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Oral leukoplakia presents as a white patch on the oral mucosa and is recognized
as having significant malignant potential. Although colonization of these patches with
Candida albicans is common, little is known about the bacterial microbiota of these
patches. In the current study we analyzed the microbiome of oral leukoplakia in 36
patients compared to healthy mucosal tissue from the same patients and healthy
control subjects to determine if specific microbial enrichments could be identified early
in the malignant process that could play a role in the progression of the disease.
This was carried out by sequence analysis of the V1–V2 region of the bacterial 16S
rRNA gene using the Illumina MiSeq. Oral leukoplakia exhibited increased abundance
of Fusobacteria and reduced levels of Firmicutes (Metastats P < 0.01). Candida
colonization was also more prevalent in leukoplakia patients relative to healthy controls
(P = 0.025). Bacterial colonization patterns on oral leukoplakia were highly variable and
five distinct bacterial clusters were discerned. These clusters exhibited co-occurrence of
Fusobacterium, Leptotrichia, and Campylobacter species (Pearson P < 0.01), which is
strikingly similar to the microbial co-occurrence patterns observed on colorectal cancers
(Warren et al., 2013). Increased abundance of the acetaldehydogenic microorganism
Rothia mucilaginosa was also apparent on oral leukoplakias from lingual sites (P
0.0012). Severe dysplasia was associated with elevated levels of Leptotrichia spp. and
Campylobacter concisus (P < 0.05). Oral leukoplakia exhibits an altered microbiota that
has similarities to the microbiome of colorectal cancer.

Keywords: microbiome, oral leukoplakia, oral cancer, Fusobacteria, Campylobacter, Rothia mucilaginosa

INTRODUCTION

Oral squamous cell carcinoma is the most common oral malignancy and is the eight most common
cancer worldwide (Scully and Bagan, 2009). As with most cancers, failure to diagnose in the early
stages of tumor development can have a dramatic impact upon long-term prognosis, with 5 year
survival of late stage OSCC being less than 40% (Yanik et al., 2015). Early detection can be aided

Abbreviations: ACH, acetaldehyde; OLK, oral leukoplakia; OSCC, oral squamous cell carcinoma.
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by the identification of potentially malignant precursors such
as OLK, a condition that manifests as white, raised patches
on the mucosal surface. The reported rate of transformation
of OLK varies from 1 to >20% depending on the population
and the length of follow up (Johnson et al., 2011; Yanik et al.,
2015). Although smoking, alcohol and betel nut use are clearly
associated with the development of OLK, factors that drive the
malignant transformation of these lesions are poorly understood
and it is difficult to accurately predict whether an OLK will
resolve, persist or progress to OSCC (Liu et al., 2012). Malignant
transformation of OLK is greater with increasing age, female
gender, non-smoking, extent of OLK and may be affected by
location, with some studies reporting that OLK on the lateral
and ventral surfaces of the tongue and the floor of mouth
having a higher rate of transformation (Silverman et al., 1984;
Ho et al., 2012; Liu et al., 2012; Yanik et al., 2015). The degree
of dysplasia is at present the most reliable indicator of the
likelihood of transformation (Scully and Bagan, 2009; Liu et al.,
2012).

A variety of hypotheses have been put forward to link
microorganisms and their products with oral cancer (Perera et al.,
2016). The production of known carcinogens such as N-nitroso
compounds (Mills and Alexander, 1976) and acetaldehyde have
been proposed as a way that microbes can induce OSCC (Marttila
et al., 2013; Moritani et al., 2015). Candida colonization is
often associated with OLK, which is referred to as “candidal
leukoplakia” and is characterized by hyphal infiltration of the
tissue (Abdulrahim et al., 2013; Alnuaimi et al., 2015). Some
studies have associated Candida carriage with the degree of
dysplasia (McCullough et al., 2002). Human papilloma virus is
strongly associated with oro-pharyngeal cancer, but no clear role
for it in the development of OSCC has been identified (Gillison
et al., 2000).

More recently, microbiome studies have been carried out
to identify changes in the bacterial microbiota in OSCC in
the hope of identifying biomarkers of malignant transformation
(Mager et al., 2005; Pushalkar et al., 2011; Hu et al., 2016). Nagy
et al. (1998) carried out direct culture of OSCC lesions from 21
patients and identified high levels of Porphyromonas, Prevotella,
and Fusobacterium species. Schmidt et al. (2014) analyzed the
microbiome of OSCC in 27 patients by sequence analysis of
the V4 region of bacterial DNA. OSCC patients exhibited
reduced Streptococcus sp. and Rothia sp. but elevated levels of
Bacteroidetes and Fusobacteria. Very recently, an enrichment
for F. nucleatum and P. aeruginosa was identified in OSCC
lesions from Yemeni patients (Al-hebshi et al., 2017). Although
F. nucleatum is common in dental plaque and associated with
oral infections, recent studies have also identified enrichment for
F. nucleatum in colorectal cancer tissue (Castellarin et al., 2011;
Kostic et al., 2011). Further studies have shown co-occurrence
of F. nucleatum, Leptotrichia spp., and Campylobacter spp. on
these tissues (Warren et al., 2013). Fusobacterium spp. have also
been associated with cancers of the esophagus and were shown
by PCR to be significantly enriched in esophageal cancer samples
compared to normal esophageal mucosa (Yamamura et al., 2016).
In the murine colon, it has been shown that F. nucleatum adheres
to E-cadherin and Gal-GalNac expressed on tumors and this may

also be the case in the oral cavity (Rubinstein et al., 2013; Abed
et al., 2016). Molecular studies have shown that F. nucleatum
can potentially promote tumor growth through activation of the
Il-6-STAT3 axis and via activation of β-catenin signaling via the
FadA adhesin (Rubinstein et al., 2013; Binder Gallimidi et al.,
2015).

Although microbes such as F. nucleatum could potentially
accelerate tumor development, most studies of the tumor
microbiome have examined these lesions late in the malignant
process. The current study was designed to examine the
microbiome of potentially malignant OLK to determine if
specific microbial enrichments could be identified early in the
malignant process that could play a role in progression. Our
study identifies a specific enrichment in Fusobacteria (both
Fusobacterium spp. and Leptotrichia spp.) and Campylobacter
spp. that bears similarity to recently identified enrichments on
colorectal carcinoma.

MATERIALS AND METHODS

Sample Collection
Ethical Approval for this study was granted by the Joint
Hospitals’ Research Ethics Committee (Tallaght Hospital,
Dublin). Following written informed patient consent, mucosal
swabs were collected at the Dublin Dental University Hospital
(DDUH) using Catch-all collection swabs (Epicentre, Madison,
WI, United States). Patients presenting with OLK (n = 36,
average age: 60.6) were swabbed at the site of the OLK and
a contralateral normal site, where present (Supplementary
Table S1). No normal sites were present in four patients and five
patients presented with more than one OLK and were swabbed
at both sites (Supplementary Table S1). Data on the degree of
dysplasia identified on biopsy, the presence of dentures, smoking,
alcohol consumption and oral hygiene measures were recorded.
Patients having taken antibiotics or used topical steroids
intra-orally in the past 6 months, were excluded along with
patients with diabetes mellitus, Crohn’s disease, ulcerative colitis,
current viral infection (cold/flu), or history of gastrointestinal
malignancy. Healthy controls (n = 32, average age: 50.3) were
subject to the same exclusion criteria and included 23 buccal
swabs and 9 lingual (lateral border tongue) swabs.

DNA Extraction
Swabs were resuspended in 300 µl of TSE buffer (10 mM Tris-
HCl [pH 7.8], 1 mM EDTA, 100 mM NaCl) containing 500 U
Ready-lyse lysozyme (Epicentre, Madison, WI, United States)
and incubated at room temperature for 15 min. DNA extractions
were carried out using the MasterPure DNA Purification Kit
(Epicentre, Madison, WI, United States) using the manufacturer’s
protocol with the addition of a bead disruption step, as follows:
after Proteinase K treatment and before the addition of RNase,
0.25 glass beads (100 µM diameter) were added to the tube
and the sample was disrupted in a Minibead beater (Biospec
Products, Bartlesville, OK, United States) for 30 s. DNA pellets
were resuspended in 35 µl TE buffer.
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DNA Sequencing
Amplification of the V1–V2 region of the 16S rRNA gene was
carried using with the KAPA HiFi Hot start system (Kapa
Biosystems) with the primers 27F-YM and 338R-R (27F-YM: 5′
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGTCAG
TCTGTCAGAGTTTGATYMTGGCTCAG; 338R-R: 5′ GTC
TCGTGGGCTCGGAGATGTGTATAAGAGACAGTATGGTAA
TTCATGCTGCCTCCCGTAGRAGT) (Frank et al., 2008;
Marttila et al., 2013). The V1–V2 region was used as it has been
shown that ∼90% of species in the Human Oral Microbiome
Database (HOMD) can be correctly identified using this region
(Diaz et al., 2014). Sample indexing was carried out with the
Nextera XT Index Kit (Illumina) and library quantification
and purification was carried out according to the Illumina
protocol “16S Metagenomic Sequence Library Preparation”
(Storey and Tibshirani, 2003; Abdulrahim et al., 2013; Illumina,
2013; Alnuaimi et al., 2015; Yanik et al., 2015). Size and integrity
of indexed amplimers was determined using a Bioanalyzer
(Agilent Technologies) and samples were normalized to 4 nM.
Samples were combined to generate a pooled library, denatured
and combined with PhiX control DNA (5%) and loaded at a
concentration of 6 pM. Paired end sequencing was performed
using the Illumina 600 cycle MiSeq reagent kit. All sequence data
has been submitted to the NCBI sequence read archive (SRA),
BioProject accession PRJNA394711.

Sequence Analysis
Bacterial 16S rRNA sequences were analyzed using the Mothur
pipeline (Schloss et al., 2009). Forward and reverse reads were
aligned and filtered for quality and length (300–400 bp). Chimeric
sequences were identified using Uchime (Edgar et al., 2011) and
removed along with contaminating eukaryotic sequences and
rare sequences (1–2 copies) prior to taxonomic classification.
Sequences were classified in Mothur using the HOMD reference
16S rRNA gene set (V14.51). Operating taxonomic units (OTUs)
were defined at a cutoff of 2% (i.e., 98% sequence identity), which
our empirical analysis found was suitable for discrimination
of the major oral taxa. OTU classifications from Mothur were
supplemented by BLAST searches using consensus sequences to
identify to the species level, where necessary. Mothur was used
to calculate the Inverse Simpson index for each sample and
to generate intra-sample rarefaction curves. For beta diversity
analysis in Mothur, data were subsampled (normalized) to the
smallest data set (3,709 sequences). Differences in community
structure were inferred using distance matrices generated
using the Bray–Curtis dissimilarity index calculated in Mothur
(Schloss, 2008). Distance matrices were visualized using non-
metric multidimensional scaling (NMDS) using the rgl package
in R Studio.

Statistical Methods
Statistical differences between microbial communities was
identified using analysis of molecular variance (AMOVA).
Taxonomic classifications that showed statistically significant
differences in abundance in the study groups were identified
using Metastats and LEfSe (White et al., 2009; Segata et al., 2011).

Data on OTU abundance was formatted and normalized for
LEfSe in Mothur and analyzed using the Galaxy server at https:
//huttenhower.sph.harvard.edu/galaxy/. P-values were corrected
for multiple hypothesis testing using Bioconductor’s q-value
package to estimate the false discovery rate (FDR) and associated
q-values (Storey and Tibshirani, 2003). Taxa showing significant
differences in abundance were reconfirmed using a Wilcoxon
matched pairs test. Heatmaps were generated in R studio using
Vegan to carry out hierarchical clustering on a matrix of Bray–
Curtis dissimilarity values. Further statistical analysis was carried
out using Prism (Graphpad Software, La Jolla, CA, United States).

Quantitative PCR
To estimate carriage levels of Candida spp., we carried out
quantitative Real-time PCR using primers targeting the
Candida ITS2 rDNA region described by Kraneveld et al.
(2012) (ITSF: 5′ CCTGTTTGAGCGTCRTTT; ITSR: 5′
TTCTCCGCTTATTGATAT). Amplification of the Candida ITS
rDNA was performed with Fast Sybr Green master mix (Applied
Biosystems) using the ABI 7500 Real-Time PCR System. Candida
levels in each sample (CFU/ml) were extrapolated from a
standard curve generated using DNA extracted from a serially
diluted culture of Candida albicans SC5314 (108 to 10 CFU/ml).
CT values generated from the diluted C. albicans DNA samples
were used to generate a standard curve using the Prism Software
package and the number of Candida CFU/ml in all patient
and control samples were determined by extrapolation from
this standard curve. Data from the samples that were deemed
Candida spp. positive contained DNA equivalent to at least 300
CFU/ml.

RESULTS

Microbiome Composition
Following sequence assembly and processing in Mothur, over 14
million sequences were included for analysis. These sequences
were classified to 13 bacterial phyla representing 215 genera and
2,030 OTUs (clustered at 2% identity, Supplementary Table S2).
Number of sequences in each sample are listed in Supplementary
Table S3. Approximately 99% of sequences could be classified
to the six most abundant phyla, Firmicutes, Bacteroidetes,
Proteobacteria, Fusobacteria, Actinobacteria and Spirochaetes
(Figure 1), with the remaining ∼1% belonging to the phyla
TM7, SR1, Tenericutes, Chloroflexi and Synergistetes. Analysis
of the abundance of these phyla using Metastats (White et al.,
2009) revealed that leukoplakia samples had significantly lower
levels of Firmicutes (P 0.0009) and higher levels of Proteobacteria
(P 0.046) and Fusobacteria (P 0.0029) relative to contralateral
normal sites. Levels of Firmicutes were also low relative to healthy
control patients (P 0.008). Leukoplakia samples also exhibited
higher levels of Bacteroidetes relative to healthy controls (P
0.0049), although these levels were not significantly higher than
contralateral normal sites.

Levels of Candida colonization were assessed by quantitative
PCR (Figure 1B). In total, 35% of samples from OLK sites showed
significant colonization with Candida spp. (equivalent to at least
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FIGURE 1 | Overview of bacterial phyla distribution and Candida carriage patterns in patients with OLK and healthy controls. (A) Graph showing the abundance of
the six most important phyla in healthy control subjects and sites of OLK and contralateral normal sites in patients. ∗ Indicates Metastats P < 0.05 and ∗∗P < 0.01.
(B) Percentage of Candida positive samples recovered from patients (OLK and contralateral sites) and healthy controls, determined by qPCR.

FIGURE 2 | Analysis community structure in samples from OLK and healthy mucosa. (A) Rarefaction curve showing analysis of OTUs identified in samples from
healthy controls (green) and patients (red = OLK tissue, orange = contralateral normal tissue). (B) Non-metric multidimensional scaling (NMDS) plots generated from
a matrix of Bray–Curtis dissimilarity values using Mothur (Schloss et al., 2009). Separation of OLK communities (red) from contralateral (orange; P = 0.007) and
healthy control communities (green; P = 0.001) was determined using analysis of molecular variance (AMOVA).

300 CFUs/ml). Colonization levels were lower at contralateral
healthy mucosa from the same group of patients (20%) and in
healthy control patients (13.5%). The majority (84%) of Candida
spp. positive OLK were located at lingual sites (tongue, palate).

The species richness of the mucosal communities from healthy
and OLK tissue were compared using species-accumulation
(rarefaction) curves (Figure 2A). Analysis of the curves show that
the number of OTUs begins to plateau above 5,000 sequences,
indicating that the sampling effort is sufficient (only one sample
of 104 yielded < 5,000 sequence reads, Supplementary Table S3).
The curves also indicated that healthy control subjects exhibited

greater species richness compared to samples recovered from
OLK patients. Biodiversity of the communities was estimated
using the Inverse Simpson index (Supplementary Table S3). Mean
inverse Simpson values from patients and healthy controls were
not significantly different.

To compare the structure of the bacterial communities from
each sample, we determined the Bray–Curtis dissimilarity values
for each patient sample using normalized data and generated
a distance matrix from these data. Visualization of these data
was carried out using NMDS (Figure 2B). Statistical differences
in community structure were assessed using AMOVA. Mucosal
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FIGURE 3 | Results of LEfSe analysis to identify significantly enriched bacterial taxa in (A) communities from patients and healthy controls and (B) in communities
from sites of OLK and contralateral tissue from patients.

health status appeared to influence population structure as
bacterial communities from OLK samples exhibited significant
separation from contralateral and healthy control mucosa in
AMOVA tests (P < 0.007). However, smoking and the site of
sampling (i.e., whether a buccal or lingual site) were both shown
to have a greater influence on community structure (P < 0.001,
Supplementary Figure S1).

Characterization of Specific OTU
Enrichments
The data set of all OTU abundances (Supplementary Table S4)
was analyzed using LEfSe to identify significant enrichments
in specific species or OTUs. Confirmation of these results was
carried out using paired analysis of OLK and contralateral tissue
for specific OTUs or species.

Firstly, communities from OLK patients (combining
both OLK and contralateral samples) were compared with
communities from healthy controls. This analysis identified
increased abundance of several taxa in OLK patients (q < 0.015,
LDA > 3.0) including Rothia mucilaginosa (OTU004),

Alloprevotella spp., Neisseria meningitidis (OTU050), and
Leptotrichia spp. (Figure 3A). Next, we compared populations
from OLK samples and contralateral normal sites from the same
group of patients. This analysis identified increased abundance
of Fusobacteriaceae on OLK (Figure 3B). Contralateral normal
sites also exhibited increased abundance of Streptococcus spp.
and Gemella haemolysans (OTU014).

In order to confirm these enrichments in OLK communities,
we carried out a paired analysis on matched leukoplakia
and contralateral samples (Figures 4A–F). The Wilcoxon
matched-pairs test confirmed that family Fusobacteriaceae
(including Fusobacterium spp. and Leptotrichia spp.) were
significantly greater in OLK communities relative to matched
contralateral samples (P 0.024). This was significant for the
largest fusobacterial taxon identified, F. nucleatum OTU016
(Figure 4A; P 0.039). Changes in abundance of F. nucleatum
subsp. vincentii was site dependent with increased abundance
in buccal OLKs, but conversely an increased abundance in
lingual contralateral sites (Figure 4B). Increased abundance of
Leptotrichia spp. (P 0.039), Campylobacter spp. (P 0.0069), and
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FIGURE 4 | Relative abundance of selected taxonomic groups identified by LEfSe analysis. The abundance of each organism (A–F) in OLK and contralateral healthy
communities from each patient is plotted side by side. No healthy tissues were available from four patients (Supplementary Table S1) and these are plotted versus
the average values for control tissue. P-values refer to Wilcoxon matched pairs test results.

R. mucilaginosa (P 0.0012) was also shown in OLK communities
relative to contralateral samples (Figures 4C–E). Conversely,
Streptococcus mitis was significantly enriched in contralateral
healthy samples (Figure 4F, P < 0.001).

Patient meta-data was also used to interrogate the abundance
data using LEfSe (Supplementary Figure S2). Levels F. nucleatum
OTU0016 and Leptotrichia sp. OTU044 were reduced in smokers
but elevated in patients that were Candida carriers (P < 0.01).
Consumption of alcohol (>1 unit/week) was associated with
increased abundance of Campylobacter spp. (P 0.018). Use of
mouthwash, age and sex of the patients did not significantly affect
the level of the taxa under investigation.

In order to determine whether any of these enriched bacterial
taxa occurred together in specific communities on OLK, we
generated a heatmap comparing the incidence of the 20 most
abundant patient-enriched OTUs (Figure5A). Clustering of
these profiles using Bray–Curtis dissimilarity values generated
a dendogram with five major groups (labeled 1–5, Figure 5A)
representing different enrichment patterns. Separation of these
groups was statistically significant (UNIFRAC P > 0.001).
Next, Pearson correlation coefficients were determined for each
pair of OTUs and highly significant (P < 0.01) correlations
were visualized using Cytoscape (Figure 5B). Five clusters
representing the groups identified in Figure 5A were identified.
Clusters (1) and (2) were found predominantly on buccal
OLKs whereas Clusters (3), (4), and (5) were largely lingual.
S. mitis OTU001 was negatively correlated with S. parasanguinus
OTU005 (−0.444) and G. adiacens OTU012 (−0.375).

Patients in clusters (1), (3), and (5) were all Candida negative
whereas 70% of patients in clusters 2 and 4 were Candida positive
by qPCR. Severe dysplasia (n = 6) was recorded in biopsies
from clusters (2), (3), and (4), with three cases (50%) of severe
dysplasia in cluster (3). This cluster (3) exhibited enrichments
for Leptotrichia spp. and Campylobacter concisus OTU0053.

Comparison of the levels of these two organisms in all patients
with mild, moderate, or severe dysplasia revealed that severe
dysplasia was associated with elevated levels of Leptotrichia spp.
and C. concisus OTU0053 (Supplementary Figure S3; Kruskal–
Wallis P < 0.044).

DISCUSSION

Cancer is generally a multifactorial disease involving the
accumulation of multiple genetic lesions. The involvement of
the oral microbiome in the etiology or progression of OLK to
OSCC has received relatively little attention. Most microbiome
studies of OSCC have investigated the microbiome late in the
malignant process and it is unclear whether these organisms
adhere to the malignant tissue post-transformation or are drivers
of the transformation itself (Nagy et al., 1998; Mager et al., 2005;
Pushalkar et al., 2011; Schmidt et al., 2014; Hu et al., 2016).
While some OSCCs arise de novo, others arise out of pre-existing
lesions with malignant potential, the most common of which
are OLKs. This study was designed to investigate differences
in the bacterial community structure of OLK by comparing
the microbiome of OLK samples with healthy mucosa from
the same patient and control samples from healthy individuals.
This initial investigation was designed to determine whether
the mucosal microbiome was altered on OLK and whether this
could be a potential driver of malignant transformation. Phyla
level analysis of our data showed that significant changes in the
abundance of three of the six most abundant oral phyla occurred
in OLK compared to healthy mucosa from the same patients.
We observed a decrease in the abundance of Firmicutes and an
increase in the abundance of Fusobacteria and Actinobacteria.
A decrease in Firmicutes and increase in Fusobacteria have been
observed previously in OSCC (Schmidt et al., 2014). Our data
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FIGURE 5 | (A) Heatmap showing the abundance of taxa identified by LEfSe analysis. Heatmap and dendogram were generated in Vegan using a matrix of
Bray–Curtis dissimilarity values. Separation of patient clusters marked 1 to 5 in the dendogram was highly significant (Unweighted UNIFRAC P < 0.001). The
color-coded legend indicates whether each sample is from a buccal or lingual site and the degree of dysplasia following biopsy (mild, moderate, or severe). CON
(light blue) correspond to the average values in healthy buccal (left) and healthy lingual (right) samples. (B) Co-occurrence map generated from Pearson correlation
coefficients (r) generated in Prism (P < 0.01) and graphically presented using Cytoscape 3.2.1. Thickness of edges (connecting lines) are proportional to r-values
(0.4–0.99). Clusters within the dotted line were identified in patients who were also colonized with Candida spp.

indicate that these shifts occur early in the process of malignant
transformation and may potentially play a role in its progression.
As with previous studies, colonization with Candida spp. was also
more prevalent on OLK compared to non-OLK sites.

Mucosal communities from OLK patients exhibited reduced
species richness compared to healthy control subjects, but
overall levels of biodiversity remained similar. Comparison of
communities from healthy and diseased mucosa using the Bray–
Curtis metric showed that community structure was significantly
affected by the presence of leukoplakia (Figure 2B). However,
our analysis indicated that the site (either buccal or lingual) and
smoking had more significant impacts on community structure
than whether the sample was recovered from OLK. In the current
study smokers had significantly reduced levels of Neisseria sp. as
recently reported (Wu et al., 2016). Smoking was also associated
with reduced levels of F. nucleatum OTU016 and Leptotrichia
sp. OTU044. The effects of smoking on the microbiome in
OLK patients warrants further investigation as non-smokers are
more likely to undergo malignant transformation than smokers
(Silverman et al., 1984; Ho et al., 2012). Alcohol was also shown to
affect the microbiome with alcohol consumption associated with
enrichment for Campylobacter spp.

In general, OLK communities were found to be significantly
enriched for Fusobacteriaceae, whereas contralateral sites
exhibited higher levels of Streptococcus spp. and Gemella spp.
Visualization of these data using a heatmap highlighted the

heterogeneity in the patterns of enrichment. Five major clusters
of OTUs could be identified (Figure 5), with clusters (1) and (2)
generally associated with buccal OLK while clusters (3), (4), and
(5) were largely lingual. Cluster (5) was exclusively lingual and
exhibited enrichment for R. mucilaginosa, a normally abundant
species in lingual communities. R. mucilaginosa typically
accounted for ∼20% of sequences in enriched communities
(compared to 6.7% of sequences on average in healthy patients).
Rothia sp. are Gram positive species and are considered a part
of the normal flora in the oropharynx and upper respiratory
system (Kobayashi et al., 2012). One study examining the
ability of oral microbes to produce acetaldehyde has shown that
R. mucilaginosa is a potent producer of acetaldehyde (Moritani
et al., 2015). ACH is a known carcinogen that can cause
mutations in DNA and can cause sister chromatid exchanges and
chromosomal defects in human cells. ACH has been found in the
mouth after ethanol consumption (Homann et al., 1997). The
high level of R. mucilaginosa identified in our study suggests that
this organism could contribute to salivary ACH levels and studies
are now ongoing to determine the ACH producing capacity of
this species.

The remaining four clusters identified in Figure 5B all
contained members of the Fusobacteriaceae, namely F. nucleatum
and Leptotrichia spp. Cluster (2) included F. nucleatum subsp.
vincentii (OUT017) and Campylobacter gracilis. Co-occurrence
of Fusobacteria and Campylobacter sp. was also identified in
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the predominantly lingual cluster (3), which was enriched
for C. concisus and Leptotrichia spp. The co-occurrence of
Fusobacteriaceae with Campylobacter spp. observed in clusters
(2) and (3) are strikingly similar to the co-occurrence patterns
observed by Warren et al. (2013) on colorectal carcinomas. They
identified a similar polymicrobial signature in an analysis of 130
colorectal carcinoma samples. Co-occurrence of Fusobacterium,
Leptotrichia, and Campylobacter species were overrepresented
on colorectal tumors and this enrichment was associated with
specific changes in host gene expression, including increased
pro-inflammatory IL-8 expression. As the natural niche for
many of these organisms is the oral cavity, it is perhaps not
surprising that we should also identify similar co-occurrence
patterns on OLK, which suggests a strong predilection for
these organisms to adhere to dysplastic tissue throughout the
GI tract. Although only six of the leukoplakias analyzed here
exhibited severe dysplasia, 50% of these were found in cluster
(3) and analysis of all samples showed that severe dysplasia
was significantly associated with elevated Leptotrichia spp. and
C. concisus OTU053. Further studies are required to determine
if Fusobacteria and Campylobacter spp. can exert synergy in
accelerating tumor development, both in the colon and the oral
cavity.

Examination of these data show that the species most enriched
in OLK include Fusobacterium, Leptotrichia, Campylobacter, and
Rothia species. Candida carriage was also prevalent on lingual
OLKs and may influence the microbiota. Fusobacteria were
the most consistent enrichment in all OLKs (both buccal and
lingual). The most significant question posed by these data is
whether these organisms influence the malignant transformation
of OLK. Co-occurrence of Fusobacteria and Campylobacter
spp. on OLK suggest that similar processes in malignant
transformation may be at work in the oral cavity and in the
colon, namely Fusobacterial activation of the Il-6-STAT3 axis and
activation of β-catenin signaling. Work is ongoing to determine
the oncogenic effects of these communities on oral cells and
larger studies are underway to determine whether the presence
of these communities can influence malignant transformation.
If any of these communities can be implicated in malignant
transformation, it may in the future be possible to identify those
patients most at risk of developing OSCC and to perhaps use
topical antibiotic therapy to prevent malignant transformation.

AVAILABILITY OF DATA AND MATERIAL

All sequence data has been submitted to the NCBI sequence read
archive (SRA), BioProject accession PRJNA394711.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of the Trinity College Dublin “Good Research
Practice” guidelines. All subjects gave written informed consent
in accordance with the Declaration of Helsinki. The protocol was
approved by the ‘Joint Hospitals’ Research Ethics Committee,
Dublin.’

AUTHOR CONTRIBUTIONS

AA performed DNA extraction, PCR, DNA sequencing, data
analysis, and manuscript preparation. SG was involved in
data collection, study design, and manuscript preparation. CH
was involved in study design, data collection, and manuscript
preparation. GM was involved in study design, data analysis, and
manuscript preparation.

ACKNOWLEDGMENTS

The authors thank William Wade for helpful discussions and
help with primer design. They wish to thank Elaine Kenny and
Kathleen McGrath at TrinSeq, St. James’s Hospital Dublin for
their assistance with sample preparation for the Illumina MiSeq.
They thank the Board of the Dublin Dental University Hospital
for support. AA was supported by a scholarship from the Libyan
Government.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2017.02391/full#supplementary-material

REFERENCES
Abdulrahim, M. H., McManus, B. A., Flint, S. R., and Coleman, D. C. (2013).

Genotyping Candida albicans from Candida leukoplakia and non-Candida
leukoplakia shows no enrichment of multilocus sequence typing clades but
enrichment of ABC genotype C in Candida leukoplakia. PLOS ONE 8:e73738.
doi: 10.1371/journal.pone.0073738

Abed, J., Emgård, J. E. M., Zamir, G., Faroja, M., Almogy, G., Grenov, A., et al.
(2016). Fap2 mediates Fusobacterium nucleatum colorectal adenocarcinoma
enrichment by binding to tumor- expressed Gal-GalNAc. Cell Host Microbe 20,
215–225. doi: 10.1016/j.chom.2016.07.006

Al-hebshi, N. N., Nasher, A. T., Maryoud, M. Y., Homeida, H. E., Chen, T.,
Idris, A. M., et al. (2017). Inflammatory bacteriome featuring Fusobacterium
nucleatum and Pseudomonas aeruginosa identified in association with oral
squamous cell carcinoma. Sci. Rep. 7:1834. doi: 10.1038/s41598-017-02079-3

Alnuaimi, A. D., Wiesenfeld, D., O’Brien-Simpson, N. M., Reynolds, E. C., and
McCullough, M. J. (2015). Oral Candida colonization in oral cancer patients
and its relationship with traditional risk factors of oral cancer: a matched case-
control study. Oral Oncol. 51, 139–145. doi: 10.1016/j.oraloncology.2014.11.008

Binder Gallimidi, A., Fischman, S., Revach, B., Bulvik, R., Maliutina, A., Rubinstein,
A. M., et al. (2015). Periodontal pathogens Porphyromonas gingivalis and
Fusobacterium nucleatum promote tumor progression in an oral-specific
chemical carcinogenesis model. Oncotarget 6, 22613–22623. doi: 10.18632/
oncotarget.4209

Castellarin, M., Warren, R. L., Freeman, J. D., Dreolini, L., Krzywinski, M.,
Strauss, J., et al. (2011). Fusobacterium nucleatum infection is prevalent in
human colorectal carcinoma. Genome Res. 22, 299–306. doi: 10.1101/gr.126
516.111

Diaz, P. I., Strausbaugh, L. D., and Dongari-Bagtzoglou, A. (2014). Fungal-
bacterial interactions and their relevance to oral health: linking the clinic

Frontiers in Microbiology | www.frontiersin.org 8 December 2017 | Volume 8 | Article 2391

https://www.frontiersin.org/articles/10.3389/fmicb.2017.02391/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2017.02391/full#supplementary-material
https://doi.org/10.1371/journal.pone.0073738
https://doi.org/10.1016/j.chom.2016.07.006
https://doi.org/10.1038/s41598-017-02079-3
https://doi.org/10.1016/j.oraloncology.2014.11.008
https://doi.org/10.18632/oncotarget.4209
https://doi.org/10.18632/oncotarget.4209
https://doi.org/10.1101/gr.126516.111
https://doi.org/10.1101/gr.126516.111
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-08-02391 November 29, 2017 Time: 16:12 # 9

Amer et al. Oral Leukoplakia Microbiome

and the bench. Front. Cell Infect. Microbiol. 4:101. doi: 10.3389/fcimb.2014.
00101

Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., and Knight, R. (2011).
UCHIME improves sensitivity and speed of chimera detection. Bioinformatics
27, 2194–2200. doi: 10.1093/bioinformatics/btr381

Frank, J. A., Reich, C. I., Sharma, S., Weisbaum, J. S., Wilson, B. A., and Olsen,
G. J. (2008). Critical evaluation of two primers commonly used for amplification
of bacterial 16S rRNA genes. Appl. Environ. Microbiol. 74, 2461–2470.
doi: 10.1128/AEM.02272-07

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

Ho, M. W., Risk, J. M., Woolgar, J. A., Field, E. A., Field, J. K., Steele, J. C., et al.
(2012). The clinical determinants of malignant transformation in oral epithelial
dysplasia. Oral Oncol. 48, 969–976. doi: 10.1016/j.oraloncology.2012.04.002

Homann, N., Jousimies-Somer, H., Jokelainen, K., Heine, R., and Salaspuro, M.
(1997). High acetaldehyde levels in saliva after ethanol consumption:
methodological aspects and pathogenetic implications. Carcinogenesis 18,
1739–1743. doi: 10.1093/carcin/18.9.1739

Hu, X., Zhang, Q., Hua, H., and Chen, F. (2016). Changes in the salivary microbiota
of oral leukoplakia and oral cancer. Oral Oncol. 56, e6–e8. doi: 10.1016/j.
oraloncology.2016.03.007

Illumina (2013). 16S Metagenomic Sequencing Library Preparation, 1–28. Available
at: http://support.illumina.com/documents/documentation/chemistry_
documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
[accessed January 8, 2017].

Johnson, N. W., Jayasekara, P., and Amarasinghe, A. A. H. K. (2011). Squamous cell
carcinoma and precursor lesions of the oral cavity: epidemiology and aetiology.
Periodontol 2000 57, 19–37. doi: 10.1111/j.1600-0757.2011.00401.x

Kobayashi, T., Uchibori, S., Tsuzukibashi, O., Goto, H., and Aida, M. (2012).
A selective medium for Rothia mucilaginosa and its distribution in oral cavities.
J. Microbiol. Methods 91, 364–365. doi: 10.1016/j.mimet.2012.09.011

Kostic, A. D., Gevers, D., Pedamallu, C. S., Michaud, M., Duke, F., Earl,
A. M., et al. (2011). Genomic analysis identifies association of Fusobacterium
with colorectal carcinoma. Genome Res. 22, 292–298. doi: 10.1101/gr.
126573.111

Kraneveld, E. A., Buijs, M. J., Bonder, M. J., Visser, M., Keijser, B. J. F., Crielaard, W.,
et al. (2012). The relation between oral Candida load and bacterial microbiome
profiles in Dutch older adults. PLOS ONE 7:e42770. doi: 10.1371/journal.pone.
0042770.s008

Liu, W., Shi, L.-J., Wu, L., Feng, J.-Q., Yang, X., Li, J., et al. (2012). Oral cancer
development in patients with leukoplakia–clinicopathological factors affecting
outcome. PLOS ONE 7:e34773. doi: 10.1371/journal.pone.0034773

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. doi: 10.1186/1479-
5876-3-27

Marttila, E., Uittamo, J., Rusanen, P., Lindqvist, C., Salaspuro, M., and
Rautemaa, R. (2013). Acetaldehyde production and microbial colonization in
oral squamous cell carcinoma and oral lichenoid disease. Oral Surg. Oral Med.
Oral Pathol. Oral Radiol. 116, 61–68. doi: 10.1016/j.oooo.2013.02.009

McCullough, M., Jaber, M., Barrett, A. W., Bain, L., Speight, P. M., and Porter, S. R.
(2002). Oral yeast carriage correlates with presence of oral epithelial dysplasia.
Oral Oncol. 38, 391–393. doi: 10.1016/S1368-8375(01)00079-3

Mills, A. L., and Alexander, M. (1976). N-Nitrosamine formation by cultures of
several microorganisms. Appl. Environ. Microbiol. 31, 892–895.

Moritani, K., Takeshita, T., Shibata, Y., Ninomiya, T., Kiyohara, Y., and
Yamashita, Y. (2015). Acetaldehyde production by major oral microbes. Oral
Dis. 21, 748–754. doi: 10.1111/odi.12341

Nagy, K. N., Sonkodi, I., Szöke, 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

Perera, M., Al-hebshi, N. N., Speicher, D. J., Perera, I., and Johnson, N. W. (2016).
Emerging role of bacteria in oral carcinogenesis: a review with special reference
to perio-pathogenic bacteria. J. Oral Microbiol. 8:32762 . doi: 10.3402/jom.v8.
32762

Pushalkar, S., Mane, S. P., Ji, X., Li, Y., Evans, C., Crasta, O. R., et al. (2011).
Microbial diversity in saliva of oral squamous cell carcinoma. FEMS Immunol.
Med. Microbiol. 61, 269–277. doi: 10.1111/j.1574-695X.2010.00773.x

Rubinstein, M. R., Wang, X., Liu, W., Hao, Y., Cai, G., and Han, Y. W. (2013).
Fusobacterium nucleatum promotes colorectal carcinogenesis by modulating
E-cadherin/b-catenin signaling via its FadA adhesin. Cell Host Microbe 14,
195–206. doi: 10.1016/j.chom.2013.07.012

Schloss, P. D. (2008). Evaluating different approaches that test whether microbial
communities have the same structure. ISME J. 2, 265–275. doi: 10.1111/j.1365-
294X.2007.03326.x

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister,
E. B., et al. (2009). Introducing mothur: open-source, platform-independent,
community-supported software for describing and comparing microbial
communities. Appl. Environ. Microbiol. 75, 7537–7541. doi: 10.1128/AEM.
01541-09

Schmidt, B. L., Kuczynski, J., Bhattacharya, A., Huey, B., Corby, P. M., Queiroz,
E. L. S., et al. (2014). Changes in abundance of oral microbiota associated
with oral cancer. PLOS ONE 9:e98741. doi: 10.1371/journal.pone.00987
41.s027

Scully, C., and Bagan, J. (2009). Oral squamous cell carcinoma: overview of current
understanding of aetiopathogenesis and clinical implications. Oral Dis. 15,
388–399. doi: 10.1111/j.1601-0825.2009.01563.x

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S.,
et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol.
12:R60. doi: 10.1186/gb-2011-12-6-r60

Silverman, S., Gorsky, M., and Lozada, F. (1984). Oral leukoplakia and
malignant transformation. A follow-up study of 257 patients. Cancer 53,
563–568. doi: 10.1002/1097-0142(19840201)53:3<563::AID-CNCR2820530
332>3.0.CO;2-F

Storey, J. D., and Tibshirani, R. (2003). Statistical significance for genomewide
studies. Proc. Natl. Acad. Sci. U.S.A. 100, 9440–9445. doi: 10.1073/pnas.
1530509100

Warren, R. L., Freeman, D. J., Pleasance, S., Watson, P., Moore, R. A., Cochrane, K.,
et al. (2013). Co-occurrence of anaerobic bacteria in colorectal carcinomas.
Microbiome 1:16. doi: 10.1186/2049-2618-1-16

White, J. R., Nagarajan, N., and Pop, M. (2009). Statistical methods for
detecting differentially abundant features in clinical metagenomic samples.
PLOS Comput. Biol. 5:e1000352. doi: 10.1371/journal.pcbi.1000352

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

Yamamura, K., Baba, Y., Nakagawa, S., Mima, K., Miyake, K., Nakamura, K.,
et al. (2016). Human microbiome Fusobacterium nucleatum in esophageal
cancer tissue is associated with prognosis. Clin. Cancer Res. 22, 5574–5581.
doi: 10.1158/1078-0432.CCR-16-1786

Yanik, E. L., Katki, H. A., Silverberg, M. J., Manos, M. M., Engels, E. A., and
Chaturvedi, A. K. (2015). Leukoplakia, oral cavity cancer risk, and cancer
survival in the U.S. elderly. Cancer Prev. Res. 8, 857–863. doi: 10.1158/1940-
6207.CAPR-15-0091

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 © 2017 Amer, Galvin, Healy and Moran. 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) or licensor 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 Microbiology | www.frontiersin.org 9 December 2017 | Volume 8 | Article 2391

https://doi.org/10.3389/fcimb.2014.00101
https://doi.org/10.3389/fcimb.2014.00101
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1128/AEM.02272-07
https://doi.org/10.1093/jnci/92.9.709
https://doi.org/10.1016/j.oraloncology.2012.04.002
https://doi.org/10.1093/carcin/18.9.1739
https://doi.org/10.1016/j.oraloncology.2016.03.007
https://doi.org/10.1016/j.oraloncology.2016.03.007
http://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
http://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://doi.org/10.1111/j.1600-0757.2011.00401.x
https://doi.org/10.1016/j.mimet.2012.09.011
https://doi.org/10.1101/gr.126573.111
https://doi.org/10.1101/gr.126573.111
https://doi.org/10.1371/journal.pone.0042770.s008
https://doi.org/10.1371/journal.pone.0042770.s008
https://doi.org/10.1371/journal.pone.0034773
https://doi.org/10.1186/1479-5876-3-27
https://doi.org/10.1186/1479-5876-3-27
https://doi.org/10.1016/j.oooo.2013.02.009
https://doi.org/10.1016/S1368-8375(01)00079-3
https://doi.org/10.1111/odi.12341
https://doi.org/10.1016/S1368-8375(98)80012-2
https://doi.org/10.3402/jom.v8.32762
https://doi.org/10.3402/jom.v8.32762
https://doi.org/10.1111/j.1574-695X.2010.00773.x
https://doi.org/10.1016/j.chom.2013.07.012
https://doi.org/10.1111/j.1365-294X.2007.03326.x
https://doi.org/10.1111/j.1365-294X.2007.03326.x
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1371/journal.pone.0098741.s027
https://doi.org/10.1371/journal.pone.0098741.s027
https://doi.org/10.1111/j.1601-0825.2009.01563.x
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1002/1097-0142(19840201)53:3<563::AID-CNCR2820530332>3.0.CO;2-F
https://doi.org/10.1002/1097-0142(19840201)53:3<563::AID-CNCR2820530332>3.0.CO;2-F
https://doi.org/10.1073/pnas.1530509100
https://doi.org/10.1073/pnas.1530509100
https://doi.org/10.1186/2049-2618-1-16
https://doi.org/10.1371/journal.pcbi.1000352
https://doi.org/10.1038/ismej.2016.37
https://doi.org/10.1158/1078-0432.CCR-16-1786
https://doi.org/10.1158/1940-6207.CAPR-15-0091
https://doi.org/10.1158/1940-6207.CAPR-15-0091
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/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	The Microbiome of Potentially Malignant Oral Leukoplakia Exhibits Enrichment for Fusobacterium, Leptotrichia, Campylobacter, and Rothia Species
	Introduction
	Materials And Methods
	Sample Collection
	DNA Extraction
	DNA Sequencing
	Sequence Analysis
	Statistical Methods
	Quantitative PCR

	Results
	Microbiome Composition
	Characterization of Specific OTU Enrichments

	Discussion
	Availability Of Data And Material
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


