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Abstract

Objectives: To characterize the oral microbiota among middle-aged men and identify differences 

between men with a prevalent oral high-risk (oncogenic) HPV infection and those without.

Materials and Methods: This was a case-control study nested within a prospective screening 

study for HPV-related cancers among middle-aged men. 16S rRNA sequencing was used to 

characterize the oral microbiota and the cobas HPV Test was used to detect presence of oral 

high-risk HPV types. We determined the overall composition of the oral microbiota and assessed 

differences in relative abundance of bacterial taxa as well as alpha and beta diversity among men 

with a prevalent oral high-risk HPV infection compared to men who were HPV-negative.

Results: Among 13 high-risk HPV-positive and 30 HPV-negative men, we found significant 

differences in beta diversity but not alpha diversity. Fretibacterium, F0058, Kingella, Treponema, 
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and Prevotella were more abundant among the high-risk HPV-positive men while Neisseria and 

Lactobacillus were more abundant among the HPV-negative men.

Conclusion: This study adds to the evidence that the oral microbiota varies according to oral 

HPV infection status and may be associated with the natural history of oral HPV infection.
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16S rRNA sequencing; HPV; human papillomavirus infection; oral microbiome; oral microbiota; 
oropharynx; case-control studies

Introduction

Human papillomavirus (HPV) is a common sexually transmitted infection that causes 

cancers of the anogenital region and oropharynx. There has been a substantial increase in the 

incidence of oropharyngeal cancer (OPC) over the last several decades in the United States 

and other high-income countries, attributed to an increase in the proportion of HPV-positive 

OPC [1–3].

It has been established that a persistent infection with high-risk (oncogenic) HPV is required 

for malignant transformation [4]. Although an incident HPV infection is normally cleared 

within several months, inability of the immune system to clear an infection will lead to 

persistence that in some individuals can progress to cancer. The natural history of HPV is 

influenced by the microbial environment, and dysregulation of the local microbiome with a 

shift to a pro-inflammatory state may increase the risk for cancer [5, 6].

The “oral microbiota,” the full complement of microorganisms that live in the oral cavity 

and oropharynx, is among the most diverse in the human body [7]. Influenced by genetics, 

diet, and environment, it has long been known to affect both local and systemic health 

states, and dysregulation may predispose an individual to disease, including cancer [8, 9]. 

As with genital HPV infection and progression to cervical cancer, we hypothesize that 

microbial dysbiosis also plays a significant role in oral HPV infection and progression to 

OPC. Therefore, understanding how the oral microbiota affects the natural history of oral 

HPV infection and predisposition to HPV-related OPC will help inform future prevention 

efforts. The goal of this study was to characterize the oral microbiota among a cohort 

of middle-aged men and to identify variations according to prevalent oral high-risk HPV 

infection status.

Materials and Methods

Study design and population

This was a case-control study nested within the HPV-related Oropharyngeal and Uncommon 

Cancers Screening Trial of Men (HOUSTON), a prospective screening trial for HPV-related 

cancers among middle-aged men (NCT02897427) [10, 11]. In brief, 553 men aged 50–

64 years without a history of HPV-related cancer were enrolled between April 2017 and 

December 2019. At the initial study visit, study subjects completed a self-administered 

questionnaire pertaining to demographic and socioeconomic characteristics, alcohol and 
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tobacco exposure, sexual behaviors, and history of sexually transmitted diseases, including 

HPV-related disease in partners and themselves. They also provided blood and oral rinse 

samples for biologic testing. Because the collection of samples for microbiome analysis 

was started later, only samples from subjects enrolled after June 2018 were included in this 

study. The study was approved by the institutional review board and all subjects provided 

written informed consent.

Laboratory methods

Oral rinse collection and HPV DNA detection: Participants were asked to swish and 

gargle 10 ml of Scope mouthwash (Procter & Gamble, Cincinnati, OH) for 15 seconds each. 

Samples were immediately placed at 4°C and were processed within the same day. For 

microbiome analysis, a 1 ml aliquot was saved at −80°C prior to processing. The remaining 

sample was washed with 10 ml of phosphate buffered saline (PBS) and resuspended in 1 

ml of PBS. The cobas HPV Test (Roche Diagnostics, Indianapolis, IN) was used to detect 

high-risk HPV types. The assay provides individual results for HPV16 and HPV18 and 

pooled results for 12 other high-risk types (31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68).

Microbial DNA extraction and bacterial 16S rRNA gene sequencing: One 

milliliter of oral rinse was centrifuged at 3000 g for 10 minutes. The cell pellet was 

processed in 200 μl cell lysis buffer (20 mM Tris-Cl [pH 8], 2 mM EDTA, 1.2% Triton 

X-100) supplemented with lysozyme and mutanolysin at 37°C for 30 minutes, followed by 

addition of proteinase K and Buffer AL and incubation at 56°C for 30 minutes. Bacterial 

genomic DNA was extracted using the QIAamp DNA mini kit (Qiagen, Hilden, Germany). 

A 400 bp fragment of the16S rDNA gene was amplified by PCR from purified genomic 

DNA. PCR was performed with 16S rRNA primers (515 forward primer: 5’-

ATGATACGGCGACCACCGAGATCTACACGCTXXXXXXXXXXXXTATGGTAATTGT

GTGYCAGCMGCCGCGGTAA-3’, where XXXXXXXXXXXX is an index sequence for 

multiplexing libraries. 806 reverse primer: 5’- 

CAAGCAGAAGACGGCATACGAGATAGTCAGCCAGCCGGACTACNVGGGTWTCTA

AT-3’). PCR conditions were as follows: 98°C for 3 minutes, then 27 cycles of 98°C for 50 

seconds, 55°C for 30 seconds, 72°C for 30 seconds, and a final cycle of 72°C for 5 minutes. 

Libraries were purified using Zymo I-96 columns and analyzed on an Agilent 4200 

Tapestation system (Agilent, Santa Clara, CA). The barcoded amplicons were pooled in 

equal concentrations, quantified by Qubit fluorometer, and molarity was calculated based on 

the size of the amplicon. The sequencing run was performed using 2×250 bp paired-end on 

the Illumina MiSeq platform using custom primers (Read1 seq primer: 5’-

TATGGTAATTGTGTGYCAGCMGCCGCGGTAA -3’; Read2 seq primer: 5’-

AGTCAGCCAGCCGGACTACNVGGGTWTCTAAT-3’; and index primer: 

AATGATACGGCGACCACCGAGATCTACACGCT) and included positive and negative 

controls.

Bioinformatic analysis pipeline for 16S rRNA gene sequencing.—After 

sequencing, the reads were de-multiplexed using QIIME. Subsequently, the reads were 

merged and dereplicated to remove chimeras using VSEARCH. To denoise the reads, the 

UNOISE 3 algorithm command was employed. The resulting sequences were then assigned 
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to operational taxonomic units (OTUs) using the Mothur method and the SILVA database 

version 138. An OTU table was generated using USEARCH. Alpha and beta diversity were 

measured using QIIME, with sample sequences being rarefied to a level below that of the 

sample with the least sequences.

Statistical analysis.—The primary outcome was prevalent high-risk HPV DNA. We 

included all oral high-risk HPV-positive participants and a random subset of high-risk 

HPV-negative participants in a 1:2 ratio. Other variables included in the analysis were 

age, race, smoking and alcohol use, and sexual behavior history (lifetime number of 

any [vaginal, anal, and oral] sex partners and oral sex partners). Ever smoking and ever 

drinking were defined as regular current or former smoking or alcohol drinking, respectively. 

Sexual behaviors were dichotomized at the median for comparison between the groups. 

Frequencies, means, and medians were calculated for the major variables of interest. We 

assessed differences between groups with respect to alpha diversity (richness and evenness), 

beta diversity (in-between sample differences), and taxa abundances. We used weighted 

and unweighted UniFrac to calculate the distances (beta diversity) between samples, where 

weighted takes into account the relative abundance of each organism and unweighted uses 

only presence/absence data to determine distance. Principal coordinate analysis (PCoA) 

plots under metrics suitable for microbiome data (Bray Curtis [12], unweighted UniFrac 

[13], and weighted UniFrac [14]) were used to project high dimensional OTU information 

into two dimensions to visually examine the association between the oral microbiota and 

high-risk HPV positivity as well as demographic factors, smoking, alcohol use, and sexual 

behaviors. Permutation multivariate analysis of variance (PERMANOVA) was adopted to 

evaluate the association [15]. P-values were adjusted for multiple comparisons using the 

Benjamin-Hochberg method. All the statistical analyses were implemented in R. OUT 

counts and abundance tables are provided as supplementary materials.

Results

Thirteen of 15 available oral high-risk HPV DNA-positive samples were adequate for 

evaluation and were included in the analysis along with 30 oral high-risk HPV DNA-

negative samples. The demographic and behavioral characteristics of the study population 

are shown in Table 1. There were no significant differences with respect to age, race, or 

history of smoking, alcohol use, or sexual behaviors between the two groups.

Taxonomic composition of the oral microbiota

Figure 1 shows the relative abundance of the most common taxa by oral high-risk HPV 

status at the phylum (Figure 1A) and genus level (Figure 1B). Overall, the most abundant 

phyla were Proteobacteria, Cyanobacteria, Synergistota, Spirochaetota, Campilobacteroda, 
Fusobacterota, Actinobacteria, Firmicutes, and Bacteroidota with interindividual variation 

observed between the samples. To determine whether microbial composition varied 

significantly according to HPV status, we next evaluated the alpha and beta diversity of 

the samples.
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Alpha and beta diversity of the oral microbiota by oral high-risk HPV status

We found no difference in alpha diversity between oral high-risk HPV-positive and -negative 

samples (Figure 2). The two groups were similar with respect to observed richness (p = 

0.5) and diversity (Shannon index, p = 0.2 and Simpson reciprocal, p = 0.3). To better 

understand the microbiota diversity and its connection with HPV status, smoking status, 

lifetime number of sex partners, and lifetime number of oral sex partners, beta diversity 

was evaluated using weighted-UniFrac distances, and a principal coordinate analysis (PCoA) 

was conducted. The results demonstrated a clear differentiation in clustering between HPV-

positive and HPV-negative samples (p = 0.001; Figure 3); however, we did not see notable 

differential clustering for microbial beta diversity on smoking status, lifetime number of sex 

partners, and lifetime number of oral sex partners (data not shown).

Differential abundance of the oral microbiota by oral high-risk HPV status

To determine any statistically significant differences, we next performed permutation 

analysis with 5,000 permutations to determine which microbial taxa differed in abundance 

with false discovery rate (FDR) < 0.05 among the two groups. At the phylum level, 

relative abundance of Synergistota, Bacteroidota, and Spirochaetota was increased in HPV-

positive samples and Proteobacteria was decreased. At the family level, we observed 

increased relative abundance of Synergistaceae and Prevotellaceae and decreased abundance 

of Neisseriaceae and Lactobacillaceae in the HPV-positive samples. At the genus level, 

we found seven taxa that were differentially abundant (Figure 4). Specifically, genus 

Fretibacterium, F0058, Kingella, Treponema, and Prevotella were more abundant in the 

HPV-positive samples while Neisseria and Lactobacillus were more abundant in the HPV-

negative samples. Relative abundance is shown in a volcano plot with observations where 

abundance was significantly increased shaded blue for HPV-negative samples and red for 

HPV-positive samples (Figure 4A). Additionally, relative abundance of genera that varied 

significantly between groups is shown for each individual sample in a heatmap along with 

their p-values (Figure 4B). As shown, Fretibacterium and Kingella were more abundant in 

HPV-positive samples at p < 0.001 while F0058, Treponema, and Prevotella were more 

abundant at p < 0.01. For HPV-negative samples, both Neisseria and Lactobacillus were 

significantly more abundant at p < 0.01.

Discussion

Using 16S rRNA sequencing, we characterized the oral microbiota of 13 oral high-risk 

HPV-positive and 30 HPV-negative middle-aged men. We did not find a difference in alpha 

diversity (within-sample) between HPV-positive and -negative participants. However, beta 

diversity (between-sample) varied significantly according to HPV status. This study further 

helps clarify the natural history of oral HPV and suggests a possible association between the 

oral microbiota and prevalent oral HPV infection status.

Microbial species diversity has been established as a risk factor for HPV infection, 

persistence, and progression of precancer to cancer [5, 16, 17]. To our knowledge, there 

are few studies investigating the association between the oral microbiota and oral HPV 

infection. Although the association between the oral microbiota and head and neck cancer 
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has been established in multiple studies, they are typically not stratified by HPV status 

and/or include non-HPV-related head and neck sites [18–21].

The largest study to date investigating the association between oral HPV and the microbiota 

included 495 participants, 68 with prevalent oral HPV DNA detected [22]. In agreement 

with our findings, alpha diversity was not significantly different between oral HPV-positive 

and -negative individuals while beta diversity varied significantly between the two groups. 

The authors found that the families Prevotellaceae, Actinomycetaceae, Veillonellaceae, and 

Campylobacteraceae, and Bacteroidetes were more abundant among individuals who were 

oral HPV-positive while Gemellaceae was less abundant. Although results were not reported 

at the genus level, this is in general agreement with our finding of greater relative abundance 

of genus Prevotella (within family Prevotellaceae), although we did not confirm the finding 

of significant variation between groups for family Gemellaceae.

Genus Prevotella is associated with a pro-inflammatory response and may promote 

chronic inflammation [23]. This is consistent with earlier studies showing that prior oral 

inflammatory disease is a risk factor for head and neck cancer, in particular OPC, and 

that elevated salivary Prevotella melaninogenica is positively associated with oral squamous 

cell carcinoma [24, 25]. A small study that investigated differences in the oral microbiota 

between women with and without a prevalent oral HPV infection (n = 13 and n = 26, 

respectively) found that increased richness was associated with oral HPV infection [26], 

which was in contrast to our findings. That study also found that the relative abundance 

of members of phylum TM7 was increased in HPV-positive samples as was the members 

of phylum Firmicutes, TM73, and species Selenomonas and Megasphaera, while species 

Haemophilus (phylum Proteobacteria) was higher among those who were HPV-negative 

[26].

For the association between head and neck cancer and the oral microbiota, a recent study 

that included 13 cases of OPC, of which eight were HPV-positive, found differential 

clustering in the taxonomic profiles of the oral microbiota according to HPV status. 

Specifically, the genera Treponema, Neisseria, and Veillonella were associated with HPV 

status; conversely, no association between the oral microbiota and smoking status was 

observed [27]. In a large population-based nested case-control study, Hayes et al. determined 

that an abundance of Corynebacterium and Kingella were associated with a decreased risk 

for head and neck cancer, consistent with the carcinogen metabolism capacity of these 

genera [18]. However, in the same study overall composition of the oral microbiota was not 

associated with risk for head and neck cancer. In one study investigating the association 

between the oral microbiota, HPV, and head and neck cancer, Lactobacillus spp. were 

significantly associated with HPV-positive tumors compared with HPV-negative tumors 

[19]. Consistent with studies of the cervical microbiota, several species of acid tolerant 

anaerobic bacteria, specifically Veillonella, Megasphaera, and Anaerolineae, were identified 

as markers for HPV-positive tumors. A low pH hypoxic microenvironment is typical of solid 

tumors, favoring the growth of this taxa [28]. In another study, the same group determined 

that Lactobacillus gasseri/johnsonii and Lactobacillus vaginalis, commensal vaginal flora 

species, were more highly abundant in saliva from patients with OPC compared with healthy 

controls and was hypothesized to be transmitted during oral sex [20]. It remains unknown 
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what role these species play in OPC oncogenesis, but taken together, the results from these 

studies show a key role for the microbiota in oral HPV infection and OPC, with a potential 

for interventions to prevent infection or increase clearance rates of oral HPV [29].

Although not directly comparable with oral HPV infection and risk for OPC, vaginal 

bacterial communities have been shown to protect against sexually transmitted infections 

including HPV [29]. Cross-sectional studies of women with cervical lesions, including 

cervical cancer, have found that increased species diversity and reduced abundance of 

Lactobacillus spp. are associated with increasing severity of cervical disease in a dose-

dependent manner [5, 30]. Additionally, a pro-inflammatory response induced by some 

bacteria leads to tissue damage that promotes oncogenesis by HPV [31]. It is plausible 

that similar mechanisms might also promote HPV infection, persistence, and oncogenesis in 

OPC.

This pilot study had a few limitations: 1) First, the small sample size may have resulted in 

masking statistically significant associations. This also precluded performing multivariable 

analysis. Second, we had only oral rinse samples available for analysis. Although oral 

rinse is well-established for oral HPV detection, the oral microbiota varies according to 

sampling site and specimen type and our results may have differed had we used another 

sampling strategy. Third, our study population was homogenous with respect to age, sex, and 

race/ethnicity. In future studies, we will aim to include a more diverse population of men 

and women of all ages and races/ethnicities to be more representative of the population 

as a whole. Differences between our findings and others could be due to sampling 

site, methodological differences with respect to 16S rRNA sequencing or bioinformatics 

pipeline, and choice of study population. However, our main results, greater oral microbial 

betadiversity among those with an HPV infection, agree with previously published studies 

by other groups.

Conclusions

We found that microbial composition, but not richness, were associated with prevalent 

oral high-risk HPV status in oral rinse samples from middle-aged men. Larger studies are 

needed to understand the influence of the oral microbiota on the natural history, including 

persistence and clearance, of oral HPV. We are currently planning a larger study with 

longitudinal follow-up to gain further insight into the natural history of oral HPV infection, 

including its interaction with the oral microbiota.

Supplementary Material

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

• There was an association between the oral microbiota and prevalent oral 

oncogenic HPV infection status

• Clear differential clustering was observed when stratifying by prevalent oral 

oncogenic HPV status but not smoking or sexual behavior status on principal 

coordinate analysis (PCoA)

• Microbial beta-diversity (between-sample diversity) but not alpha-diversity 

(within-sample diversity) differed between oral oncogenic HPV-positive and 

-negative middle-aged men

• Neisseria spp. were significantly more abundant among HPV-negative men 

and Prevotella spp. were more abundant among high-risk HPV-positive men
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Figure 1. 
Taxonomic profiles of oral rinse samples at A) genus level and B) species level. Stacked 

bar chart of relative abundances of common bacterial taxa by prevalent oral high-risk human 

papillomavirus (HPV) status (left: HPV-negative, n = 30 and right, high-risk HPV-positive, n 

= 13).
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Figure 2. 
Boxplot showing alpha diversity indices with p-values for each by prevalent oral high-risk 

human papillomavirus (HPV) status. A) Observed species (richness), p = 0.5; B) Shannon 

index (diversity), p = 0.25; and C) Simpson reciprocal index (dominance), p = 0.3.
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Figure 3. 
Principal coordinate analysis (PCoA) of beta-diversity with weighted-UniFrac distances by 

prevalent oral high-risk human papillomavirus status, p = 0.001.
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Figure 4. 
Differential abundance of microbial genera by oral high-risk HPV status. A) Volcano plot 

depicting the permutation-based test to identify differentially abundant microbial taxa in 

human papillomavirus (HPV)-positive and HPV-negative men. Differentially abundant taxa 

at false discovery rate (FDR) < 0.05 are indicated by colored circles where blue favors HPV-

negative (left) and red favors HPV-positive (right) and B) Heatmap showing the differential 

abundance of microbial genera at false discovery rate (FDR) <0.05 for individual samples 

with HPV-negative shown on the left and high-risk HPV-positive on the right. Level of 

relative abundance is indicated by intensity of color (blue = increasing abundance and 

yellow = decreasing abundance).
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