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Background: Oral squamous cell carcinoma (OSCC) is a growing global health concern, yet its early detection remains chal-
lenging due to the lack of reliable, non-invasive biomarkers. Recent studies suggest that the oral microbiome may play a pivotal
role in tumor development and immune modulation.
Objective: This study aimed to investigate alterations in the salivary microbiome of OSCC patients compared to healthy individ-
uals, identify cancer-enriched bacterial taxa, and evaluate their functional roles in driving inflammation, with the ultimate goal
of developing a qPCR-based microbial biomarker panel for non-invasive oral cancer diagnosis.
Methods: Unstimulated saliva samples were collected from five healthy controls and five OSCC patients under IRB approval.
Microbial composition was analyzed via 16S rRNA gene sequencing (V3–V4 region), followed by alpha and beta diversity anal-
yses, LEfSe for differential abundance, and ROC curve modeling. Fusobacterium nucleatum was further validated via qPCR and
functionally tested by co-culturing with human oral keratinocytes (HOKs), measuring cytokine expression (IL-6, IL-8, TNF-α)
through qRT-PCR and Western blot.
Results: OSCC patients exhibited increased microbial diversity and distinct microbial community structures compared to con-
trols. Four bacterial species—Fusobacterium nucleatum (Fn), Prevotella intermedia (Pi), Porphyromonas gingivalis (Pg), and
Treponema denticola (Td)—were significantly enriched in the cancer group. qPCR confirmed the elevated abundance of F. nu-
cleatum in OSCC saliva (Ct < 24). Co-culture of F. nucleatum with HOKs induced marked upregulation of pro-inflammatory
cytokines at both mRNA and protein levels. A Ct-based decision tree model using four taxa achieved high discriminatory per-
formance for classifying oral cancer versus healthy individuals.
Conclusion: Our findings suggest that oral cancer is associated with specific microbial signatures and a pro-inflammatory shift
in the host–microbiome interaction. The identified bacterial panel, particularly F. nucleatum, shows promise as a non-invasive,
saliva-based biomarker for early detection of OSCC and may offer novel insights into tumor–microbiome crosstalk.

Introduction

Oral cancer is one of the most common malignancies world-
wide, with over 370,000 new cases reported in 20201, and
its incidence continues to rise. While established risk fac-
tors such as tobacco use, alcohol consumption, human papil-
lomavirus (HPV) infection, and ultraviolet exposure are well
recognized2–4, these alone do not fully explain the complex-
ity of oral carcinogenesis. Recently, increasing attention has
been paid to the potential role of the oral microbiome in the
development and progression of oral cancer5,6.

The oral cavity is a complex ecosystem composed of hard
and soft tissues and harbors the second-largest microbial com-
munity in the human body after the gastrointestinal tract7.
More than 700 bacterial species coexist in a healthy oral en-
vironment, where they contribute to homeostasis through vi-
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tamin and amino acid synthesis, immune regulation, and in-
hibition of pathogenic colonization8–10. However, when this
microbial balance is disrupted—a condition known as oral mi-
crobial dysbiosis—it can lead to chronic inflammation, im-
mune suppression, and alterations in cell signaling pathways
that are closely linked to various diseases, including cancer11.

Certain bacteria such as Streptococcus species and Fu-
sobacterium nucleatum have been implicated in promot-
ing a tumor-permissive microenvironment by inducing pro-
inflammatory and immunosuppressive responses11,12. In pa-
tients with oral cancer, shifts in microbial composition have
been associated with changes in fatty acid metabolism, pro-
inflammatory cytokine expression, and immune cell func-
tion13.

Given this emerging evidence, the oral microbiome is gain-
ing recognition not only as an ecological indicator but also as
a promising source of diagnostic biomarkers, early detection
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tools, and even therapeutic targets that influence metabolic
and immune pathways14. The oral cavity’s accessibility and
the non-invasive nature of saliva sampling further enhance the
translational potential of microbiome-based diagnostics15.

However, a clear, functionally validated, and clinically
translatable microbial signature for OSCC diagnosis is still
lacking. Therefore, this study aimed to address this gap by
identifying cancer-enriched salivary bacteria, experimentally
validating their inflammatory potential, and evaluating their
utility as a non-invasive qPCR-based biomarker panel.

In this study, we aimed to compare the salivary microbiome
profiles of healthy individuals and patients with oral cancer,
identify cancer-enriched microbial taxa, and investigate their
functional roles in modulating host inflammatory and immune
responses. Through this approach, we sought to gain insights
into the microbial mechanisms underlying oral carcinogene-
sis and evaluate the potential of microbiome-based biomarkers
for early detection.

Materials and Methods

Study Subjects and Sample Collection

Unstimulated saliva samples were collected from five healthy
individuals and five patients diagnosed with oral squamous
cell carcinoma (OSCC), following approval by the Institu-
tional Review Board (IRB no. P01-202506-02-009). All par-
ticipants provided written informed consent. Participants were
asked to refrain from eating, drinking, and oral hygiene for at
least 1 hour before sample collection. All samples were frozen
at −80°C within 30 minutes of collection.

DNA Extraction and 16S rRNA Gene Sequencing

Genomic DNA was extracted from saliva samples using a
commercial microbial DNA extraction kit (QIAamp DNA
Mini Kit), following the manufacturer’s protocol. The V3–V4
hypervariable region of the bacterial 16S rRNA gene was am-
plified using universal primers (341F/806R). PCR amplifica-
tion of the V3–V4 hypervariable region was performed using
primer pair 341F/806R and the following cycling parameters:
95°C for 3 min; 30 cycles of 95°C for 30 sec, 55°C for 30 sec,
72°C for 30 sec; final extension at 72°C for 5 min. Paired-end
sequencing was performed on the Illumina MiSeq platform.
The mean sequencing depth was approximately 4×104 reads
per sample.

Raw reads were processed using QIIME2. Denoising
and chimera removal were performed with DADA2. Tax-
onomic assignment was carried out using the SILVA refer-
ence database. Alpha diversity (Shannon index) and beta di-
versity (Bray–Curtis dissimilarity) analyses were conducted

using the phyloseq and vegan packages in R. Principal Co-
ordinates Analysis (PCoA) was used to visualize group dif-
ferences. Differentially abundant taxa were identified using
Linear Discriminant Analysis Effect Size (LEfSe)16. Taxo-
nomic assignments were reported at the genus level unless
species-level confidence scores were sufficiently high. Given
the known limitations of 16S V3–V4 resolution, species-level
labels are interpreted cautiously.

Quantitative PCR (qPCR) Validation

qPCR was performed to validate the abundance of Fusobac-
terium nucleatum using species-specific primers. Reactions
were carried out with SYBR Green master mix on a StepOne-
Plus Real-Time PCR System. qPCR reactions were performed
in a total volume of 20 µL, consisting of 10 µL SYBR Green
Master Mix (Bio-Rad), 0.5 µM forward and reverse primers,
2 µL of template DNA, and nuclease-free water.

Cycling conditions were as follows: 95°C for 3 min, fol-
lowed by 40 cycles of 95°C for 15 sec and 60°C for 30 sec,
with a melt-curve analysis from 65°C to 95°C to confirm am-
plicon specificity. All reactions were performed in triplicate.

Ct values were compared between groups and used to
develop a rule-based diagnostic algorithm based on thresh-
old values for F. nucleatum, P. intermedia, P. gingivalis,
and T. denticola. All saliva samples were collected and
processed using identical input volumes to reduce variabil-
ity related to sample quantity. For qPCR normalization,
relative abundance was calculated using ∆Ct = Ct(target)
– Ct(universal 16S), with forward primer 5’ CAACCAT-
TACTTTAACTCTACCATGTTCA and reverse primer 5’-
GTTGACTTTACAGAAGGAGATTATGTAAAAATC.

Cell Culture and Co-culture with F. nucleatum

Human oral keratinocytes (HOKs) were cultured in ker-
atinocyte growth medium (KGM, Lonza) at 37°C with 5%
CO2. For co-culture experiments, live F. nucleatum (KCTC
2640) was added to confluent HOK monolayers at a multiplic-
ity of infection (MOI) of ∼100. F. nucleatum (KCTC 2640)
was cultured in an anaerobic chamber under 85% N2/10%
H2/5% CO2 using CDC anaerobe medium. MOI was calcu-
lated based on OD600 and confirmed by CFU plating. After
24 hours of incubation, cells were harvested for RNA and pro-
tein extraction.

Bioinformatic Analysis

To ensure equal sequencing depth across samples, the feature
table was rarefied to 2.0×104 high-quality reads per sample,
which corresponded to the minimum post-filtering read count
among all samples. Rarefaction was performed prior to alpha
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diversity (Shannon index) and beta diversity (Bray–Curtis dis-
similarity) analyses to avoid sequencing-depth–related bias.

RNA Extraction and qRT-PCR

Total RNA was extracted using TRIzol reagent, and cDNA
synthesis was performed using a reverse transcription kit (iS-
cript, Bio-Rad). Quantitative reverse transcription PCR (qRT-
PCR) was performed to assess the expression of IL-6, IL-8,
and TNF-α , normalized to GAPDH. Relative expression was
calculated using the ∆∆Ct method.

Western Blot Analysis

Total protein was extracted from co-cultured HOKs using
RIPA buffer supplemented with protease inhibitors. Protein
concentrations were measured using a BCA assay (Thermo
Fisher Scientific). For SDS-PAGE, 20 µg of total protein per
sample was loaded onto 10–12% polyacrylamide gels, trans-
ferred to PVDF membranes, and blocked with 5% skim milk
in TBST for 1 hour. Blots were probed with antibodies against
IL-6 (Cell Signaling Technology, #12153), IL-8 (Cell Sig-
naling Technology, #94407), and GAPDH (Santa Cruz, sc-
59540), followed by HRP-conjugated secondary antibodies.
Signal was detected using ECL substrate and quantified via
densitometry.

Diagnostic Model and ROC Analysis

A rule-based decision tree model was developed using Ct
threshold cutoffs: F. nucleatum < 24, P. intermedia < 25, P.
gingivalis < 26, and T. denticola < 27. Samples satisfying ≥3
of the 4 criteria were classified as “Likely Oral Cancer.” Ct
cutoffs were determined from the 90th percentile of healthy-
control ∆Ct values. ROC analysis and AUC calculations were
performed using the pROC package in R.

Results

Schematic representation of the oral microbiome compo-
sition in healthy individuals and oral cancer patients

This diagram illustrates the conceptual framework of the
study, comparing the salivary microbiome between five
healthy individuals and five patients diagnosed with oral squa-
mous cell carcinoma (OSCC) (Fig. 1A). Saliva samples were
collected from each participant to serve as a non-invasive and
clinically accessible source of oral microbial DNA.

The illustration highlights bacterial species commonly as-
sociated with either oral health or dysbiosis observed in can-
cer patients. Key pathogenic taxa such as Fusobacterium
nucleatum, Prevotella intermedia, Porphyromonas gingivalis,
and Treponema denticola have been previously implicated in

Fig. 1 Study overview and saliva collection. (A) Conceptual
diagram comparing the salivary microbiome of five healthy
individuals and five oral cancer patients (OSCC). Key
cancer-associated and health-associated bacterial taxa are illustrated.
(B) Saliva samples collected using sterile tubes for downstream
microbiome analysis.

chronic inflammation and tumorigenesis, while commensal
species associated with healthy oral flora are also indicated.

This visual framework serves to emphasize the potential of
specific microbial signatures in distinguishing between can-
cerous and non-cancerous oral environments (Fig. 1B), form-
ing the rationale for further metagenomic and functional anal-
yses in this study.

Oral cancer is associated with altered salivary microbiome
composition and increased microbial diversity

Fig. 2 Altered salivary microbiome in oral cancer. (A) Top 10 most
abundant bacterial taxa in saliva from 5 healthy controls and 5
OSCC patients. Cancer-enriched species (F. nucleatum, P.
intermedia, P. gingivalis) and health-associated taxa are shown. (B)
Shannon index showing higher alpha diversity in oral cancer
samples (**p < 0.01). (C) PCoA plot based on Bray–Curtis
dissimilarity, indicating distinct microbial community structures
between the two groups.

To compare the salivary microbiome composition between
5 healthy individuals and 5 oral cancer patients (Fig. 1B), 16S
rRNA gene sequencing targeting the V3–V4 regions was per-
formed on saliva samples from five healthy controls and five
oral squamous cell carcinoma (OSCC) patients. The top 10
most abundant bacterial taxa at the species level are shown
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Table 1 Participant characteristics

Participant ID Group Age (years) Sex Smoking status Alcohol consumption

H1 Healthy 42 Female Non-smoker No regular alcohol use
H2 Healthy 39 Male Non-smoker No regular alcohol use
H3 Healthy 47 Female Non-smoker No regular alcohol use
H4 Healthy 51 Male Non-smoker No regular alcohol use
H5 Healthy 44 Female Non-smoker No regular alcohol use
O1 OSCC 55 Male Non-smoker No regular alcohol use
O2 OSCC 52 Female Non-smoker No regular alcohol use
O3 OSCC 58 Male Non-smoker No regular alcohol use
O4 OSCC 49 Male Non-smoker No regular alcohol use
O5 OSCC 61 Female Non-smoker No regular alcohol use

(Fig. 2A). Notably, Fusobacterium nucleatum, Prevotella in-
termedia, and Porphyromonas gingivalis were markedly en-
riched in the cancer group, while Streptococcus mitis, Acti-
nomyces odontolyticus, and Rothia mucilaginosa were more
prevalent in the healthy group. These taxonomic shifts suggest
a dysbiotic microbial signature associated with oral cancer.

Microbial alpha diversity was assessed using the Shannon
index (Fig. 2B). Interestingly, oral cancer samples exhib-
ited significantly higher diversity compared to healthy con-
trols (p < 0.01), indicating an expansion of microbial richness
and evenness in the cancer-associated oral environment. This
increase in diversity may reflect the establishment of a more
complex and potentially pathogenic microbial community.

Principal Coordinates Analysis (PCoA) based on Bray–
Curtis dissimilarity (Fig. 2C) further revealed distinct cluster-
ing of samples according to disease status. Samples from oral
cancer patients clustered separately from those of healthy in-
dividuals, demonstrating a clear separation in microbial beta
diversity between the two groups. These results collectively
suggest that oral cancer is associated with specific taxonomic
alterations, increased microbial diversity, and an overall shift
in community structure that may contribute to the tumor mi-
croenvironment.

Differentially abundant bacteria in oral cancer and molec-
ular validation of Fusobacterium nucleatum

To identify specific bacterial taxa differentially enriched be-
tween oral cancer patients and healthy individuals, LEfSe
(Linear Discriminant Analysis Effect Size) analysis was per-
formed on the 16S rRNA sequencing data. An exploratory
LEfSe analysis suggested potential differences in several
taxa. Notably, Fusobacterium nucleatum, Prevotella in-
termedia, Porphyromonas gingivalis, and Treponema denti-
cola exhibited markedly higher abundance in the oral cancer
group, while Streptococcus mitis, Veillonella parvula, Cap-
nocytophaga ochracea, Rothia dentocariosa, and Neisseria

Fig. 3 Identification and validation of oral cancer–enriched bacteria.
(A) LEfSe analysis showing differentially abundant taxa between
OSCC patients and healthy controls. Fusobacterium nucleatum,
Prevotella intermedia, Porphyromonas gingivalis, and Treponema
denticola were enriched in cancer, while S. mitis and others were
more abundant in healthy individuals. (B) qPCR validation of F.
nucleatum shows lower Ct values in all OSCC samples (Ct < 24),
confirming higher abundance. These results support F. nucleatum as
a potential salivary biomarker for oral cancer.

flavescens were more prevalent in healthy individuals (Fig.
3A). Among these, F. nucleatum displayed the highest LDA
score in the cancer group, suggesting its potential as a dis-
criminatory biomarker.

To validate the sequencing results at the molecular level, we
performed quantitative PCR (qPCR) analysis targeting F. nu-
cleatum using species-specific primers. Oral cancer patients’
samples exhibited significantly lower Ct values compared to
healthy controls, indicating a higher abundance of F. nuclea-
tum DNA. All five cancer samples fell below the diagnos-
tic threshold of Ct = 24, while none of the healthy samples
met this criterion, supporting the discriminatory power of this
taxon.

Together, these results confirm F. nucleatum as a candidate
diagnostic biomarker for oral cancer and demonstrate the con-
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sistency between sequencing-based and qPCR-based micro-
biome profiling.

Inflammatory activation of oral keratinocytes by Fusobac-
terium nucleatum

Fig. 4 Fusobacterium nucleatum induces inflammatory responses in
oral epithelial cells. (A) Schematic of co-culture system using
human oral keratinocytes (HOKs) and F. nucleatum. (B) qRT-PCR
analysis shows significant upregulation of IL-6, IL-8, and TNF-α
mRNA after 24 h co-culture with Fn (2.5–4.5 fold). (C) Western
blot confirms increased IL-6 and IL-8 protein levels in F.
nucleatum-treated HOKs. These findings suggest that F. nucleatum
promotes inflammation in the oral epithelial microenvironment,
potentially contributing to tumor development. (D) LDH release
assay according to FN MOI.

To investigate the functional impact of F. nucleatum on host
epithelial immune responses, a co-culture system was estab-
lished using human oral keratinocytes (HOKs) and live F. nu-
cleatum (Fig. 4A). Following 24-hour co-incubation, total
RNA and protein were extracted for gene expression and im-
munoblot analyses, respectively.

Quantitative real-time PCR revealed that co-culture with
F. nucleatum significantly upregulated the mRNA expres-
sion of key pro-inflammatory cytokines including IL-6, IL-
8, and TNF-α compared to HOK monoculture controls (Fig.
4B). The fold changes ranged from approximately 2.5-fold to
4.5-fold, indicating a robust transcriptional inflammatory re-
sponse.

These findings were further supported by Western blot anal-
ysis, which showed a marked increase in IL-6 and IL-8 protein
levels in HOKs exposed to F. nucleatum (Fig. 4C), confirming
that the transcriptional upregulation translated into increased
protein production. LDH release remained below 20% even at
MOI 100 (Fig. 4D), indicating that F. nucleatum did not in-
duce substantial cytotoxicity under our co-culture conditions.
Thus, the observed increase in pro-inflammatory cytokines
likely reflects an active host response rather than nonspecific
cell lysis.

Together, these results demonstrate that F. nucleatum in-
duces a pro-inflammatory phenotype in oral epithelial cells,
suggesting a potential mechanistic link between microbiome
dysbiosis and chronic inflammation in the tumor microenvi-
ronment of oral cancer.

Rule-based Ct model predicts oral cancer using four key
bacteria

Fig. 5 qPCR-based decision model for microbiome-driven oral
cancer detection. (A) Diagnostic decision tree based on Ct values
for four cancer-enriched taxa (F. nucleatum, P. intermedia, P.
gingivalis, T. denticola).

To assess the potential of microbiome-derived signals as a
diagnostic tool for oral cancer, we developed a decision tree
model based on species-specific qPCR cycle threshold (Ct)
values (Fig. 5A). The model incorporates four bacterial taxa—
F. nucleatum, P. intermedia, P. gingivalis, and T. denticola—
that were previously identified as significantly enriched in the
oral cancer group.

Using optimized diagnostic thresholds derived from ROC
analysis (FN < 24, Pi < 25, Pg < 26, Td < 27), the algo-
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rithm stratifies individuals based on the number of positive
hits. Samples satisfying at least three of the four criteria were
classified as “Likely Oral Cancer,” while those with fewer than
three were categorized as “Likely Healthy.”

This rule-based classifier offers a simple yet effective
framework for early detection of oral cancer using non-
invasive saliva samples and cost-effective molecular assays.
The model highlights the potential clinical utility of micro-
biome biomarkers for risk stratification and screening in at-
risk populations.

Discussion

This study provides a multi-layered analysis of the oral micro-
biome in oral squamous cell carcinoma (OSCC), integrating
taxonomic, functional, and diagnostic perspectives using both
sequencing and molecular validation approaches. Through
16S rRNA sequencing of saliva samples, we identified dis-
tinct microbial shifts in OSCC patients compared to healthy
controls, characterized by increased microbial diversity and
enrichment of specific pathogenic taxa such as Fusobacterium
nucleatum, Prevotella intermedia, Porphyromonas gingivalis,
and Treponema denticola. These findings align with previ-
ous studies suggesting a link between microbial dysbiosis and
tumor-associated inflammation in the oral cavity.

In contrast to many cancers where microbial diversity tends
to decrease, our data revealed a significant increase in Shan-
non diversity among OSCC samples. Oral cancer samples
showed a trend toward increased microbial diversity com-
pared to healthy controls, although this preliminary observa-
tion is based on a small sample size (n = 5 per group) and
should be interpreted with caution. This may reflect the break-
down of mucosal barriers and the infiltration of opportunistic
pathogens in a tumor-altered microenvironment. While this
increase may reflect a loss of microbial control, it could also
be due to other factors not measured in our study, such as diet
or oral hygiene.

The elevated abundance of F. nucleatum and other anaer-
obes is particularly notable, as these species have been impli-
cated not only in oral carcinogenesis but also in colorectal and
esophageal cancers, suggesting a broader oncogenic potential
mediated through inflammation, immune evasion, and micro-
bial virulence factors17,18. While our in vitro data suggests a
potential mechanism by which F. nucleatum could contribute
to a pro-tumor environment, further studies are needed to es-
tablish a causal role in vivo.

The presence of F. nucleatum detected by sequencing was
confirmed using an orthogonal method (qPCR) in the same
set of samples. The initial agreement between sequencing re-
sults and qPCR validation for F. nucleatum further supports
its utility as a microbial biomarker. The lower Ct values ob-
served exclusively in OSCC samples highlight the diagnostic

potential of this species, particularly when used in combina-
tion with other taxa. Building upon this, we proposed a rule-
based decision model that integrates Ct thresholds from four
taxa to stratify cancer risk. However, the diagnostic model
was generated and tested on the same cohort and is therefore
hypothesis-generating only. Independent cohort validation is
required before assessing clinical utility.

Functionally, our co-culture experiments with human oral
keratinocytes demonstrated that F. nucleatum directly induces
pro-inflammatory cytokine expression, including IL-6, IL-8,
and TNF-α . This suggests a mechanistic role for this bac-
terium in remodeling the immune landscape of the oral epithe-
lium. The observed protein-level upregulation of IL-6 and IL-
8 further supports the hypothesis that F. nucleatum contributes
to a tumor-permissive, inflamed microenvironment that may
enhance tumor initiation or progression.

However, we have limitations. Due to the very small cohort
(n = 10), we were unable to control for potential confounders
such as age, sex, smoking habits, and oral hygiene. In the
future, formal power calculations indicate that substantially
larger cohorts will be required to achieve adequate statistical
power for biomarker validation. We therefore plan to conduct
validation in an expanded, independent cohort of ≥30 partic-
ipants to confirm the diagnostic performance of the identified
microbial markers and the qPCR-based classifier.

In addition, saliva, while being an easily accessible and non-
invasive biospecimen, may not fully reflect localized micro-
bial interactions at the tumor site or in the adjacent mucosa19.
Future research incorporating multi-site sampling may bet-
ter capture the spatial dynamics of the tumor–microbiome in-
terface. Furthermore, 16S rRNA sequencing, while useful
for identifying dominant taxa, lacks the resolution to assess
strain-level differences and microbial function. Metagenomic
or meta-transcriptomic analyses could overcome these limita-
tions and reveal novel functional pathways.

In conclusion, this study suggest a potential salivary mi-
crobiome signature associated with oral cancer, highlights
the inflammatory potential of cancer-enriched bacteria, and
proposes a novel qPCR-based decision model for non-
invasive detection. These findings offer new opportunities
for microbiome-based diagnostics and therapeutic targeting in
oral oncology.
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