as Bifidobacteriaceae, might represent key factors in cancer progression. Additionally, KEGG pathway
enrichment analysis indicated that HPV infection directly inhibits multiple pathways, including those of
sporulation, porphyrin and chlorophyll metabolism, arginine and proline metabolism, isoquinoline alkaloid
biosynthesis, and ansamycin biosynthesis, which may lead to the development of early symptoms of cervical
cancer. Biomarkers were predicted based on operational taxonomic unit (OTU) abundance data, and
OTU851726 and OTU715913 were undoubtedly the best potential indicators of cervical cancer.
Conclusions: The findings of the present study could assist with the development of a guideline for

screening new clinical drugs for cervical cancer.
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Introduction infection can destroy the biologic barrier formed by the

: . . local vaginal immune microenvironment, leading to the
Cervical cancer is currently the second leading cause of

cancer-related deaths among women worldwide, and is multiplication of a large number of abnormal florae (2). The
closely associated with continuous infection with human resulting local microecological imbalance in the vagina can

papillomavirus (HPV) (1). Microtrauma during HPV subsequently upregulate the expression of the HPV protein
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and increase the adhesion, invasion, and colonization
of abnormal flora. This process ultimately leads to an
aggravation of the imbalance in the vaginal microecosystem,
thereby forming a vicious cycle and eventually leading to
cervical cancer (3).

HPVs are non-enveloped small DNA viruses that widely
exist in nature and encompass a large family of viruses,
both benign and highly carcinogenic (4). HPVs primarily
replicate on the surface of squamous epithelia, such as at
the junction of squamous epithelial cells and the columnar
epithelium of the cervix; this viral replication can interfere
with the normal replication of squamous cells, leading
to abnormal proliferation of the squamous epithelia (5).
Generally, as a non-lytic infection, this process does not
result in a strong immune response or inflammation by
activating Toll-like receptors and natural killer cells (6).
Currently, more than 170 types of HPV have been
discovered, and >40 of these are associated with female
reproductive tract infections and cervical lesions (7). HPV
types can be broadly divided into high- and low-risk groups
according to their differences in pathogenicity. Low-risk
types, such as HPV6, HPV11, and HPV30, can cause
benign lesions, such as lower-grade squamous intraepithelial
lesions (LSIL) and genital warts, whereas high-risk types,
such as HPV16, HPV18, and HPV58, mainly cause higher-
grade squamous intraepithelial lesions (HSIL) or lead to
cervical cancer (8).

However, HPV infection is necessary but not sufficient
for the development of cervical precanceroug and invasive
disease. The contribution of the microenvironment of
the vaginal and cervical florae to the occurrence and
development of cervical precancerous lesions has gained
increased interest in recent years. Numerous studies have
shown that bacterial vaginosis and bacterial vaginosis-
associated bacteria can influence immune parameters
within the vagina, including cytokine/chemokine levels (9),
antimicrobial protein levels (10), and immune cell
populations (11). Generally, healthy, premenopausal vaginal
bacterial communities, comprising Lactobacillus spp.,
which function to ensure a low pH, provide the first-line
defense against pathogens (12). Using recently developed
next-generation sequencing platforms, Branch classified
the vaginal bacteria into five community state types,
according to the microbiome structure, mainly based on
the dominance of Lactobacillus crispatus, Lactobacillus gasseri,
Lactobacillus iners, and Lactobacillus jensenii (13).

As one of the most complex ecosystems among
the four major ecosystems in the human body, the
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vaginal microecosystem has been an important focus of
research (14). By resisting the invasion of external
pathogens, vaginal microbial florae play an important role
in human reproduction (15). Currently, there is consensus
that the synergistic effects of persistent high-risk HPV
infection, changes in the cervical microenvironment, and
other auxiliary carcinogenic factors (i.e., prolificacy, sexual
disorders, and smoking) facilitate the development of
cervical precancerous lesions (16). However, the cervix,
which represents a unique and dynamic microecological
system, is continually affected by the microenvironment
in the vagina, which makes it challenging to identify the
specific differential florae, and therefore, greatly increases
the difficulty of related research. In the present study, 16S
rRNA sequencing and KEGG pathway enrichment analysis
were performed to clarify the relationship between the
vaginal flora microenvironment and the occurrence and
development of HPV infection and cervical precancerous
lesions. With a comprehensive analysis of the genetic
information of the microbiome at the five key stages in the
development of cervical cancer, the types and abundance of
the differential florae, such as Swueathia and Ruminococcaceae,
were determined and compared. Furthermore, using
KEGG pathway enrichment analysis, the major differential
pathways in the development of cervical cancer were
determined, and florae, including operational taxonomic
unit (OTU) 851726 and OTU715913, were identified as
potential biomarkers of cervical cancer. We present the
following article in accordance with the MDAR reporting
checklist (available at http://dx.doi.org/10.21037/atm-20-
5832).

Methods
Sample collection and study design

The samples of 122 patients (91 patients with high-risk
HPV infection, including 48 persistent infections and 43
transient infections, and 31 cases as negative controls. HPV
subtypes included HPV16, HPV18, HPVS56, HPVS52,
and HPV 58) were divided into five groups based on
the duration of HPV infection and cervical pathological
classification: (I) high-risk HPV persistent infection with
HSIL group (persistent infection with HSIL); (IT) high-
risk HPV persistent infection with LSIL group (persistent
infection with LSIL); (III) high-risk HPV transient
infection with HSIL group (transient infection with HSIL);
(IV) high-risk HPV transient infection with LSIL group
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(transient infection with LSIL); and (V) non-infected HPV
group. Generally, persistent infection means the same HPV
subtype has infected for >12 months, whereas transient
infection means the same HPV subtype has regressed within
1 year.

The clinical study was approved by the Ethic Committee
of Beijing Chao-Yang Hospital (No. 2019-331) and
was conducted in accordance with the provisions of the
Declaration of Helsinki (as revised in 2013). Written
informed consent was obtained from all participants before
enrolment.

Bacterial DNA extraction and quality control

DNA samples were extracted from vaginal secretions
using the MOBIO PowerFecal DNA isolation kit, and
then tested using quantitative agarose gel electrophoresis.
Samples with a quality of at least class B were used for
subsequent experiments [class B samples standards: the
size of the polymerase chain reaction (PCR) product target
band is correct, and the total amount meets the needs of
1, but less than 2, times the database construction, DNA
concentration >5 ng/pL, and DNA mass >150 ng]. The
detection parameters were as follows: for genomic DNA,
the gel concentration was 1%, the voltage was 100 V, and
electrophoresis time was 40 minutes; for the PCR product,
the gel concentration was 2%, the voltage was 80 V, and
electrophoresis time was 40 minutes.

16S rRNA amplicon pyrosequencing

A PCR-free library was constructed by sequencing using
Hiseq 2500 PE250 (illumina) after the amplified PCR
products passed the aforementioned test. The original
offline data volume of each sample was not <50,000 tags.
Specifically, the primers were first diluted and labeled
according to their barcode and stored at —20 °C. The PCR
reaction mixtures were then prepared, and PCR reactions
were run with the following settings: initial denaturation at
94 °C for 3 minutes, followed by 35 cycles of denaturation
at 94 °C for 1 minute, annealing at 55 °C for 1 minute, and
extension at 72 °C for 1 minute, with a final extension at
72 °C for 10 minutes. The quality of the PCR amplicons
was finally assessed by running 4 pL of each combined PCR
reaction on 1% agarose gel stained with ethidium bromide.
Only the positive amplicons that appeared in an expected
band size of 375-425 bp under an ultraviolet wavelength of
260 nm were included in the subsequent steps.
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Sequencing and data analysis

Each amplicon was quantified by a double-stranded DNA
fluorescent nucleic acid stain to obtain an equimolar
concentration pool of all PCR samples. FASTQ files were
obtained by running the sequencing machine according
to the manufacturer’s instructions, and the overlapping
paired-end FASTQ files were processed in a data curation
pipeline implemented in QIIME 2, version 2017.7.017. The
Greengenes 13.5 close reference OTU table was used to
predict the KO table and the KEEG level 3 function table.
STAMP was used to analyze differences by comparing the
KEGG pathway of different group samples. Finally, KEGG-
based heatmap analysis and bar plot analysis were performed.

Results
Clinical data grouping and tree map charts

To determine the influence of HPV infection duration
and cervical intraepithelial neoplasia (CIN) pathological
classification on the changes in the microbial population
structure, the microbiome of 122 samples was analyzed.
The changes in the florae in each group were observed
using a maptree chart by categorizing the florae by OTU
abundance, and 200 OTUs with the highest abundance
were selected. As shown in Figure I, the microbial
composition in HPV-infected cervical pathology samples
(Figure 1A4,B,C,D) was significantly different from that
of the non-infected HPV group (Figure 1E). In all of the
HPV-infected tissues, Firmicutes always occupied the most
central and most important position, whereas in the non-
infected HPV group, the center position was covered by
many other bacteria, including Fusobacteria, Tenericutes,
Proteobacteria, and Bacteroidetes. Moreover, the microbiome
composition of the HPV transient infection group (groups
3 and 4) was significantly different from that of the high-
risk HPV persistent infection groups (groups 1 and 2),
but was more similar to that of the non-infected HPV
group. For instance, the high-risk HPV transient infection
group (group 3) and the non-infected HPV group shared
many bacteria that were not found in the persistent HPV
infection groups, such as Cyanobacteria, TM7, WWEI, and
WS3, thereby confirming the influence of the duration of
HPV infection on the microbiome composition.

Microbiome differences among the five groups

To determine the specific differences of the microbiome
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Figure 1 Maptree chart of the 200 florae with the highest operational taxonomic unit (OTU) abundance in the five groups of cervical
secretion samples. The largest circle represents the kingdom level, and the gradually decreasing circles represent the phylum, class, and
order, respectively. (A) Group 1: high-risk human papillomavirus (HPV) persistent infection with higher-grade squamous intraepithelial
lesion (HSIL) group. (B) High-risk HPV persistent infection with LSIL group. (C) Group 3: high-risk HPV transient infection with HSIL
group. (D) Group 4: high-risk HPV transient infection with LSIL group. (E) Group 5: non-infected HPV group.
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composition in the non-infected HPV and HPV infection
groups, a comparison of the five groups was made using a
volcanic map (Figure 2). The changes in microorganisms
throughout the deterioration process were clarified by
comparing the groups with adjacent symptoms. As shown
in Figure 24,B,C,D, the most significant changes in the
microbiome occurred in the comparison between the high-
risk HPV transient infection with LSIL group (group 4)
and the non-infected HPV group, indicating the influences
of HPV infection on the microbiome composition.
Moreover, compared with the non-infected HPV group,
HPV infection decreased the level of probiotics, including
Shuttleworthia, Prevotella, Lactobacillus, and Sneathia, while
increasing the level of pathogenic bacteria, including
Dispar, Streptophyta, and Faecalibacterium prausnitzii; this
was more obvious in the comparison between the high-
risk HPV persistent infection with HSIL group (group 1)
and the non-infected HPV with no cervical lesions group
(Figure 2E). Furthermore, the types of pathogenic bacteria,
especially Bifidobacteriaceae, increased substantially when
the duration of HPV infection and the CIN pathological
grade increased, indicating that Bifidobacteriaceae may play
a key role in cancer progression (Figure 2B,C). In addition
to Bifidobacteriaceae, other families of bacteria, such as
Corynebacterium, Aerococcus, and Oscillospira, were also greatly
affected by the duration of HPV infection. These findings
could assist in the development of a guideline for screening
new drugs for cervical cancer from the microbiome
perspective.

Statistical analysis of differential florae types

To further explore the specific differential florae in the
different stages of cervical cancer, taxonomic profiles
of the five groups were analyzed using STAMP, and the
differences among groups were calculated using analysis
of variance. The differential florae at the genus level are
shown in 7able S1. Among the differential florae, Sneathia
showed the greatest difference among all groups, with
minimum P values (corrected) of 8.37E-04 and a maximum
effect size of approximately 0.15; these findings indicate
the importance of Sneathia in the oncogenicity of the
cervix. Furthermore, according to the most representative
differential florae between adjacent groups, Sneathia and
Megasphaera possessed the greatest difference in mean
proportions with 95% confidence intervals (Figure 3).
However, with an increase in the duration of HPV infection
and an increase in grade, Sneathia and Megasphaera were
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not among the differential florae, indicating that the growth
and reproduction of these florae were strongly influenced
by the early stages of infection, which enable them to be
indicators of HPV infection. Furthermore, bacteria, such as
Comamonas, Gallicola, and unidentified Xanthomonadaceae,
contribute the most in cancer progression, as shown in
Figure 3. Furthermore, the comparison of the differential
florae across all five groups, including Gallicoln, unidentified
Xanthomonadaceae, Sneathia, and Megasphaera, are further
shown in Figure S1 to clarify the changes in microbiota at
each stage of cervical cancer.

Abundance analysis of differential florae

To further estimate the impact of the abundance of each
component (species) on the effect of the florae difference,
linear discriminant analysis (LDA) using a non-parametric
factorial Kruskal-Wallis rank sum test was conducted. As
shown in Figure 4, differential florae with significantly
different abundance between adjacent groups were
determined. Consistent with the results, the abundance of
Sneathia in the high-risk HPV transient infection with LSIL
group and the non-infected HPV group had a significantly
different LDA score of approximately log,, 7.3, indicating
that the Snearhia population greatly decreased after
HPV infection. Similarly, the Pseudomonas, Ruminococcus
gnavus, and Veillonellaceae bacterium KA00182 populations
also decreased sharply after HPV infection (Figure 4D).
Interestingly, some Ruminococcaceae species showed
fluctuations in numbers during the increase in the duration
of HPV infection and an increase in the grade when
comparing Figure 4B,E. Moreover, the evolutionary branch
diagram of differential florae with different abundance
values was based on the abundance analysis of differential
florae to elucidate the evolutionary relationship (Figure S2).

KEGG pathway analysis of differential florae for
biomarker prediction

PICRUSt software was used to predict the functional gene
composition of the metagenome based on the OTU data
by inferring the gene function profiles of their common
ancestors based on the 16S rRNA full-length sequence of
the tested bacterial genome. The gene function profiles
were derived from the full spectrum of archaeal and
bacterial domains in the Greengenes database, and the
sequenced bacterial group composition was “mapped”
into the database to predict the metabolic function of the
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Figure 2 Volcanic map of the microbiota comparison between the different groups of cervical scraping samples. Abscissa is the log2

(fold change) and the ordinate is the padj of each species in the two groups. (A) Comparison of the microbiota between high-risk human

papillomavirus (HPV) persistent infection with higher-grade squamous intraepithelial lesion (HSIL) and the high-risk HPV persistent

infection with lower-grade squamous intraepithelial lesion (LSIL) group. (B) Comparison of the microbiota between the high-risk

HPV persistent infection with LSIL group and high-risk HPV transient infection with HSIL group. (C) Comparison of the microbiota

between high-risk HPV transient infection with HSIL group and high-risk HPV transient infection with LSIL group. (D) Comparison

of the microbiota between high-risk HPV transient infection with LSIL group and the non-infected HPV group. (E) Comparison of the

microbiota between high-risk HPV persistent infection with HSIL and the non-infected HPV group.
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Figure 3 Statistical analysis of differential florae types in the genus level between different groups of cervical scraping samples. Differential
florae were filtered according to the difference in mean proportion with 95% confidence intervals. (A) Differential florae types in the
comparison of the microbiota between high-risk human papillomavirus (HHPV) persistent infection higher-grade squamous intraepithelial
lesion (HSIL) and the high-risk HPV persistent infection with lower-grade squamous intraepithelial lesion (LSIL) group. (B) Differential
florae types in the comparison of the microbiota between high-risk HPV transient infection with HSIL group and high-risk HPV transient
infection with LSIL group. (C) Comparison of the microbiota between high-risk HPV transient infection with LSIL group and the non-
infected HPV group. (D) Comparison of the microbiota between high-risk HPV persistent infection with HSIL and the non-infected HPV
group.
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Figure 4 Abundance analysis of differential florae between the different groups of cervical scraping samples. Differential florae with
significant differences in abundance were estimated by linear discriminant analysis (LDA) effect size analysis. The length of the histogram
represents the magnitude of the impact of significantly different species. (A) Abundance analysis of the microbiota between high-risk human
papillomavirus (HPV) persistent infection with higher-grade squamous intraepithelial lesion (HSIL) and the high-risk HPV persistent
infection with lower-grade squamous intraepithelial lesion (LSIL) group. (B) Abundance analysis of the microbiota between the high-
risk HPV persistent infection with LSIL group and high-risk HPV transient infection with HSIL group. (C) Abundance analysis of the
microbiota between high-risk HPV transient infection with HSIL group and high-risk HPV transient infection with LSIL group. (D)
Abundance analysis of the microbiota between high-risk HPV transient infection with LSIL group and the non-infected HPV group. (E)
Abundance analysis of the microbiota between high-risk HPV persistent infection with HSIL and the non-infected HPV group.
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bacterial group (Table S2). According to the heatmap of the
KEGG pathway analysis, the five groups had gene functions
that were obviously different from each other (Figure 5).
Furthermore, compared with the non-infected HPV group,
the main differences in pathways in the HPV infection
groups were sporulation, porphyrin and chlorophyll
metabolism, arginine and proline metabolism, isoquinoline
alkaloid biosynthesis, and ansamycin biosynthesis. These
findings indicate that HPV infection directly inhibits
these biologic process, which may be the cause of the early
symptoms of cervical neoplasia. Interestingly, according to
the clustering result, the high-risk HPV transient infection
with HSIL group was closer to the non-infected HPV
group than the other HPV infection groups; this may be
due to the observed fluctuations in the populations of some
florae, such as Ruminococcaceae species. Additionally, the
comparison of differential pathways, including flavonoid,
stilbenoid, diarylheptanoid, and gingerol biosynthesis;
base excision repair; and arginine and proline metabolism,
among the five groups were drafted using box plots, from
which the specific differences in these pathways for each
group are shown (Figure 6).

Furthermore, the random forest machine learning
method and 10-fold cross-validation were adopted to
predict biomarkers from the OTU abundance data. By
selecting HPV persistent infection with the HSIL group
and non-infected HPV group as the training group (otu_
train) and HPV transient infection with HSIL, HPV
persistent infection with LSIL, HPV transient infection
with HSIL, and HPV transient infection with LSIL as the
testing data (otu_test), 30 potential biomarker combinations
were screened using the R Package randomforest
4.6-14 (Figure 7). By repeating the 10-fold cross-validation
five times, 20 potential biomarkers were finally confirmed
according to their mean decrease accuracy, and among
all the biomarkers, OTU851726 and OTU715913 were
undoubtedly the best potential indicators of cervical cancer,
owing to their high mean decrease accuracy and mean
decrease Gini coefficient (Table S3, Figure 7).

Discussion

The vagina is a complex microecological system with a
unique anatomical structure, microecological flora, local
immunity, and endocrine regulation. Together, these
components constitute three lines of defense: the first line
is the closed labia and the natural fit of the anterior and
posterior vaginal walls, the second line is the “self-cleaning

© Annals of Translational Medicine. All rights reserved.
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factory” that consists of more than 200 microbes living
in the vagina, and the third line is the mucus plug at the
mouth of the cervix that prevents vaginal inflammation
from spreading to the uterus (17,18). Because of the
physiological structure of the cervix and vagina, imbalance
in the vaginal microecosystem directly increases the chance
of HPV infection and accelerates the process of cervical
precancerous lesions (19).

Cervical cancer associated with HPV infection occurs,
it is well known, but the majority of HPV infection is the
infection, a small number of HPV in persistent infection
state, natural clear HPV infection mechanism is not clear
at present, the cause of persistent infection, persistent
infection status of prediction and adjustment is cervical
cancer early prediction and prevention from earlier stages
has more important significance. The status of HPV
infection should be related to the local vaginal environment.
Some small sample cross-sectional studies showed that hr-
HPV infection with VMB dominated by Lactobacillus
gallinaceus had the fastest regression of the virus, while
low lactobacillus gallinaceus content and high content of
Atoporum showed the slowest regression of the virus. In the
HPV infection state, THE VMB is mostly in the dominant
state of lactobacillus or anaerobic state. The ratio of VMB
dominated by anaerobes increased in step with the degree
of cervical lesions. The VMB of HSIL women had higher
abundance of Cilia, Prussians, digestive Streptococcus, and
lower abundance of Jannella than that of LSIL women.
Studies have shown that characteristic VMB may be related
to HPV infection status, and certain bacterial metabolites
may cause certain consequences. It is speculated that the
specific vaginal microecology may affect the HPV infection
in the cervical epithelium and the outcome after infection
through a certain way. But by what mechanism does THE
VMB dominate HPV infection and infection status? There
are no predictable experimental results. Basic research
shows: the VMB advantage for anaerobic bacteria or inert
lactobacillus bacteria, lactic acid bacteria are lacking, vaginal
epithelial cells producing L-lactic acid/D-the ratio of lactic
acid increased, which can lead to the extracellular matrix
metalloproteinases inducer expression increasing and metal
protease activity-8, the metalloproteinases-8 can damage
the integrity of cervical epithelium and promoting the
transformation of HPV enters the cervical area, home in
basement membrane cells, viral replication and spread, and
lead to the happening of the CIN, HPV entered into a state
of persistent infection.

Among the microorganisms inhabiting the vagina
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Figure 6 Box plot analysis of the KEGG enriched pathways among the five groups of cervical scraping samples. Based on the gene function
profiles predicted with the PICRUSt software, the relative expression of the KEGG pathways in the five groups were compared. (A)
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groups. (C) Comparison of base excision repair in the five groups. (D) Comparison of arginine and proline metabolism in the five groups. *,

infinitesimal deviation; +, mild diverge.

of women of childbearing age, approximately 80% are
Lactobacillus, which maintain a pH between 3.8 and 4.5 (20).
Previous studies have demonstrated that a decreased
level of cervicovaginal lactobacilli is associated with
increased detection of HPV infection and cervical cancer
development (21). In the present study, the Lactobacillus
population decreased in the comparison between the non-

© Annals of Translational Medicine. All rights reserved.

infected HPV group and HPV infection groups, which is
consistent with the majority of previous reports. However,
Brusselaers et al. argued that dominant florae would be the
opposite if different technology was used for detection.
In their microscopic analyses, lactobacilli-dominated
microbiota was correlated with an increased detection of
HPV infection and persistence, whereas non-Lactobacillus
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Figure 7 Thirty potential biomarker combinations screened based on operational taxonomic unit (OTU) abundance data. The mean decrease
accuracy and the mean decrease Gini coefficient are two important indicators in the random forest model. Mean decrease accuracy indicates the

degree of decrease in the accuracy of the random forest prediction; a larger value indicates a greater importance of the variable. Mean decrease

Gini coefficient calculates the difference between each variable and the observed value on each node of the classification tree. Qualitative effects,

used to compare the importance of variables, indicate that, the greater the value, the greater the importance of the variable.

crispatus-dominated vaginal microbiota, associated with an
increased detection of HPV infection and persistence, was
observed (22). Similarly, the Sneathia population decreased
in the HPV infection groups in the present study, which was
in contrast to the results of previous studies that identified
it as a risk factor (23-25). This difference may be due to
the difference in the detection and analysis methods used.
However, Bifidobacteriaceae populations were also observed
to increase sharply when the duration of HPV infection
increased, which is consistent with the findings of a previous

study (26).
In addition to determining changes in the taxonomic

© Annals of Translational Medicine. All rights reserved.

composition in the development of cervical cancer, the
functional composition of the microbiome was further
assessed using KEGG pathway enrichment analysis (27).
Of the influenced pathways following HPV infection,
porphyrin and chlorophyll metabolism is one of the main
sources of heme (28); this may partly explain why some
patients with cervical cancer have low hemoglobin levels (29).
Additionally, in the important nitrogen cycle pathway,
arginine and proline metabolism plays a key role in providing
organic material for bacterial microorganisms (30). As
reported previously, the dominant vaginal florae in healthy
women has the ability to improve neutrophil functionality
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and the innate immune system as a whole. This may be due
to the enhanced pathways observed in non-HPV infected
patients in the present study, such as flavonoid, stilbenoid,
diarylheptanoid, gingerol biosynthesis, and arginine and
proline metabolism (31-33). In addition to these pathways,
several studies have identified other signaling pathways
that are associated with cervical cancer progression. Kwon
et al. suggested that cervical metagenomes could be enriched
during the course of peptidoglycan synthesis and depleted by
dioxin degradation and 4-oxalocrotonate tautomerase due to
the essential role of peptidoglycan synthesis in maintaining
cell integrity against osmotic pressure for cell survival (34).

Understanding of the importance of vaginal microecology
is increasing (35,36), and the combination of microbiologic
basic research and clinical gynecological and obstetric
infectious disease research seeks to establish a more
comprehensive and standardized vaginal microecological
clinical evaluation system. However, the relationship between
the microenvironment of the vaginal flora, HPV infection,
and the occurrence and development of cervical precancerous
lesions, as well as the associated mechanisms, remain
unclear. Therefore, in the present study, we conducted in-
depth research on the relationship between the vaginal flora
microenvironment and the occurrence and development of
HPV infection and cervical precancerous lesions. Moreover,
new reference indicators for judging the treatment,
prognosis, and HPV infection and outcome of CIN and
cancer have been proposed to assist with the elucidation of
the mechanisms of cancerous changes.

Conclusions

The present study provides a comprehensive profile of the
cervical microbiome and its relationship with the duration
of HPV infection and CIN pathological classification.
The findings of the present study could assist with the
development of a guideline for screening new clinical drugs
for cervical cancer.
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Supplementary

Table S1 Differential florae types in genus level among the five groups

Taxonomy P value P value (corrected) Effect size

Sneathia 8.37E-04 8.37E-04 0.147736608
Alloscardovia 1.51E-03 1.51E-03 0.138179981
Shuttleworthia 1.75E-03 1.75E-03 0.13585771

Gallicola 1.98E-03 1.98E-03 0.133821274
Unidentified Anaerolineaceae 4.84E-03 4.84E-03 0.11888726
Megasphaera 7.46E-03 7.46E-03 0.111497558
Unidentified Xanthomonadaceae 9.15E-03 9.15E-03 0.1079653

Peptoclostridium 4.17E-02 4.17E-02 0.080698959
Alloprevotella 4.23E-02 4.23E-02 0.080431788
Propionimicrobium 4.23E-02 4.23E-02 0.080412983
Leptotrichia 4.39E-02 4.39E-02 0.079710818
Buchnera 4.52E-02 4.52E-02 0.079176561
Flavobacterium 4.56E-02 4.56E-02 0.078984607
Subdoligranulum 4.90E-02 4.90E-02 0.077643485
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Figure S1 Comparison of the differential florae in the five groups using Gallicola, unidentified Xanthomonadaceae, Sneathia, and Megasphaera

as examples. Differential florae were filtered according to the differences in mean proportions with 95% confidence intervals. Ten

comparisons for differential florae were made [non-infected human papillomavirus (HPV) group wvs. transient infection with lower-grade

squamous intraepithelial lesion (LSIL), non-infected HPV group wvs. persistent infection with LSIL, non-infected HPV group vs. persistent

infection with higher-grade squamous intraepithelial lesion (HSIL), non-infected HPV group vs. transient infection with HSIL, transient

infection with HSIL vs. transient infection with LSIL, transient infection with HSIL vs. persistent infection with HSIL, transient infection

with LSIL vs. persistent infection with HSIL, transient infection with HSIL vs. persistent infection with LSIL, persistent infection with

LSIL ws. transient infection with LSIL, and persistent infection with LSIL vs. persistent infection with HSIL]. (A) Gallicola expression in the

10 comparisons. (B) Unidentified Xanthomonadaceae expression in the 10 comparisons. (C) Sneathia expression in the 10 comparisons. (D)

Megasphaera expression in the 10 comparisons.
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Figure S2 Evolutionary branch diagram of differential florae with different abundance between groups. Circle radiating from the inside to the outside represents the classification level from the
door to the genus (or species). Each small circle at a different classification level represents a classification at that level, and the diameter of the small circle is proportional to the relative abundance.
(A) Evolutionary branch diagram of the microbiota with different abundance between high-risk human papillomavirus (HPV) persistent infection with higher-grade squamous intraepithelial lesion
(HSIL) and the high-risk HPV persistent infection with lower-grade squamous intraepithelial lesion (LSIL) group. (B) Evolutionary branch diagram of the microbiota with different abundance
between the high-risk HPV persistent infection with LSIL group and high-risk HPV transient infection with HSIL group. (C) Evolutionary branch diagram of the microbiota with different
abundance between high-risk HPV transient infection with HSIL group and high-risk HPV transient infection with LSIL group. (D) Evolutionary branch diagram of the microbiota with different
abundance between high-risk HPV transient infection with LSIL group and the non-infected HPV group. (E) Evolutionary branch diagram of the microbiota with different abundance between
high-risk HPV persistent infection with HSIL and the non-infected HPV group.



Table S2 Table of differential KEGG pathways

OUTID P value P value (corrected) Effect size
Porphyrin and chlorophyll metabolism 6.89E-03 6.89E-03 1.13E-01
Flavonoid biosynthesis 9.95E-03 9.95E-03 1.07E-01
Stilbenoid, diarylheptanoid, and gingerol 3.20E-02 3.20E-02 8.56E-02
biosynthesis

Base excision repair 3.90E-02 3.90E-02 8.19E-02
Arginine and proline metabolism 4.62E-02 4.62E-02 7.87E-02
Isoquinoline alkaloid biosynthesis 5.14E-02 5.14E-02 7.67E-02
Alzheimer’s disease 5.63E-02 5.63E-02 7.50E-02
Sulfur relay system 5.63E-02 5.63E-02 7.50E-02
Cyanoamino acid metabolism 6.69E-02 6.69E-02 7.17E-02
Biosynthesis of ansamycins 6.71E-02 6.71E-02 7.16E-02
Taurine and hypotaurine metabolism 7.59E-02 7.59E-02 6.93E-02
Photosynthesis—antenna proteins 7.81E-02 7.81E-02 6.87E-02
Glycerolipid metabolism 7.94E-02 7.94E-02 6.84E-02
Calcium signaling pathway 7.96E-02 7.96E-02 6.83E-02

OUT, operational taxonomic unit.



Table S3 Top 20 potential biomarkers screened by repeating the
10-fold cross-validation five times

OuUT ID
0OTU851726
OTU715913
0OTU469663
0OTUB85594
OTU586093
0OTU495396
OTU217734
OTU703741
OTU15076
OTU1111294
0TU692154
OTU1083194
0OTUB04966
OTU583089
0TU4429907
NOTUG3
0OTU484304
0OTU4307652
0OTU1078587
0OTU956654

OUT, operational taxonomic unit.



