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Materials and Methods: A scoping review methodology was followed to identify
and analyse relevant studies on the composition and potential functions of the oral
microbiota using high-throughput sequencing techniques. The authors performed
searches in PubMed and EMBASE. After removal of duplicates, a total of 239 poten-
tially studies were identified.

Results: Twenty-three studies on oral squamous cell carcinoma, two on oral leuko-
plakia and four on oral lichen planus were included with substantial differences in
diagnostic criteria, sample type, region sequenced and sequencing method utilised.
The majority of studies focused on bacterial identification and recorded statistically
significant differences in the oral microbiota associated with health and disease.

However, even when comparing studies of similar methodology, the microbial

© 2019 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd. All rights reserved

28 | wileyonlinelibrary.com/journal/odi Oral Diseases. 2019;25(Suppl. 1):28-48.


www.wileyonlinelibrary.com/journal/odi
https://orcid.org/0000-0002-2162-8572
https://orcid.org/0000-0002-2665-4964
mailto:﻿
https://orcid.org/0000-0001-8468-3256
mailto:ellen.frandsen@dent.au.dk

ROBLEDO-SIERRA ET AL.

CWILEY-Z

Leatiogin Ora, Masilfacil, Head & Neck Medicine

differences between health and disease varied considerably. No consensus on the
composition of the microbiomes associated with these conditions on genus and spe-
cies level could be obtained. Six studies on oral squamous cell carcinoma had included
in silico predicted microbial functions (genes and/or pathways) and found some simi-
larities between the studies.

Conclusions: Attempts to reveal the microbiome associated with oral mucosal dis-
eases are still in its infancy, and the studies demonstrate significant clinical and
methodological heterogeneity across disease categories. The immense richness and
diversity of the microbiota clearly illustrate that there is a need for additional meth-
odologically comparable studies utilising deep sequencing approaches in significant
cohorts of subjects together with functional analyses. Our hope is that following
the recipe as outlined in our preceding companion paper, that is Part 1, will enhance

achieving this in the future and elucidate the role of the oral microbiome in oral squa-

KEYWORDS

1 | INTRODUCTION

In 2018, 354,864 new oral cancer cases and 177,384 associated
deaths were estimated to occur worldwide (Bray et al., 2018).
Despite efforts in prevention, early detection and treatment, oral
cancer mortality has increased nearly 20% in the past decade and
is expected to continue to rise (Smittenaar, Petersen, Stewart, &
Moitt, 2016). The major known risk factors for oral squamous cell
carcinoma (OSCC), which accounts for approximately 85% of all oral
cancers, include tobacco use, heavy alcohol consumption, betel quid
chewing and other forms of areca nut usage, and high-risk human
papillomavirus (HPV) infection (Conway, Purkayastha, & Chestnutt,
2018). However, the remaining 15% of the oral cancers occur
without the presence of any of these risk factors (Chocolatewala,
Chaturvedi, & Desale, 2010). All potential aetiological components,
including the microbiome, should be considered in the elucidation
of aetiopathogenesis, as well as the search for biomarkers for early
diagnosis, screening, staging and additional treatment possibilities
in order to reduce the rising oral cancer rates. The potentially ma-
lignant disorders of the oral mucosa (OPMDs), that is oral leukopla-
kia, oral erythroplakia, oral lichen planus, palatal lesions in reverse
smokers, actinic cheilitis, oral discoid lupus erythematosus and oral
submucous fibrosis, should be included in this endeavour.

The involvement of specific microorganisms in cancer develop-
ment has been implicated for over a century. Associations between
bacteria and human malignancies include Helicobacter pylori in gas-
tric cancer and mucosa-associated lymphoid tissue lymphomas,
Chlamydia trachomatis in cervical cancer, Salmonella typhi in gall-
bladder cancer, and Bacteroides fragilis and Fusobacterium nucleatum

in colorectal cancer (Mager, 2006). Viral association with cancer

mous cell carcinoma and potentially malignant disorders of the oral mucosa.

head and neck cancer, oral microbiome, oral squamous cell carcinoma, potentially malignant

disorders of the oral mucosa

includes HPV in cervical, skin, oropharyngeal and anogenital can-
cers; human T-cell leukaemia virus in adult T-cell leukaemia; human
herpesvirus 8 in Kaposi's sarcoma, primary effusion lymphoma and
Castleman's disease; Epstein-Barr virus in Burkitt's lymphoma, na-
sopharyngeal carcinoma, post-transplant lymphomas and Hodgkin's
disease; and hepatitis B and C viruses in hepatocellular carcinoma
(Morales-Sanchez & Fuentes-Panana, 2014).

During the last two decades, the association of specific mi-
croorganisms other than HPV has also been considered for OSCC
and OPMDs by conventional techniques. Culture studies recorded
a higher occurrence of the genera Prevotella, Fusobacterium and
Veillonella in OSCC lesions as compared to healthy mucosa (Hooper
et al, 2006; Nagy, Sonkodi, Szoke, Nagy, & Newman, 1998).
Molecular techniques targeting selected bacterial species suggest as-
sociations with OSCC of Streptococcus anginosus (Morita et al., 2003;
Sasaki et al., 2005; Tateda et al., 2000), Capnocytophaga gingivalis,
Prevotella melaninogenica, Streptococcus mitis (Mager et al., 2005)
and Porphyromonas gingivalis (Katz, Onate, Pauley, Bhattacharyya, &
Cha, 2011). Studies using checkerboard DNA-DNA hybridisation and
PCR suggested the involvement of Candida albicans in oral cancer
(Alnuaimi, Wiesenfeld, O'Brien-Simpson, Reynolds, & McCullough,
2015) and Streptococcus, Fusobacterium and Capnocytophaga in oral
lichen planus (Bornstein, Hakimi, & Persson, 2008; Wang et al.,
2015). Cultivation studies leave the as-yet-uncultured part of the
microbiota undetected and the molecular techniques used above
suffer from the focus on selected, specific microorganisms. High-
performance DNA sequencing of the 16S rRNA gene has the po-
tential to detect as-yet-uncultured species and cover the majority
of microbial taxa in a sample, provided that deep sequencing is per-
formed with an appropriate combination of primers.
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The aim of this scoping review was to present and critically eval-
uate the published literature on sequence-based determination of
the oral microbiome and its potential functions in association with
OSCC and OPMDs. Together with Part 1 of this review, this report is
designed to provide encouragement for oral medicine specialists to
explore this exciting field.

2 | MATERIALS AND METHODS

2.1 | Research question

This review was guided by the question, “What is currently known
about the association between the oral microbiome and OSCC
and OPMDs, as determined by non-specific sequence-based
identification?”

Identifying the microbiota must be accompanied by investiga-
tions on properties of the microorganisms involved, and it is in the
combination of these approaches that potential aetiopathogenic

candidates can be selected and further tested in hypothesis-driven

investigations. Therefore, we employed a scoping review methodol-
ogy, including studies both on identification and on functional prop-
erties in order to map the relevant literature, identify key concepts
and gaps in research, and trace a path for future research (Daudt,
van Mossel, & Scott, 2013). The format for this scoping review is
based on the framework originally outlined by Arksey and O'Malley
(2005) and further refined by Levac, Colquhoun, and O'Brien (2010).
Our framework includes the following five key phases: (a) identifying
the research question, (b) identifying relevant studies, (c) study se-

lection, (d) data characterisation and (e) data summary and synthesis.

2.2 | ldentifying relevant studies

We included all studies published until October 2018 that aimed to
determine the oral microbial composition (bacteriome, mycobiome
and virome), as well as metagenomic, transcriptomic, and microbial
proteomic and metabolomic studies of the microbiota from patients
with OSCC and OPMDs. The oral mucosal diseases included in our

search were as follows: OSCC, oral leukoplakia, oral erythroplakia,

TABLE 1 Electronic search strategy for PubMed

Search term

Microbiome

Oral squamous Cell
carcinoma

Oral verrucous carcinoma

Leukoplakia OR
Erythroplakia

Lichen planus

Palatal lesions in reverse
smokers OR stomatitis
nicotina

Actinic keratosis

Discoid Lupus
Erythematosus

Oral submucous fibrosis

Oral dysplasia

Search strategy

((“Microbiota”[Mesh] OR “Microbial Consortia”"[Mesh] OR microbiome[Title/Abstract] OR microbiomes[Title/
Abstract] OR microbiota[Title/Abstract] OR microbiotas[Title/Abstract] OR bacteriome[Title/Abstract] OR
microbial community[Title/Abstract] OR microbial communities[Title/Abstract] OR bacterial community[Title/
Abstract] OR bacterial communities[Title/Abstract]) OR (“Metagenome”[Mesh] OR “Metagenomics”[Mesh]

OR metagenome[Title/Abstract] OR metagenomic[Title/Abstract] OR metagenomics[Title/Abstract] OR
metagenomes|Title/Abstract]) OR (metatranscriptome[Title/Abstract] OR metatranscriptomic[Title/Abstract]

OR metatranscriptomics[Title/Abstract]) OR (metabolome[Title/Abstract] OR metabolomic[Title/Abstract] OR
metabolomics[Title/Abstract] OR “Metabolome”[Mesh] OR “Metabolomics”[Mesh]) OR (metaproteome[Title/
Abstract] OR metaproteomic[Title/Abstract] OR metaproteomics[Title/Abstract) OR (“Mycobiome”[Mesh] OR
mycobiome[Title/Abstract] OR mycobiomes|[Title/Abstract] OR mycobiota[Title/Abstract] OR mycobiotas[Title/
Abstract] OR fungal microbiota[Title/Abstract] OR fungal microbiotas[Title/Abstract] OR fungal microbiome[Title/
Abstract] OR fungal microbiomes[Title/Abstract] OR fungal community[Title/Abstract] OR fungal
communities[Title/Abstract]))) AND English[lang]

(Oral Squamous Cell Carcinoma OR Oral Squamous Cell Carcinomas OR Oral Cavity Squamous Cell Carcinoma
OR Oral Cavity Squamous Cell Carcinomas OR Oropharyngeal Squamous Cell Carcinoma OR Oropharyngeal
Squamous Cell Carcinomas) AND English[lang]

(oral verrucous carcinoma OR oral verrucous carcinomas OR oropharyngeal verrucous carcinoma OR oropharyngeal
verrucous carcinomas) AND English[lang]

(leukoplakia OR leukoplasia OR Erythroplakia OR Erythroplasia OR erythroleukoplakia) AND English[lang]

(Lichen Planus) AND English[lang]

((stomatitis nicotina) OR “reverse smokers” OR “reverse smoking”) AND English[lang]

(actinic keratosis OR actinic keratoses OR actinic cheilitis OR Actinic cheilosis OR solar keratosis OR solar cheilitis
OR solar cheilosis) AND English[lang]

((discoid lupus erythematosus) OR (Chronic “Cutaneous Lupus Erythematosus”) OR (Cutaneous Lupus
Erythematosus)) AND (English[lang])

(oral submucous fibrosis) AND English[lang]

(oral dysplasia OR oropharyngeal dysplasia OR (((“mouth”[MeSH Terms] OR “mouth”[All Fields] OR “oral”[All
Fields]) AND (“epithelial’[All Fields] AND “dysplasia”[All Fields]) OR “epithelial dysplasia”[All Fields])))) OR
((“oropharynx”[MeSH Terms] OR “oropharynx”[All Fields] OR “oropharyngeal”[All Fields]) AND (“epithelial"[All
Fields] AND “dysplasia”[All Fields]) OR“epithelial dysplasia”[All Fields]))) AND English[lang]
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oral lichen planus, palatal lesions in reverse smokers, actinic cheilitis,
oral discoid lupus erythematosus and oral submucous fibrosis. Oral
verrucous carcinoma and oral epithelial dysplasia, a histopathologi-
cal diagnosis associated with an increased risk of malignant transfor-
mation, were also included in our searches. Initial literature searches
revealed very few studies, and for this reason, we decided not to
exclude papers based on poorly described diagnostic criteria.

Since the purpose of this review was to reveal what is known
about associations of the oral microbiome with respect to OSCC and
OPMDs based on non-specific sequencing, we excluded studies that
only utilised culture methods and those that identified a limited num-
ber of species. Likewise, we excluded studies focusing on a single or
a few microbial properties as well as metabolomic studies that did

not allow differentiation between human and microbial metabolites.

2.3 | Study selection

We searched the electronic databases PubMed and EMBASE for
peer-reviewed papers using a combination of both MeSH terms
(translated into Emtree terms for EMBASE search) and free-text
forms (Table 1). Individual search strings were constructed for each
of the above-mentioned oral mucosal diseases and for oral epithe-
lial dysplasia, using synonyms and derivatives, except for leukopla-
kia and erythroplakia that were combined in one search, because
preliminary searches retrieved the same papers for both diseases.
To focus the searches on the microbiota, the search strings for the
mucosal conditions were combined with a microbiome search string
using search terms related to identification by non-specific sequenc-
ing and microbial properties (Table 1). The term “oral” was not in-
cluded because comparison between searches with and without this
term had shown more papers when “oral” was omitted. The search
queries were designed by the research team that included an ex-
perienced research librarian. The initial searches were performed
in PubMed between July 2017 and January 2018. Adjusted search
strings were applied to EMBASE in January 2018. The searches
were updated monthly until October 2018. Only studies published
in English were considered for inclusion. There was no restriction
on date of publication. In addition, citations within key articles were
searched if they appeared relevant to the review. References were
exported into EndNote® X8 (Thomson Reuters), and duplicate cita-
tions were removed manually. Three independent reviewers (JR-S,
DPB-A and EFL) evaluated titles and abstracts based on eligibil-
ity criteria. Reviewers were not blinded to author or journal name.
Discordance regarding selection was resolved by discussion after

full-text assessment until consensus was reached.

2.4 | Data characterisation

All citations deemed relevant after title and abstract screening were
procured for subsequent review of the full-text article. A form was
developed to confirm relevance and to extract study characteris-
tics such as publication year, country, number of subjects, sample
type and technology. In addition, for identification studies, genes
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sequenced, number of clones/reads identified, taxonomic detection
level, main microbial results and study limitations were recorded,
whereas for properties studies, type of study, main results and study
limitations were recorded (Table S1). The included papers were sub-
divided into “identification studies” for the articles dealing with iden-
tification of the microbiota (bacteriome, mycobiome and virome) and
“properties studies” for the articles related to metagenomics, tran-
scriptomics, and microbial proteomics and metabolomics. Data from
identification studies were compiled into a Microsoft Excel for Mac
(Microsoft Corporation) spreadsheet. Data from properties studies
were extracted in essay form and incorporated in the results section.

3 | RESULTS

A total of 327 potentially relevant studies were the result of the da-
tabase searches, 87 of which were duplicates. One additional paper
was identified through other sources. Titles and abstracts were read,
which led to exclusion of 181 references. Full-text analysis of 59 pa-
pers resulted in a total of 29 papers for this review. The process of
study selection was performed according to the PRISMA statement
and presented in Figure 1. The literature search was comprehensive
and inclusive, yet zero papers were included for verrucous carci-
noma, palatal lesions in reverse smokers, actinic cheilitis, oral discoid
lupus erythematosus, oral submucous fibrosis and oral epithelial
dysplasia. Relevant papers were only retrieved for OSCC, oral leuko-
plakia and oral lichen planus. All included papers had identified the
microbiome; none had investigated microbial properties. However,
six papers on OSCC supplemented the 16S rRNA gene-based spe-
cies identification with in silico (computer-based) analysis where
whole-genome sequences of the species identified were retrieved
from public databases and annotated genes compared to give a pic-
ture of potential properties.

Table 2 presents the characteristics of the studies included. They
are grouped according to the oral condition being investigated, and
within each disease type, there is a subdivision based on the micro-
organisms detected and sample type. Number of participants, tech-
nology used, clones/filtered reads per sample, detection level and
geographic location of the study are also given as they may impact
the results in terms of the microorganisms identified (Gupta, Paul, &
Dutta, 2017) (see Part 1). The predominant microbial taxa at genus
and species level are presented in Table 3.

3.1 | The microbiota associated with oral squamous
cell carcinoma

Twenty-three non-specific sequence-based identification studies of
the microbiota were included, 14 of which were published in 2017-
2018 (Table 2) (Al-Hebshi, Nasher, Idris, & Chen, 2015; Al-Hebshi
et al.,, 2017; Bebek et al., 2012; Bérnigen et al., 2017; Guerrero-
Preston et al., 2016, 2017; Hayes et al., 2018; Hooper et al., 2007
Hu, Zhang, Hua, & Chen, 2016; Lee et al., 2017; Li et al., 2015;
Mukherjee et al., 2017; Perera et al., 2017, 2018; Pushalkar et al.,
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Additional records
identified through
other sources:
OLP (n=1)

Records identified through
database searching:
0OSCC (n =176); OVC (n = 3);
OPMDs (n = 106); OED (n = 42)

Identification

A4 A 4

Records after duplicates removed:
0OSCC (n =122); OVC (n = 2); OPMDs (n = 80); OED (n = 35)

l

FIGURE 1 Flow diagram showing
scoping review synthesis, in accordance
with PRISMA guidelines. AC, actinic
cheilitis; ODLE, oral discoid lupus
erythematosus; OED, oral epithelial
dysplasia; OL/E, oral leukoplakia/
erythroplakia; OLP, oral lichen planus;
OPMDs, potentially malignant disorders
of the oral mucosa; OSCC, oral squamous

Records screened:
0SCC (n =122); OVC (n = 2);
OL/E (n = 27); OLP (n = 35);
PLRS (n=0); AC (n = 13); ODLE (n = 5);
OSF (n = 1); OED (n = 35)

Records excluded:
0SCC (n =80); OVC (n=2);
OL/E (n = 20); OLP (n = 27);
AC (n =13); ODLE (n = 5); OED (n = 34)

cell carcinoma; OSF, oral submucous
fibrosis; OVC, verrucous carcinoma; PLRS,
palatal lesions in reverse smokers

l

Full-text articles assessed for
eligibility: >

0OSCC (n =42); OL/E (n=7);
OLP (n = 8); OSF (n = 1); OED (n=1)

[ Eligibility ] [ Screening ]

Full-text articles excluded, with
reasons:
0SCC (n =19); OL/E (n=5);
OLP (n = 4); OSF (n = 1); OED (n = 1)

l

Studies included in qualitative
synthesis:
0SCC (n=23); OL/E (n=2);
OLP (n=4)

l

Studies included in quantitative
synthesis (meta-analysis):
0SCC (n = 0); OL/E (n =0); OLP (n=0)

Included

2011, 2012; Schmidt et al., 2014; Shin et al., 2017; Wang et al., 2017;
Wolf et al., 2017;Yang, Huang et al., 2018; Yang, Yeh et al., 2018;
Zhao et al., 2017). Twenty-one studies focused on bacterial identi-
fication (all by 16S rRNA gene regions), one of which also identified
fungi (ITS2 gene fragment), one only fungi, and one was restricted
to viral identification (human rRNA detection followed by search for
viral sequences).

The 21 studies identifying the bacteriome consisted of 14 on
OSCC exclusively and seven investigating OSCC as part of head and
neck squamous cell carcinoma (HNSCC). The latter studies therefore
also reported from sample sites outside the oral cavity where the
resident, healthy microbiota is different. A variety of sample types
(tissue, swabs, saliva and oral rinse/mouthwash samples) was used
for both HNSCC and OSCC studies. Investigations utilising tissue
samples identified invaded as well as surface-associated microor-
ganisms, whereas investigations utilising oral swab samples identi-
fied solely surface-associated microorganisms. In these studies, the
control most often was from a contiguous healthy site or an anatom-
ically matched healthy site of the same patient. In studies utilising
specimens from saliva and oral rinse/mouthwash, in which the sam-
ple represents the entire oral microbial community, the control came
from a healthy individual. The studies were divided into two groups
based on similar sample types: tissue/swab samples in one group
and saliva/oral rinse/mouthwash samples in another group. The
number of patients in the bacteriome studies varied considerably,
ranging from 3 to 197. Four studies utilised the Sanger sequencing

technique, while second-generation sequencing technologies were

used by the remaining studies. Various variable regions of the 16S
rRNA gene were sequenced, ranging from V1 to V5. The number of
clones/filtered reads was also highly different; the studies based on
Sanger sequencing identified a very limited number of clones due to
methodological limitations, whereas those using second-generation
sequencing ranged from a few thousand to over 100,000 filtered
reads per sample. Studies including a large number of subjects and
clones/filtered reads per sample tended to report a higher number
of significant differences in the microbiome between health and
disease as compared to those studies including a few subjects and
clones/filtered reads per sample (Table 3). All studies but one (Bebek
et al., 2012) could identify to genus level and many to species level.
Finally, the studies had been performed in geographically wide-
spread locations.

In the clear majority of bacteriome studies, statistically signifi-
cant differences were found between health and disease (Table 3).
The reader is referred to the individual papers for detailed infor-
mation on the statistics employed and to the guidelines on statis-
tical analysis of microbial composition data outlined by Odintsova,
Tyakht, and Alexeev (2017).

Of the studies using tissue/swab samples, the one from
Bebek et al. (2012) was omitted from the comparison, as reads
were identified to phylum and family level only. At the genus
level, Parvimonas was found to be significantly increased in tis-
sue/swab samples in the study by Wang et al. (2017) but not by
Shin et al. (2017) (Table 3). Of the studies examining saliva/oral
rinse/mouthwash samples, Hayes et al. (2018) found no significant
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(Continued)

TABLE 3

First

No. of

Microorganisms
identified

Year

author

Comments

Species

Genus

participants

Samples

Disease

2017

He

Several OTUs only identified

Significantly elevated in oral lichen planus:

Swab 43 patients

Bacteria

Oral

to phylum/family level

Fusobacterium, Leptotrichia, Lautropia
Significantly decreased in oral lichen

21 controls

lichen
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planus

planus: Streptococcus

2018

Kragelund

No controls Comparison

Most prevalent: Streptococcus,

23 patients

Mouthwash

Bacteria

Oral

to sampling by cyto-

Actinomyces, Rothia, Campylobacter,

Neisseria + 7 more

no controls

Cytobrush

lichen

brush showed variations
in predominant genera

Longitudinal study

planus

2018

Kragelund

No controls Longitudinal

Mouthwash 23 patients Most prevalent in mouthwash: Candida,

Fungi

Oral

ROBLEDO-SIERRA ET AL.

study

Malassezia

no controls

Cytobrush

lichen

planus

HNSCC, (OSCC + non-oral samples); OSCC, oral squamous cell carcinoma.

differences at the genus level between health and disease. In
contrast, Guerrero-Preston et al. (2016) reported that five gen-
era, that is Streptococcus, Lactobacillus, Tannerella, Staphylococcus
and Parvimonas, were significantly enriched in saliva samples
from HNSCC patients whereas Bornigen et al. (2017) noted
Dialister to be significantly increased (Table 3). On the species
level, Lactobacillus sp., Parvimonas micra, Streptococcus mutans and
Fusobacterium nucleatum were significantly elevated in HNSCC in
a later study by Guerrero-Preston et al. (2017) (Table 3).

The 14 studies that aimed to identify the bacterial part of the
microbiome in OSCC were also divided into two groups based on
sample type: tissue/swab samples in one group and saliva/oral
rinse/mouthwash samples in another group. The genera that were
significantly increased in OSCC tissue/swab samples ranged in
number from 3 to 23 (Table 3). Among the most abundant gen-
era, no single genus was significantly enriched in all studies in-
volving patients with OSCC. Pushalkar et al. (2012) and Mukherjee
et al. (2017) found that Streptococcus was significantly enriched
in OSCC, whereas Al-Hebshi et al. (2017) found this genus to be
significantly enriched in the controls. Al-Hebshi et al. (2017) and
Schmidt et al. (2014) found that Fusobacterium was significantly
enriched in OSCC, whereas Mukherjee et al. (2017) found this
genus to be significantly enriched in the controls. Three studies re-
ported that Peptostreptococcus was significantly enriched in OSCC
(Al-Hebshi et al., 2017; Pushalkar et al., 2012; Zhao et al., 2017).
Six studies that analysed tissue/swab samples included identifica-
tion to species level, in which cases the diversity was even more
pronounced. Among the most abundant species in these studies,
Fusobacterium nucleatum was the only species that was reported
to be significantly enriched in OSCC in more than one study (Al-
Hebshi et al., 2015, 2017; Zhao et al., 2017). All other species were
only found to be enriched in a single study. Comparisons of saliva
samples showed similar results.

Only two mycobiome studies of OSCC, both using tissue sam-
ples, were retrieved (Mukherjee et al., 2017; Perera et al., 2017).
Perera et al. (2017) reported three fungal species to be significantly
elevated in OSCC compared to control patients with fibroepithelial
polyps. Mukherjee et al. (2017), who detected to genus level only,
found two genera enriched in OSCC compared to healthy sites.
None of these genera were shared with the genera reported by
Perera et al. (2017).

The single virome study found no virus to be specifically associ-
ated with tongue squamous cell carcinoma samples, including high-
risk HPV (Li et al., 2015).

Three studies reported specific combinations of genera/spe-
cies that differentiated health from disease. At the genus level,
Guerrero-Preston et al. (2016) reported that the total abundance of
Streptococcus, Dialister and Veillonella discriminated patients with
HNSCC from controls, and Lee et al. (2017) found that the abun-
dance of Bacillus, Enterococcus, Parvimonas, Peptostreptococcus
and Slackia discriminated saliva samples of patients with OSCC
from controls. At the species level, Yang, Yeh et al. (2018) found
that the abundance of Fusobacterium periodonticum, Streptococcus
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mitis and Porphyromonas pasteri distinguished swab samples of pa-

tients with stage 4 OSCC from controls.

3.2 | The microbiota associated with potentially
malignant oral disorders (OPMDs)

The searches on OPMDs resulted in inclusion of two studies on oral
leukoplakia (Amer, Galvin, Healy, & Moran, 2017; Hu et al., 2016)
and four on oral lichen planus (Choi et al., 2016; He et al., 2017;
Kragelund & Keller, 2018; Wang et al., 2016) (Table 2).

The two studies describing the microbiome associated with oral
leukoplakia differed in sample type (swab and saliva), which hampers
a reliable comparison. The results of these studies differed in the
genera found to be associated with OSCC; Haemophilus in the study
by Hu et al. (2016) and Fusobacterium, Leptotrichia and Campylobacter
in the study by Amer et al. (2017) were found to be significantly en-
riched in oral leukoplakia (Table 3).

All four studies on oral lichen planus used different sample types
for elucidation of the bacteriome. One study (Kragelund & Keller,
2018) did not include a control group, but described also the my-
cobiome. No single genus or species among the predominant taxa
was significantly elevated in oral lichen planus in two or more of the
studies including a control group (Table 3).

3.3 | Potential contribution of the microbiome
in oral carcinogenesis

Six studies identifying the bacterial taxa associated with OSCC by
16S rRNA gene sequencing also predicted the functional properties,
mostly with the aid of PICRUSt software (Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States). In prin-
ciple, the programme allocates potential functions based on the
species identified and knowledge from whole-genome sequences
deposited in public databases. This in silico analysis predicts func-
tions, whereas metagenomic or transcriptomic analyses are neces-
sary for description of the exact functional capabilities of the sample.

Bornigen et al. (2017), Perera et al. (2018) and Al-Hebshi et al.
(2017) reported both predicted genes and pathways, whereas Zhao
et al. (2017), Yang, Huang et al. (2018), Yang, Yeh et al. (2018) only
reported predicted pathways. All studies noted similar differences
in the predicted functions between OSCC and health. Three studies
reported an increase in genes involved in the synthesis of lipopoly-
saccharides in oral cancer samples (Al-Hebshi et al., 2017; Bornigen
et al., 2017; Perera et al., 2018), while four studies reported an al-
tered amino acid metabolism. Specifically, both Perera et al. (2018)
and Al-Hebshi et al. (2017) found that the genes associated with the
synthesis of three amino acids were decreased, although they were
not the same amino acids. Zhao et al. (2017) found that pathways
related to amino acid metabolism were significantly decreased in
OSCC, while Yang, Yeh et al. (2018) reported a decrease in amino
acid metabolism with increased OSCC staging. There were also,
however, conflicting results: Perera et al. (2018) found that genes en-
coding membrane molecules were enriched in OSCC tissue samples,
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whereas Zhao et al. (2017) found that pathways related to mem-
brane transport were decreased in swabs from OSCC. In addition,
genes associated with glycolysis/glycogenesis were more abundant
in the control groups of two studies (Al-Hebshi et al., 2017; Perera
et al., 2018), whereas Yang, Yeh et al. (2018) found carbohydrate-re-
lated metabolism to increase with OSCC staging.

4 | DISCUSSION

Most of the 23 papers on OSCC included in this review were pub-
lished in 2017-2018, which illustrates the increase in microbiome
investigations. However, for verrucous carcinoma, OPMDs and oral
epithelial dysplasia, the literature was sparse despite very inclusive
search criteria. Only two papers on oral leukoplakia and four on oral
lichen planus were included. The included papers dealt exclusively
with identification of the microbiome; no studies on metagenom-
ics, transcriptomics, or microbial proteomics or metabolomics were
retrieved. There is thus potential for advancing the understanding
of the relationship between the oral microbiome and oral mucosal
diseases regarding “who is there?” (community profiling), “what can
they do?” (metagenomics) and “what are they doing?” (transcrip-
tomics, microbial proteomics and metabolomics). This might lead to
disclosure of particular microbial compositions that could serve as
diagnostic and prognostic markers of disease. It might also reveal
specific combinations involved in the aetiology and/or progression
of the disease, which in turn could result in the development of
novel, targeted treatments, for example probiotics, anti-enzymatic
or anti-metabolic substances.

The use of uniform diagnostic criteria and definitions of the dis-
eases were not considered as an inclusion criterion due to the few
studies identified in pilot searches. Although the tissue samples an-
alysed in the included studies were histopathologically verified, the
diagnostic criteria for HNSCC/OSCC and leukoplakia were poorly
described. In the case of oral lichen planus, the majority of the stud-
ies used the diagnostic criteria outlined by the WHO (Kramer, Lucas,
Pindborg, & Sobin, 1978). This is a potential source of variations in
microbiological results alongside the methodological variables re-
lated to the microbiological analyses.

The OSCC studies clearly demonstrate the influence of the
many methodological variables on the identified microbiome, as
discussed in Part 1 of this review. Pilot literature searches had not
revealed many papers, and for that reason, the search permitted
the inclusion of OSCC as subtype of HNSCC. Pooling samples
from the oral cavity, pharynx and larynx was probably done on
the assumption of common biomarkers and/or disease-associated
microbiotas, but it has an inherent risk of disclosing significant dif-
ferences between health and disease that are biologically insignif-
icant due to the diverse sample sites. It is therefore not surprising
that the results on HNSCC differed considerably between studies.
While the literature search was ongoing, several papers exclusively
on OSCC were published. However, the diverse sample types re-
duced the number of studies relevant for comparison. Saliva and
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tissue samples should not be compared against each other for ob-
vious reasons, and they are also taken for different purposes. Saliva
samples are ideal for searching for biomarkers as opposed to elu-
cidating the aetiology of disease where tissue and swab samples
are best utilised in disclosing microorganisms that play a potential
aetiopathogenic or contributory role. As stated in Part 1 of this re-
view, it is mandatory to consider the sampling strategy both when
designing a study and when comparing results. Different sampling
methods will inevitably alter the results and hinder comparison
(Kragelund & Keller, 2018).

The introduction of sequencing by universal primers directed at
the 16S rRNA gene made it possible to detect as-yet-uncultured spe-
cies. Although accurate in bacterial identification, Sanger sequenc-
ing is labour-intensive, limiting the number of samples and/or clones
that can be processed. The 35-96 clones identified per sample in the
Sanger OSCC/HNSCC studies (Table 2) are equivalent to the num-
ber of colonies picked from an agar plate in culture studies. Apart
from the possibility of detecting as-yet-uncultured species, Sanger
sequencing thus did not add significantly to the knowledge about
the microbiota composition. Studies that used second-generation
sequencing reported considerably higher numbers of filtered reads
(1,038 to >100,000 per sample). The technologies used were Roche
454, lon Torrent and lllumina. As described in Part 1 (Table S1), Roche
454, which is no longer supported, produced long reads but at the
expense of number of reads per sample. lllumina is now the dominat-
ing methodology, characterised by a high number of reads per sam-
ple and the possibility of processing many samples in the same run
by barcoding (i.e. coding all sequences from the same sample with
identical bar sequences). The sequences were initially very short,
covering only one variable region of the 16S rRNA gene, allowing
identification to genus level. This may provide an overall insight into
the potential differences between health and disease. However,
species-level or even subspecies-level identification is preferred
when seeking aetiopathogenic microorganisms. Recent versions of
next-generation sequencing equipment are able to sequence two to
three variable regions, which enables identification to species level
for most genera. Overall, next-generation sequencing has revealed
a much higher number of species in all types of samples than was
previously known, and has drawn attention to new taxa. Due to the
tremendous species richness within and diversity between samples,
it is likely that the differences between health and disease revealed
by studies based on a small number of individuals are due to inter-in-
dividual variation rather than disease relatedness. Thus, caution must
be taken when interpreting the results from microbiome studies.

Four studies on OSCC/HNSCC included over 100 patients and
similar numbers of controls (Bornigen et al., 2017; Hayes et al., 2018;
Lee et al., 2017; Yang, Yeh et al., 2018). They all tested saliva/mouth-
wash/oral rinse samples and sequenced either the V3 or the V3-V4
region. Hayes et al. (2018) and Bornigen et al. (2017) investigated
patients with HNSCC, and while Hayes et al. (2018) failed to find any
significant difference between healthy and diseased sites, Bornigen
et al. (2017) reported the genus Dialister to be significantly increased
in HNSCC. On the species level, the two studies also differed

(Table 3). Lee et al. (2017) and Yang, Yeh et al. (2018) both tested pa-
tients with OSCC patients, but no genera were shared among those
significantly enriched in disease (Table 3). Despite extended com-
parability, no uniform picture of the oral microbiota could be drawn
from these four large-scale studies.

The two studies on the mycobiome associated with OSCC con-
firmed the picture of divergent results. Although it is well known
that infection with high-risk HPV increases the risk for oral cancer,
the only virome study on OSCC did not associate any virus, including
high-risk HPV, with tongue squamous cell carcinoma. The same was
the case with the studies on the bacteriome associated with oral leu-
koplakia and oral lichen planus (Table 3).

Collectively, the microbiome studies demonstrate a highly com-
plex diversity in the oral microbiome associated with oral mucosal
diseases. Variations in single species most often cannot discriminate
between health and disease for those conditions that involve the
resident microbiota. Therefore, comparisons of complexes of micro-
organisms or community-level comparisons are now being included
in the analysis. By analogy to periodontal disease, the contribution
of the resident oral microbiota to aetiopathogenesis represents a
concerted action of many species in a dysbiotic microbiota; how-
ever, even discriminative complexes of bacterial taxa differ from
one study to another (Table 3). This indicates that identification of
the microbiota alone is not enough to reveal the significance of the
resident microbiota in relation to oral mucosal diseases. The in silico
analyses of the functional properties of the OSCC-associated mi-
crobiota revealed by 16S rRNA gene sequencing did, in fact, report
some similarities especially related to pro-inflammatory properties
(Al-Hebshi et al., 2017; Bornigen et al., 2017; Perera et al., 2018).
Thus, despite discrepancies in the microbiota, functional similarities
in the microbiome associated with OSCC could be found. Likewise,
a study using metatranscriptomics reported that although there was
highly variable metabolic gene expression of the individual species,
the metabolism of the entire microbial community associated with
periodontal disease was similar among periodontitis patients (Jorth
et al., 2014). In addition to sequence-based identification of the
microbiota, metagenomics and transcriptomics revealing what the
microorganisms can and are doing have to be included in the elucida-
tion of significant aetiopathogenic microbial combinations.

The very diverse results obtained so far might seem discour-
aging for the oral medicine specialist who has considered includ-
ing microbiome analysis to better understand the pathogenesis of
oral mucosal diseases, such as OSCC and OPMDs. However, results
from microbiome studies have led to effective new treatments of
other chronic inflammatory diseases. A short review of the achieve-
ments in improved therapy of ulcerative colitis may serve to illus-
trate this. Ulcerative colitis is a well-described clinical disease with
an ill-defined aetiology and remains very challenging to treat. Once
triggered in genetically susceptible individuals, an impaired immune
response develops, leading to a lack of tolerance to the resident gut
microbiota (Lucas Lopez, Grande Burgos, Galvez, & Perez Pulido,
2017; Thompson-Chagoyan, Maldonado, & Gil, 2005; Zhang et al.,
2017). The gut bacteriome is not yet clearly defined, and neither is
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the mycobiome or virome (Clavel, Lagkouvardos, & Hiergeist, 2016;
Gupta etal., 2017; Nash et al., 2017; Virgin, 2014; Zhang et al., 2017).
Nevertheless, the microbial differences between health and disease
have led to experimental treatment protocols involving probiotics
and faecal transplantation. A number of systematic reviews conclude
that faecal microbiota transplantation induces remission in some pa-
tients with active ulcerative colitis (Costello et al., 2017; Paramsothy
et al., 2017). The results on probiotics are more equivocal (Ghouri
et al., 2014), maybe due to random choice of species. However, a
recent systematic review highlighted that three trials using the same
combination of probiotics, tested on a total of 319 patients, caused
remission in active ulcerative colitis (Derwa, Gracie, Hamlin, & Ford,
2017). So, despite an incomplete understanding of the healthy gut
microbiome and the pathogenesis of ulcerative colitis, microbiome
studies have enabled researchers to formulate and test hypotheses
that have produced promising interventions. The same approach has
been tested to a limited extent for its potential to influence gingival
health and reduce counts of Streptococcus mutans (Seminario-Amez,
Lopez-Lopez, Estrugo-Devesa, Ayuso-Montero, & Jane-Salas, 2017)
and Candida (Keller & Kragelund, 2018) with variable results.

The oral medicine specialist is therefore encouraged to enter the
field of microbiome research. There is both ample opportunity and
a clear need for oral medicine specialists who have access to valu-
able study populations to collaborate with researchers in microbi-
ology, gene sequencing, bioinformatics and biostatistics, to unravel
the potential contribution of the oral microbiota as a predictor and
aetiological factor in oral mucosal diseases. This review illustrates
the difficulties in comparing studies using diverse methodologies. In
order to draw solid conclusions, more studies using the same meth-
odology as well as multicentre studies are preferred, as they may in-
form on the influence of ethnic and environmental variations. It has
been repeatedly mentioned that association studies do not indicate
aetiological significance of the microorganisms that differ between
health and disease. This is unequivocally true. It is also evident that
the choice of methods greatly influences the results. Nevertheless,
association studies can be valuable for identifying species or micro-
bial compositions of potential importance that can be further studied
for their value as prognostic markers of disease or their aetiological
and contributory significance in hypothesis-driven studies. In that
respect, the oral medicine specialists are encouraged to establish
longitudinal cohort studies, which are ideal, albeit cumbersome, to
determine both aetiopathogenic relationships and prognostic mark-
ers. A recent study involving two US cancer cohorts showed that
enrichment and depletion of specific oral bacterial species in mouth-
wash samples taken before the cancer diagnosis were associated
with higher risk of oesophageal cancer development (Peters et al.,
2017). Such studies can lead to development of rapid diagnostic
tests. The methods are already available, for example the microar-
ray technique (HOMINGS (Human Oral Microbe ldentification using
Next Generation Sequencing) (Mougeot et al., 2016) and PathoChip
(specific cancer-associated species) (Banerjee et al., 2017)). Finally,
identification of the microbiome by targeting specific genes cannot
stand alone. Metagenomics and transcriptomics adding knowledge
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of microbial functional properties are crucial methods for an in-
creased understanding of the oral microbial community in health and
disease. As pointed out in Part 1, such studies should follow a stan-
dardised protocol evolved in collaboration with researchers with
microbiological, sequencing, bioinformatics and statistical skills. The
contribution of the oral medicine specialist is essential for accurate

diagnosis of the patients based on clear diagnostic criteria.

5 | CONCLUSIONS

High-throughput sequencing has made it possible to determine the
microbial composition as well as the functional properties of a sam-
ple quickly and at relatively low costs. Of the oral mucosal diseases,
OSCC is the only one where it has been applied to any appreciable
extent. The studies have not led to a common concept of the micro-
biota associated with health and disease, probably due to inaccurate
diagnosis, numerous methodological variations, a high species rich-
ness and an immense diversity between samples. There is clearly
a need for more and comparable designed microbiome studies of
oral mucosal diseases. As pointed out in Part 1 of this review, such
studies should follow a standardised protocol evolved in collabora-
tion with experts in microbiology, sequencing, bioinformatics and
biostatistics. The oral medicine specialist is essential for initiation of

studies as he/she has access to relevant study populations.
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