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The oral microbiome can play a role in the instigation and progression of oral diseases

that can manifest into other systemic conditions. These associations encourage the

exploration of oral dysbiosis leading to the pathogenesis of cancers. In this study, oral

rinse was used to characterize the oral microbiome fluctuation associated with oral cavity

cancer (OCC) and oropharyngeal cancers (OPC). The study cohort consists of normal

healthy controls (n= 10, between 20 and 30 years of age; n= 10, above 50 years of age),

high-risk individuals (n = 11, above 50 years of age with bad oral hygiene and/or oral

diseases) and OCC and OPC patients (n= 31, HPV-positive; n= 21, HPV-negative). Oral

rinse samples were analyzed using 16S rRNA gene amplicon sequencing on the MiSeq

platform. Kruskal–Wallis rank test was used to identify genera associated with OCC and

OPC. A logistic regression analysis was carried out to determine the performance of

these genera as a biomarker panel to predict OCC and OPC. In addition, a two-fold

cross-validation with a bootstrap procedure was carried out in R to investigate how

well the panel would perform in an emulated clinical scenario. Our data indicate that

the oral microbiome is able to predict the presence of OCC and OPC with sensitivity

and specificity of 100 and 90%, respectively. With further validation, the panel could

potentially be implemented into clinical diagnostic and prognostic workflows for OCC

and OPC.

Keywords: oral cancer, oral rinse, saliva, biomarker, oral microbiome

INTRODUCTION

Head and neck cancers (HNC) describe a broad category of aggressive heterogeneous tumor types
arising from the upper aerodigestive tract (Lim et al., 2016b). Globally, HNC were responsible for
529,500 incident cases and 292,300 deaths in 2012, accounting for ∼3.8% of all cancer cases and
3.6% of cancer related deaths (Shield et al., 2017). Oral cavity cancers (OCC) and oropharyngeal
cancers (OPC) constitute the majority of HNC with 300,000 men and 130,000 women being
diagnosed annually (Adilbay et al., 2018). The number of newly diagnosed HNC patients is
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predicted to increase by 62% by 2035, equating to 856,000 new
cases due to demographic changes (Shield et al., 2017). While the
risk factors for OCC in developing countries are mainly excessive
tobacco and alcohol consumption, human papillomavirus (HPV)
infection is a rising etiological factor for OPC in developed
countries (Kulasinghe, 2015).

Early recognition of the symptoms and signs, as well as
prompt diagnosis of OCC and OPC is vital for patient survival.
However, due to the lack of early screening/diagnostic tools, these
cancer types are often diagnosed at advanced stages, resulting in
poor survival outcomes (5-year mortality rate of 40–50%) (Lam
et al., 2007; Kulasinghe, 2015; Lim et al., 2016a). To improve
patient survival, saliva diagnostics have played a central role in
the discovery of biomarkers for OCC and OPC early detection.
This is due to the fact that most biomarkers present in blood
and urine can also be detected in a sample of saliva (Malamud,
2011). A recent study by Wang et al. demonstrated the feasibility
of detecting tumor DNA in saliva from OCC and OPC patients
with a sensitivity of 100% in contrast to 80% sensitivity when
plasma samples were used from the same patients (Wang et al.,
2015). These findings substantiate saliva as an ideal diagnostic
medium to detect OCC and OPC. Nevertheless, none of these
host biomarkers were able to successfully translate into the
clinical setting due to the high amount of biological variation
between individuals (Lim et al., 2016b, 2017a).

In recent years, the human oral microbiome has emerged
as a new potential biomarker reservoir for OCC and OPC
(Lim et al., 2017a,b). The oral microbiome, by definition, is
the collective genomes of microorganisms that reside in the
oral cavity. Bacteria are the primary cause of oral diseases that
affect other systemic conditions such as cardiovascular diseases,
adverse pregnancy outcomes, diabetes mellitus and respiratory
diseases (Lim et al., 2017a). These associations encourage the
exploration of oral dysbiosis and the pathogenesis of OCC and
OPC due to their close proximity. For example, the association
between chronic periodontitis and OCC and OPC could be
measured objectively based on periodontitis history (Tezal et al.,
2005). Furthermore, the periodontal pocket consists of stratified
squamous epithelium and is continuously undergoing epithelial
proliferation, migration, rete-ridge formation and ulcerations,
providing an ideal site for HPV infection and persistence (Tezal
et al., 2009). It is well-known that persistent HPV infection
leads to the development of OPC (Chai et al., 2015). The oral
cavity has the largest core of commonly shared microbes among
unrelated individuals (Zaura et al., 2014). The incorporation of
the oral microbiome with salivary tumor biomarkers may thus
help overcome the challenge of molecular diagnosis for OCC and
OPC due to human biological variation (Lim et al., 2017a).

Based on recent studies that describe changes in the oral
microbiome between healthy individuals and OCC and/or OPC
patients, it was concluded that prevalent bacterial groups in

Abbreviations: AUC, Area under curve; gDNA, Genomic DNA; HNC, Head

and neck cancers; HPV, Human papillomavirus; OCC, Oral cavity cancer;

OPC, Oropharyngeal cancer; OTU, Operational taxonomic unit; PLS-DA, Partial

least squares–discriminant analysis; QIIME, Quantitative insights into microbial

ecology; ROC, Receiver operating characteristic.

cancer are associated with tumor development and progression
(Pushalkar et al., 2012; Schmidt et al., 2014; Guerrero-Preston
et al., 2016; Wang et al., 2017; Wolf et al., 2017). In addition,
these bacterial groups could also be used as potential biomarkers
for cancer detection, prognosis, and monitoring. However,
the use of these prevalent bacterial groups as OCC/OPC
biomarkers remains to be demonstrated in a clinical setting.
Furthermore, these data report on the abundance changes of
specific bacterial species/phylo-types as individual biomarkers.
The oral microbiome is an intricate entity, and a reflection of
the complex interactions between all members of the community
(Lim et al., 2017a). Due to the obligatory dependencies of oral
bacteria for growth and survival, we feel that further analyses
of these microbial fluctuations as a biomarker panel in a clinical
setting is warranted.

We hypothesize that the differences between the oral
microbiomes of OCC and OPC patients and healthy individuals
are reflected in oral rinse samples, and detectable via 16S rRNA
gene amplicon sequencing. These differences could then be
associated to the pathogenesis of cancers, and used as a biomarker
panel to predict OCC and OPC with high diagnostic accuracy in
an emulated clinical setting. To that end, our study objectives
were three-fold: (i) to characterize microbiome differences in
oral rinse samples from normal healthy controls and OCC and
OPC patients; (ii) to develop a robust oral microbiome biomarker
panel to predict OCC and OPC based on microbial fluctuations
and; (iii) to evaluate the oral microbiome biomarker panel in an
emulated clinical setting.

MATERIALS AND METHODS

Study Cohort and Sample Collection
This study was approved by the Queensland University of
Technology and University of Queensland Medical Ethical
Institutional Boards (HREC no.: 1400000617 and HREC
no.: 2017000662, respectively) and the Royal Brisbane and
Women’s Hospital (HREC no.: HREC/12/QPAH/381) Ethics
Review Board. Written informed consent was obtained from
all participants and all methods in this study were performed
in accordance with the relevant guidelines and regulations.
We have recruited normal healthy individuals between the
ages of 20–30 years (n = 10) and above 50 years (n = 10)
from the general population who self-reported to be in good
general health. Individuals with bad oral hygiene and/or oral
diseases such as gingivitis or periodontitis (n = 10) above
the age of 50 years were also recruited in the same manner
as high-risk population (full-mouth clinical examinations were
performed by certified dentists). Newly diagnosed OCC andOPC
patients were recruited upon diagnosis and were treatment naïve.
Immunohistochemical detection of the p16INK16a protein was
used as surrogate marker for HPV status. All participants were
not on any local and/or systemic antibiotics prior to sample
collection.

Participants were asked to refrain from eating and drinking for
an hour prior to sample collection. Bottled water was provided
for participants to rinse their mouth before sampling. Oral rinse
samples were collected by asking participants to swish and gargle
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with 10mL of 0.9% (w/v) saline solution (Baxter International
Incorporate, Illinois, USA) for a minute and expectorate into a
50mL sterile Falcon tube as previously published (Chai et al.,
2016; Lim et al., 2017b; Sun et al., 2017). After collection, all
samples were transported back to the laboratory on dry ice and
stored at−80◦C.

Bacterial Genomic (g)DNA Extraction
Total volume of 1mL oral rinse samples were subjected to
bacterial gDNA extraction using Maxwell R© 16 LEV blood DNA
kit (Promega Corporation, Wisconsin, USA) with an adapted
protocol as published previously (Lim et al., 2017b).

16S rRNA Gene Amplicon Library
Preparation and Sequencing
16S rRNA gene amplicons for sequencing by Illumina MiSeq
system (Illumina Incorporate, California, USA) was prepared
according to the manufacturers’ protocol with gene-specific
sequences targeting the V6–V8 hypervariable regions (primers
926F and 1392R) of the 16S rRNA gene (Shanahan et al.,
2016). Q5 R© Hot Start High-Fidelity (New England Biolabs,
Massachusetts, USA) polymerase enzyme was used for the
amplicon and index PCR. The sequencing was performed at the
Australian Centre for Ecogenomics (ACE, Brisbane, Australia).

Quantitative Insights Into Microbial
Ecology (QIIME)
Illumina sequenced raw reads were analyzed using QIIME
version 1.9.1 (Caporaso et al., 2010b). Chimeric sequences
were identified and removed via USEARCH 6.1 to avoid
perceived diversity (Edgar, 2010; Haas et al., 2011). Data
sequences were clustered into operational taxonomic units
(OTUs) by PyNAST with a 97% sequence identity threshold
against Greengenes (chimera-checked 16S rRNA gene) core
set database version 13.8 (DeSantis et al., 2006; Caporaso
et al., 2010a; McDonald et al., 2012). Low abundance OTUs
(≤0.1% of total sequences) and any sequences that were
not of bacterial or archaeal origin were removed from the
analysis. Based on the sample with the lowest OTU counts,
random sampling (without replacement) was used to account for
different sequencing depths that may occur for each individual
sample.

Statistical Analysis
Rarefaction curve of the observed OTUs against sequences
per sample and Shannon index was calculated using QIIME.
On Calypso (version 5.4), bubble plot, partial least squares
regression-discriminant analysis (PLS-DA, non-supervised) and
redundancy analysis (supervised) was used to visualize the
microbial communities (genus-level), based on OTU frequencies
within respective categories in the metadata (Zakrzewski et al.,
2017). In addition, the Kruskal–Wallis rank test was used to
identify genera associated with OCC and OPC. Carstensen’s
multivariate receiver operating characteristic (ROC) curve with
“Epi” package was used in R to evaluate the diagnostic
potential of the biomarker panel. In brief, cancer status and
microbial abundance (genus-level) was used as outcome and

explanatory variable, respectively in a multivariable logistic
regression statistical model. A predicted score was then
generated for each sample using the estimated regression
model and different cut-off values of this predicted score
were used to classify samples into patients or controls. The
performance of the biomarker panel was also tested in an
emulated clinical setting by performing two-fold cross-validation
test. In this case, a single subsample (randomly selected)
was retained as the validation data for the testing model,
and the remaining samples were used as training data. A
bootstrap procedure was also implemented to repeat the
process for 20 times to include all possible combinations of
predictive model available (Devijver, 1982; Geisser, 1993; Kohavi,
1995).

RESULTS

Population Characteristics
Extracted bacterial gDNA from oral rinse samples were subjected
to 16S rRNA gene amplicon sequencing. Based on our data, the
average length of reads is 500 bp and the OTUs were subsampled
to 1,044 counts. After processing, 770,061 high quality sequences
were obtained in this study, with an average of 9,278 sequences
per sample. From these sequences, 6 known phyla and 28 genera
were identified, and a total of 108 OTUs were detected at the 97%
sequence identify threshold.

The mean age for young normal healthy controls (between
20 and 30 years of age) was 26 years, and consisted of 8 males
and 2 females. The mean age for elderly normal healthy controls
(above 50 years of age) was 61 years and consisted of 4 males
and 6 females. The mean age for high-risk controls (individuals
with bad oral hygiene and/or oral diseases above 50 years of
age) was 59 years and consisted of 8 males and 3 females
(Supplementary Table 1). The patient cohort consists of mostly
males with OCC or OPC andmean age of 65 years. A summary of
the demographic and clinical characteristics of our patient cohort
is presented in Table 1.

Oral Microbial Profiles From Normal
Healthy Controls and Cancer Patients
A rarefaction curve of observed OTUs against sequence per
sample was plotted for normal healthy controls, high-risk
individuals and OCC and OPC patients to determine the
efficiency of the sequencing process. The Shannon index was also
calculated for each cohort and compared using rank test, with
the patient cohort having significantly lower species diversity
compared with the normal healthy controls and high-risk
individuals (Figures 1A,B).

The taxonomic profiles of normal healthy controls, high-risk
individuals and OCC and OPC patients were examined based
on the proportion of bacterial sequences determined at genus-
level (Figure 2A). The PLS-DA and redundancy plots show a
clear distinct structure between normal healthy controls between
the ages of 20–30 years and other categories (normal healthy
controls above 50 years of age, high-risk individuals and OCC
and OPC patients). While normal healthy controls above 50
years of age and high-risk individuals share similar features on
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both the 2-D plots, they are well separated from the cancer
cohort (Figures 2B,C). Our results demonstrate that age and
cancers may play a role in the shift of oral microbiome and

TABLE 1 | The demographic characteristics of the patient cohort (n = 52).

Explanatory variables Patients

HPV-negative HPV-positive

(n = 21) (n = 31)

DEMOGRAPHICS

Gender

Male 16 30

Female 5 1

Age

<50 1 0

>50 20 31

Race and ethnicity

Caucasian 21 31

Other 0 0

Smoking

Non-smoker 2 8

Ex-smoker 16 20

Smoker 3 3

Alcohol

Non-drinker 7 19

Drinker 14 12

TUMOR CHARACTERISTICS

AJCC TNM stage

Stage I 3 1

Stage II 3 1

Stage III 6 4

Stage IV 9 25

Tumor anatomic site

Oral cavity 10 5

Oropharyngeal 11 26

are consistent with previous findings (Kang et al., 2006). Due
to the association of age and oral microbiome, normal healthy
controls between the ages of 20 and 30 years were removed
from subsequent analysis to avoid inherent bias. According to
Kruskal-Wallis rank test, Rothia (P < 0.0001), Haemophilus
(P< 0.005),Corynebacterium (P< 0.01), Paludibacter (P< 0.01),
Porphyromonas (P < 0.01), and Capnocytophaga (P < 0.05)
are found in significantly lower abundance in oral rinse
samples from OCC and OPC patients while Oribacterium
(P < 0.05) is significantly higher. While Actinomyces (P < 0.05),
Parvimonas (P < 0.05), Selenomonas (P < 0.05), and Prevotella
(P < 0.05) have a significantly higher abundance in OCC
compared with OPC; HPV has a positive correlation on
the abundance of Haemophilus (P < 0.05) and Gemella (P
= 0.06). Pathogenic and/or opportunistic bacteria such as
Actinomyces (P < 0.01), Actinobacillus (P < 0.05), Lautropia
(P < 0.05), Fusobacterium (P < 0.05) and Aggregatibacter
(P < 0.05) are significantly more abundant in high-risk
individuals (Supplementary Table 2).

Oral Microbiome Biomarker Panel and
Clinical Significance
Genera associated with OCC and OPC were selected as
potential candidates to be included in the prediction panel.
Hence, Carstensen’s ROC curve for Rothia, Haemophilus,
Corynebacterium, Paludibacter, Porphyromonas, Oribacterium,
and Capnocytophaga were generated to investigate the panel’s
optimum performance based on the original samples that were
used in building the model (Figure 3). With this approach, the
panel has an area under curve (AUC) of 0.98 and sensitivity
and specificity of 100 and 90%, respectively. The data were
then processed using two-fold cross-validation and bootstrap
to determine the performance of this panel in a “most likely
scenario” with the intention of clinical translation. With the
new enforced probability, the panel has an AUC of 0.82
and sensitivity and specificity of 90 and 61%, respectively
(Supplementary Table 3). While the performance of the panel
decreases, the AUC shows a prediction accuracy of 82%.

FIGURE 1 | (A) Rarefaction curve of observed operational taxonomic unites against sequences per sample for normal healthy controls (n = 20), high-risk individuals

(n = 11), and oral cavity and oropharyngeal cancer patients (n = 52) as well as (B) the comparison of Shannon index for each category using rank test. Significant

differences are denoted with *P < 0.05 and **P < 0.01, respectively.
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FIGURE 2 | (A) Bubble plot of 20 most abundant bacterial genera detected in oral rinse samples of normal healthy controls (between 20 and 30 years of age, n = 10

and above 50 years of age, n = 10), high-risk individuals (n = 11) and oral cavity and oropharyngeal cancer patients (n = 52). (B) Partial least squares

regression-discriminant analysis (PLS-DA) and (C) redundancy analysis of microbial communities (genus-level) in oral rinse samples, based on OTU frequencies within

respective categories.

DISCUSSION

Oral dysbiosis is a frequent event in oral and oropharyngeal
carcinogenesis (Tezal et al., 2005; Galvão-Moreira and da Cruz,
2016; Laprise et al., 2016; Moraes et al., 2016; Furquim et al.,
2017). In this study, we utilized oral rinse as a platform for oral
microbiome characterisation and described an oral microbiome
panel (Rothia, Haemophilus, Corynebacterium, Paludibacter,
Porphyromonas, Oribacterium, and Capnocytophaga) that can
discriminate OCC and OPC patients from age-matched normal
healthy individuals. Our findings concur with previous findings,
in which the differences in microbial abundance and diversity
may have a role in cancer initiation and progression (Lim et al.,
2017a). To our knowledge, this is the first study that evaluates the

performance of an oral microbiome panel to predict OCC and
OPC in an emulated clinical setting.

Based on our data, age is a contributing factor for microbial
differentiation in the oral environment. Due to the fact that
OCC and OPC generally manifest in the sixth decade of life
in addition to the mean age from our patient cohort (∼65
years), individuals between the ages of 20 and 30 years were
removed from the study to avoid the incorporation of any non-
causal elements into the biomarker panel (Kang et al., 2006).
While the microbial richness is generally consistent between
all samples, OCC and OPC patients have a significantly lower
diversity (Pushalkar et al., 2012; Schmidt et al., 2014; Guerrero-
Preston et al., 2016). This may be due to the Warburg effect
triggered by tumorigenesis, favoring the growth conditions of
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FIGURE 3 | Performance of the oral microbiome panel in predicting oral cavity and oropharyngeal cancers. Carstensen’s multivariate receiver-operating

characteristics curve based on the abundance of Rothia, Haemophilus, Corynebacterium, Paludibacter, Porphyromonas, Oribacterium, and Capnocytophaga;

comparing normal healthy controls (above 50 years of age, n = 10) with oral cavity and oropharyngeal cancer patients (n = 52).

a subset of microbes (Cummins and Tangney, 2013). It is
noted that while the majority of the genera have a lower
abundance in cancers,Oribacteriumwas found to be significantly
higher in abundance compared with normal healthy controls
and high-risk individuals. In a recent study, Guerrero-Preston
et al. also reported a higher Oribacterium abundance in OCC
(Guerrero-Preston et al., 2016). This indicates that Oribacterium
may play an important role in the pathogenesis of OCC
and OPC.

HPV-positive OCC and OPC comprise a distinct molecular,
clinical and pathologic disease entity that is likely causally
associated withHPV infection (Gillison et al., 2000). In this study,
we demonstrate that Haemophilus and Gemella have a positive
correlation with HPV infection. A previous report described
the increased abundance of Leuconostoc and Gemella in HPV-
positive cancer samples (Guerrero-Preston et al., 2016). This
differences may be due to the sample size variation as well
as the demographics of the control cohort (in the previous
study, individuals emitted to the same hospital with the cancer
cohort for other diseases were used as controls provided that
they have no history of cancer) (Guerrero-Preston et al., 2016).
Nevertheless, these findings agree with previous studies on the
impact of HPV on microbiome in cervical cancers (Mitra et al.,
2015, 2016). It was also noted that certain genera were more
abundant in OCC (Actinomyces, Parvimonas, Selenomonas, and
Prevotella) compared with OPC. According to our previous
study, there were no significant fluctuations in the microbiota
composition between the oral and oropharyngeal regions,
despite the distinct cellular, morphological and functional
characteristics of these two regions (Lim et al., 2017b). Hence,
we speculate that the microbiome differences may be directly

influenced by the oral cavity tumor characteristics and/or
secretomes.

Previous studies described oral diseases as a potential risk-
factor for HNC (Tezal et al., 2005; Hasan and Palmer, 2014). In
this study, we characterize the oral microbiome from individuals
with gingivitis or periodontitis above the age of 50 years to
determine if the oral microbiome could be used as a high-risk
screening marker for OCC and OPC. Based on our data, the
microbial composition from high-risk individuals bares a closer
resemblance to normal healthy controls above the age of 50 years
compared with OCC and OPC patients. This indicates that the
oral microbiome differences detected in OCC and OPC patients
may be cancer-specific, highlighting oral microbiome as an ideal
biomarker candidate for cancer detection. However, due to the
lack of dental records for the patient cohort, direct comparisons
of oral health status could not be made. Future studies are
warranted to compare the oral microbiome between high-risk
individuals and cancer patients based on dental records to draw
a more definite conclusion.

In previous studies, Actinobacillus, Actinomyces,
Aggregatibacter, Capnocytophaga, Fusobacterium, Oribacterium,
Rothia, Haemophilus, Leptotrichia, Neisseria, Porphyromonas
and Veillonella were commonly found to be potential individual
biomarker candidate for HNC due to the significant shift of
abundance in cancer samples (Nagy et al., 1998; Mager et al.,
2005; Schmidt et al., 2014; Guerrero-Preston et al., 2016; Wang
et al., 2017; Wolf et al., 2017). Our investigation concurs with
these findings. However, the compositions of Aggregatibacter
and Fusobacterium between normal healthy controls and cancer
patients are equivalent in our study. In addition to the genera
mentioned, we also discovered a significant loss of abundance
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with Paludibacter and Corynebacterium in cancer patients
that has not been reported previously. The oral microbiome
panel was conceptualized by using genera that have a strong
correlation with OCC and OPC via an inclusion-exclusion
principle. The panel is able to predict OCC and OPC with a
high sensitivity and specificity. Although the performance of the
panel decreases when placed against a more realistic scenario,
the panel’s prediction accuracy was not significantly affected.
This is a good clinical endpoint as the panel enables non-invasive
OCC and OPC detection with a simple genera quantification test
on oral rinse samples.

One of the limitations of this study is the modest sample size
and the lack of validation system. However, despite the fact that
inherent value often obtained with greater numbers, we were able
to detect and report statistically significant differences between
our cohorts of interest. In addition, our findings correlate with
previously established studies that consist of similar or larger
sample cohort (Schmidt et al., 2014; Guerrero-Preston et al.,
2016; Wang et al., 2017; Wolf et al., 2017). These results provide
support in conducting larger cohort validation in the future to
substantiate the diagnostic value of the oral microbiome panel
in OCC and OPC. In addition, to best of our knowledge, the
oral microbiome association between active smokers and OCC
and OPC patients has not been investigated in the past. In our
experience, this is due to the difficulty in recruiting individuals
above the age of 50 years who actively smoke while having no
oral hygiene problems and underlying conditions (oral, lung, and
cardiovascular diseases) that could potentially influence the oral
microbiome (Weidlich et al., 2008; Aho et al., 2015; Menon et al.,
2017; Yamashita and Takeshita, 2017). Studies have shown that
smoking affects the oral microbiome; the oral microbiome panel
will have to be tested on age-matched active smoking individuals
in the future to avoid overrepresentation (Wu et al., 2016). A
longitudinal study using the oral microbiome panel should also
be carried out to monitor the oral microbiome changes before
and after treatment with multiple follow-up studies. The rate of
oral microbiome recovery measured using the panel may lead to
personalized medicine.

Overall, the results of this study have shown that
the oral microbiome panel of Rothia, Haemophilus,
Corynebacterium, Paludibacter, Porphyromonas, Oribacterium,
and Capnocytophaga were able to discriminate age-matched
normal healthy controls from OCC and OPC patients with
high accuracy. Furthermore, two advanced statistical models

were used to demonstrate the clinical relevance of the panel.
While previous studies focus on the oral microbiome differences
between controls and cases, we were able to establish that the
information is clinically useful. We hope the findings presented
here will contribute to the translation of microbial profiling
techniques into technologies that improve the diagnosis and
treatment of OCC and OPC.

AUTHOR CONTRIBUTIONS

YL collected samples, compiled all epidemiological data on all
subjects, conducted all experiments, data interpretation, and
wrote the manuscript. NF provided support on QIIME and
Calypso and revised the manuscript critically for content. MT
and MM contributed to the experimental design, laboratory
facilities and technical support, data interpretation, and revised
the manuscript critically for content. LK identified areas of
tumor cellularity for all patients and conducted HPV assays on
selected patients. CP participated in study concept and design,
study coordination and revised the manuscript critically for
content. All authors have read and approved the content of this
manuscript.

FUNDING

This study was supported by theQueenslandCentre forHead and
Neck Cancer funded by Atlantic Philanthropies, the Queensland
Government, the Princess Alexandra Hospital, the Queensland
University of Technology Vice Chancellor Fellowship (CP) and
the QUT postgraduate research scholarship (YL).

ACKNOWLEDGMENTS

We thank Jacqui Keller, Jennifer Edmunds, Trang Le, and
Charmaine Micklewright for their assistance in collecting oral
rinse samples from oral cavity and oropharyngeal cancer patients
from the Royal Brisbane and Women’s Hospital Head and Neck
Clinic and we thank the patients also for taking part in this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcimb.
2018.00267/full#supplementary-material

REFERENCES

Adilbay, D., Adilbayev, G., Kidirbayeva, G., Shipilova, V., Sadyk, Z.,

Koyanbekova, G., et al. (2018). HPV infection and P16 expression in

oral and oropharyngeal cancer in Kazakhstan. Infect. Agent Cancer 13:2.

doi: 10.1186/s13027-018-0175-8

Aho, V. T. E., Pereira, P. A. B., Haahtela, T., Pawankar, R., Auvinen, P.,

and Koskinen, K. (2015). The microbiome of the human lower airways: a

next generation sequencing perspective. World Allergy Organ. J. 8, 1–13.

doi: 10.1186/s40413-015-0074-z

Caporaso, J. G., Bittinger, K., Bushman, F. D., DeSantis, T. Z., Andersen, G. L., and

Knight, R. (2010a). PyNAST: a flexible tool for aligning sequences to a template

alignment. Bioinformatics 26, 266–267. doi: 10.1093/bioinformatics/btp636

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.

D., Costello, E. K., et al. (2010b). QIIME allows analysis of high-

throughput community sequencing data. Nat. Methods 7, 335–336.

doi: 10.1038/nmeth.f.303

Chai, R. C., Lambie, D., Verma, M., and Punyadeera, C. (2015). Current trends in

the etiology and diagnosis of HPV-related head and neck cancers. Cancer Med.

4, 596–607. doi: 10.1002/cam4.424

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7 August 2018 | Volume 8 | Article 267

https://www.frontiersin.org/articles/10.3389/fcimb.2018.00267/full#supplementary-material
https://doi.org/10.1186/s13027-018-0175-8
https://doi.org/10.1186/s40413-015-0074-z
https://doi.org/10.1093/bioinformatics/btp636
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1002/cam4.424
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Lim et al. Microbiome Biomarker for Oral Cancers

Chai, R. C., Lim, Y., Frazer, I. H., Wan, Y., Perry, C., Jones, L., et al. (2016). A pilot

study to compare the detection of HPV-16 biomarkers in salivary oral rinses

with tumour p16INK4a expression in head and neck squamous cell carcinoma

patients. BMC Cancer 16:178. doi: 10.1186/s12885-016-2217-1

Cummins, J., and Tangney, M. (2013). Bacteria and tumours: causative

agents or opportunistic inhabitants? Infect. Agents Cancer 8, 1–8.

doi: 10.1186/1750-9378-8-11

DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K.,

et al. (2006). Greengenes, a chimera-checked 16S rRNA gene database and

workbench compatible with ARB. Appl. Environ. Microbiol. 72, 5069–5072.

doi: 10.1128/AEM.03006-05

Devijver, P. A. (1982). Pattern Recognition: A Statistical Approach. London:

Prentice-Hall.

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST.

Bioinformatics 26, 2460–2461. doi: 10.1093/bioinformatics/btq461

Furquim, C. P., Soares, G. M., Ribeiro, L. L., Azcarate-Peril, M. A., Butz, N., Roach,

J., et al. (2017). The salivary microbiome and oral cancer risk: a pilot study in

fanconi anemia. J. Dent. Res. 96, 292–299. doi: 10.1177/0022034516678169

Galvão-Moreira, L. V., and da Cruz, M. C. (2016). Oral microbiome,

periodontitis and risk of head and neck cancer. Oral Oncol. 53, 17–19.

doi: 10.1016/j.oraloncology.2015.11.013

Geisser, S. (1993). Predictive Inference. London: Chapman and Hall.

Gillison, M. L., Koch, W. M., Capone, R. B., Spafford, M., Westra, W. H., Wu, L.,

et al. (2000). Evidence for a causal association between human papillomavirus

and a subset of head and neck cancers. J. Natl. Cancer Inst. 92, 709–720.

doi: 10.1093/jnci/92.9.709

Guerrero-Preston, R., Godoy-Vitorino, F., Jedlicka, A., Rodríguez-Hilario, A.,

González, H., Bondy, J., et al. (2016). 16S rRNA amplicon sequencing identifies

microbiota associated with oral cancer, human papilloma virus infection and

surgical treatment. Oncotarget 7, 51320–51334. doi: 10.18632/oncotarget.9710

Haas, B. J., Gevers, D., Earl, A. M., Feldgarden, M., Ward, D. V., Giannoukos,

G., et al. (2011). Chimeric 16S rRNA sequence formation and detection in

Sanger and 454-pyrosequenced PCR amplicons. Genome Res. 21, 494–504.

doi: 10.1101/gr.112730.110

Hasan, A., and Palmer, R. M. (2014). A clinical guide to periodontology: pathology

of periodontal disease. Br. Dent. J. 216, 457–461. doi: 10.1038/sj.bdj.2014.299

Kang, J. G., Kim, S. H., and Ahn, T. Y. (2006). Bacterial diversity in the human

saliva from different ages. J. Microbiol. 44, 572–576.

Kohavi, R. (1995). “A study of cross-validation and bootstrap for accuracy

estimation and model selection,” in Proceedings of the 14th International

Joint Conference on Artificial Intelligence (Montreal, QC: Morgan Kaufmann

Publishers Inc).

Kulasinghe, A., et al. (2015). “Current trends and management in head and neck

cancers,” in Head and Neck Cancer: Epidemiology, Management and Treatment

Outcomes, ed M. Hall (New York, NY: NOVA Science), 41–73.

Lam, L., Logan, R. M., Luke, C., and Rees, G. L. (2007). Retrospective study

of survival and treatment pattern in a cohort of patients with oral and

oropharyngeal tongue cancers from 1987 to 2004. Oral Oncol. 43, 150–158.

doi: 10.1016/j.oraloncology.2005.12.030

Laprise, C., Shahul, H. P., Madathil, S. A., Thekkepurakkal, A. S., Castonguay,

G., Varghese, I., et al. (2016). Periodontal diseases and risk of oral cancer

in Southern India: results from the HeNCe life study. Int. J. Cancer 139,

1512–1519. doi: 10.1002/ijc.30201

Lim, Y., Sun, C. X., Tran, P., and Punyadeera, C. (2016a). Salivary epigenetic

biomarkers in head and neck squamous cell carcinomas. Biomark. Med. 10,

301–313. doi: 10.2217/bmm.16.2

Lim, Y., Totsika, M., Morrison, M., and Punyadeera, C. (2017a). Oral Microbiome:

a new biomarker reservoir for oral and oropharyngeal cancers. Theranostics 7,

4313–4321. doi: 10.7150/thno.21804

Lim, Y., Totsika, M., Morrison, M., and Punyadeera, C. (2017b). The saliva

microbiome profiles are minimally affected by collection method or DNA

extraction protocols. Sci. Rep. 7:8523. doi: 10.1038/s41598-017-07885-3

Lim, Y., Wan, Y., Vagenas, D., Ovchinnikov, D. A., Perry, C. F., Davis,

M. J., et al. (2016b). Salivary DNA methylation panel to diagnose HPV-

positive and HPV-negative head and neck cancers. BMC Cancer 16:749.

doi: 10.1186/s12885-016-2785-0

Mager, D. L., Haffajee, A. D., Devlin, P. M., Norris, C. M., Posner, M. R., and

Goodson, J. M. (2005). The salivary microbiota as a diagnostic indicator of oral

cancer: a descriptive, non-randomized study of cancer-free and oral squamous

cell carcinoma subjects. J. Transl. Med. 3, 27–27. doi: 10.1186/1479-5876-3-27

Malamud, D. (2011). Saliva as a diagnostic fluid. Dent. Clin. North. Am. 55,

159–178. doi: 10.1016/j.cden.2010.08.004

McDonald, D., Price, M. N., Goodrich, J., Nawrocki, E. P., DeSantis, T. Z.,

Probst, A., et al. (2012). An improved greengenes taxonomy with explicit ranks

for ecological and evolutionary analyses of bacteria and archaea. ISME J. 6,

610–618. doi: 10.1038/ismej.2011.139

Menon, T., Gopalakrishnan, S. N., Balasubramanian, R., and Justin, S. R. (2017).

Characterisation of the human oral microbiome in patients with coronary

artery disease using next-generation sequencing of 16SrRNA amplicons. Indian

J. Med. Microbiol. 35, 101–104. doi: 10.4103/ijmm.IJMM_16_370

Mitra, A., MacIntyre, D. A., Lee, Y. S., Smith, A., Marchesi, J. R., Lehne,

B., et al. (2015). Cervical intraepithelial neoplasia disease progression is

associated with increased vaginal microbiome diversity. Sci. Rep. 5:16865.

doi: 10.1038/srep16865

Mitra, A., MacIntyre, D. A., Marchesi, J. R., Lee, Y. S., Bennett, P. R., and

Kyrgiou, M. (2016). The vaginal microbiota, human papillomavirus infection

and cervical intraepithelial neoplasia: what do we know and where are we going

next?Microbiome 4:58. doi: 10.1186/s40168-016-0203-0

Moraes, R. C., Dias, F. L., Figueredo, C. M., and Fischer, R. G. (2016). Association

between chronic periodontitis and oral/oropharyngeal cancer. Braz. Dent. J. 27,

261–266. doi: 10.1590/0103-6440201600754

Nagy, K. N., Sonkodi, I., Szoke, I., Nagy, E., and Newman, H. N. (1998). The

microflora associated with human oral carcinomas. Oral Oncol. 34, 304–308.

doi: 10.1016/S1368-8375(98)80012-2

Pushalkar, S., Ji, X., Li, Y., Estilo, C., Yegnanarayana, R., Singh, B., et al.

(2012). Comparison of oral microbiota in tumor and non-tumor tissues

of patients with oral squamous cell carcinoma. BMC Microbiol. 12:144.

doi: 10.1186/1471-2180-12-144

Schmidt, B. L., Kuczynski, J., Bhattacharya, A., Huey, B., Corby, P. M., Queiroz, E.

L., et al. (2014). Changes in abundance of oral microbiota associated with oral

cancer. PLoS ONE 9:e98741. doi: 10.1371/journal.pone.0098741

Shanahan, E. R., Zhong, L., Talley, N. J., Morrison, M., and Holtmann, G. (2016).

Characterisation of the gastrointestinal mucosa-associated microbiota: a novel

technique to prevent cross-contamination during endoscopic procedures.

Aliment. Pharmacol. Ther. 43, 1186–1196. doi: 10.1111/apt.13622

Shield, K. D., Ferlay, J., Jemal, A., Sankaranarayanan, R., Chaturvedi, A. K., Bray,

F., et al. (2017). The global incidence of lip, oral cavity, and pharyngeal cancers

by subsite in 2012. CA Cancer J. Clin. 67, 51–64. doi: 10.3322/caac.21384

Sun, C. X., Bennett, N., Tran, P., Tang, K. D., Lim, Y., Frazer, I.,

et al. (2017). A Pilot Study into the association between oral health

status and human papillomavirus-−16 infection. Diagnostics 7:11.

doi: 10.3390/diagnostics7010011

Tezal, M., Grossi, S. G., and Genco, R. J. (2005). Is periodontitis associated with

oral neoplasms? J. Periodontol. 76, 406–410. doi: 10.1902/jop.2005.76.3.406

Tezal, M., Sullivan Nasca, M., Stoler, D. L., Melendy, T., Hyland, A., Smaldino,

P. J., et al. (2009). Chronic periodontitis-human papillomavirus synergy in

base of tongue cancers. Arch. Otolaryngol. Head Neck Surg. 135, 391–396.

doi: 10.1001/archoto.2009.6

Wang, H., Funchain, P., Bebek, G., Altemus, J., Zhang, H., Niazi, F., et al.

(2017). Microbiomic differences in tumor and paired-normal tissue in head and

neck squamous cell carcinomas. Genome Med. 9:14. doi: 10.1186/s13073-017-

0405-5

Wang, Y., Springer, S., Mulvey, C. L., Silliman, N., Schaefer, J., Sausen, M., et al.

(2015). Detection of somatic mutations and HPV in the saliva and plasma

of patients with head and neck squamous cell carcinomas. Sci. Transl. Med.

7:293ra104. doi: 10.1126/scitranslmed.aaa8507

Weidlich, P., Cimões, R., Pannuti, C. M., and Oppermann, R. V. (2008).

Association between periodontal diseases and systemic diseases. Braz. Oral Res.

22, 32–43. doi: 10.1590/S1806-83242008000500006

Wolf, A., Moissl-Eichinger, C., Perras, A., Koskinen, K., Tomazic, P. V., and

Thurnher, D. (2017). The salivary microbiome as an indicator of carcinogenesis

in patients with oropharyngeal squamous cell carcinoma: a pilot study. Sci. Rep.

7:5867. doi: 10.1038/s41598-017-06361-2

Wu, J., Peters, B. A., Dominianni, C., Zhang, Y., Pei, Z., Yang, L., et al. (2016).

Cigarette smoking and the oral microbiome in a large study of American adults.

ISME J. 10, 2435–2446. doi: 10.1038/ismej.2016.37

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8 August 2018 | Volume 8 | Article 267

https://doi.org/10.1186/s12885-016-2217-1
https://doi.org/10.1186/1750-9378-8-11
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1177/0022034516678169
https://doi.org/10.1016/j.oraloncology.2015.11.013
https://doi.org/10.1093/jnci/92.9.709
https://doi.org/10.18632/oncotarget.9710
https://doi.org/10.1101/gr.112730.110
https://doi.org/10.1038/sj.bdj.2014.299
https://doi.org/10.1016/j.oraloncology.2005.12.030
https://doi.org/10.1002/ijc.30201
https://doi.org/10.2217/bmm.16.2
https://doi.org/10.7150/thno.21804
https://doi.org/10.1038/s41598-017-07885-3
https://doi.org/10.1186/s12885-016-2785-0
https://doi.org/10.1186/1479-5876-3-27
https://doi.org/10.1016/j.cden.2010.08.004
https://doi.org/10.1038/ismej.2011.139
https://doi.org/10.4103/ijmm.IJMM_16_370
https://doi.org/10.1038/srep16865
https://doi.org/10.1186/s40168-016-0203-0
https://doi.org/10.1590/0103-6440201600754
https://doi.org/10.1016/S1368-8375(98)80012-2
https://doi.org/10.1186/1471-2180-12-144
https://doi.org/10.1371/journal.pone.0098741
https://doi.org/10.1111/apt.13622
https://doi.org/10.3322/caac.21384
https://doi.org/10.3390/diagnostics7010011
https://doi.org/10.1902/jop.2005.76.3.406
https://doi.org/10.1001/archoto.2009.6
https://doi.org/10.1186/s13073-017-0405-5
https://doi.org/10.1126/scitranslmed.aaa8507
https://doi.org/10.1590/S1806-83242008000500006
https://doi.org/10.1038/s41598-017-06361-2
https://doi.org/10.1038/ismej.2016.37
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Lim et al. Microbiome Biomarker for Oral Cancers

Yamashita, Y., and Takeshita, T. (2017). The oral microbiome and human health.

J. Oral Sci. 59, 201–206. doi: 10.2334/josnusd.16-0856

Zakrzewski, M., Proietti, C., Ellis, J. J., Hasan, S., Brion, M.

J., Berger, B., et al. (2017). Calypso: a user-friendly web-

server for mining and visualizing microbiome-environment

interactions. Bioinformatics 33, 782–783. doi: 10.1093/bioinformatics/

btw725

Zaura, E., Nicu, E. A., Krom, B. P., and Keijser, B. J. (2014).

Acquiring and maintaining a normal oral microbiome: current

perspective. Front. Cell. Infect. Microbiol. 4:85. doi: 10.3389/fcimb.2014.

00085

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Lim, Fukuma, Totsika, Kenny, Morrison and Punyadeera. This

is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9 August 2018 | Volume 8 | Article 267

https://doi.org/10.2334/josnusd.16-0856
https://doi.org/10.1093/bioinformatics/btw725
https://doi.org/10.3389/fcimb.2014.00085
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	The Performance of an Oral Microbiome Biomarker Panel in Predicting Oral Cavity and Oropharyngeal Cancers
	Introduction
	Materials and Methods
	Study Cohort and Sample Collection
	Bacterial Genomic (g)DNA Extraction
	16S rRNA Gene Amplicon Library Preparation and Sequencing
	Quantitative Insights Into Microbial Ecology (QIIME)
	Statistical Analysis

	Results
	Population Characteristics
	Oral Microbial Profiles From Normal Healthy Controls and Cancer Patients
	Oral Microbiome Biomarker Panel and Clinical Significance

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


