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Editorial on the Research Topic

The Human Microbiota in Periodontitis

Periodontitis is one of the most common diseases in the world, though one of the least understood at
the pathophysiological level. The bittersweet interactions between the host and its periodontal
microbiota are variable along with time and space and are of central interest for the development of
the disease. Keystones pathogens and less known organisms together with inflammation can modify
the periodontal ecology and may make this environment acquire traits leading to disease
development or exacerbation. These candidates belong to all the kingdoms of the living and their
role is yet to be defined, as reviewed by Sedghi et al.

The identification of the pathobionts and patho-modulators of the periodontal biofilm is an
essential step in the development of novel prophylactic, diagnostic, and therapeutic strategies
targeting periodontitis. By evaluating saliva samples, Diao et al. reported that the degree of
dysbiosis increased with disease severity, from periodontal health to gingivitis and periodontitis.
These authors suggested that a higher abundance of Prevotella intermedia and Catonella
morbi and a lower abundance of Porphyromonas pasteri, Prevotella nanceiensis, and Haemophilus
parainfluenzae could be biomarkers of periodontitis. In addition, they had shown that a pathogenic
microbial community was detected in the saliva of periodontitis patients even after non-surgical
periodontal treatment. In an attempt to associate the microbiome with the salivary immune profile,
Kawamoto et al. (2021) revealed that the abundance of the potential candidate pathogens and other
less-studied organisms was correlated to increased levels of inflammatory mediators whereas the
subgingival abundance of R. aeria and H. parainfluenzae was associated with protective mediators
such as CCL-2. Pallos et al. compared the salivary microbiome of subjects with healthy implants to
those with peri-implantitis. Dysbiosis was associated with bleeding on probing indicating that
inflammation is a major factor in driving shifts of the oral microbiome. No previously recognized
pathogen was associated with the salivary microbiome of peri-implantitis patients. However, the
genera Stenotrophomonas, Enterococcus, and Leuconostoc were more abundant in participants with
peri-implantitis when compared with those with healthy peri-implant sites. Also, the microbiome
from the root canal and extraradicular biofilm associated with persistent apical periodontitis was
characterized by Sun et al. The dominant phyla were Proteobacteria, Firmicutes, Bacteroidetes,
and Actinobacteria, and the genera Fusobacterium, Morganella, Porphyromonas, Streptococcus,
and Bifidobacterium; Nevertheless, in the presence of sinus tracts they contained significantly
different microbial communities, which included higher levels of Porphyromonas, Eubacterium,
Treponema, and Phocaeicola, whilst Microbacterium and Enterococcus were more abundant in the
absence of sinus tracts.
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It is also intriguing whether the oral microbiome changed
over time. Shiba et al. aimed to compare the bacterial
composition of the oral microbiome in skeletons of the
Japanese Edo era (1603–1867) and modern human samples.
Interestingly the microorganisms associated with periodontitis
differed between the two populations. Actinomyces
oricola and Eggerthella lenta appeared to have played a key
role in periodontitis in the Edo era, whereas known pathogens
of the modern era such as Porphyromonas gingivalis and
Fusobacterium nucleatum subsp. vincentii were not.

The association of a certain organism with the disease may not
be interpreted as a pathogenic potential. Thus, once identified,
the biological characteristics and properties of different
microorganisms, such as their virulence factors and modes of
action should be studied in different ecological contexts. The
interactions among the microorganisms of different kingdoms
such as Candida and bacteria are determinants of the transition
from health to periodontitis, as described by Satala et al. Even the
well-studied commensal Streptococcus species can alter their
transcription profile in an inflammatory environment, possibly
contributing to disease progression. By using paired
metagenomics and metatranscriptomics, Belstrøm et al. (2021)
characterized and compared the transcriptional activity of
predominant Streptococcus species in different oral sites in
health and periodontitis. Their findings revealed that higher
transcriptional activity of several Streptococcus species is seen
under healthy conditions whereas, despite their prevalence, their
transcriptional activity decreased under the inflammatory
conditions of periodontitis. Other organisms of the
Lactobacillales order might be used as probiotics and provide an
alternative therapy for periodontitis. Such is the case of the
probiotic candidate bacterium Limosilactobacillus (Lactobacillus)
fermentum ALAL020, which produces a cyclic dipeptide with
antibacterial activity against P. gingivalis and Prevotella
intermedia, as reported by Kawai et al.

The role of the microbiome on bone destruction was further
discussed by Jia et al. They evaluated the links between gut
microbiota and periodontitis, with a particular focus on the
underlying mechanisms of the gut-bone axis by which systemic
diseases or local infections contribute to bone homeostasis. These
authors pointed out evidence showing that not only the oral
microbiome but also the gut microbiome could influence bone
metabolism and contribute to alveolar bone destruction.
Kawamoto et al. (2021) showed that dysbiosis in patients with
periodontitis was not restricted to the oral cavity, but was also seen
in feces, since the fecal samples of periodontitis were enriched with
several Firmicutes, including the families Lactobacillaceae,
Clostridiaceae, Peptostreptococcaceae, and Veillonellaceae whereas
the abundance of Oscillospiraceae was increased in the fecal
samples of healthy subjects.

Several systemic diseases were previously associated with
periodontitis, and the identification of microbial signatures in
the oral microbiome or other related factors may provide
biomarkers, either in serum or in saliva, that distinguish these
conditions from health. Among the known periodontal
pathogens, Fusobacterium nucleatum is involved locally in
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2
halitosis and dental pulp infection while it can systemically
promote the development or progression of oral cancer and
several diseases. Chen et al. discuss the epidemiological evidence,
possible pathogenic mechanisms, and therapeutic targeting of
F. nucleatum.

Regarding the systemic markers, the serological levels of C-
reactive protein (CRP), lipopolysaccharide (LPS), and IgG
against periodontal pathogens were evaluated in patients with
abdominal aortic aneurysm (AAA) by Salhi et al. Antibodies
against P. gingivalis and A. actinomycetemcomitans, LPS, and
high CRP concentrations were found in all AAA patients.
However, only CRP levels were associated with AAA stability,
being higher in unstable AAA, suggesting its predictive
value. Though systemic antibiotics have effects on periodontal
inflammation and oral microbiota composition, serum and saliva
IgG and IgA antibodies against A. actinomycetemcomitans,
P. gingivalis , P. endodontalis , P. intermedia , and T.
forsythia remained unchanged as reported by Kopra et al.

Biomarkers in saliva could be associated with different
conditions, related to periodontitis or with associated
systemic conditions. Saliva is easy to obtain and may
reflect the status of the whole oral cavity. The salivary
microbiome of participants with obstructive sleep apnea
(OSA) was investigated by Chen et al. The microbial
community structure differed from the OSA group to the
non-OSA group, and OSA was statistically associated
with Peptostreptococcus and Granulicatella.

Most of the studies on the human microbiome have used
16S rRNA sequences analysis. However, this technique has
some l imita t ions that were sagac ious ly shown by
RegueiraIglesias et al. This in silico study evaluated the
coverage of thirty-nine primer pairs currently used in the
evaluation of Bacteria and Archaea communities. They have
shown that taxa from different species and even from higher
taxonomic levels could be grouped in the same possible OTU,
limiting the comparability of the microbial diversity findings
reported in oral microbiome literature.

Beside prokaryotes, the eukaryotes Entamoeba gingivalis and
Trichomonas tenax are linked to periodontal diseases, as shown
by Yaseen et al. Interestingly, their differential association with
gingivitis suggests that this condition should not be considered a
low-grade periodontitis. Furthermore, their unequal prevalence
in periodontitis reminds us of the existence of different types of
periodontal diseases, evidenced here by samples with one, the
other, both, or none of these parasite species, but not limited
to them.

Overall, the studies on microbiome should not only focus on
species identification but rather show the real picture of the
pathogenic potential of the microbial community for each
patient. To improve microbiome-based preventive and
treatment strategies, our knowledge should go beyond
microbial signatures evidencing pathogens and integrate the
local and systemic interactions among different members of
the microbial community, as well as with the host’s immune
response in the context of their genetic background. The articles
in this special issue “The Human Microbiota in Periodontitis”
June 2022 | Volume 12 | Article 952205
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highlight that unexpected links between periodontitis parameters
and other diseases or infections can be drawn if the study design
and analysis allow it. It urges us to rethink the pathophysiology
models for periodontitis and the concept of holobiont in health
and disease.
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Ancient dental calculus, formed from dental plaque, is a rich source of ancient DNA and
can provide information regarding the food and oral microbiology at that time. Genomic
analysis of dental calculus from Neanderthals has revealed the difference in bacterial
composition of oral microbiome between Neanderthals and modern humans. There are
few reports investigating whether the pathogenic bacteria of periodontitis, a polymicrobial
disease induced in response to the accumulation of dental plaque, were different between
ancient and modern humans. This study aimed to compare the bacterial composition of
the oral microbiome in ancient and modern human samples and to investigate whether
lifestyle differences depending on the era have altered the bacterial composition of the oral
microbiome and the causative bacteria of periodontitis. Additionally, we introduce a novel
diagnostic approach for periodontitis in ancient skeletons using micro-computed
tomography. Ancient 16S rDNA sequences were obtained from 12 samples at the
Unko-in site (18th-19th century) of the Edo era (1603–1867), a characteristic period in
Japan when immigrants were not accepted. Furthermore, modern 16S rDNA data from
53 samples were obtained from a database to compare the modern and ancient
microbiome. The microbial co-occurrence network was analyzed based on 16S rDNA
read abundance. Eubacterium species, Mollicutes species, and Treponema socranskii
were the core species in the Edo co-occurrence network. The co-occurrence relationship
between Actinomyces oricola and Eggerthella lenta appeared to have played a key role in
causing periodontitis in the Edo era. However, Porphyromonas gingivalis, Fusobacterium
nucleatum subsp. vincentii, and Prevotella pleuritidis were the core and highly abundant
gy | www.frontiersin.org September 2021 | Volume 11 | Article 72382115
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species in the co-occurrence network of modern samples. These results suggest the
possibility of differences in the pathogens causing periodontitis during different eras
in history.
Keywords: periodontitis, periodontal microbiome, EDO, 16S rDNA sequencing, ancient skeletons
INTRODUCTION
There is tremendous interest in studying the evolutionary ecology
of the microbiome through the comparative analysis of both
ancient and modern forms (Warinner et al., 2015). Recently,
calcified dental plaque that had turned into dental calculus in
ancient human skeletons was identified as an informative source
of ancient human-associated microbial DNA (Adler et al., 2013;
Warinner et al., 2014; Weyrich et al., 2017). Genomic analysis of
calculus derived from Neanderthals and other ancient humans
revealed the diet of that era and how the bacterial composition in
ancient humans differed from that of modern humans (Adler
et al., 2013; Warinner et al., 2014; Lloyd-Price et al., 2017; Weyrich
et al., 2017; Velsko et al., 2019). Furthermore, Adler et al. (2013)
revealed that the microbiome reflected changes in Neolithic
hunting and harvesting of medieval crops.

Periodontitis is a disease triggered by dental plaque
accumulation, causing an inflammatory reaction and bone
destruction (Kinane et al., 2017). Many environmental factors,
such as smoking habit, diabetes, and host genetics, are known risk
factors for periodontitis. Periodontitis is the most common cause
of tooth loss among modern adults (Burt, 2005; Petersen et al.,
2005; Pihlstrom et al., 2005; Darveau, 2010; Duran-Pinedo
et al., 2014) and was detected in the Neanderthals as well
(Lozano et al., 2013). In Japan, there have been a few reports of
periodontal disease in the past era (Fujita, 2012; Saso and Kondo,
2019). Wooden denture plates, similar to plate dentures at present
day, were already present during the Edo era (Edwin L. Cooper,
2004), suggesting that people in the Edo era also experienced tooth
loss due to mainly dental caries or periodontal disease (Oyamada
et al., 2017). Some studies discussed the diagnosis of periodontal
disease in the ancient skeleton (Clarke et al., 1986; Kerr, 1988;
Kerr, 1991; Larsen, 1995; Lavigne and Molto, 1995). However, so
far, there is no general consensus for diagnostic criteria of
periodontal disease in ancient skeletons.

In modern times, there are various theories regarding the
bacteriological etiology of periodontal disease, including theories
that the “keystone pathogen,” specific low-abundance bacteria can
change a healthy microbiome into a dysbiotic state (Yost et al.,
2015; Lamont et al., 2018) and that the red complex, which is
composed of three pathogens, P. gingivalis, Tannerella forsythia,
and Treponema denticola, is frequently observed in periodontitis
(Socransky et al., 1998). Additionally, Hajishengallis et al. reported
that P. gingivalis could be a keystone pathogen of the periodontal
disease, and that the dysbiotic biofilm altered by P. gingivalis will
contribute to periodontal disease process (Hajishengallis et al.,
2012). Since the development of a high-throughput sequencer, it
has become possible to comprehensively identify the bacterial
composition of dental plaque in periodontitis by calculating the
number of sequencing reads that align with the reference genomes
gy | www.frontiersin.org 26
(Maruyama et al., 2014; Shiba et al., 2016; Komatsu et al., 2020).
There have beenmany studies analysing ancient bacterial genomes
from Europe and America. Warinner et al. confirmed that the red
complex has long been associated with periodontal disease in
German skeletons carbon dated to c. 950–1200 CE (Warinner
et al., 2014). However, the microbiome involved in the risk of
disease development is regional (Karlsson et al., 2013). There are a
few reports regarding bacterial genomic analysis for the Japanese
Edo era (Eisenhofer et al., 2020; Sawafuji et al., 2020), and no
studies discuss the oral microbiome related to periodontal disease
using ancient calculus.

In this study, we introduced a novel diagnostic approach for
periodontitis in an ancient skeleton by simultaneous visual
inspection and micro-computed tomography (micro-CT).
Additionally, we performed 16S rDNA sequencing with a next-
generation sequencer to obtain information regarding bacterial
genomes contained in the calculus derived from ancient Japanese
alveolar bones of the Edo era. Furthermore, the purpose of this
study was to explore timeless or time-specific bacteria groups
involved in periodontitis by comparing Edo era and modern time.
MATERIAL AND METHODS

Morphological Examinations
The Unko-in site is the former graveyard of the Unko-in temple in
Fukagawa, Tokyo; in 1955, more than 200 skeletons were
excavated from this site. The skeletons were determined to be
from the Edo era (18th–19th century). The skeletons are housed at
the University Museum, University of Tokyo (UMUT). Ethical
review and approval were not required for this study because we
used only the museum specimens deposited in scientific
collections for this study. Morphological examinations were
performed to evaluate the periodontal status of the ancient
skeletons by dentists in the department of periodontology at
Tokyo Medical and Dental University (TMDU). Instead of
measuring the probing depth or clinical attachment level, which
are used to evaluate periodontal inflammation and destruction in
routine clinical practice, vertical bone loss—defined as the length
from 1 mm below the cemento-enamel junction to the most apical
extent of the alveolar bone—was measured at six sites
(mesiobuccal, midbuccal, distobuccal, mesiolingual, midlingual,
and distolingual) on each tooth with a periodontal probe (UNC-15
University of North Carolina 15, Hu-Friedy®, Chicago, IL, USA)
to calculate the average bone loss per sample. Additionally, micro-
CT (TESCO Corporation, Tokyo, Japan) was used to calculate the
vertical bone resorption ratio by measuring both the mesial and
distal bone levels and root length in the mid-tooth section
(Figure 1). All teeth in the 12 skeletons were examined for
attrition, furcation involvement, cavities, and torus.
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Sample Collection and DNA Extraction
Supragingival and subgingival calculus were collected and
combined from the teeth of 12 adult human skeletons at
UMUT. Calculus from each individual skeleton was collected
separately in 1.5 mL DNA LoBind tubes (Eppendorf, Hamburg,
Germany). As controls, the genomic DNA samples of the soil
near the mandibular foramen of the skeletons and sterilized
water were subjected to the same analysis as the calculus. Masks,
nitrile gloves, hairnets, and laboratory coats were worn
throughout the process. DNA extraction was performed in a
dedicated ancient DNA laboratory at Tokyo University. To avoid
contamination, DNA extraction was performed as described in a
previous report (Sawafuji et al., 2020).
Library Preparation and 16S rDNA
Sequencing
The 16S rDNA sequencing was performed by sequencing 2 × 300
bp paired-end reads targeting the hypervariable region of V4
using the MiSeq platform (Illumina, San Diego, CA, USA)
(Santiago-Rodriguez et al., 2019). Library preparation was
conducted according to the Illumina 16S sample preparation
guide (16S Sample Preparation Guide, Illumina) with appropriate
precautions, such as the utilization of UV-irradiated clean bench,
80% ethanol, filtered pipettes, and reagents used for only ancient
samples in the normal laboratory at TMDU. The DNA sample of
the V4 region was amplified with HiFi hot fidelity primer (New
England Biolabs, Ipswich, MA, USA) and with forward 515 F (5-
T CG TCGGCAGCGTCAGATGTGTATAAGAGA
CAGGTGCCAGCMGCCGCGGTAA-3) and reverse primer
806 R (5-GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGGGACTACHVGGGTWTCTAAT-3) (Cano et al.,
2014; Yang et al., 2016; Qu et al., 2017; Santiago-Rodriguez
et al., 2019). Negative controls were also included in the library
preparation. The polymerase chain reaction (PCR) cycling
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conditions were as follows: 95°C for 3 min; 35 cycles of 95°C
for 30 s, 55°C for 30 s, and 72°C for 30 s; and 72°C for 5 min. The
amplified products were assessed for purity using an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and
were further purified using the ProNex Size-Selective Purification
System (Promega, Madison, WI, USA). These purified products
were attached to Illumina sequencing adapters using the Nextera
XT index primer and purified with the ProNex® Size-Selective
Purification System (Promega). The quantity of each purified
sample was evaluated by quantitative PCR (qPCR) using the
KAPA Library Quantification Kit (KAPA Biosystems, Woburn,
MA, USA), and the quantity of each sample was normalized to
maintain a concentration same as that of the pooled library. The
final library was contained in the PhiX Control library (v3)
(Illumina) to support cluster densities, while sequencing data of
16S rDNA were obtained using the MiSeq V3 reagent kit
(Illumina). MiSeq sequencing of the 16S rRNA gene was
conducted at Tokyo Dental College.

Data Analysis
The 16S rDNA sequencing reads were processed using the Illinois
Mayo Taxon Organization from the RNA Dataset Operations
pipeline (IM-TORNADO) (Jeraldo et al., 2014) for 300 bp reads
that merges paired-end reads into a single multiple alignment.
Reads with a minimum length of 187 bases passed quality control.
The forward and reverse reads were trimmed to 200 and 250 bases,
respectively. The similarity of operational taxonomic unit (OTU)
binning was 97%. Each OTU was assigned at the species level
using the Human Oral Microbial Database (v15.11) (Chen et al.,
2010) with 97% sequence identity. The singletons were removed.
OTUs identified in the negative controls were removed from the
samples because they were considered to be contaminated with
modern DNA (Weyrich et al., 2017). All abundance values were
normalized by conversion to reads per million values. Rarefaction
curve, number of OTUs, and the Shannon index were calculated as
A

B

D

C

FIGURE 1 | (A) Schematic representation of the morphologic examination. Bone resorption was defined as the distance from virtual alveolar crest, which was
obtained by subtracting 1 mm from the cemento-enamel junction to the bottom of the nearest bone defect (b, c). Bone resorption was measured using both
periodontal probe and micro-computed tomography (micro-CT). Root length was defined as the distance from virtual alveolar crest to the apical end of the root
(a–d). Bone resorption ratio was calculated as (b-c)/(b-d). a cement-enamel junction (CEJ), b virtual alveolar crest, c bottom of bone defect (bone level), d: apical end
of the root. (B) Mandibular skeleton (sample F24). (C) micro-CT image of the same bone. (D) Tooth morphologic characteristics. White arrows indicate cavities, while
black arrows indicate furcation involvement. Red arrows indicate occlusal attrition.
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a diversity. The rarefaction single command in Mothur v1.33.3
was used to generate the rarefaction curve (Schloss et al., 2009).
Principal coordinate analysis (PCoA) plots were visualized using R
v.3.3.2 software. Dissimilarity values (1-Spearman correlation)
were clustered using the average linkage method. Co-occurrence
coefficients were calculated based on adjusted read abundances
using the sparse correlations for compositional data algorithm
(SparCC) program (Milici et al., 2016). For comparison with the
subgingival microbiome of the modern Japanese population, we
obtained FASTQ files of V3–V4 amplicon sequence data of
subgingival plaque samples from DDBJ under accession
numbers DRA008582 (Iwauchi et al., 2019) and DRA010104
(Komatsu et al., 2020). Briefly, DRA010104 was generated in
exactly similar conditions as the Edo sample in this paper. In
contrast, DRA008582 is genomic data generated by amplifying the
V3–V4 region with the following parameters: preheating at 94°C
for 3 min; 30 cycles of denaturation at 94°C for 30 s, annealing at
50°C for 30 s, and extension at 72°C for 30 s; and a terminal
extension at 72°C for 5 min. Network structures were constructed
using two species taxa with a positive correlation of relative read
abundance with SparCC values ≥ 0.3 (Shiba et al., 2016). Co-
occurrence patterns were drawn using a network structure wherein
each taxon and co-occurrence were indicated by a node and edge,
respectively, for all taxon pairs with a positive correlation. Networks
were visualized using Cytoscape software v.2.860 (Smoot
et al., 2011).
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Statistical Analysis
Wilcoxon’s rank-sum test was performed to test for significant
differences in each taxon between the groups. The number of
OTUs and Shannon index were compared using a two-tailed t-
test. P-values < 0.05 were considered statistically significant.
Benjamin and Hochberg’s false discovery rate was applied for
multiple testing, and q < 0.1 was considered statistically
significant. An analysis of similarity (ANOSIM) was used to
test the significance of dissimilarity between the two groups by
applying adjusted read abundance.

RESULTS
Clinical Characteristics
Samples with bone loss >4 mm or bone loss ratio >10% were
diagnosed with periodontitis, and 5 out of 12 samples were affected
by periodontitis. Caries and attrition were observed in 7 and 10
samples, respectively; non-carious cervical lesions (NCCL) and
torus were not observed in any of the samples (Table 1) (for
further details about each sample, see Supplementary Figures). Five
samples with periodontitis had an average bone loss of 4.05 ±
0.88 mm (mean ± SD) and a mean bone loss ratio of 21.88 ± 9.44%,
while 7 samples without periodontitis had an average bone loss
of 2.73 ± 0.43 mm and a mean bone loss ratio of 5.32 ± 2.75%.
Clinical characteristics of the modern subjects are shown in
Supplementary Table 1.
TABLE 1 | Morphological examination of each individual skeleton.

Sample type: Periodontitis

Sample No. EP1 EP2 EP3 EP4 EP5 Mean/
Prevalence

Sex Female Female Male Male Male –

Average bone loss (mm) 3.55 ± 1.21 4.94 ± 1.84 2.86 ± 0.72 5.22 ± 1.78 3.69 ± 0.88 4.05 ± 0.88
Average ratio of bone
resorption (%)

17.75 ± 9.71 20.76 ± 8.35 18.67 ± 13.10 39.93 ± 16.75 12.31 ± 10.33 21.88 ± 9.44

Attrition + + + + + 100%
Furcation involvement + + + + + 100%
Cavity + + – + – 60%
Torus – – – – – 0%
Non caries cervical lesion – – – – – 0%
Periodontitis + + + + + 100%

Sample type: Healthy

Sample No. EH1 EH2 EH3 EH4 EH5 EH6 EH7 Mean/
Prevalence

Sex Male Female Male Male Female Female Female –

Average bone loss (mm) 3.70 ± 1.70 2.98 ± 0.78 2.61 ± 1.15 2.30 ± 0.75 2.53 ±
0.56

2.61 ±
1.15

2.42 ±
0.67

2.73 ± 0.43

Average ratio of bone
resorption (%)

7.18 ± 11.95 5.53 ± 11.16 2.83 ± 5.97 8.69 ±
13.21

5.84 ±
5.95

0 7.23 ±
6.03

5.32 ± 2.75

Attrition + + + + + – – 71.42%
Furcation involvement + + + + + + – 85.71%
Cavity – – – + + + + 57.14%
Torus – – – – – – – 0%
Non caries cervical resion – – – – – – – 0%
Periodontitis – – – – – – – 0%
Septem
ber 2021 | Volume 11
Values are presented as mean ± standard deviation.
Periodontitis was defined as one which has either more than 4mm of average bone resorption or more than 10% of average ratio of bone resorption.
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Summary of Sequence Reads and Analysis
of Diversity
A total of 750,940 ancient sequence reads were obtained from 16S
rDNA sequencing. The average number of reads per sample was
62578.33 ± 13249.49. After analysis of the IM-TORNADO pipeline,
the remaining ancient reads per sample were 31020.75 ± 7372.38
(Supplementary Table 2). A total of 477, 192, and 17 OTUs were
detected in the ancient samples, soil, and water, respectively. The
OTUs detected in soil and water were considered the contamination
from modern times and removed from Edo samples. After
removing contamination caused by modern DNA, the number of
remaining reads and OTUs was 6847.16 ± 4179.48 and 72.75 ±
24.62, respectively, in all Edo samples (Supplementary Table 2).
The number of OTUs in the Edo samples with periodontitis was
67.60 ± 28.65, and the Shannon index was 2.37 ± 0.26. The number
of OTUs using the Edo samples without periodontitis was 76.43 ±
20.51, and the Shannon index was 3.01 ± 0.48 (Supplementary
Table 3). Although there was no significant difference in the
number of OTUs between the Edo samples with and without
periodontitis, the Shannon index of the Edo samples without
periodontitis was significantly higher than that of Edo samples
with periodontitis (Figure 2A). The rarefaction curve showed
that the obtained ancient reads were sufficient to examine
the comprehensive bacterial composition, as the obtained
OTUs reached saturation (Figure 2B); 11692.46 ± 2028.79 and
24311.00 ± 17013.88 reads were used for taxonomic analysis in the
IM-TORNADO pipeline using modern samples with and without
periodontitis, respectively (Supplementary Table 4). The number
of OTUs using the modern samples with periodontitis was 317.08 ±
81.05, and the Shannon index was 3.47 ± 0.48 (Figure 2C and
Supplementary Table 5). The number of OTUs using modern
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 59
samples without periodontitis was 493.93 ± 23.39, and the Shannon
index was 1.45 ± 0.16 (Figure 2C and Supplementary Table 5).

Evaluation of Bacterial Composition at the
Phylum Level Based on 16S rDNA
Sequencing
Eight bacterial phyla were detected in the ancient dental calculus:
Firmicutes, Actinobacteria, Proteobacteria, Synergistetes,
Saccharibacteria (TM7), Chloroflexi, Bacteroidetes, and
Spirochaetes (Figure 3A and Supplementary Table 6).
Firmicutes was the most dominant phylum in Edo samples
with and without periodontitis, followed by Actinobacteria and
Proteobacteria, except for the unclassified phylum. The ANOSIM
evaluation revealed similar bacterial compositions at the phylum
level for Edo samples with and without periodontitis (R = 0.9417
and P = 0.001).

The most abundant phylum in the modern samples with
periodontitis was Bacteroidetes, followed by Fusobacteria and
Firmicutes (Figure 3B and Supplementary Table 7). The most
abundant phylum in the modern samples without periodontitis
was Firmicutes, followed by Bacteroidetes and Actinobacteria
(Figure 3C and Supplementary Table 7). There were no
major differences in the phyla between the Edo samples with
and without periodontitis. Although both Fusobacteria and SR1
were detected in the modern samples with and without
periodontitis, they were not observed in Edo samples.
Gracilibacteria (GN02) is a specific phylum in modern samples
with periodontitis. The ANOSIM evaluation revealed that, at the
phylum level, the bacterial compositions of Edo and modern
samples with periodontitis were dissimilar (R = 0.9417 and
P = 0.0010).
A B

C

FIGURE 2 | Evaluation of bacterial diversity of ancient Edo sample based on 16S rDNA sequences. (A) The number of operational taxonomic units (OTUs) and
Shannon index of Edo samples. (B) Rarefaction curve of Edo samples. (C) The number of OTUs and Shannon index of modern samples. *P < 0.05.
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Evaluation of Bacterial Composition at the
Class Level Based on 16S rDNA
Sequencing
Clostridiawere detected as being themost abundant inEdo samples
with and without periodontitis, excluding the unclassified class,
followed by Actinobacteria (Supplementary Table 8). Comparing
Edo samples with periodontitis to those without periodontitis,
Flavobacteriia was specific to Edo samples with periodontitis.
Epsilonproteobacteria, Erysipelotrichia, and Sphingobacteriia were
specific to Edo samples without periodontitis. However, the
ANOSIM evaluation revealed similar bacterial compositions at
the class level for Edo samples with and without periodontitis
(R = -0.0065 and P = 0.4300).

Bacteroidia and Clostridia were most abundant in modern
samples with and without periodontitis, respectively
(Supplementary Table 9). PCoA was used to evaluate bacterial
similarity for comparison between Edo and modern
microbiomes (Figure 4). Although Edo samples with and
without periodontitis had similar bacterial composition,
modern and Edo samples with periodontitis had dissimilar
bacterial composition at the class level. ANOSIM revealed
dissimilarity between the modern and Edo samples with
periodontitis (R = 0.9118 and P = 0.0001).
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Evaluation of Bacterial Composition at the
Genus Level Based on 16S rDNA
Sequencing
Actinomyces, which was detected in all Edo samples, was the
most dominant genus in the Edo samples, both with and without
periodontitis (Figures 5A, B and Supplementary Table 10).
Syntrophomonadaceae [VIII][G-1] was the second most
dominant genus, followed by Anaerolineae (G-1) in Edo
samples with periodontitis (Figure 5A and Supplementary
Table 10). Fretibacterium was the second most dominant
genus, followed by Peptostreptococcaceae [XI][G-5] in Edo
samples without periodontitis (Figure 5B and Supplementary
Table 10). In Edo samples with and without periodontitis, 37
and 24 genera, respectively, were detected—excluding the
unclassified genera. Among these, 22 genera were common
between the Edo samples with and without periodontitis. The
ANOSIM evaluation revealed similar bacterial compositions at
the genus level for Edo samples with and without periodontitis
(R = -0.0470 and P = 0.5980). In modern samples with and
without periodontitis, 93 and 74 genera, respectively, were
detected—excluding the unclassified genera. Among these, 54
genera were common between the modern samples with and
without periodontitis. The most abundant genus in the modern
A

B

C

FIGURE 3 | Percentage compositions of the rank of phylum. (A) Edo samples, (B) modern samples with periodontitis, and (C) modern samples without periodontitis.
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samples with periodontitis was Porphyromonas, followed by
Fusobacterium and Prevotella (Figure 5C and Supplementary
Table 11). The most abundant genus in the modern samples
without periodontitis was Bacteroides, followed by Lactobacillus
and Bifidobacterium (Figure 5D and Supplementary
Table 11). On comparing Edo and modern samples with
periodontitis, Syntrophomonadaceae [VIII][G-1], Lactobacillus,
Stenotrophomonas, Eggerthella, Bergeyella, Paenibacillus, Bosea,
and Clostridiales [F-3][G-1] were found to be specific to Edo
samples with periodontitis. Contrarily, 77 genera were detected
only in modern samples with periodontitis. The ANOSIM
evaluation revealed that the bacterial composition at the genus
level for Edo and modern samples with periodontitis was
dissimilar (R = 0.9753 and P = 0.0010).

Evaluation of Bacterial Composition at the
Species Level Based on 16S rDNA
Sequencing
The most abundant species in the Edo samples with periodontitis
was Actinomyces oricola, which was the only species detected in
all the Edo samples with periodontitis. The second most
abundant species was Syntrophomonadaceae [VIII][G-1] sp.
oral taxon 435, followed by Anaerolineae [G-1] sp. oral taxon
439 (Figure 6A and Supplementary Table 12). The most
abundant species in the Edo samples without periodontitis was
Peptostreptococcaceae [XI][G-5] [Eubacterium] saphenum,
followed by Syntrophomonadaceae [VIII][G-1] sp. oral taxon
435 and Fretibacterium sp. oral taxon 361 (Figure 6B and
Supplementary Table 12). ANOSIM evaluation revealed
similar bacterial compositions at the species level for Edo
samples with and without periodontitis (R = 0.0000 and P =
0.5640). The most abundant species in the modern samples with
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periodontitis was Fusobacterium nucleatum subsp. vincentii,
followed by P. gingivalis and Streptococcus sp. oral taxon 058
(Figure 6C and Supplementary Table 13). However, the most
abundant species in the modern sample without periodontitis
was Lactobacillus salivarius, followed by Bifidobacterium longum
and Lactococcus lactis (Figure 6D and Supplementary
Table 13). Seventeen species that were common to Edo and
modern samples with periodontitis were detected, while the
number of species specific to Edo and modern samples with
periodontitis were 7 and 192, respectively (Figure 7A). A. oricola
was the only species that was significantly more abundant in Edo
samples with periodontitis than in the modern samples with
periodontitis among the 17 species that were common to the Edo
era and the modern times (Figures 7A, B). In contrast,
Fretibacterium fastidiosum, Mogibacterium timidum, and
Treponema socranskii were more frequent in the modern
samples with periodontitis than in the Edo samples with
periodontitis. ANOSIM showed that the composition of species
was not similar for Edo and modern samples with periodontitis
(R = 0.9132 and P = 0.0010).

Comparison of Co-Occurrence Networks
Between Edo and Modern Samples With
Periodontitis
We constructed a co-occurrence network structure to identify the
core species in the microbiome. Two co-occurring species are
indicated by nodes and connected by edges. For Edo samples with
periodontitis, the total numbers of nodes and edges were 24 and 29 at
the species level, respectively (Figure 8A and Supplementary
Table 14). Co-occurrence networks of both Edo and modern
samples with periodontitis shared Fretibacterium fastidiosum,
Neisseria subflava, Peptostreptococcaceae [XI][G-9] [Eubacterium]
brachy, Prevotella sp. oral taxon 317, Pseudoramibacter alactolyticus,
T. denticola, A. oricola, and Peptostreptococcus stomatis. The number
of species that were connected with three or more nodes in the
co-occurrence network of Edo samples with periodontitis was 11.
Particularly,Mollicutes [G-2] sp. oral taxon 906, Peptostreptococcaceae
[XI][G-5] [Eubacterium] saphenum, and TM7 [G-1] sp. oral taxon
488 were the core species that were connected to more than four
nodes in the network. For modern samples with periodontitis, the
total number of nodes and edges were 31 and 23 at the species level,
respectively (Figure 8B and Supplementary Table 15). Four species
were connected to three or more nodes in the co-occurrence network
of modern samples with periodontitis. P. gingivalis was the core
species that was connected to P. alactolyticus,T. denticola,T. forsythia,
and Desulfobulbus sp. oral taxon 041. The values of network density
were 0.105 and 0.049 for the Edo and modern samples with
periodontitis, respectively.
DISCUSSION

The purpose of this study was to comprehensively analyze the
bacterial composition and co-occurrence network of the
microbiome in the Edo era and elucidate the bacterial species
involved in periodontitis in the Edo era and modern samples.
FIGURE 4 | Principal coordinate analysis (PCoA) was conducted for the
dissimilarity matrix value of 1—Spearman’s coefficient. PCoA was used to
evaluate bacterial similarity for comparison between Edo and modern
microbiomes according to class.
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Additionally, this study revealed characteristic intraoral findings in
Edo samples and introduced novel morphological examinations to
evaluate the periodontal status of ancient skeletons.

The presence or absence of periodontal disease in ancient
skeletons has been evaluated based on antemortem tooth
loss (AMTL) (Clarke et al., 1986; Lavigne and Molto, 1995).
Larsen (1995) argued that AMTL has a strong relationship with
periodontal disease in archaeology. However, it is difficult to
identify the cause of AMTL in many cases, such as dental caries,
periodontitis, and tooth fracture. Therefore, the distance from
the cemento-enamel junction (CEJ) to the alveolar crest (AC)
and morphological assessment of inflammation of the
interdental septum have often been used for the diagnosis of
periodontal disease (Clarke et al., 1986; Kerr, 1988; Kerr, 1991;
Lavigne and Molto, 1995). The CEJ-AC distance measures the
root exposure to assess the degree of alveolar resorption (Clarke
et al., 1986). Root exposure with gingival recession is affected by
the lack of alveolar bone at the site due to fenestration and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 812
dehiscence of alveolar bone, abnormal tooth position, direction
of eruption of the tooth, and the tooth shape, except for
periodontitis (Kassab and Cohen, 2003). The morphological
assessment of inflammation of the interdental septum involves
measurement of the septal form characteristic, and it is difficult
to characterize the form due to scratches during excavation of the
skeleton or preservation under an inadequate environment. It is
also difficult to measure the depth and angular degree of deep
intrabony defect in category 5, proposed by Kerr (Kerr, 1988;
Kerr, 1991). Recently, Warinner used the degree of bone
resorption relative to root length for assessing periodontal
destruction in ancient skeletons (Warinner et al., 2014). To
grasp the root length, the tooth has to be removed from the
ancient skeleton. In recent years, CBCT has seen remarkable
development and has become essential in current dental
treatment to understand the morphology of bone resorption
due to periodontal disease (Braun et al., 2014). Additionally, the
root length can be accurately ascertained without removing the
A B

DC

FIGURE 5 | Percentage compositions of genus. (A) Edo sample with periodontitis, (B) Edo sample without periodontitis, (C) modern samples with periodontitis, and
(D) modern sample without periodontitis. The bars show mean ± SE relative abundances.
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tooth from the ancient skeleton using CBCT. Therefore, we
applied CBCT for the periodontal examination of the
ancient skeleton.

In this study, periodontal disease was diagnosed in skeletons
from the Edo era with a prevalence rate of approximately 42% (5 of
the 12 skeletons). The second term (2013 to 2022) of the National
Health Promotion Movement in the 21st century (Health Japan 21)
reported a prevalence of periodontal disease among Japanese people
in their forties to be 37.3% in 2005, with a targeted reduction to 25%
by 2022 (Ministry of Health, 2012). Contrary to expectations, the
prevalence of periodontal disease among individuals in the Edo era
and modern population was similar. NCCL was not observed in the
Edo samples used in this study. At present, occlusion is no longer
considered the cause of NCCL, and only brushing has been verified
in an experimental model (Fan and Caton, 2018). During the Edo
era, brushing techniques and materials were not as advanced as the
current ones. A report on DNA analysis of the food remains in
human dental calculus from the Edo era in Japan using next-
generation sequencing helped detect plant DNA of the genus
Nicotiana (Sawafuji et al., 2020). The use of tobacco has also been
reported in the historical literatures in the Edo period (Kitagawa,
1853; Miyazaki, 1967). Thus, it can be presumed that the people in
the Edo era were exposed to the same periodontal disease risk
factors as people in modern times.

Eleven phyla were detected in the bacterial composition of the
modern samples in this study. In contrast, Fusobacteria, SR1, and
Gracilibacteria (GN02) were detected only in modern samples, and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 913
unique phyla were not detected in the Edo samples. Although there
were no significant differences between Edo and modern samples at
the phylum level, PCoA plots at the class level showed that the
bacterial composition of Edo samples was distinctly different from
that of modern samples. Interestingly, Fusobacteria, which are
typical pathogenic bacteria of periodontitis, were never detected in
the ancient Edo samples at the phylum level. It is well-known that F.
nucleatum, which belongs to phylum Fusobacteria, plays an
important role in oral bacterial colonization. A previous study
reported that the calculus of Neanderthals hardly contained
Fusobacteria (Weyrich et al., 2017). Therefore, we presumed that
there might be other key bacteria that contributed to plaque
formation before the post-industrial era. The red complex plays a
major role in the etiology of periodontal disease in modern humans
(Socransky et al., 1998). Kasuga et al. (2000) reported the detection
rates of P. gingivalis, T. forsythus, and T. denticola in samples from
Japanese adult periodontal lesions to be 75.5%, 69.8%, and 72.6%,
respectively. However, these species that were representative
periodontal pathogens were not detected in Edo samples. These
results are inconsistent with those of previous reports focusing on
the ancient calculus microbiome (Adler et al., 2013; Warinner et al.,
2014). Microbiome alterations result from various factors, such as
changes in diet (Brown et al., 2012) and adoption of lifestyles
associated with industrialization (Clemente et al., 2015). Japanese
industrialization occurred between the Edo era and modern times.
Additionally, the Edo era is recognized for Sakoku, which means
closed country, with an isolationist foreign policy of the Japanese
A B

DC

FIGURE 6 | Percentage compositions according to species. (A) Edo sample with periodontitis, (B) Edo sample without periodontitis, (C) modern samples with
periodontitis, and (D) modern sample without periodontitis. The bars show mean ± SE relative abundances.
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A

B

FIGURE 7 | The core microbiome of Edo and modern samples with periodontitis. (A) The model includes the species detected in Edo sample with periodontitis
(blue), modern sample with periodontitis (red), and both sites (purple); red text indicates species existing in both co-occurrence networks. (B) The mean relative
abundances of common species between Edo and modern samples with periodontitis. The bars show mean ± SE relative abundances.
A B

FIGURE 8 | Co-occurrence networks based on species in (A) Edo sample with periodontitis and (B) modern sample with periodontitis.
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Tokugawa shogunate in place for a period of 214 years (1639–1854).
It resulted in severely limited relations and trade between Japan and
other countries; almost all foreigners were barred from entering
Japan and common Japanese people were kept from leaving the
country (Kazui and Videen, 1982). Since there was no transmission
of bacteria from other countries, it is possible that the locals
possessed unique and less diverse microbiome. Two hypotheses
might arise: one is that periodontitis is not necessarily induced by
the red complex, and the other is that potential periodontal
pathogens in the Edo era were different from those inmodern times.

Considering the bacterial composition at the species level, the
number of species common between Edo and modern, Edo specific,
and modern specific species were 17, 7, and 192, respectively.
Eggerthella lenta, a species and genus specific to Edo, is an
anaerobic, Gram-positive bacillus commonly found in the human
digestive tract (Moore et al., 1971). Occasionally, E. lenta can cause
life-threatening infections, such as polymicrobial intra-abdominal
and anaerobic bloodstream infections (Ugarte-Torres et al., 2018).
Lactobacillus iners, a species specific to Edo, is a Gram-positive,
catalase-negative, facultatively anaerobic rod-shaped bacterium
(Falsen et al., 1999). Vaginal microbiome dominated by L. iners
was associated with increased risk of Chlamydia trachomatis
infection (van Houdt et al., 2018). Lactobacillus species in the oral
cavity represent both a significant contributor to dental caries
progression and a major reservoir to the gastrointestinal tract
(Caufield et al., 2015). There are two possible reasons for this:
first, the caries prevalence rate was approximately 58% (7 of the 12
skeletons) in this study. Second, the samples in this study included
not only subgingival dental calculus but also supragingival dental
calculus. Therefore, the effects of the cariogenic microbiota could
not be ignored entirely. Ancient skeletons in which both tooth and
dental calculus are preserved in good condition are extremely rare.
In addition to the difficulty in obtaining the necessary amount of
dental calculus for analysis due to the limited amount of dental
calculus, it is difficult to distinguish between supragingival and
subgingival dental calculus because there is no soft tissue in the
ancient skeletons. Further, the color difference between
supragingival and subgingival dental calculus is not apparent
because a long time has passed.

The association of Edo specific species with periodontitis has
not been reported yet. Focusing on the species common to the
Edo era and modern times, 13 species did not show any
statistically significant difference between the Edo and modern
samples. Therefore, we assumed that these species have
associated with periodontitis from the 19th century to the
present day in Japan. A. oricola in the Edo samples was
significantly more abundant than in the modern samples and
co-occurred with E. lenta. The relationship might have been
important for causing periodontitis in the Edo era. Additionally,
Mollicutes [G-2] sp. oral taxon 906, Peptostreptococcaceae [XI]
[G-1] sp. oral taxon 383, Peptostreptococcaceae [XI][G-5]
[Eubacterium] saphenum, Peptostreptococcaceae [XI][G-6]
[Eubacterium] minutum, and TM7 [G-1] sp. oral taxon 488
were found to be core species in the co-occurrence network of
Edo samples, but not modern samples. Eubacterium species,
which are asaccharolytic anaerobic Gram-positive rods, produce
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1115
butyric acids (Uematsu et al., 2003). Recent studies have reported
that butyric acid produced by microorganisms has some
pathogenicity, such as suppression of human gingival fibroblast
proliferation (Jeng et al., 1999) and induction of apoptosis in
human or mouse T and B cells (Tse andWilliams, 1992; Pöllänen
et al., 1997). We presumed that the pathogenicity of these
bacteria was higher in the Edo era than in modern times, and
the activity of these bacteria could affect the progression of
periodontitis in the Edo era. Several studies have reported that
TM7 species were significantly enriched in periodontitis in
modern times (Liu et al., 2012; Chen et al., 2018). However,
the virulence is unknown because TM7 species are unculturable
bacteria (Hanada et al., 2014). Similarly,Mollicutes were detected
in advanced periodontal lesions (Hanada et al., 2014); however,
their role is not clear. T. socranskii is frequently detected in
aggressive and chronic periodontitis in modern times (Takeuchi
et al., 2001). It is known that T. socranskii produces heat shock
proteins implicated in periodontitis in modern times. T.
socranskii was also a core species in the co-occurrence network
of Edo samples, although it was significantly more abundant in
the modern samples than in Edo samples. Therefore, T.
socranskii might have played a more important role in
periodontitis during the Edo era than in modern times. All
species commonly detected in the Edo era and modern times
were present in the co-occurrence network of the Edo samples.
In the co-occurrence network of the modern samples, only three
species among all species commonly detected in the modern
times and Edo era were present, and it seems that these species
might not play a key role because they did not have prominent
co-occurrence relationships with other species. Therefore, there
might be no specific causative bacteria for periodontitis that are
timeless, and the causative bacteria for periodontitis might have
changed with time and environment. The influx of cultures,
especially the varied diet from Europe since the end of
isolationism, might have led to changes in the oral microbiome.

In the analysis of bacterial composition using next-generation
sequencers, changes in the bacterial composition can occur due
to differences in the types of primers, reference databases, and
the database version, and reanalysis is recommended in the case
of obtaining data from the database (Abellan-Schneyder et al.,
2021; Abusleme et al., 2021). In this study, we reanalyzed the
data obtained from the database to reduce the bias of the
reference database and its version. In this study, 192 species
were detected in the modern samples with periodontitis. There is
a significant difference in the number of bacterial species
detected between ancient and modern samples. One of the
reasons is that in the modern samples, the V3–V4 region of
the bacterial 16S rRNA gene was sequenced. According to
Abellan-Schneyder et al. (2021), modern gut microbiota
research using nine different primers (V1–V2, V1–V3, V3–V4,
V4, V4–V5, V6–V8, and V7–V9) showed that the V3–V4 region
primer had good overall performance. Furthermore, the V4
region should be included in the primer design since the V4
region was the best sub-region for phylogenetic resolution
among other 16S rRNA gene variable regions (Yang et al.,
2016). In modern research for bacterial composition in the
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oral cavity, many reports using the V3–V4 region have been
performed, and good results have been reported (Maruyama
et al., 2014; Komatsu et al., 2020; Shiba et al., 2021; Shimogishi
et al., 2021). In contrast, many studies have shown effective
results using ancient microbiome through the amplicon
sequencing of the V4 region (Santiago-Rodriguez et al., 2017;
Santiago-Rodriguez et al., 2019) because ancient DNA is known
to be highly fragmented (Sawyer et al., 2012). Dietary patterns
and socioeconomic factors can influence oral bacterial
composition (Sawyer et al., 2012; Balakrishnan et al., 2021).
Therefore, in this study, we focused on the sequence reads of
modern samples from only studies conducted in Japan.
Unfortunately, there have been no reports in Japan on analysis
for the bacterial composition of subgingival plaque using the V4
region or amplicon sequencing of mixed supragingival and
subgingival samples regardless of the kinds of primers used.
For these reasons, we utilized the sequence data from
DRA008582 (Iwauchi et al., 2019) and DRA010104 (Komatsu
et al., 2020). The second reason is that unclassified bacteria
accounted for a large percentage of the bacterial composition of
Edo samples. This is thought to be the effect of low-quality
ancient DNA and the lack of appropriate databases and analysis
methods exclusively for the ancient microbiome. Therefore, the
number of bacterial species in Edo samples with periodontitis
was low. Ziesemer et al. (2015) reported that shotgun
metagenomic sequencing was superior to amplicon sequencing
of 16S rRNA gene in the analysis of ancient microbiome because
ancient DNA is known to be highly degraded and fragmented,
potentially leading to biased results compared with well-
preserved DNA, such as modern DNA. However, the number
of 16S rDNA reads was 0.2% of the total shotgun sequencing
reads (Santiago-Rodriguez et al., 2017). Shotgun metagenomic
sequencing needs a larger quantity of sample and is also more
expensive. Additionally, many studies have shown effective
results using ancient microbiome through the amplicon
sequencing of the V4 region (Santiago-Rodriguez et al., 2017;
Santiago-Rodriguez et al., 2019). Furthermore, the V4 region was
the best sub-region for phylogenetic resolution among other 16S
rRNA gene variable regions (Yang et al., 2016). Since the co-
occurrence network of modern samples with periodontitis is
simpler than that of Edo samples with periodontitis, it is easy to
identify species that are at the core of the bacterial composition
of modern samples with periodontitis. The results of this study
showed that P. gingivalis is a core species connected to other
typical periodontal pathogens, such as T. forsythia and T.
denticola, in the co-occurrence networks for modern samples
with periodontitis. In contrast, no typical periodontal pathogen
was found in the co-occurrence network of Edo samples with
periodontitis. This may indicate that the presence of bacterial
species with no known pathogenicity might have influenced
periodontitis in the Edo era, or the uniqueness and complexity
of the microbial network of Edo samples with periodontitis itself
might have contributed to the development of periodontal
disease, although the number of specimens was limited and the
evaluated Edo and modern samples were obtained from calculus
and dental plaque, respectively.
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CONCLUSIONS

The dental calculus can preserve bacterial DNA and reveal the
microbial composition in ancient samples. The modern bacterial
composition of the oral cavity with periodontitis might be different
from that of the Edo era, suggesting that periodontal pathogenic
bacteria and its co-occurrence relationships might have changed
with time and environment. To the best of our knowledge, this is
the first study to investigate the periodontal microbiome in
Japanese Edo samples accompanied by periodontal diagnoses
based on skeletons and their micro-computed tomography.
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Background: Streptococcus species are predominant members of the oral microbiota in
both health and diseased conditions. The purpose of the present study was to explore if
different ecological characteristics, such as oxygen availability and presence of
periodontitis, associates with transcriptional activity of predominant members of genus
Streptococcus. We tested the hypothesis that genetically closely related Streptococcus
species express different transcriptional activities in samples collected from environments
with critically different ecological conditions determined by site and inflammatory status.

Methods: Metagenomic and metatranscriptomic data was retrieved from 66 oral
samples, subgingival plaque (n=22), tongue scrapings (n=22) and stimulated saliva
(n=22) collected from patients with periodontitis (n=11) and orally healthy individuals
(n=11). Species-specific transcriptional activity was computed as Log2(RNA/DNA), and
transcriptional activity of predominant Streptococcus species was compared between
multiple samples collected from different sites in the same individual, and between
individuals with different oral health status.

Results: The predominant Streptococcus species were identified with a site-specific
colonization pattern of the tongue and the subgingival plaque. A total of 11, 4 and 2
pathways expressed by S. parasanguinis, S. infantis and S. salivarius, respectively, were
recorded with significantly higher transcriptional activity in saliva than in tongue biofilm in
healthy individuals. In addition, 18 pathways, including pathways involved in synthesis of
peptidoglycan, amino acid biosynthesis, glycolysis and purine nucleotide biosynthesis
expressed by S. parasanguinis and 3 pathways expressed by S. salivarius were identified
with significantly less transcriptional activity in patients with periodontitis.

Conclusion: Data from the present study significantly demonstrates the association of
site-specific ecological conditions and presence of periodontitis with transcriptional
gy | www.frontiersin.org September 2021 | Volume 11 | Article 752664119
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activity of the predominant Streptococcus species of the oral microbiota. In particular,
pathways expressed by S. parasanguinis being involved in peptidoglycan, amino acid
biosynthesis, glycolysis, and purine nucleotide biosynthesis were identified to be
significantly associated with oral site and/or inflammation status.
Keywords: periodontitis, Streptococcus, metagenomics, metatranscriptomics, oral cavity
INTRODUCTION

The oral microbiota is comprised by more than 700 different
species, which makes it the second most diverse found in the
human body (Dewhirst et al., 2010). The composition of the
permanent oral microbiota is shaped by thousands of years of co-
evolution together with the host (Fellows Yates et al., 2021),
which is why the oral microbiota through symbiotic interactions
with human natural defense systems is essential for maintenance
of oral health (Marsh and Zaura, 2017).

While the oral microbiota is highly individualized and
diverse, genus Streptococcus is the predominant genus of the
oral microbiota across populations and during both healthy and
diseased conditions (Chattopadhyay et al., 2019). A likely
explanation to these findings is the versatility of Streptococcus
species, including being facultative anaerobic, which means that
they thrive in areas with plenty or lack of oxygen (Abranches
et al., 2018). In addition, Streptococcus species express specific
surface characteristics, which enables them to colonize both teeth
and the oral mucosa, thereby protecting them from transfer to
the gastrointestinal channel during swallowing (Jenkinson,
1994). Finally, Streptococcus species are proficient in
carbohydrate metabolism, which is most often the prime
nutrient offered by the oral cavity (Takahashi, 2015).

Carbohydrates from food intake and salivary glycoproteins
are the main nutrients of Streptococcus species, which in addition
to providing energy can be stored as intracellular reservoirs
(Busuioc et al., 2009). Furthermore, some Streptococcus species
can deposit carbohydrates extracellularly as part of the oral
biofilm matrix, which is why Streptococcus species are critically
involved in biofilm pathogenicity (Koo et al., 2013). While
carbohydrate metabolism of some Streptococcus species is
limited to a small number of different carbohydrates, other
Streptococcus species, such as Streptococcus mutans, are capable
of degrading almost all types of carbohydrates (Moye et al.,
2014). Indeed, carbohydrate metabolism performed by
Streptococcus species is a double-edged sword. On the more
negative side, these bacteria degrade carbohydrates anaerobically
via fermentation processes that locally lead to acid production
and a decrease in biofilm fluid pH, which links Streptococcus
species with dental caries. On the positive side, the acid
production resulting from streptococcal carbohydrate
fermentation may function as a regulatory mechanism of the
biofilm in situations characterized by a transient increase in local
pH, for example during inflammatory conditions such as
periodontitis (Nyvad and Takahashi, 2020).

In the oral cavity, Streptococcus species live closely together in
polymicrobial biofilms, shaped by synergistic and antagonistic
gy | www.frontiersin.org 220
interactions with other members of the biofilm community
(Lamont et al. , 2018). Therefore, the interaction of
Streptococcus species and their phenotypic profile in situations
with different ecological conditions should ideally be studied
using in-vivo clinical samples (Belstrøm, 2020). Indeed,
Streptococcus species are closely related genetically, which is
why it is often not possible to distinguish them at species level,
using 16S rDNA methods (Lal et al., 2011). Thus, most
information on metabolic characteristics such as carbohydrate
metabolism of Streptococcus species comes from in-vitro culture
microbiology, based on analysis of gene expression by
Streptococcus species grown in either mono- or polymicrobial
biofilms (Abranches et al., 2018). Therefore, much is to be
learned on how different Streptococcus species adapt to changes
in ecological conditions, such as presence of chronic periodontal
inflammation, in complex biofilms in-vivo.

The oral cavity is unique compared to other body sites, since
it is composed of different locations, which despite being
anatomically close, are determined by critically different
ecological conditions (Kilian et al., 2016). For example, the
tongue surface is characterized by a slow epithelial turn-over
and deep anaerobic crypts, which favors growth of a mature
biofilm (Asakawa et al., 2018). On the other hand, in individuals
who perform regular oral hygiene, subgingival dental plaque is a
more immature biofilm, formed in predominantly aerobic
conditions (Berger et al., 2018). Therefore, the tongue and the
subgingival biofilm constitute microbial communities shaped by
critically different ecological conditions. Saliva is sterile when
entering the oral cavity (Schrøder et al., 2017). Accordingly,
saliva is a conglomerate of bacteria shed from different oral
surfaces, with subgingival dental and tongue biofilm as some of
the prime donor sites (Segata et al., 2012). As compared to
tongue and subgingival biofilms, the salivary microbiota is
primarily planktonic (Belstrøm, 2020). Indeed, Streptococcus
species are highly abundant in both tongue and subgingival
dental biofilms as well as in saliva (Segata et al., 2012), which
is why concomitant characterization of Streptococcus species in
these samples offer the possibility to study how Streptococcus
species adapt to different ecological conditions.

The purpose the present study was to determine if different
ecological characteristics such as oxygen availability and
conditions of chronic periodontal inflammation associate with
differential transcriptional activities of predominant members of
genus Streptococcus. We applied paired metagenomics and
metatranscriptomics to characterize and compare transcriptional
activity of the predominant Streptococcus species identified in
clinical samples, i.e. tongue biofilm, subgingival dental biofilm
and saliva collected from orally healthy individuals and patients
September 2021 | Volume 11 | Article 752664
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with periodontitis. We tested the hypothesis that transcriptional
activities of predominant Streptococcus species associate with
periodontal status.
METHODS

Study Population and Sample Collection
The present study is part of a series of studies based on
characterization of the oral microbiota in samples collected
from the same cohort. Thus, the study population and sample
collection has been described in detail (Belstrøm et al., 2021). In
brief, a total of 66 microbial samples were collected from 11
patients with chronic periodontitis, and 11 orally healthy
controls at the Department of Odontology, University of
Copenhagen in January 2018 The study was approved by the
regional ethical committee (H-16016368) and reported to the
local data authorization of University of Copenhagen (SUND-
2018-8).

The periodontitis group (M/F: 5/6), out of which four were
current smokers, had a mean age of 64 yrs. (55-77 yrs.), The
control group (M/F: 4/7) had a mean age of 60 yrs. (50-71 yrs.),
and included three daily smokers. Exclusion criteria in both
groups: age< 50 yrs., systemic diseases, use of any kind of
medication including usage of antibiotics within the last
three months.

Microbial samples, subgingival dental plaque (n=22), tongue
scrapings (n=22) and stimulated saliva (n=22), were collected
between 8:00 AM and 11:00 AM, according to standardized
protocols as previously described (Belstrøm et al., 2021).
Subgingival plaque and tongue coatings were suspended in 2
mL Sodium Chloride (9mg/mL). Immediately, after collection
each sample was divided in two aliquots of 1 mL each, one each
for metagenomics and metatranscriptomics analysis. RNAlater
(Life Technologies, Denmark) was added to the aliquot allocated
for metatranscriptomics and all aliquots were immediately stored
at -80°C until further processing.

Metagenomic and Metatranscriptomic
Library Preparation and Sequencing
Raw data were downloaded from NCBI SRA PRJNA678453. The
laboratory procedures used for DNA and RNA extraction and
sequencing have been described in detail (Belstrøm et al., 2021).

Read Preprocessing, Taxonomic, and
Functional Profiling
Raw sequencing reads pre-processing was performed as
described previously (Belstrøm et al., 2021). Briefly, non-
biological sequences, low quality RNA reads identified as
ribosomal RNA as well as DNA and RNA reads mapping to
the human genomes were discarded from the dataset.

Taxonomic composition of metagenomic reads was
determined using MetaPhlan (Beghini et al., 2021) (version
3.0.1, 25 Jun 2020), –min_ab 0.000001 using the latest
available database i.e., mpa_v30_CHOCOPhlAn_201901).
MetaPhlan relies on read mapping against a built-in collection
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of clade-specific marker genes database, which allows an
unambiguous estimation of species relative abundance across
samples with a low species resolution false positives rate as
compared to read classifiers.

Sample-specific taxonomic profiles generated using MetaPhlAn
on metagenomes were used to filter the HUMAnN (Franzosa et al.,
2018) built-in pangenomes database to the organism present in the
sample. Metagenomic and metatranscriptomic reads were then
mapped using Bowtie2 to sample-specific pangenomes.
Metagenomic and metatranscriptomic reads failing to align to
the pangenome databases were then blasted against UniRef90
using DIAMOND (Buchfink et al., 2015). Hits were counted per
gene family and normalized for length and alignment quality. Gene
family abundances were then combined into structured pathways
using MetaCyc (Caspi et al., 2014) and sum-normalized to relative
abundances. Functional gene family tables were regrouped to
KEGG’s orthologs and Enzyme (Enzyme commission number,
i.e., EC numbers) with the provided humann2 UniRef90_to_KO
and UniRef90_to_EC numbers mapping files, respectively
(Franzosa et al., 2018).

Quantification of Species-Specific
Transcriptional Activity
We determined species transcriptional activity as described in
(Schirmer et al., 2018). Briefly, the pathway copies per million
(cpm) proportions is computed for each species in the
metagenomes (i.e., DNA samples) and metatranscriptomes
(i.e., RNA samples) within all the subjects. Only pathways
detected in both metagenomes and metatranscriptomes were
considered. Differences in overall species-level transcriptional
activity between sites and health status were tested using two-
sided nonparametric Kruskal-Wallis tests and the generated
p.values were FDR-corrected to adjust for multiple
comparisons. Significant differences between groups were
considered for p.values lower or equal to 0.05.
RESULTS

Site-Specific Distribution of Predominant
Streptococcus Species in Oral Health
Figure 1 displays relative abundance (DNA) of the 16
predominant Streptococcus species across all samples. As can
be seen, the proportion of taxa of predominant Streptococcus
species was significantly influenced by the oral site. Accordingly,
Streptococcus parasanguinis, Streptococcus salivarius and
Streptococcus infantis were the most abundant species
identified in tongue biofilm, but almost completely absent in
subgingival plaque. On the other hand, Streptococcus oralis,
Streptococcus sanguinis and Streptococcus gordonii were all
highly abundant in subgingival plaque, and only sporadically
present in tongue biofilm. All Streptococcus species identified
with high abundance in either tongue biofilm or subgingival
plaque were concomitantly abundant in saliva samples collected
from the same individual.
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Oral Site Associates With Overall Activity
of Predominant Streptococcus Species in
Oral Health
Bacterial activity, as evaluated by log2(RNA/DNA) of each
pathway expressed by the selected predominant Streptococcus
species, was compared between sites in orally healthy conditions.
Figure 2A shows the distribution of log2(RNA/DNA) pathway
level expression of S. parasanguinis, S. salivarius and S. infantis
in tongue biofilm versus saliva samples. As can be seen, S.
parasanguinis and S. infantis were significantly more
transcriptionally active in saliva than in corresponding tongue
biofilm. On the other hand, S. sanguinis, S. oralis and S. gordonii
appeared significantly less active in saliva than in subgingival
plaque samples collected from the same individual (Figure 2B).

Species-Specific Transcriptional Activity
of Specific Pathways Differentiates
Between Oral Sites in Health
Figures 3A–C show pathways of S. parasanguinis, S. infantis and
S. salivarius, which were identified with significantly different
Log2(RNA/DNA) expression in saliva versus tongue biofilm in
healthy individuals. A total of 11, 4 and 2 pathways expressed by
S. parasanguinis, S. infantis and S. salivarius, respectively, were
recorded with significantly higher activity in saliva than in
tongue biofilm. On the contrary, no pathways were identified
with significantly higher expression by S. parasanguinis, S.
infantis and S. salivarius found in tongue biofilm.

Significant transcriptional activity of pathways expressed by
S. sanguinis and S. oralis in subgingival plaque versus saliva is
visualized as Log2(RNA/DNA) in Figures 4A, B. As can be seen,
3 pathways expressed by S. oralis and one pathway expressed
by S. sanguinis were observed with significantly higher
transcriptional activity in subgingival plaque as compared to
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 422
saliva in healthy individuals. On the other hand, no pathways
were recorded with significantly higher transcriptional activity in
saliva. Finally, no pathways were expressed significantly
differently by S. gordonii in subgingival plaque versus saliva.

Periodontal Status Associates With Overall
Bacterial Activity of Predominant
Streptococcus Species
In general, higher transcriptional activity of Streptococcus species
was observed in samples from orally healthy individuals than in
patients with periodontitis. Accordingly, a significantly higher
transcriptional activity of S. salivarius, S. parasanguinis, S. oralis,
S. infantis and S. gordonii was noted in saliva from healthy
controls as compared to patients with periodontitis. Likewise,
significantly higher transcriptional activities of S. salivarius, S.
parasanguinis, and S. oralis was seen in tongue biofilm from
orally healthy individuals versus patients with periodontitis.
Finally, a significantly higher activity of S. oralis was observed
in subgingival plaque from healthy persons (Figure 5).

Species-Specific Transcriptional Activity
of Specific Pathways Differentiates
Periodontitis From Oral Health
Transcriptional activity of specific pathways in saliva by S.
parasanguinis and S. salivarius was significantly associated
with oral health status. Specifically, transcriptional activity of
18 pathways expressed by S. parasanguinis and 3 pathways
expressed by S. salivarius was significantly less transcribed in
saliva from patients with periodontitis versus healthy controls
(Figures 6A, B). In addition, three pathways expressed by S.
parasanguinis were identified with significantly less
transcriptional activity in tongue biofilm collected from
periodontitis patients (Figure 7). Finally, no specific pathways
FIGURE 1 | Site-specific distribution of predominant Streptococcus species. Relative abundance of the predominant Streptococcus species in 29 samples (saliva
n = 11, subgingival plaque n = 10, tongue biofilm n = 8) in healthy conditions. Color code denotes the percentage read abundance, where light colors indicates
increasing abundance and dark colors decreasing abundance.
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were identified with significantly different transcriptional activity
in subgingival plaque from periodontitis patients versus
healthy controls.
DISCUSSION

The purpose of the present study was to unravel if transcriptional
activity of predominant Streptococcus species associates with
ecological conditions determined by oral site and periodontitis.
The main finding was that transcriptional activity of specific
Streptococcus species differed significantly at various oral sites
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 523
and in healthy oral conditions versus periodontitis. To the best of
our knowledge, this is the first study to perform paired
metagenomics and metatranscriptomics to characterize and
compare transcriptional activity of predominant Streptococcus
species in clinical samples collected from multiple oral
compartments in healthy conditions and periodontitis.

The first important finding was that in health, the
predominant Streptococcus species expressed a site-specific
colonization pattern of the tongue and tooth surface.
Accordingly, S. parasanguinis, S. salivarius and S. infantis were
identified with high relative abundance in tongue biofilm, but
almost completely absent in subgingival biofilm in the same
A

B

FIGURE 2 | Overall transcriptional activity of predominant Streptococcus species in oral health. Transcriptional activity of predominant Streptococcus species, as
evaluated by log2(RNA/DNA) with each dot representing a specific pathway. (A) Saliva versus tongue biofilm. (B) Saliva versus subgingival plaque. Color coding: red:
saliva, blue: tongue biofilm, green: subgingival plaque.
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individual. In contrast, S. oralis, S. sanguinis and S. gordonii
expressed a complete opposite pattern with high abundance in
subgingival biofilm in combination with near absence in tongue
biofilm (Figure 1). Whole genome sequencing of most
Streptococcus species, including parasanguinis and salivarius
has been performed, and comparative genomics of genus
Streptococcus has revealed that the average Streptococcus
genome is comprised of approx. 1991 genes, out of which the
core genome that is shared by all strains is approx. 369 genes
(Gao et al., 2014). In addition, phylogenomic analyses of 138
Streptococcus genomes revealed branching of Streptococcus
strains in two distinct groups, with one population comprised
by Streptococcus pyogenes, bovis, mutans and salivarius, and the
other population composed of Streptococcus mitis, anginosus and
unknown groups (Gao et al., 2014). Interestingly, this branching
was confirmed in the present study by site-specific preferences of
S. salivarius versus S. mitis and mutans (Figure 1). Thus, the
antagonistic colonization patterns most likely represent a
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 624
combination of species-specific ecological preferences and
different virulence factors, which facilitate interaction with
surface adhesion molecules differing between the teeth and
the tongue.

Species-specific transcriptional activity was associated with
oral site in healthy conditions. In general, higher transcriptional
activities were observed in saliva versus tongue biofilm, whereas
higher activities were seen in subgingival plaque as compared to
saliva (Figures 2A, B). In addition, major differences were noted
in transcriptional activity of S. parasanguinis, S. infantis and S.
salivarius in saliva versus tongue, but the association of site-
specific ecological conditions and transcriptional activity in
health differed significantly between these Streptococcus species
(Figure 2A). Accordingly, 11, 4 and 2 pathways expressed by S.
parasanguinis, S. infantis and S. salivarius, respectively, were
identified with significantly higher transcriptional activity in
saliva versus tongue biofilm (Figures 3A–C). Besides being
identified with the most significant pathways, S. parasanguinis
A B

C

FIGURE 3 | Pathway expression of predominant Streptococcus species in saliva versus tongue biofilm. Pathways identified with significantly different log2(RNA/
DNA) in saliva versus tongue biofilm in oral health with each dot representing a specific sample. (A) Streptococcus parasanguinis, (B) Streptococcus infantis,
(C) Streptococcus salivarius. Boxplots display first and third quartiles, median. Whiskers display 1.5 * IQR. Color coding: red: saliva, blue: tongue biofilm.
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was also recorded with a characteristic activity pattern, with 10
out of 11 pathways identified being more active (log2(RNA/
DNA)>0) in saliva and less active (log2(RNA/DNA)<0) in
tongue biofilm (Figure 3A). Notably, most pathways identified
as transcriptionally active were involved in either synthesis of
peptidoglycan (UDP-N-acetylmuramoyl-pentapeptide
biosynthesis), amino acid biosynthesis, or carbohydrate
metabolism (glycolysis), which may be involved in supply of
energy and molecules for biosynthetic processes and bacterial
growth. Importantly, the main difference between saliva and
tongue biofilm is oxygen availability and biofilm maturity stage,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 725
with the tongue being characterized by a mature biofilm thriving
in anaerobic conditions (Segata et al., 2012).

Therefore, data which shows significantly higher
transcriptional activity of S. parasanguinis of relevant
metabolic pathways involved in bacterial growth and
carbohydrate degradation, in aerobic versus anaerobic
conditions, highlights the important role of the facultative
anaerobe S. parasanguinis in initial biofilm formation
performed in anaerobic environment. Indeed, this is in line
with the current view of S. parasanguinis as one of the primary
colonizers of the dental biofilm (Kolenbrander et al., 2000).
A

B

FIGURE 4 | Pathway expression of predominant Streptococcus species in saliva versus subgingival plaque. Pathways identified with significantly different log2(RNA/
DNA) in saliva versus subgingival plaque in oral health with each dot representing a specific sample. (A) Streptococcus oralis, (B) Streptococcus sanguinis. Boxplots
display first and third quartiles, median. Whiskers display 1.5 * IQR. Color coding: red: saliva, green: subgingival plaque.
September 2021 | Volume 11 | Article 752664

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Belstrøm et al. Transcriptional Activity of Oral Streptococci
In general, minor differences were observed in species-specific
transcriptional activity in saliva versus subgingival plaque in
healthy conditions. Accordingly, only 3 pathways expressed by S.
oralis and 1 pathways expressed by S. sanguinis were seen with
significantly higher activity in subgingival plaque than in saliva
(Figures 4A, B), whereas no significant pathways expressed by S.
gordonii were identified. Importantly, the ecological conditions
found in the subgingival environment in healthy conditions are
in general more comparable with saliva, with aerobic
surroundings on the tooth surface versus anaerobic conditions
at the tongue surface (Wake et al., 2016; Hall et al., 2017).
Likewise, as long as regular oral hygiene is maintained, the
maturity stage of the biofilm found in the subgingival
environment is immature as compared to that of the tongue
(Belstrøm et al., 2018). Therefore, the finding of more
comparable bacterial activity profiles in subgingival plaque and
saliva versus saliva and tongue demonstrates the resilience of the
permanent microbiota, in healthy conditions, to adapt to the
ecological surroundings (Rosier et al., 2018).

An important finding, however, was that the 2 out of 3
pathways identified with different expression by S. oralis in
subgingival plaque and saliva were involved in carbohydrate
metabolism (glycolysis and glycogen biosynthesis). Therefore,
data suggest that S. oralis is more efficient in carbohydrate
degradation and storage, when being part of a polymicrobial
biofilm, than in the planktonic environment offered by saliva.
Indeed, this finding is of particular interest, since S. oralis has
been reported to have an important role in homeostasis of oral
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 826
biofilms (Thurnheer and Belibasakis, 2018). The capacity to
synthesize intra- or extracellular polysaccharides or both, can
promote survival of the bacteria and enables acid generation
during starvation, in the absence of carbohydrate intake.
Importantly, excessive carbohydrate metabolism of
Streptococcus species, which leads to frequent critical decrease
in pH of the biofilm, is the central act in the development of
dental caries (Pitts et al., 2017). It is therefore interesting that we
have recently demonstrated that a coordinated perturbation of
short-term sugar stress induces a significant increase in relative
abundance of Streptococcus species in the oral cavity even though
regular oral hygiene is maintained (Lundtorp-Olsen et al., 2021).
Indeed, carbohydrate metabolism of Streptococcus species may
also be beneficial to maintenance of biofilm homeostasis, in
conditions with transient increase in pH caused by local
inflammation of the tooth supporting tissue – periodontitis
(Nyvad and Takahashi, 2020). Thus, these findings underline
the need of biofilm control through regular oral hygiene in
combination with limited carbohydrate availability to control
the doubled edged nature of carbohydrate metabolism
performed by the predominant Streptococcus species (Philip
et al., 2018).

Transcriptional activity in saliva was significantly associated
with periodontitis, where significantly lower activities of S.
parasanguinis, S. salivarius, S. infantis, S. gordonii and S. oralis
were recorded. Periodontitis was also moderately associated with
transcriptional activity of the tongue biofilm, as expressed by
significantly lower activity of S. parasanguinis, S. salivarius and
FIGURE 5 | Overall transcriptional activity of Streptococcus species in oral health versus periodontitis. Transcriptional activity of predominant Streptococcus species in
periodontitis versus oral health, as evaluated by log2(RNA/DNA), with each dot representing a specific pathway. Color coding: yellow: healthy control, grey: periodontitis.
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S. oralis. Finally, periodontitis was less associated with
transcriptional activity of subgingival plaque, with S. sanguinis
and S. oralis as the only species being significantly associated with
oral health status (Figure 5). The finding of a significantly lower
transcriptional activity of Streptococcus species in saliva is in
concert with a previous study, where we identified lower
bacterial activity of firmicutes in saliva from patients with
periodontitis, versus healthy controls (Belstrøm et al., 2017).
However, in that previous report we did not have the
sequencing depth to reach species-level characterization of
transcriptional activity. Thus, this study adds significantly to this
finding by identification of transcriptional activity of specific
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 927
members of genus Streptococcus as the part of the salivary
microbiota to associate with periodontal status. It is however
surprising that periodontitis was only minimally associated with
transcriptional activity of Streptococcus species in subgingival
plaque, when considering that this biofilm is the one found in
close proximity to the local inflammation of the periodontal
tissues (Kumar et al., 2021). Indeed, several studies have used
metagenomics to identify a pathogenic signature of the subgingival
microbiota in periodontitis (Wang et al., 2013; Shi et al., 2015). In
that respect, one explanation might be that the ecological
conditions, such as a decrease in oxygen availability and an
increase in pH, which periodontitis exerts locally are more
A

B

FIGURE 6 | Pathway expression of Streptococcus species in saliva in periodontitis versus oral health. Pathways identified with significantly different log2(RNA/DNA)
in saliva from patients with periodontitis versus oral health, with each dot representing a specific sample. (A) Streptococcus parasanguinis, (B) Streptococcus
salivarius. Boxplots display first and third quartiles, median. Whiskers display 1.5 * IQR. Color coding: yellow: healthy control, grey: periodontitis.
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associated with increased activity of proposed periodontal
pathogens (Duran-Pinedo et al., 2014), rather than a decrease in
activity of Streptococcus species.

Another important finding was that periodontitis was
differentially associated with transcriptional activity of
predominant Streptococcus species in saliva. Accordingly, 18
pathways expressed by S. parasanguinis and 3 pathways
expressed by S. salivarius were recorded with significantly less
activity in patients with periodontitis, whereas the activity of
specific pathways of the remaining predominant Streptococcus
species was not associated with periodontitis (Figures 6A, B).
Interestingly, transcriptional activity of both S. parasanguinis
and S. salivarius of the same 3 pathways involved in 5-
aminoimidazole ribonucleotide biosynthesis were associated
with periodontitis (Figures 6A, B). In addition, S.
parasanguinis was the only Streptococcus species identified in
tongue biofilm, with activity that was associated with
periodontitis (Figure 7). Notably, the majority of pathways
expressed by S. parasanguinis, which were recorded with less
activity in saliva from patients with periodontitis, were also
involved in peptidoglycan and amino acid biosynthesis, and
10 out of 11 pathways that were identified with higher
transcriptional activity in saliva versus tongue biofilm in
health, were also associated with periodontitis. In addition, a
significantly lower transcriptional activity of glycolysis expressed
by S. parasanguinis was noted in saliva from patients with
periodontitis versus healthy controls (Figure 6A).

Interestingly, data therefore suggest that transcriptional activity
of S. parasanguinis, in contrast to the remaining predominant
Streptococcus species characterized in the present study, is heavily
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1028
associated with ecological characteristics offered by both oral site
as and presence of chronic oral inflammation. Indeed, S.
parasanguinis in saliva from orally healthy individuals were
identified with significantly higher transcriptional activity of
pathways involved in peptidoglycan and amino acid biosynthesis
as well as glycolysis, than S. parasanguinis in concomitant tongue
samples. On the contrary, conditions of periodontitis was
associated with significantly less expression of the same
pathways by S. parasanguinis in saliva. When considering that S.
parasanguinis was highly abundant in both saliva and tongue
biofilm (Figure 1), changes in transcriptional activity of this
particular species would most likely affect the phenotypic profile
of the total biofilm community with potential to affect oral
homeostasis. Importantly, the two major oral diseases, i.e. dental
caries and periodontitis are multifactorial diseases, where
compositional changes of the oral microbiota play a critical role
in pathogenesis. However, the specific species involved in the two
diseases are critically different and possess almost antagonistic
virulence factors (Marsh and Zaura, 2017). It is therefore
noteworthy that S. parasanguinis is one of the only oral bacterial
species that has been reported to associate with both caries (Aas
et al., 2008), and has been given a role in periodontitis as accessory
pathogen to the periodontal pathogen Aggregatibacter
actinomycemcomitans (Fine et al., 2013). Thus, data from the
present study illuminates the versatility of S. parasanguinis to
thrive in areas with critically different ecological conditions, which
could be an explanation as to why, this particular Streptococcus
species associates with both dental caries and periodontitis.

The present study has several limitations, including the
relative low sample size. However, the sample size was
FIGURE 7 | Pathway expression of Streptococcus species in tongue biofilm in periodontitis versus oral health. Pathways identified with significantly different log2
(RNA/DNA) in tongue biofilm from patients with periodontitis versus oral health with each dot representing a specific sample. Streptococcus parasanguinis. Boxplots
display first and third quartiles, median. Whiskers display 1.5 * IQR. Color coding: yellow: healthy control, grey: periodontitis.
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comparable with other metagenomics studies on the oral
microbiota (Kumar et al., 2021). Studies with much larger
sample sizes have been performed on the oral microbiota using
more cost effective molecular methods such as microarray and
16S sequencing (Willis and Gabaldón, 2020), but these methods
do not provide any information on bacterial activity, which was
the purpose to address in the present study. Indeed, the
sequencing depth of the current dataset in combination with
concomitant sampling was sufficient to discriminate
transcriptional activity of selected Streptococcus species.
However, this was only possible as the selected species were
predominant and identified with relative abundance ≥ 2% in all
samples (Figure 1). Accordingly, a larger number of samples or
an increased sequencing depth would be needed, to obtain
species-level resolution of transcriptional activity of more
peripheral members of the oral microbiota, including proposed
periodontal pathogens such as Porphyromonas gingivalis, which
is usually identified with relative abundance ≤ 1% (Damgaard
et al., 2019). Also, current smokers were included in both the
healthy and the periodontitis group. However, a comparable
number of current smokers were present in the two groups
studied. Smoking has been demonstrated to associate with
characteristics of the subgingival microbiota in both healthy
individuals and patients with periodontitis (Bizzarro et al.,
2013; Mason et al., 2015), whereas the effect on the salivary
microbiota is probably minimal (Belstrøm et al., 2014).
Importantly, smoking has not been shown to associate with
relative abundance or activity of predominant Streptococcus
species, which is why smokers were not excluded in the
present study. The main strength of the present study was
concomitant sampling from multiple oral sites from both
healthy individuals and patients with periodontitis, which
facilitated the possibility to study the association of both site-
specific ecological conditions and oral inflammation with
transcriptional activity of the predominant members of the
oral microbiota – the oral streptococci.

In conclusion, data from the present study clearly
demonstrates the association of site-specific ecological
conditions and presence of chronic oral inflammation with
transcriptional activity of the predominant Streptococcus
species of the oral microbiota. In particular, pathways
expressed by S. parasanguinis being involved in peptidoglycan
and amino acid biosynthesis and glycolysis were identified to be
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1129
significantly associated with oral site and inflammation status.
Further studies are needed to reveal if different activity patterns
of S. parasanguinis link this particular bacterial species with
dental caries and periodontitis.
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Saliva is a vital mediator in the oral cavity. The dysbiosis of free bacteria in saliva might be
related to the onset, development, prognosis, and recurrence of periodontal diseases, but
this potential relationship is still unclear. The objective of this study was to investigate the
potential roles of the free salivary microbiome in different periodontal statuses, their
reaction to nonsurgical periodontal therapy, and differences between diseased individuals
after treatment and healthy persons. We recruited 15 healthy individuals, 15 individuals
with gingivitis, and 15 individuals with stage I/II generalized periodontitis. A total of 90
unstimulated whole saliva samples were collected and sequenced using full-length
bacterial 16S rRNA gene sequencing. We found that as the severity of disease
increased, from healthy to gingivitis and periodontitis, the degree of dysbiosis also
increased. A higher abundance of Prevotella intermedia and Catonella morbi and a
lower abundance of Porphyromonas pasteri, Prevotella nanceiensis, and Haemophilus
parainfluenzae might be biomarkers of periodontitis, with an area under curve (AUC)
reaching 0.9733. When patients received supragingival scaling, there were more
pathogens related to recolonization in the saliva of periodontitis patients than in healthy
persons. Even after effective nonsurgical periodontal therapy, individuals with periodontitis
displayed a more dysbiotic and pathogenic microbial community in their saliva than
healthy individuals. Therefore, the gradual transition in the entire salivary microbial
community from healthy to diseased includes a gradual shift to dysbiosis. Free salivary
pathogens might play an important role in the recolonization of bacteria as well as the
prognosis and recurrence of periodontal diseases.

Keywords: salivary microbiome, gingivitis, generalized periodontitis (stage I/II), non-surgical therapy, dysbiosis,
full-length 16S rRNA gene sequencing
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INTRODUCTION

Periodontal diseases refer to various pathologies that occur in
periodontal tissues, among which gingivitis and generalized
periodontitis are the most common forms (Caton et al., 2018;
Chapple et al., 2018). Gingivitis is an early inflammatory
condition of the gums. If left untreated, it results in progressive
destruction of the periodontal supporting tissues and clinically
detectable attachment loss, establishing periodontitis (Newman
et al., 2015). Periodontitis is one of the leading causes of tooth
loss, endangering patients’ general and mental health and
imposing high economic costs (Petersen and Ogawa, 2012). It
has also been proven to be associated with various systemic
diseases, such as diabetes (Preshaw et al., 2012) and Alzheimer’s
disease (Dioguardi et al., 2020). If periodontitis is not well
controlled, periodontal inflammation negatively affects
glycemic control (Mauri-Obradors et al., 2018). According to
the results of the 4th National Oral Health Epidemiological
Survey of China, the percentage of subjects with healthy
periodontal conditions was less than 10% among 35- to 45-
year-old Chinese adults (Sun et al., 2018). The situation worsens
with aging. The global age-standardized prevalence of severe
periodontitis is static at 10-15% (Kassebaum et al., 2014). With
an increasing life expectancy, periodontitis has predictably
caused a growing burden worldwide. The severe impact and
universality of periodontal disease necessitate investigation of
early diagnosis and risk assessment.

The subgingival microbiota is considered to be the initiator of
periodontal disease (Socransky et al., 1998). Simultaneously, the
technique of using subgingival plaque or gingival crevicular fluid
as a sample to evaluate periodontal status is complex and not
convenient for extensive community-wide periodontal disease
screening. Therefore, the use of saliva as a diagnostic tool for oral
or systemic diseases has attracted attention because it is simple,
fast, and noninvasive to collect whole saliva (Yoshizawa et al.,
2013; Nunes et al., 2015). A previous study demonstrated the
possibility of using at-home self-collected saliva samples as an
adequate alternative for SARS-CoV-2 detection (Braz-Silva et al.,
2020). Certain bacteria in saliva might have the potential to
represent biomarkers of some systemic diseases, such as
gestational diabetes mellitus (Li et al., 2021).

Saliva is an important mediator in the oral cavity. Studies
have found a correlation between subgingival and salivary levels
of specific bacteria present in periodontal tissues in patients with
periodontitis (He et al., 2012; Haririan et al., 2014; Belstrøm
et al., 2017). Meanwhile, it was reported that bacteria from the
untreated diseased sites of individuals with periodontitis
recolonized in the treated areas via saliva (Chen et al., 2018).
These results imply that bacteria can freely disseminate to any
oral site via saliva. Therefore, free periodontal disease-associated
taxa in saliva might play an important role in the development
and prognosis of periodontal diseases.

To date, many studies have focused on the salivary
periodontal disease-associated microbiota in healthy and
diseased individuals (Salminen et al., 2014; Salminen et al.,
2015; Belstrøm et al., 2016; Damgaard et al., 2019; Lundmark
et al., 2019) as well as the changes that occur before and after
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 233
nonsurgical periodontal therapy (Komaki et al., 2017; Belstrøm
et al., 2018; Chen et al., 2018). Most of these studies used
quantitative real-time polymerase chain reaction (qPCR) or
partial variable regions of the 16S rRNA gene for sequencing,
making it impossible to obtain accurate information at the
species level (Singer et al., 2016). Some bacteria of the same
genus were associated with both disease and health, suggesting
different pathogenic potentials of species within the same genus
(Chen et al., 2018). Thus, it is of great significance to deeply
sequence these organisms at the species level. In addition, the
selection of the 16S rRNA gene sequence regions might bias the
results (Cruaud et al., 2014; Tremblay et al., 2015). Based on
third-generation PacBio sequencing technology, studies have
shown that full-length bacterial 16S rRNA gene sequencing can
provide accurate information at the species level and detailed
identification of complex microbial communities with high
throughput (Singer et al., 2016; Wagner et al., 2016; Johnson
et al., 2019).

Therefore, we examined the salivary microbiota in
periodontally healthy individuals (n=15) and in individuals
with gingivitis (n=15) or generalized periodontitis (stage I/II)
(n=15) before and after nonsurgical periodontal therapy using
full-length bacterial 16S rRNA gene sequencing. We aimed to
reveal the potential roles of the free salivary microbiota in
different periodontal statuses and their reaction to treatment to
determine the onset, development, and prognosis of salivary
microbiome dysbiosis in persons with periodontal diseases.
These results may offer a foundation for developing effective
treatment strategies and helping in the assessment of prognosis.
MATERIALS AND METHODS

Ethics Approval and Informed Consent
This study was ethically approved by the Peking University
Biomedical Ethics Committee (issuing number: IRB00001052-
16072). All participants signed the informed consent
before enrollment.

Subjects and Design
A total of 90 unstimulated whole saliva samples were obtained
from 15 periodontally healthy adults (H), 15 adults diagnosed
with gingivitis (G), and 15 adults with generalized periodontitis
(stage I/II) (P), all of whom were recruited from the Peking
University School of Stomatology from March to September
2017. The flowchart of this study is shown in Figure 1. At
baseline (T0), participants were enrolled and classified after
reviewing their medical and dental history and oral clinical
examinations. Clinical examinations of all participants were
performed by one specialized dentist.

The inclusion criteria of the present study were as follows:
(1) older than 20 years, (2) at least 20 naturally remaining teeth
(excluding third molars), and (3) systemically healthy. The
exclusion criteria were: (1) received periodontal treatment in the
last 12 months, (2) used antibiotics or immunosuppressant
medication within 3 months, (3) were pregnant or lactating,
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(4) were current or former smokers, (5) were diagnosed with
systemic disease or disease/infection that may affect periodontal
health status (e.g., diabetes), (6) wearing orthodontic appliances,
(7) oral mucosal inflammation, or (8) severe untreated dental caries.

All participants were intergroup matched by sex and age as
much as possible before the study commenced. All participants were
sampled at baseline, and then groups G and P received ultrasonic
supragingival scaling treatment. One week later (T1), groups G and
P were sampled again, and then group P received subgingival
scaling and root planning therapy using hand instruments
(Gracey curettes 5/6, 7/8, 11/12, 13/14). Eight weeks after the
completion of subgingival scaling and root planning treatment
(T2), only group P was sampled for reevaluation. All participants
received a full-mouth dental examination each time after sampling.
During the intervals between sampling, there was no antibiotic
medication or use of other drugs possibly affecting the microbiota
composition, while no clinically significant condition emerged in
this period as well. All periodontal treatments were performed by
residents of the Department of Preventive Dentistry, Peking
University Hospital of Stomatology. The quality of treatment and
accuracy of clinical measurement were inspected by a clinical
instructor. The specific clinical periodontal parameters are
supplied in Appendix Tables 1, 2.

Clinical Examination and Classification
Clinical examinations of all participants were performed by one
specialized dentist using manual periodontal probes (PCPUNC 15;
HuFriedy Mfg. Co., Inc., Chicago, IL, USA). The full mouth plaque
scores of subjects were recorded. The clinical periodontal indices,
including probing depth (PD), bleeding on probing (BOP), and
bleeding index (BI), were measured at six sites per tooth (mesio-
buccal, mid-buccal, disto-buccal, mesio-lingual, mid-lingual, and
disto-lingual). PD was measured to the nearest scale.

Participants were classified into the group of generalized
periodontitis (Stage I/II) (the P group), gingivitis (the G group),
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and periodontally healthy control (the H group) based on their
periodontal status in accordance with the clinical criteria stated in
the consensus report of the World Workshop in Periodontitis
(Caton et al., 2018; Chapple et al., 2018). The generalized
periodontitis (Stage I/II) group (n=15) included individuals
with at least 30% of teeth with CAL ≥ 1 mm and PD ≥ 4 mm.
The G group (n=15) exhibited no CAL, no site with PD > 3 mm,
BOP > 20%, and no radiographic alveolar bone loss. The H group
(n=15) exhibited no sites with attachment loss, no sites with PD >
3 mm, BOP ≤ 20%, and no radiographic alveolar bone loss.

Saliva Sampling and Total Genomic
DNA Extraction
All participants were asked not to eat or use oral hygiene methods
for at least two hours until sampling. Before collection, each
participant was asked to rinse their oral cavity with water and
then rest for 10 min. Two milliliters of unstimulated whole saliva
were collected at 8:00 – 9:00 a.m. and then transferred to the
laboratory on ice as soon as possible and centrifuged at 10,000 × g
for 10 min at 4°C. The supernatant was removed, and the
precipitate was stored at -80°C before DNA extraction.

Microbial DNA extraction was performed using the QIAamp
DNA Mini Kit (Qiagen, Hilden, Germany), following the
manufacturer’s instructions. Concentration and purity testing
of the DNA was performed using a NanoDrop 8000
spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA). The integrity of bacterial genomic DNA was checked by
1.20% agarose gel electrophoresis, and a negative control with
only buffer was used. DNA samples were stored at -80°C until
further use.

PCR Amplification, Sequencing, and
Quality Filtering
PCR amplification of the nearly full-length bacterial 16S rRNA
genes was performed using the forward primer 27F (5’-AGAG
FIGURE 1 | The flow chart of this study showing the enrollment and classification of participants to subsequent microbiota analyses.
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TTTGATCMTGGCTCAG-3’) and the reverse primer 1492R (5’-
ACCTTGTTACGACTT-3’). PCR amplification was performed
under the following cycling conditions: initial denaturation
98°C 2 min, denaturation 98°C 15 s, annealing 55°C 30 s,
extension 72°C 30 s, final extension 72°C 5 min, and 10°C
hold for 25-30 cycles. Full-length 16S rRNA gene sequencing
was conducted using the PacBio Sequel platform (Shanghai
Personal Biotechnology Co., Ltd, Shanghai, China). Sequences
were quality filtered via Vsearch (v2.13.4_linux_x86_64) using
the fastq_filter command and selecting the fastq_maxee
parameter to discard sequences with more than the specified
number of expected errors (Rognes et al., 2016).

Data Processing and Statistical Analysis
Analysis of sequencing data was primarily performed using the
QIIME2 platform and R package (3.5.0). The data were further
analyzed as follows: (1) differences in age and sex were compared
using t-tests and c2 tests; (2) rarefaction curves, taxonomic
composition maps at the species level, and Venn diagrams
were constructed; (3) the Chao1 index, Shannon index, and
Simpson index were calculated among the baseline groups; (4)
principal coordinates analysis (PCoA) based on Bray-Curtis
distance was used to examine community differences at baseline;
(5) interindividual variation based on weighted UniFrac distance
was compared by Kruskal–Wallis test via GraphPad Prism 8
(GraphPad, San Diego, California, USA); (6) relative abundance
differences in bacterial taxa between groups H and P0 were
compared by Welch’s t-test using STAMP (v2.1.3) (Parks et al.,
2014). (7) receiver operating characteristic (ROC) analysis and
analysis of clinical parameters were conducted using SPSS version
23.0 (IBM, Armonk, NY, USA); (8) the random forest algorithm
was constructed to rank the importance of all operational
taxonomic units (OTUs) and show their abundance; (9)
MetagenomeSeq analyses were used to identify OTUs with
statistically significant differences between groups; and (10)
functional prediction of microbiota was conducted on PICRUSt 2
(Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States). Thepathway abundanceswere predicted based
onKEGGorthologs.P<0.05was considered statistically significant,
and all P-values were two-sided.

Data Availability
The raw sequencing data of this study are available in the NCBI
Sequence Read Archive under accession number PRJNA725813.
RESULTS

Characteristics of Study Subjects
The P group included 15 patients with generalized periodontitis
(stage I/II) (mean age 39.80 ± 11.08 years, male =6, female=9).
The G group included 15 patients with gingivitis (mean age 33.67 ±
11.20 years, male =5, female=10), and the H group included 15
periodontally healthy individuals as controls (mean age 33.80 ±
11.30 years, male =5, female=10). There were no significant
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differences in the mean age (P vs. H: P = 0.153; G vs. H: P =
0.974) or sex distribution (P = 0.908) among the selected groups.

The Composition and Diversity of
Salivary Microbiota
A total of 1,214,934 sequences were generated after quality
filtering, with an average of 13,499 (range from 7,449 to
17,582) sequences per sample. Most of the sequences were
1420-1490 bp in length. The species richness of the salivary
microbiota of each sample was estimated by rarefaction analysis
(Appendix Figure 1). The overall structure of the salivary
microbiota by species in different groups of saliva samples is
shown in Appendix Figure 2. The legend shows the top 50 taxa
in terms of mean relative abundance. The number of shared and
unique OTUs in each group is shown in Appendix Figure 3.

The a-diversity indices of the baseline groups, including the
Chao 1 index, Shannon index, and Simpson index, are displayed
in Figure 2A. We found that the Chao1 index in the H group was
the lowest, and it was the highest in the G0 group, which was
similar in the Shannon index. The Simpson index in the P0
group was the lowest, and it was the highest in the G0 group.
However, there were no significant differences among any of
these comparisons.

b-Diversity, shown by principal coordinates analysis (PCoA)
of Bray-Curtis distance, was analyzed to determine the salivary
microbial community structure at baseline (Figure 2B). The
closer the distance between samples shown in the diagram, the
more similar the microbial community structure was. The results
showed that the salivary microbial community structure was
similar among the three groups. At the same time, the intragroup
dispersion was more significant in the P0 group than in the other
two groups.

Then, we extracted the corresponding interindividual
weighted UniFrac distances of the three baseline groups
(Figure 2C). The interindividual distances in group H were
significantly lower than those in groups G0 and P0 (P=0.002,
P<0.001, respectively) by the Kruskal-Wallis test.
Marker Species Analysis Between
Groups H and P0
Taxa with a median relative abundance below 0.1% were
excluded. Then, the differential species between groups H and
P0 were further investigated to identify specific microbial
biomarkers that can be used to discriminate periodontitis. At
the species level, a group of five species, Prevotella intermedia,
Catonella morbi, Porphyromonas pasteri, Prevotella nanceiensis,
and Haemophilus parainfluenzae, showed statistically significant
differences in abundance between the H and P0 groups using
Welch’s t-test (P<0.001, P=0.010, P=0.019, P=0.020, and
P=0.021, respectively) (Figure 3A). P<0.05 was regarded as the
threshold for statistical significance (two-sided).

Next, we conducted receiver operating characteristic (ROC)
analysis to distinguish the H and P0 groups using the five species
detected by comparing the relative abundance of predominant
bacteria to construct classification models. Using Prevotella
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intermedia, Catonella morbi, Porphyromonas pasteri, Prevotella
nanceiensis, and Haemophilus parainfluenzae as bacterial
features, the model achieved optimal area under the curve
(AUC) values of 0.8711, 0.8267, 0.7556, 0.8089, and 0.8,
respectively (Figure 3B). When using the combination of the
five species, the AUC value was as high as 0.9733 (Figure 3C).

Group Classification Based on the
Random Forest (RF) Algorithm
A classifier based on the random forest algorithm was
constructed to rank the importance of all OTUs. The top 30
OTUs and their abundance information are shown in Figure 4.
There were no significant differences in the abundance of OTUs
between groups G and H. Box 1 and Box 2 were characterized by
high levels of periodontal disease-associated taxa, such as
Porphyromonas gingivalis, Streptococcus gordonii, Prevotella
nigrescens, Porphyromonas endodontalis, Filifactor alocis, and
Tannerella forsythia, corresponding to groups P0 and P1,
respectively (Socransky et al., 1998; Holt and Ebersole, 2005;
Bedran et al., 2012; Aruni et al., 2014; Zhang et al., 2017;
Edmisson et al., 2018). Interestingly, a higher abundance of
disease-associated taxa was observed in group P1 (Box 2) than
in group P0 (Box 1). This was similar in Box 5. Box 3 and Box 4
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were characterized by periodontal health-associated taxa and
other bacteria considered to have low pathogenicity, such as
Prevotella nanceiensis, Lautropia mirabilis, and Prevotella
melaninogenica (Colombo et al., 2012; Teles et al., 2012;
Aguilar-Durán et al., 2019; Ikeda et al., 2019; Beydoun et al.,
2020; Papapanou et al., 2020). The abundance of health-related
taxa was the highest in group H and the lowest in group P, and it
was relatively high in group P2 among the three P groups.

Differences at the OTU Level Before and
After Treatment
To determine differences in OTU levels before and after nonsurgical
periodontal treatment, we conducted MetagenomeSeq analyses.
There were no significantly different OTUs between groups P0 and
P1, while the abundance of OTU_8637, which was annotated as
unclassified_Streptococcus, was significantly increased in group P2
compared to P0 (Figure 5A). The quantities of OTU_114 and
OTU_8431, annotated as Tannerella forsythia and unclassified_
Granulicatella, respectively, were decreased in group P2 compared
to P1 (Figure 5B).

Compared to group H, many different OTUs were increased
in the P1 and P2 groups, most of which were periodontal disease-
associated taxa. Interestingly, there were more types of
A B

C

FIGURE 2 | Comparisons of alpha diversity and beta diversity among the three baseline groups, H, G0, and P0. (A) Microbial richness presented by Chao1 and
microbial diversity presented by Shannon and Simpson indices. (B) PCoA based on Bray-Curtis distance exhibiting the variation of community structure in the three
groups. (C) Intragroup dispersion presented by the corresponding interindividual weighted UniFrac distances for each group. **P < 0.01, ***P < 0.001 by Kruskal-
Wallis test. Each color represents one group: green for H, yellow for G0, and red for P0.
September 2021 | Volume 11 | Article 711282

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Diao et al. Salivary Microbiome in Periodontal Diseases
significantly different taxa between groups P1 and H, including
Prevotella intermedia, Filifactor alocis, Tannerella forsythia,
Prevotella melaninogenica, Prevotella nigrescens, Prevotella
veroralis, Campylobacter rectus, Streptococcus gordonii,
Lachnospiraceae [G-8] bacterium_HMT_500, Treponema
sp._HMT_951, and unclassified_Neisseria (Figure 5C). After
completing nonsurgical periodontal treatment, there were still
enriched taxa, including Prevotella intermedia, Lachnospiraceae_
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 637
[G-8] bacterium_HMT_500, and Prevotella veroralis, in group P2
versus group H (Figure 5D).

Bacterial Functional Analysis
and Comparison
Predictive function by PICRUSt2 based on the KEGG database
showed that there were no statistically significant differences
among any of the groups (Appendix Figure 4).
FIGURE 4 | Random forest classification model for different periodontal statuses based on free salivary bacteria. The top 30 OTUs with the highest importance for
classification are ranked on the left (see Appendix Table 3 for the complete list of taxa), and the score of importance is shown on the right. Different colors on the
top identify the six sample groups. The heat map shows the abundance distribution of these taxa in each sample. Boxes 1, 2, and 5 were characterized by high
levels of disease-associated taxa. Boxes 3 and 4 were characterized by health-associated taxa and other bacteria considered to have low pathogenicity.
A

B C

FIGURE 3 | Differential species and ROC analysis. (A) Comparison of the relative abundance of bacteria by species between the H and P0 groups at baseline.
P < 0.05 by Welch’s t-test. (B) Receiver operating characteristic (ROC) analysis of distinguishing group H from group P0 using detected species assessed by the
area under the curve (AUC). (C) ROC curve for the logistic regression model of combined diagnosis by the five detected species.
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DISCUSSION

Gingivitis and generalized periodontitis are chronic infectious
diseases derived from the dysbiosis of the subgingival
microbiome (Hajishengallis and Lamont, 2012). Host
inflammatory reactions play a vital role in their onset and
development (Bartold and Dyke, 2013; Lamont et al., 2018).
When the subgingival local bacterial community changes, the
entire oral ecology is affected, and the free pathogens in saliva
may reflect the degree of dysbiosis in the oral niche (Haririan
et al., 2014; Belstrøm et al., 2016; Belstrøm et al., 2018; Chen
et al., 2018; Damgaard et al., 2019; Lundmark et al., 2019).
Therefore, saliva shows its importance here and offers a simple,
noninvasive alternative to assist in the early diagnosis and risk
assessment of periodontal diseases. This study demonstrated the
free bacterial composition and potential roles in saliva in
different periodontal statuses and their reaction to treatment
using third-generation PacBio full-length 16S rRNA gene
sequencing. Therefore, we gained more detailed and
comprehensive information about microbial composition at
the species level (Singer et al., 2016).

The cross-sectional comparison of a-diversity indices
exhibited no statistically significant differences in baseline
groups (Figure 2A). The PCoA based on Bray-Curtis distances
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(Figure 2B) indicates that the closer the distance between
samples shown in the diagram, the more similar the microbial
community structure was. Both results demonstrated that the
salivary microbial community structure was similar among the
three baseline groups. This is consistent with previous studies
showing that the salivary microbiome primarily consists of
bacteria shed from the surface of the mouth, especially from
the tongue and throat (Segata et al., 2012; Krishnan et al., 2016).
As the severity of disease increased, the interindividual distances
based on weighted UniFrac distances became increasingly farther
from healthy to gingivitis and periodontitis (Figure 2C). This
might indicate that periodontal diseases are not driven by the
same specific bacteria in different cases. There were varied
compositions of pathogens in different individuals owing to
their diverse susceptibility to bacteria. Then, the increase in the
degree of dysbiosis led to a diseased status. The microbial
community structure became increasingly dissimilar in
individuals with periodontal diseases.

In the comparison between groups H and P0, we identified
five bacterial species that showed a statistically significant
difference in abundance (Figure 3A). According to their
relative abundance, we assumed that a higher abundance of
Prevotella intermedia and Catonella morbi and a lower
abundance of Porphyromonas pasteri, Prevotella nanceiensis,
A B

DC

FIGURE 5 | MetagenomeSeq analyses of significantly different taxa (occurrence frequency of OTUs in the upregulated group was greater than 0.3) between different
groups. The differential taxa are annotated at the genus level at the bottom and at the species level at the top. (A) Upregulated OTUs in group P2 compared to P0.
(B) Downregulated OTUs in group P2 compared to P1. (C) Upregulated OTUs in group P1 compared to H. (D) Upregulated OTUs in group P2 compared to H.
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and Haemophilus parainfluenzae might be characteristics of
generalized periodontitis (stage I/II) compared to healthy
conditions. A combination of these five bacteria at the species
level might serve as a biomarker of generalized periodontitis
(stage I/II) and help with rapid diagnosis, with an AUC reaching
0.9733 (Figure 3C). However, before application on a larger
scale, this classifier requires validation in a larger population of
different regions and races.

The results of the random forest algorithm (Figure 4) and the
MetagenomeSeq analyses (Figure 5) offered us some information
about the bacterial composition at the OTU level. Changes in free
bacteria in the saliva after nonsurgical periodontal therapy were
not as apparent as in subgingival plaques or gingival crevicular
fluids in previous studies (Komaki et al., 2017; Belstrøm et al.,
2018). There was no difference in OTUs between healthy
individuals and persons with gingivitis at either T0 or T1.
However, for patients with generalized periodontitis (stage I/II),
the general tendencies were consistent with previous studies
(Komaki et al., 2017; Belstrøm et al., 2018), including the
increased abundance of health-associated taxa such as the
Streptococcus genus and the decreased quantity of disease-
associated taxa such as Tannerella forsythia.

Some of the different taxa between groups H and P1 were also
found in other studies. One study found that Campylobacter
rectus and Prevotella nigrescens in supragingival plaque and
Prevotella nigrescens in subgingival plaque displayed increased
proportions 4-7 days after professional cleaning (Teles et al.,
2012). This result indicates that these taxa might be related to the
recolonization of periodontal pathogens and the reestablishment
of plaque biofilms. In addition, Streptococcus gordonii
synergistically acts with Porphyromonas gingivalis to initiate
biofilms on the tooth and provide binding sites for subsequent
colonizing bacteria to attach and generate mature biofilms (Daep
et al., 2011; Wright et al., 2013; Lamont and Hajishengallis, 2015;
Kuboniwa et al., 2017). These results indicate that the enriched
pathogens in the saliva of group P1 might be related to the
reestablishment of plaque biofilms. Periodontitis patients who
had undergone ultrasonic supragingival scaling a week prior and
left their subgingival plaque unremoved experienced
recolonization of periodontal pathogens.

Eight weeks after the end of nonsurgical periodontal
treatment, periodontitis subjects’ clinical parameters improved
significantly (Appendix Table 1). However, there were still
enriched taxa in group P2 versus group H, including Prevotella
intermedia, Lachnospiraceae_[G-8] bacterium_HMT_500, and
Prevotella veroralis. Prevotella intermedia is a member of the
“orange complex” (Socransky et al., 1998). The “orange
complex” consisted of a tightly related core group including
members of the Fusohaderium nucleatum/periodoniicum
subspecies, Prevotella intermedia, Prevotella nigrescens, and
Peptostreptucoccus micros. Species associated with this group
included: Eubacterium nodatum, Campylobacter rectus,
Campylobacter showae, Streptococcus consteltatus, and
Campylobacter graellis. The species in this group were closely
associated with one another, and this complex appeared closely
related to the “red complex” and periodontal pocket depth
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 839
(Socransky et al., 1998). Prevotella veroralis is usually found in
adult patients with periodontitis (Rawlinson et al., 1993).
According to these results, we found that it was impossible to
change the free salivary bacteria in individuals with periodontitis
into a totally healthy status if they simply underwent complete
nonsurgical periodontal treatment one time. A previous study
suggested similar results. The authors found that persons with
well-maintained periodontitis exhibited a more dysbiotic
subgingival microbial community than healthy persons
(Lu et al., 2020). These results could help explain why chronic
periodontitis is a rather stubborn disease which is easy to recur.
Higher levels of pathogenic bacteria in the saliva might be one of
the reasons for its recurrence.

In the functional analysis, we found no statistically significant
difference among any of the groups (Appendix Figure 4). This
might indicate that saliva is not a suitable medium for
investigating functional changes in periodontal pathogenic
bacteria. A limitation of the present study is that we did not
sample subgingival plaques, which might be a better medium for
metabolic analysis. We were also unable to investigate the
relationship between subgingival plaque and free salivary
bacteria. In addition, the periodontitis patients we included
presented relatively mild clinical parameters. This might be a
vital factor affecting functional analysis and other aspects of our
research. Another limitation of our study is the limited sample
size. The potential roles of the free salivary microbiome in
periodontal diseases should be confirmed in a larger
population with various periodontitis levels from mild to severe.

From a healthy state to periodontitis, there was a gradual shift
to dysbiosis, along with gingivitis (Figure 6A). This gradual
transition in the entire microbial community from health to
disease may be affected by several factors (Figure 6B). Under
healthy conditions, the composition and metabolism of the
microbial community may fluctuate within a small range,
indicating a dynamic balance. Once the local microenvironment
changes, the abundance of bacteria and the specific microbial
composition of plaques may vary significantly (Appendix
Figures 2, 3). In addition, the metabolism of plaques may also
be influenced, resulting in more pathogenic products. All of these
transitions may accelerate the increase in the degree of dysbiosis,
and the clinical status would eventually change from healthy to
diseased. Once the individuals experience periodontitis, the free
salivary bacterial community remains more dysbiotic and
pathogenic than that in healthy individuals, even though they
were administered nonsurgical periodontal treatment
(Figure 6A). Most of the current therapeutic interventions aim
to remove local plaque and its products to improve the local
microenvironment to a healthy state. Few treatment strategies
have taken pathogenic bacteria in the saliva into account. A
longitudinal design is needed to explore the specific role of free
salivary bacteria in the relapse in patients with periodontitis after
nonsurgical periodontal treatment.

The results of our study help us better understand the
ecological plaque hypothesis and provide inspiration for
treatment strategies. First, the gradual transition in the entire
salivary microbial community from healthy to diseased involved
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a gradual shift to dysbiosis. Timely and effective intervention in
gingivitis is necessary to prevent the further development of
dysbiosis. Second, free salivary pathogens might play an
important role in the recolonization of bacteria and the
prognosis and recurrence of periodontal diseases. Periodic
periodontal maintenance seems essential to reduce the
abundance of free pathogens in the saliva.
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FIGURE 6 | Diagrams of the ecological plaque hypothesis in periodontal disease. (A) Chart showing changing trends in the degree of dysbiosis from healthy to
diseased and after nonsurgical treatment of periodontitis. (B) Chart showing changing trends in the degree of dysbiosis resulting from the combined action of three
factors: the amount of bacteria, the species composition, and their metabolic function. The length of the arrows represents their respective influence. The angle
between any two of the arrows represents an interaction between the factors, while the interaction is not yet well characterized.
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Inflammation is a driven force in modulating microbial communities, but little is known

about the interplay between colonizing microorganisms and the immune response in

periodontitis. Since local and systemic inflammation may play a whole role in disease,

we aimed to evaluate the oral and fecal microbiome of patients with periodontitis and to

correlate the oral microbiome data with levels of inflammatory mediator in saliva.

Methods: Nine patients with periodontitis (P) in Stage 3/Grade B and nine age-matched

non-affected controls (H) were evaluated. Microbial communities of oral biofilms (the

supra and subgingival from affected and non-affected sites) and feces were determined

by sequencing analysis of the 16SrRNA V3–V4 region. Salivary levels of 40 chemokines

and cytokines were correlated with oral microbiome data.

Results: Supragingival microbial communities of P differed from H (Pielou’s

evenness index, and Beta diversity, and weighted UniFrac), since relative

abundance (RA) of Defluviitaleaceae, Desulfobulbaceae, Mycoplasmataceae,

Peptostreococcales-Tissierellales, and Campylobacteraceae was higher in P, whereas

Muribaculaceae and Streptococcaceae were more abundant in H. Subgingival

non-affected sites of P did not differ from H, except for a lower abundance of

Gemellaceae. The microbiome of affected periodontitis sites (PD ≥ 4mm) clustered

apart from the subgingival sites of H. Oral pathobionts was more abundant in sub

and supragingival biofilms of P than H. Fecal samples of P were enriched with

Acidaminococcus, Clostridium, Lactobacillus, Bifidobacterium, Megasphaera, and

Romboutsia when compared to H. The salivary levels of interleukin 6 (IL-6) and

inflammatory chemokines were positively correlated with the RA of several recognized

and putative pathobionts, whereas the RA of beneficial species, such as Rothia aeria

and Haemophilus parainfluenzae was negatively correlated with the levels of Chemokine

C-C motif Ligand 2 (CCL2), which is considered protective. Dysbiosis in patients
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with periodontitis was not restricted to periodontal pockets but was also seen in

the supragingival and subgingival non-affected sites and feces. Subgingival dysbiosis

revealed microbial signatures characteristic of different immune profiles, suggesting a

role for candidate pathogens and beneficial organisms in the inflammatory process

of periodontitis.

Keywords: periodontitis, oral microbiome, fecal microbiome, 16SrRNA sequencing, dysbiosis

INTRODUCTION

The dysbiotic microbiota in periodontitis-affected subgingival
sites is characterized by an increased abundance of pathogens
and pathobionts whereas the abundance of genera considered as
beneficial to the host is decreased [1, 2]. Animal experimental
studies suggested that the periodontal pathogen, Porphyromonas
gingivalis might induce dysbiosis not only in the oral cavity, but
also in the gut, which affects the integrity of the gut epithelial
barrier, and consequently increases systemic inflammation [3,
4]. Furthermore, dysbiosis found not only in the oral cavity,
but also in the gut is a frequent finding in most of the
conditions associated with periodontitis, such as arthritis [5],
obesity [6, 7], diabetes [8], and inflammatory bowel disease
[9]. However, to date, most studies on the microbiome of
periodontitis have focused on the comparison between microbial
communities of subgingival biofilms from periodontal pockets
and those from healthy subjects [1, 2, 10] with few exceptions
[11, 12].

There is also evidence of altered gut microbiome in Grade
B periodontitis (previously known as chronic periodontitis)
[12], and Grade C periodontitis of the molar incisor pattern
(previously known as localized aggressive periodontitis) [13].
These observations led to the hypothesis that alterations in the
gutmicrobiome play a key role in periodontitis and its association
with inflammatory diseases [14–17].

When the balance between the host and the subgingival
microbiome is disrupted, pathogens and pathobionts trigger
host-defense mechanisms, leading to inflammation and bone
resorption [18]. Inflammation is a driven force to modify
the microbial community resulting in a continuous cycle of
dysbiosis, an immune response, and tissue breakdown [19,
20]. The environmental conditions of inflamed periodontal
pockets, such as low oxygen levels, enriched nutrition derived
from the breakdown of host proteins, and high gingival fluid
volume, together with synergistic microbial interactions, favor
inflammophilic, anaerobic, proteolytic, and fastidious organisms.
Gingival inflammation also influences the microbial composition
of supragingival plaque [21], and the microbial composition
of subgingival sites is profoundly affected by the supragingival
dental plaque [22].

Thus, unresolved exacerbated inflammation characteristic
of chronic periodontitis is associated with high levels of
inflammatorymediators in the gingival tissues [23, 24], crevicular
fluid [25], and saliva [26, 27]. However, little is known about
the contribution of the microbial community to the pattern of
the inflammatory mediator seen in subjects with periodontitis,

with few exceptions [28], as most data rely on the role of selected
pathogens [29].

Thus, we evaluated the microbiome of oral dental plaque and
feces of patients in Stage III, Grade B periodontitis (previously
known as chronic periodontitis) and compared these data with
those of age-matched periodontally healthy subjects. In addition,
we evaluated the salivary levels of inflammatory mediators and
correlated them with the oral microbiome.

METHODS

Study Design and Groups
This study was conducted according to the Declaration of
Helsinki of 1975 on experimentation involving human subjects
and approved by the Research Ethics Committee of the
Biomedical Sciences Institute of University of São Paulo (CAAE
42056614.3.0000.5467) and associated institutions. Subjects were
informed about the study objectives and signed an “Informed and
Free Consent Form.” Patients, aged between 35 and 55 years and
healthy age-matched, were selected at the School of Dentistry of
University of São Paulo (São Paulo, SP, Brazil), the Periodontal
Clinic of Guarulhos University (Guarulhos, SP, Brazil), and the
School of Dentistry of Nove de Julho University (São Paulo,
SP, Brazil).

Clinical Assessments
Clinical measurements were performed by calibrated
periodontists. The clinical parameters evaluated were bleeding
on probing (BoP) (no= zero/ yes= 1), probing depth (PD), and
clinical attachment level/loss (CAL), measured at six sites per
tooth in all teeth (excluding third molars), using a periodontal
probe (Hu-Friedy R©, Chicago, IL, USA).

Eligibility Criteria
Subjects (n = 9) with periodontitis Stage III and a moderate
rate of progression (Grade B) (P) [30, 31] comprised patients
aged between 35 and 55 years, with at least 20 teeth,more
than 30% of sites with CAL and PD >3mm, at least one site
with CAL ≥5mm and radiographic bone loss extending at least
to the middle third of the root, percentage of bone loss/age
ranging from 0.25 to 1.0. The control group (H) consisted of
periodontally healthy subjects (n = 9) without sites with PD and
CAL measurements >3mm, <20% of sites exhibiting BoP and
no extensive caries of lesions and at least 28 permanent teeth
[32]. Exclusion criteria included pregnancy, smoking, current or
previous periodontal treatment, presence of systemic diseases,
use of medications that could affect the periodontium or immune
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response, and use of systemic antibiotics and/or mouthwashes
containing antimicrobials in the previous 3 months. All subjects
diagnosed with periodontitis received the required periodontal
treatment after sample collection.

Microbiome Sample Collection
Biofilm samples of P subjects were collected as follows: the
supragingival biofilm was obtained from the buccal or the
lingual non-affected sites (PD = 0–3mm); the subgingival
samples of non-affected (PD = 0–3mm) and affected sites
(PD > 4mm) were obtained at the interproximal sites,
after the removal of the supragingival biofilm. Supragingival
and subgingival biofilm samples were collected from healthy
individuals from randomized sites. Samples collected using
Gracey mini-five curettes (Hu-Friedy R©, Chicago, IL, USA)
were obtained from four teeth at each location (the supra or
the subgingival) and condition (affected or non-affected sites)
from each individual and pooled according to the site and
location in Tris -EDTA buffer (TE) (10mM Tris-HCl, 0.1mM
ethylenediaminetetraacetic acid, pH7.6). Fecal samples were self-
collected using a sterilized recipient. Individuals were asked to
store the specimen at −20◦C and transported it in a styrofoam
box with recyclable ice. All samples were stored at −80◦C
until manipulation.

DNA Extraction and 16SrRNA Gene
Sequencing
Total genomic DNA of oral biofilms was extracted using Meta-
G-NomeTM DNA Isolation Kit (Epicentre Biotechnologies,
Madison, WI, USA) according to the protocol of the
manufacturer. Stool DNA was extracted using the QIAamp R©

DNA Stool Mini Kit (Qiagen, Hilden, Germany). DNA
quality and amount were determined using Qubit dsDNA
HS Assay Qubit Fluorimeter 2.0 (ThermoFisher Scientific,
Carlsbad, CA, USA).

The hypervariable V3–V4 region of 16SrRNA was amplified
using the primers, Bakt_341F CCTACGGGNGGCWGCAG and
Bakt_805R GACTACHVGGGTATCTAATCC [33]. Amplicons
were sequenced by Macrogen (Seoul, Republic of Korea) by
high-throughput sequencing using Illumina MiSeq 2 × 250
platforms (Illumina Inc., CA, USA). The sequence data are
available at https://www.ncbi.nlm.nih.gov/bioproject/735261.

Sequencing Data Processing and
Statistical Analyses
Sequencing data were analyzed using Quantitative Insights into
Microbial Ecology (QIIME2) 2020.6 [34]. The demultiplexed
sequences were merged and the sequences were trimmed in the
region flanked by sequencing primers, Bakt_341F and Bakt_805R
[35]. Sequencing reads were filtered for the length of 230 bp
and with a minimum overlap of 8 bp and analyzed using the
DADA2 software package [36]. Checking, filtering for chimera,
and clustering were performed using VSEARCH (https://github.
com/torognes/vsearch).

Alpha-diversity indices, such as Faith’s phylogenetic diversity
(community richness) and Pielou’s evenness (community
evenness) were calculated.

Beta-diversity group analysis was performed using aWeighted
UniFrac matrix [37], and divergence between the groups
was highlighted by Principal Coordinates Analysis (PCoA).
Differences between groups of samples of Periodontitis and
H were estimated by the analysis of similarity using UniFrac.
Taxonomy was assigned to each amplicon sequence variant
(ASV) based on Silva 138 database [38]. Oral ASVs were then
identified by using HOMD 15.1 database [39].

Oral and fecal core microbiomes were estimated with ASVs
present in at least 70% of the samples and the Venn diagram was
applied [40].

Saliva Collection and Cytokine and
Chemokine Analysis
Unstimulated whole saliva samples were obtained. The levels
of chemokines and cytokines in the saliva samples were
evaluated by a Bio-Plex ProTM Human Chemokine assay kit
(Bio-Rad, Hercules, CA, USA) following the instructions of the
manufacturer, as described in http://www.bio-rad.com/webroot/
web/pdf/lsr/literature/Bulletin_6499.pdf. Detailed information
on these procedures was previously described [27].

Statistical Analyses
Sample calculation for microbiome and inflammatory mediators
was based on data from a pilot study using four samples from
each group. The relative abundance (RA) at the phylum level
was taken as an endpoint, considering 0.37 ± 0.23 (mean ±

SD) for the P group and 0.49 ± 0.41 for the H group. The pro-
inflammatory/anti-inflammatory ratio was taken as the endpoint,
considering 1.45 ± 0.7 (P group) and 0.78 ± 0.2 (H group).
Considering a power of 80% and a significance level of 5%,
a minimum of nine individuals per group would be required.
Analysis was performed using the BioEstat R© software V5.3.

Wilcoxon-Mann-Whitney test was performed to detect the
differences in alpha, diversity, clinical parameters, and differences
in RA between groups, considering the statistical difference
when p < 0.05.

Weighted UniFrac similarity matrices were calculated to
compute the similarities between the groups, and the distances
were compared using Permutational Multivariate Analysis
of Variance (PERMANOVA) in Qiime2. After testing the
distribution by Shapiro-Wilk normality tests, a binomial test
was applied to analyze the inter-group differences. Correlation
between the RAs of the species in the subgingival samples
pooled according to the site condition, in order to evaluate the
differences between the affected and non-affected sites, cytokines,
and the salivary levels of chemokines was calculated using
Spearman’s rank coefficient, considering a significance level of p
< 0.05. For these analyses, R Studio 3.6 Software with packages
Rstatix, Survive, ggplot2 and dplyr, corrplot, andHmisc was used.

RESULTS

Clinical Characteristics
Eighteen subjects aged 35–55 years, who had never been
submitted to periodontal treatment, formed the studied
population. As expected, periodontal clinical parameters

Frontiers in Oral Health | www.frontiersin.org 3 October 2021 | Volume 2 | Article 72249545

https://www.ncbi.nlm.nih.gov/bioproject/735261
https://github.com/torognes/vsearch
https://github.com/torognes/vsearch
http://www.bio-rad.com/webroot/web/pdf/lsr/literature/Bulletin_6499.pdf
http://www.bio-rad.com/webroot/web/pdf/lsr/literature/Bulletin_6499.pdf
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/oral-health#articles


Kawamoto et al. Dysbiosis and Inflammatory-Mediators in Periodontitis

TABLE 1 | Clinical characteristics of the study population.

Condition Periodontitis (n = 9) Health (n = 9)

Age (years) 43.5 (±5.88) 40.62 (±3.37)

Gender (%) Male 77.77 66.66

Female 22.22 33.33

BoP (mm) 54.88 (±26.49)** 12.05 (±10.15)

CAL (mm) 4.44 (±0.79)*** 2.01 (±0.66)

PD (mm) 4.18 (±0.59)*** 2.02 (±0.66)

Statistical difference was considered when p < 0.05. For results with p < 0.01** and for

p < 0.001*** by Wilcoxon-Mann-Whitney test.

differed significantly between periodontitis and the health
group (Wilcoxon-Mann-Whitney test, p < 0.05), as shown in
Table 1.

Sequence Profile Analysis of the Oral and
Feces Microbiome
Sixty-one samples were evaluated, 45 pooled oral biofilms (nine
from the supragingival biofilm from each group, nine from the
subgingival non-affected sites, nine from the affected sites of P,
and nine from the subgingival sites of (H) and 16 fecal samples,
which demultiplexed the sequences and generated 7,108,527
paired-end reads. Two fecal samples (one from each group) were
lost due to a lack of collaboration from the subjects.

After filtering to the specific region of sequence primers,
Bakt_341F and Bakt_805R and removing the denoised reads,
2,340,642 paired-end reads were generated, with an average of
38,371.18 reads per sample (min 15,177 and maximum 64,435
reads). The average of reads per sample was 39,832.02 in oral
and 34,262.56 in fecal samples. Rarefaction analysis determined
that 14,000 reads were needed for sampling depth, according
to the number of observed ASVs and number of samples
(Supplementary Figure 1).

A total of 691 ASVs were detected, distributed among 17
phyla, 32 classes, 81 orders, 108 families, and 234 genera in fecal
and oral samples, and classified using the SILVA138 database.
With the HOMD15 database, 519 ASVs were distributed at
the phylum level (12), class (23), order (39), genus level (118),
and species (410). The remaining 172 ASVs were not classified
by HOMD15.

Dysbiosis in the Supragingival Microbiome
of Periodontitis
Alpha diversity indices of richness [Faith’s PD)] revealed no
differences in the supragingival microbial communities between
P and H (Figure 1A, Supplementary Table 1). However, the
supragingival microbiome of P showed a higher Pielou’s index
(evenness) than that of H (Figure 1B). (Wilcoxon-Mann-
Whitney test, p ≤ 0.05).

Beta diversity analysis revealed that the supragingival
microbiomes of periodontitis subjects clustered apart from those

of healthy subjects [Weighted UniFrac, PERMANOVA test, p ≤

0.05] (Figure 2A).
At the phylum level, Firmicutes were more abundant in

H, whereas Bacteroidota and Campilobacterota were more
abundant in P than H (Figure 3A).

The families Defluviitaleaceae, Desulfobulbaceae,
Mycoplasmataceae, Peptostreococcales-Tissierellales, and
Campylobacteraceae were more abundant in P, whereas
Muribaculaceae and Streptococcaceae were more abundant in H
(Supplementary Figure 2A). At the genus level, Porphyromonas,
Fusobacterium, Parvimonas, Campylobacter, Mycoplasma,
Desulfobulbus, Oribacterium, Veillonella, and Defluviitaleaceae
UCG-011 were more abundant in P than H, whereas
Streptococcus and Actinobacillus were more abundant in H
(Supplementary Figure 2B). The ASVs classified at the species
level, which differed in abundance between P and H, are shown
in Figure 3B.

Dysbiosis in the Subgingival Biofilm of
Periodontitis
Alpha (Figure 1, Supplementary Table 1) and Beta diversities
analysis did not reveal differences between the subgingival
microbial communities of non-affected sites of P and H
(Figure 2B). The RA of different bacterial groups at these sites did
not differ at the phylum and class levels. However, the subgingival
sites of H revealed a higher abundance of Gemellaceae than
the non-affected sites of P [median (interquartile range) =

0.02 (0.02–0.04) in H vs. 0.008 (0.005–0.01) in P]. The
genera Parvimonas, Atopobium, and Fusobacterium were more
abundant in the subgingival non-affected sites of P than
H, whereas Actinobacillus was more abundant in health
(Supplementary Figure 2C). There were also differences in the
RA between the groups at the species level (Figure 3C).

Alpha diversity indices of richness and evenness did not differ
when the microbiome of the affected sites of P was compared to
the subgingival sites of H (Figure 1, Supplementary Table 1).
However, Beta diversity analysis indicated that the subgingival
samples from the affected sites of P differed from the subgingival
samples of periodontally healthy subjects (H) (Weighted
UniFrac, p < 0.01, PERMANOVA test), as shown in Figure 2C.
The RA of bacterial groups of the affected sites of P and the
subgingival sites of H differed in all the taxonomic levels.
The phyla, Bacteroidota, Desulfobacterota, Fusobacteriota,
Spirochaetota, Synergistota, and Chloroflexi weremore abundant
in the affected sites of P, whereas Actinobacteriota and Firmicutes
were more abundant in H (Wilcoxon-Mann-Whitney test, p <

0.05) (Figure 3A). Differences in RA between the two groups
at the family level are described in Supplementary Figure 2D.
The genera, Atopobium, Porphyromonas, Prevotella, Tannerella,
Flexilinea, Desulfobulbus, Mycoplasma, Pseudoramibacter,
Oribacterium, Stomatobaculum, Mogibacterium, Filifactor,
Parvimonas, Fusobacterium, Streptococcus, Treponema, and
Fretibacterium were more abundant in the diseased sites
of P while Actinomyces, Rothia, Bergeyella, Abiotrophia,
Granulicatella, Gemella, Lautropia, Neisseria, Actinobacillus,
and Haemophilus were more abundant in H, as shown in
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FIGURE 1 | Alpha diversity analysis of microbiome of oral (supragingival, subgingival non-affected sites; subgingival affected sites) and fecal samples of periodontitis

(P) and health (H) subjects. In (A) richness (Faith’s PD) index and (B) evenness (Pielou) index analysis. Differences were considered significant when p ≤ 0.05 using

Wilcoxon-Mann Whitney test.

Supplementary Figure 2E. The RA of several species differed
between the subgingival affected sites of P and the subgingival
sites of H (Figure 3D).

Correlation Between Cytokines and
Chemokines in Saliva and the Oral
Microbiome
Data of the mean levels of cytokines and chemokines (pg/ml) are
described in Supplementary Table 2. Abundances of species at
the subgingival affected sites of P and subgingival sites of H were
correlated with the levels of salivary inflammatory mediators (as

shown in Figure 3D and detailed in Supplementary Table 2).
Furthermore, only the species detected in seven out of nine
patients of each group were evaluated (binomial test, p > 0.4).

Data on positive and negative correlations between RA of
AVS in the subgingival affected sites and the salivary levels of
inflammatory mediators of the Periodontitis group are shown
in Figure 4. Only correlations with Rho values >0.67 or <-0.67
were considered when p ≤ 0.05.

Other positive and negative correlations were seen in healthy
subjects when the RA of AVS of the subgingival sites differing
between H and P and the inflammatory levels of mediators were
evaluated (Supplementary Figure 4).
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FIGURE 2 | Principal coordinate analysis based on weighted UniFrac distance metric. Graphics represents beta diversity analysis between samples of P and H

groups: (A) supragingival sites; (B) subgingival non-affected sites; (C) subgingival affected sites of P and subgingival sites of H (D) feces of H and P. Red dots

correspond to samples of Periodontitis patients and blue dots to samples of health subjects. A significance level of 5% was applied by using PERMANOVA test.

Altered Gut Microbiome of Patients With
Periodontitis
Alpha (Figure 1, Supplementary Table 1) and beta diversities
indices revealed no differences between the fecal microbial
communities of H and P (Figure 2). There were no differences
in the abundance of different Phyla and Orders in the fecal
samples between P and H. Nevertheless, the classes, Bacteroidia
and Actinobacteria were more abundant in H than in P [Median
(interquartile range)]: [Bacteroidia 1.49 (1.41–1.68) in H and
1.17 (1.03–1.27) in P, p ≤ 0.05] [Actinobacteria 0.002 (0–0.004)
in H and 0.02 (0.012–0.03) in P, p ≤ 0.05]. Furthermore, the
fecal samples from P were enriched in several families and
the genera of Firmicutes when compared to H, as shown in
Figures 3E,F, respectively.

Oral and Fecal Core Microbiomes
Core microbiome analysis showed differences in the distribution
of several genera in feces (Figure 5A), and on the distribution of
several genus and species in the oral cavity when patients with

periodontitis and health individuals were compared (Figure 5B).
Abundances of oral and gut bacteria in both groups were
correlated (Supplementary Figure 5). Moreover, site-specificity
was accessed by comparing the oral and fecal microbiome
of P and H (Supplementary Figure 3). Streptococcus and
Prevotella were found both at the oral cavity and feces of H
and P (Supplementary Figures 3A,B), whereas Veillonella and
Haemophilus were common to both sites only in the P group
(Supplementary Figure 3A), andClostridiaUCG14was detected
at the oral cavity and feces of H (Supplementary Figure 3B).

DISCUSSION

Thus, we aimed to evaluate the microbial communities of non-
treated patients with periodontitis by accessing the microbiomes
of supra and subgingival sites, and feces and to correlate the oral
microbiome with levels of inflammatory mediators in saliva.

The studied population comprised periodontitis subjects who
were compared to age-matched periodontal healthy subjects,
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FIGURE 3 | Phylum distribution in samples of the oral sites and feces (A); (B–D): Fold changes (log2) relative abundance of species in periodontitis samples (positive

values) compared to control (negative values)—in: (B) supragingival biofilm (C) subgingival non- affected sites of periodontitis patients and health patients; (D)

subgingival affected sites of periodontitis patients compared to subgingival sites of H; (E) fold changes of Relative abundance of families in feces and (F) genera in

feces. Only species which the relative abundance differed between P and H (B–D) are shown (Wilcoxon-Mann Whitney test, p ≤ 0.05).

in consonance with other studies [2, 41, 42]. Only grade B
patients with periodontitis (moderate rate of progression) were
selected and age was limited at 55 years. These approaches
were relevant due to the increased inflammation with the aging
process, which may compromise the evaluation of inflammatory
mediators, and their influence on the resident microbial
communities [43].

Our data revealed that the microbiome of periodontal pockets
clustered apart from that of the gingival crevice of health subjects
(Figure 2C). The health-associated subgingival microbiome
was characterized by a higher abundance of Actinobacteriota
and Firmicutes, whereas periodontitis sites harbored a higher
abundance of Bacteroidota, Desulfobacterota, Fusobacteriota,
Spirochaeota, Synergistota, and Chloroflexi. Richness and

Frontiers in Oral Health | www.frontiersin.org 7 October 2021 | Volume 2 | Article 72249549

https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/oral-health#articles


Kawamoto et al. Dysbiosis and Inflammatory-Mediators in Periodontitis

FIGURE 4 | Spearman Rho correlation among RA values of subgingival bacteria and cytokines/chemokines levels in saliva of periodontitis subjects. Only species

more or less abundant in subgingival affected sites of periodontitis than in subgingival sites of the healthy patients were evaluated.
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FIGURE 5 | Venn diagram of core microbiome representing bacteria genera or specie present in at least 70% of subjects. In (A) genera in feces of periodontitis

patients (Feces_P) and periodontally healthy individuals (Feces_H); in (B) species in oral biofilm of periodontitis patients (Oral_P) and oral biofilm periodontally healthy

individuals (Oral_H). For (*) genera that were more abundant in feces of periodontitis patients in comparison of feces of H; ( ) genera more abundant in P when

subgingival affected sites of P group were compared to shallow sites of H; (◦) genera more abundant in H when subgingival affected sites of P group were compared

to subgingival sites of H; (+) genera more abundant in P when supragingival sites of P were compared to supragingival sites of H; ($) genera more abundant in H when

supragingival sites of P were compared to supragingival sites of H; (1) genera more abundant in P when subgingival shallow sites of P were compared to subgingival

shallow sites H; (α) species more abundant in supragingival sites of P than supragingival sites of H; (&) species more abundant in subgingival non-affected sites of P

than subgingival sites of H; (♦) species more abundant in subgingival affected sites of P group when were compared to subgingival sites H; (#) species more

abundant in subgingival sites of H when compared to subgingival affected sites of P group.

evenness (Pielou) diversity indices did not differ between
the samples of the periodontal pockets and the subgingival
sites of H, as previously reported [11, 44]. These data are
in contrast to studies that indicated a lower [45, 46], or a
higher diversity and richness [1, 2, 10] in disease than in
health, possibly due to differences in sampling methods and/or

disease severity. Previous studies described higher abundances
of the phyla, Spirochaeota, Synergistota, Bacteroidota, and
Fusobacteriota in disease [10, 44, 47], although this is still
not a consensus [1, 46]. Our data confirmed the association
of periodontitis with increased levels of pathobionts of the
genera, Atopobium, Porphyromonas, Prevotella, Tannerella,
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Flexilinea, Desulfobulbus, Mycoplasma, Pseudoramibacter,
Oribacterium, Stomatobaculum, Mogibacterium, Filifactor,
Parvimonas, Fusobacterium, Treponema, and Fretibacterium
and the decreased abundance of Actinomyces, Rothia, Bergeyella,
Abiotrophia, Granulicatella, Gemella, Lautropia, Neisseria,
Actinobacillus, and Haemophilus when compared to health. The
association of most of these genera with disease or periodontal
health has been previously shown [10, 11, 41, 45–50]. Although
most of the organisms which abundantly increased in health
were previously considered beneficial, the data on Gemella
morbillorum are conflicting [10, 12, 51, 52].

Not surprisingly, the microbial composition of the
supragingival biofilms also differed between periodontitis
and health groups, differing from data reported by Galimanas
et al. [11]. Supragingival plaque of diseased subjects was enriched
by recognized pathobionts of the genera, Porphyromonas,
Fusobacterium, Parvimonas, Mycoplasma, Desulfobulbus,
Oribacterium, and Campylobacter, but also by Veillonella,
which was not previously related to the disease and not yet
characterized by Defluviitaleaceae UCG-011. On the other
hand, the supragingival biofilm of health subjects exhibited
a higher abundance of Streptococcus and Actinobacillus than
the supragingival biofilm of P subjects. Several ASVs are more
abundant in the supragingival biofilm of periodontitis subjects,
such as Tannerella forsythia, Fusobacterium nucleatum subsp.
vincentii, Porphyromonas endodontalis, Campylobacter gracilis,
Eikenella corrodens, Leptotrichia hongkongensis, Desulfobulbus
HMT 041, and Treponema amylovorum were previously
associated with periodontal pockets [1, 10, 42, 47, 52–54].

Early studies using target microbial techniques indicated
that the supragingival biofilm can be a source of pathobionts
[55, 56], whose growth would possibly be supported by
inflammatory conditions in the nearby gingival tissues [57].
Thus, our data extend the repertoire of organisms considered
as biomarkers of supragingival plaque in periodontitis [11],
and include organisms, such as Veillonella, with no pathogenic
potential, but which may find the suitable conditions for growth
in the supragingival plaque of P [56]. Nevertheless, further
studies should demonstrate whether regular supragingival plaque
control and subgingival mechanical treatment can reestablish the
supragingival microbiome compatible with health.

The microbial compositions of non-affected subgingival sites
of P and healthy subjects were similar. Indeed, only the family,
Gemellaceae and the genus, Actinobacillus were more abundant
in the subgingival sites of H than in the non-affected sites of
P, whereas known pathobionts, such as Parvimonas, Atopobium,
and Fusobacterium were more abundant in the subgingival non-
affected sites of P. Thus, our data suggested that the subgingival
non-affected sites in patients with periodontitis, even those
without signs of inflammation (no BoP) could be a transitory
ecosystem to the disease, since deeper pockets of diseased subjects
act as reservoirs for the spread of infection to healthy sites, as
hypothesized in the early studies [58].

The association of Rothia, Haemophilus, Neisseria,
Streptococcus, Actinobacillus, Gemella, Abiotrophia, Lautropia,
and Granulicatella with health, as reported previously
[10, 41, 45, 48, 49], was reinforced by their decreased abundance,

not only in periodontal pockets but also in the supra and
subgingival healthy sites of the P group.

Oral dysbiosis in patients with periodontitis was followed by
an altered gut microbiome, despite the absence of other diseases
in this group. Our data are in accordance with a study that
reported no differences in diversity in the fecal microbiome
of periodontitis, gingivitis, and H subjects [12]. However, the
classes, Bacteroidia and Actinobacteria were more abundant in
the fecal samples of H than in P. On the other hand, the fecal
samples of P were enriched with several Firmicutes, including the
families Lactobacillaceae, Clostridiaceae, Peptostreptococcaceae,
and Veillonellaceae whereas the abundance of Oscillospiraceae
was increased in the fecal samples of health subjects.

Despite the association of Bifidobacterium and Lactobacillus
with health [59, 60], increased abundance of these genera
is associated with ulcerative colitis and Crohn’s disease [61].
Moreover, the increased abundance of Lactobacillus has been
reported in the fecal samples of subjects with rheumatoid arthritis
[17, 62, 63], type 2 diabetes in pregnancy [64], and low fiber
diet [65]. Other organisms more abundant in the fecal samples
of the Periodontitis group than in H, such as Megasphaera
was previously associated with the dysbiotic gut microbiome,
in pancreatic cancer [66] and Type 2 diabetes mellitus [67],
whereasAcidaminococcus sp. was associated with Type 2 diabetes
mellitus [68].

The reasons for dysbiosis at the oral and gut mucosae in
patients with periodontitis are still not clear. They may comprise
host susceptibility, such as seen in rheumatoid arthritis [17],
or maybe due to the translocation of oral organisms to the
gut, leading, under certain circumstances, to gut dysbiosis and
contributing to systemic inflammation [69, 70].

Oral and stool communities are especially diverse [71], as
shown by the distinct core microbiomes of the oral cavity and
feces, and correlation analysis did not lead to the detection of an
oral organism where the abundance was directly correlated with
the microbial shift in the gut. However, oral pathobionts may still
elicit an immune response in animal models, leading to other
diseases [72].

We have earlier shown that these patients with periodontitis
had higher salivary levels of interleukin 6 (IL-6) and IL-
1β, and elevated pro-inflammatory: anti-inflammatory ratio
compared to H [27]. The present analyses indicated that the
subgingival microbiome correlated with the salivary levels of
certain mediators in patients with periodontitis (Figure 4) and in
healthy subjects (Supplementary Figure 4), an observation that
should contribute to the understanding of the role of specific
members of the microbial community and the disease. We have
chosen to correlate the inflammatory mediator levels in saliva
with microbiome data of a pool of subgingival sites, as recently
performed [73] but differing from other studies [28, 74].

Our strategy was based on the fact that mediators in saliva
differing between periodontitis and healthy subjects should
be produced in the periodontal pockets, triggered by the
subgingival microbiome, but differences in the single sites were
minimized by evaluating a pool of sites with similar periodontal
conditions. Furthermore, the correlation analysis was performed
separately to the periodontitis groups and health groups, since
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several species and mediators were not detected in one of the
two groups.

In the context of infection, several chemokines are induced
to recruit innate immune cells aiming to kill pathogens, prevent
microbial dissemination, drive inflammation, and help repair
damage [75]. However, periodontitis is featured by a typical
inflammatory imbalance induced by the pathobionts, with
increased levels of pro-inflammatory mediators in a Th1 cell
response [76].

The integration of microbiome data of gingival bleeding
periodontitis with inflammatory mediator levels indicated that
the abundance of Parvimonas micra, Selenomonas sputigena,
F. nucleatum subsp. vincentii, Fretibacterium fastidiosum,
Tannerella forsythia, and Treponema maltophilum and
less studied organisms, such as Oribacterium HMT 078 (a
Firmicutes of the family Lachnospiraceae), and Anaerolineae
HMT 439 (a member of the Chloroflexi phylum) positively
correlated with the salivary levels of several cytokines and
chemokines in periodontitis subjects, although each organism
yielded a unique correlation profile. On the other hand,
the abundance of the recognized pathogen, P. gingivalis
did not correlate with the levels of any studied mediator.
These results should be expected since pathogens, such
as P. gingivalis and Treponema denticola stimulated low
levels or even inhibited the expression of inflammatory
cytokines and chemokines in in vitro models, and their
proteases degraded these factors, whereas F. nucleatum
subsp. vincentii and other species considered less pathogenic
induced high expression of inflammatory mediators by gingival
fibroblasts [77].

The saliva of the studied patients with periodontitis yielded
higher levels of IL-6 than that of health controls [27]. The
IL-6 is associated with chronic inflammation [78], and is
considered to be a biomarker for chronic periodontitis [26].
The integrated data showed that salivary levels of IL-6 positively
correlated with the RA of P. micra, Selenomonas sputigena,
F. nucleatum vincentii, Fretibacterium fastidiosum, Tannerella
forsythia, Treponema maltophilum, and Oribacterium HMT
078. These correlations are in accordance with in vitro data
which indicated that IL-6 is produced by different host cells
after challenge with whole bacteria or their components using
P. micra [79], F. nucleatum [80, 81], T. forsythia [82], or T.
maltophilum [83].

Tannerella forsythia and F. nucleatum subsp. vincentii present
a synergic relation with biofilm formation [84], and these
two species yielded a similar correlation pattern since their
abundance was positively correlated with the salivary levels of IL-
6 and IL-10, CCL27, and CXCL13. As mentioned, not only IL-6
levels but also CCL27 and CXCL13 high levels were previously
associated with periodontitis [27, 85].

The abundance of other organisms, such as Anaerolineae
HMT 439, Oribacterium HMT 078, P. micra, and S. sputigena
positively correlated with the levels of the cytokines, IL-2 and
IL-10; and chemokines, CCL7, CCL11, CXCL12, and CXCL16.
In the context of the pathogenesis of periodontitis, these
chemokines should contribute to the inflammatory process.

Indeed, high levels of CCL11, also named Eotaxin-1/C-C motif
chemokine 11 [86, 87], CXCL12, also referred to as stromal
cell-derived factor-1 (SDF-1) [88] and CCL7, also known as
monocyte chemotactic protein-3 (MCP-3) [89] were suggested as
biomarkers for periodontitis. The CXCL12 promotes chemotaxis
of T lymphocytes and monocytes, whereas CCL7 recruits
monocytes [90], and CXCL16 controls the attraction and
migration of activated T cells to the inflamed periodontal
tissues [91].

Tannerella forsythia, F. nucleatum, S. sputigena, P. micra, F.
fastidiosum, and T. maltophilum are recognized as candidate
pathogens in human periodontitis [92], indicating the potential
of the integrative approach to distinguish species within the
bacterial community involved in the disease process. Others,
such as Oribacterium HMT 078 and Anaerolineae HMT439
are still uncultivated, and little is known about their roles
in periodontitis.

Regarding organisms associated with health, the abundance of
R. aeria and H. parainfluenzae positively correlated with (MCP-
1) CCL2 levels, whereas the abundance of H. parainfluenzae
was negatively correlated with the levels of CCL13 and
CCL24, CXCL11 and CXCL13 (Figure 4). Chemokines whose
levels were negatively correlated with the abundance of H.
parainfluenza may also contribute to periodontal destruction.
The CCL24 induces M1 macrophage chemotaxis [93]. The
CCL13 (also called Monocyte Chemoattractant Protein 4-
MCP4) is involved in the inflammatory process of several
diseases [94] and its levels are increased in the gingival
crevicular fluid (GCF) of patients with periodontitis [95] whereas
CXCL11 is related with Th1 cell accumulation in inflamed
mucosa [96].

The correlation of CCL2 (MCP-1) salivary levels with the
abundance of beneficial oral bacteria corroborate with other
data indicating its protective role. Locally delivered CCL2
prevented alveolar bone loss in a periodontitis mice model
due to its ability to decrease macrophage M1:M2 ratio in the
gingival tissues, leading to the resolution of inflammation [97].
Furthermore, our group reported that salivary levels of CCL2
were diminished in aggressive periodontitis of the incisor-molar
phenotype [27]. However, other data reported that CCL2 levels
were increased in the serum of patients with periodontitis [86],
indicating that the role of CCL2 in periodontitis should still
be addressed.

These data suggest that R. aeria and H. parainfluenzae are
beneficial to the host. On the other hand, a longitudinal study
on periodontitis subjects submitted to periodontal treatment
reported that the abundance of Rothia showed negative
associations with Selenomonas, Fusobacterium, and Prevotella
[73]. Thus, it is possible that Rothia and/orH. parainfluenzae did
not directly trigger CCL2 production or inhibit the production
of inflammatory mediators but would meet suitable conditions
for growth under an environment where inflammation
is resolved.

Our data should be interpreted under certain limitations,
especially due to the low number of subjects in each group.
However, both groups were homogeneous with regard to
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age, differing from other studies where inflammation may
account as a confounding factor [98]. Furthermore, all
periodontitis subjects had moderate progressive disease
(Grade B), similar disease severity, and the number of
affected sites, indicating a similar contribution to salivary
mediator levels. Only the abundance of single species
was correlated with the levels of inflammatory mediators;
therefore, the synergic effect of the microbial community
could not be evaluated. Since the production of inflammatory
mediators is not the result of signaling by single organisms,
other correlations would be possible by combining
different organisms, such as those used in certain in vitro
models [99].

The present study pointed out that dysbiosis does not occur
only in periodontal pockets, but the dysbiotic community
of biofilms of supragingival and subgingival healthy sites
of patients with periodontitis may serve as a reservoir for
pathogens. Our data also indicated the dysbiosis of the gut
microbiome in periodontitis, similar to other inflammatory
diseases. Furthermore, microbial signatures were associated
with inflammatory mediators in saliva, evidencing the
potential of candidate pathogens [100] and other less-studied
organisms, as well the potential benefit promoted by R. aeria
and H. parainfluenzae.
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100. Deng Z-L, Szafrański SP, Jarek M, Bhuju S, Wagner-Döbler I. Dysbiosis

in chronic periodontitis: key microbial players and interactions with

the human host. Sci Rep. (2017) 7:3703. doi: 10.1038/s41598-017-

03804-8

Conflict of Interest: 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Kawamoto, Borges, Ribeiro, de Souza, Amado, Saraiva, Horliana,

Faveri and Mayer. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s)

and the copyright owner(s) are credited and that the original publication in

this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Oral Health | www.frontiersin.org 15 October 2021 | Volume 2 | Article 72249557

https://doi.org/10.1177/0022034516634619
https://doi.org/10.1189/jlb.1A0314-170R
https://doi.org/10.1007/s10787-013-0177-5
https://doi.org/10.1016/j.cyto.2012.12.022
https://doi.org/10.1016/j.cyto.2015.10.008
https://doi.org/10.1177/0022034518805984
https://doi.org/10.1016/j.mad.2006.11.016
https://doi.org/10.1016/j.anaerobe.2008.12.004
https://doi.org/10.1038/s41598-017-03804-8
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/oral-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/oral-health#articles


Frontiers in Cellular and Infection Microbiolo

Edited by:
Julien Santi-Rocca,

Science and Healthcare for Oral
Welfare, France

Reviewed by:
Robert P. Hirt,

Newcastle University, United Kingdom
Corrie M. Whisner,

Arizona State University, United States

*Correspondence:
Xin Xu

xin.xu@scu.edu.cn

Specialty section:
This article was submitted to

Microbiome in Health and Disease,
a section of the journal
Frontiers in Cellular and
Infection Microbiology

Received: 03 August 2021
Accepted: 26 October 2021

Published: 16 November 2021

Citation:
Jia X, Yang R, Li J, Zhao L, Zhou X and

Xu X (2021) Gut-Bone Axis: A Non-
Negligible Contributor to Periodontitis.
Front. Cell. Infect. Microbiol. 11:752708.

doi: 10.3389/fcimb.2021.752708

REVIEW
published: 16 November 2021

doi: 10.3389/fcimb.2021.752708
Gut-Bone Axis: A Non-Negligible
Contributor to Periodontitis
Xiaoyue Jia1,2, Ran Yang1,2, Jiyao Li1,3, Lei Zhao1,4, Xuedong Zhou1,3 and Xin Xu1,3*

1 State Key Laboratory of Oral Diseases, National Clinical Research Center for Oral Diseases, West China Hospital of
Stomatology, Sichuan University, Chengdu, China, 2 Department of Pediatric Dentistry, West China Hospital of Stomatology,
Sichuan University, Chengdu, China, 3 Department of Cariology and Endodontics, West China Hospital of Stomatology,
Sichuan University, Chengdu, China, 4 Department of Periodontology, West China Hospital of Stomatology, Sichuan
University, Chengdu, China

Periodontitis is a polymicrobial infectious disease characterized by alveolar bone loss.
Systemic diseases or local infections, such as diabetes, postmenopausal osteoporosis,
obesity, and inflammatory bowel disease, promote the development and progression of
periodontitis. Accumulating evidences have revealed the pivotal effects of gut microbiota
on bone health via gut-alveolar-bone axis. Gut pathogens or metabolites may translocate
to distant alveolar bone via circulation and regulate bone homeostasis. In addition, gut
pathogens can induce aberrant gut immune responses and subsequent homing of
immunocytes to distant organs, contributing to pathological bone loss. Gut microbial
translocation also enhances systemic inflammation and induces trained myelopoiesis in
the bone marrow, which potentially aggravates periodontitis. Furthermore, gut microbiota
possibly affects bone health via regulating the production of hormone or hormone-like
substances. In this review, we discussed the links between gut microbiota and
periodontitis, with a particular focus on the underlying mechanisms of gut-bone axis by
which systemic diseases or local infections contribute to the pathogenesis of periodontitis.

Keywords: gut microbiota, periodontitis, gut-bone axis, gut epithelial barrier, osteoimmunology, alveolar bone loss
INTRODUCTION

Periodontitis is an irreversible chronic inflammatory disease that typically manifests as the
destruction of tooth-supporting tissues, including gingiva, periodontal ligament, and alveolar
bone. In severe form, persistent pathologic alveolar bone loss in periodontitis may result in tooth
loss and subsequent damage of masticatory function, negatively affecting general health and quality
of life. National Health and Nutrition Examination Surveys (NHANES) from 2009 to 2012 reported
a high prevalence (up to 46%) of chronic periodontitis in US population aged 30 years and older,
among which 8.9% adults suffer from severe periodontitis (Eke et al., 2015). A heavier burden of
periodontitis was found in US adults aged 65 years old and above, with 64.1% for mild/moderate
periodontitis (Eke et al., 2016). Korea NHANES in 2014 revealed that 41.1% of survey population
aged from 40 to 79 years old suffered from periodontitis (Lee and Lee, 2019). Additionally, cross-
sectional studies in Norway presented that nearly 50% of population had periodontitis, with 9.1% in
severe form or 20.1% in periodontitis stage III/IV (Holde et al., 2017; Bongo et al., 2020). Higher
prevalence of severe periodontitis was also found in adult population of North Italy (Aimetti et al.,
2015). At present, periodontitis is one of the major public health concerns with a rapidly growing
prevalence in middle-aged and elderly population.
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Jia et al. Gut Microbiota-Periodontitis Axis
Periodontitis is a multifactorial pathological condition mainly
induced by oral microbiota. The interactions between host
immune responses and periodontal pathogens, such as
Porphyromonas gingivalis , Treponema denticola , and
Tannerella forsythia, contribute to the pathogenesis of
periodontitis (Frederick et al., 2011; Silva et al., 2015). In
addition, general health status affects periodontitis. Systemic
diseases or local infections of other tissues are critical
contributors to periodontal pathology (Genco and Borgnakke,
2013; Reynolds, 2014). As an established risk factor, diabetes
mellitus increases the prevalence and severity of periodontitis
(Lalla and Papapanou, 2011; Genco and Borgnakke, 2020).
Systemic review and meta-analysis showed increased clinical
attachment loss in women with postmenopausal osteoporosis
(PMO) or osteopenia (ON) compared to healthy women (Penoni
et al., 2017). Epidemiological studies showed an increased
prevalence of periodontitis and aggravated periodontal bone
loss in patients with inflammatory bowel diseases (IBDs),
including ulcerative colitis and Crohn’s disease (Papageorgiou
et al., 2017; She et al., 2020). Obesity and hyperlipidemia as well
as metabolic syndrome are also suggested as risk factors for
periodontitis, which increase the risk to gain periodontitis,
exacerbate periodontal bone destruction, and are potentially
linked with the poor response to non-surgical periodontal
therapy (Cavagni et al., 2013; Li et al., 2015; Cavagni et al.,
2016; Suvan et al., 2018; Virto et al., 2018). Systemic or intestinal
diseases increase the complexity of periodontitis etiology and
therapy; however, the underlying mechanisms remain unclear.
GUT MICROBIOTA AND BONE HEALTH

Gut microbiota is the collection of microorganisms residing in
the host luminal stream or adhering to the gut mucosa (Zaiss
et al., 2019). Regarded as a whole, trillions of gut microorganisms
interact with the host via releasing various signals, and affect host
development, physiology, and general health. Gut microbiota or
specific microbial metabolites not only locally influence host
inflammatory responses, nutrition intake, or gut barrier function,
but also link with host immune system, glucose homeostasis,
lipid metabolism, energy balance, non-alcoholic fatty liver
disease, adiposity and related comorbidity, and other metabolic
diseases (Kamada et al., 2013; Rosenbaum et al., 2015; Morrison
and Preston, 2016; Rooks and Garrett, 2016; Li et al., 2017; Fei
et al., 2020; Fan and Pedersen, 2021).

The Role of Gut Microbiota in
Bone Turnover
Gut-bone axis refers to the communications between gut
microbiota and skeletal system whereby gut microbiota affects
bone health. Accumulating evidences have revealed that gut
microbiota is a critical factor in bone turnover. The analyses
via Mendelian randomization approach or polygenetic risk
scoring suggest significant association between gut microbiota
and human bone mineral density (BMD) in different sites, such
as heel or pelvis, by utilizing gut microbiota statistic from
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genome-wide association study (GWAS) and BMD values
from UK biobank cohort (Cheng et al., 2020; Ni et al., 2021).
Gnotobiotic animal models directly prove gut microbiota as a
key regulator of bone turnover. Germ-free (GF) adult mice
exhibit increased both cortical and trabecular bone mass in
femur and improved trabecular morphology than
conventionally raised controls (Sjögren et al., 2012; Ohlsson
et al., 2017). Short-term gut microbial colonization promotes
bone turnover and reduces femoral bone mass in GF mice, while
adult mice with long-term gut microbial colonization gain
enhanced longitudinal and radial growth of femur (Yan et al.,
2016). Interestingly, gut microbial colonization induces varied
bone phenotypes in GF mice according to the donors of different
ages or nutritional status (Blanton et al., 2016), possibly resulting
from the variance of gut microbial composition. Emerging
evidences have indicated the impact of specific gut microbe
segmented filamentous bacteria (SFB) on bone growth and
maturation (Hathaway-Schrader et al., 2020; Tyagi et al.,
2021). Compared to GF mice, SFB-monoassociation caused
reduced bone loss and inferior trabecular morphology in the
tibia of mice (Hathaway-Schrader et al., 2020). Similarly, a
complex gut microbiota colonization within SFB also induced
an osteopenic tibial phenotype in mice compared to gut
microbiota colonization devoid of SFB (Hathaway-Schrader
et al., 2020). The negative effects of SFB on skeletal maturation
have been also proved via cohabitation, fecal material
transplantation, and maternal/offspring transmission models,
further indicating gut microbiota as a non-genomic hereditary
factor in shaping offspring bone phenotype (Tyagi et al., 2021).
In addition, the disruption of gut microbial homeostasis due to
antibiotic intervention alters bone mass and biomechanical
properties, further suggesting the regulation of gut microbiota
on physiological bone remodeling (Yan et al., 2016; Rios-Arce
et al., 2020).

The Role of Gut Microbiota in
Bone diseases
Osteoporosis/Osteopenia
Osteoporosis (OP) is a systemic skeletal disease characterized by
decreased bone mass and microarchitecture destruction, with
elevated risk of fracture (Glaser and Kaplan, 1997). PMO
induced by estrogen deficiency is the most common clinical
form, and OP can be also secondary to medication or other
systemic diseases, such as hypercortisolism and hyper-
parathyroidism (Glaser and Kaplan, 1997). Osteopenia (ON) is
an abnormal state with low bone density but not as severe as
osteoporosis (Karaguzel and Holick, 2010). Estrogen deficiency due
to gonadotropin-releasing hormone agonists induced no
significant bone loss in GF mice, suggesting gut microbiota as a
key determinant in PMO development (Li J.Y et al., 2016). PMO or
ON patients showed distinct alterations in gut microbial taxa and
metabolites compared to healthy individuals, including elevated
levels of phylum Gemmatimonadetes and Chloroflexi, as well as
genera Blautia, Parabacteroides, and Ruminococcaceae (Wang
et al., 2017; Das et al., 2019; He et al., 2020). In addition, the
genus Bacteroides and family Rikenellaceae were linked with high
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risk of fracture and low BMD in Japanese postmenopausal women
(Ozaki et al., 2021). Glucocorticoid (GC) caused bone loss along
with altered gut microbiota in mice, which can be prevented by
antibiotic or probiotic treatment (Schepper et al., 2020). The mice
that received fecal material from GC-treated subjects also showed
pathological bone loss, supporting the involvement of gut
microbiota in GC-induced osteoporosis (Schepper et al., 2020).
In addition, the gut taxa SFB-dependent gut-bone crosstalk is also
involved in the hyperparathyroidism-induced bone loss (Yu
et al., 2020).

Osteoarthritis
Osteoarthritis (OA) is themost commondegenerative joint disease.
The results in both Rotterdam Study and LifeLines-DEEP cohort
showed an association between higher abundance of gut
Streptococcus spp. and increased OA-related knee pain and joint
inflammation (Boer et al., 2019). Another pilot study also
demonstrated a distinct alteration in gut microbiota composition
in knee OA patients compared to healthy individuals (Ramasamy
et al., 2021). Additionally, animal models demonstrated the
involvement of gut microbiota in OA development as well as the
association between OA severity and certain gut genera, including
Fusobacterium, Faecalibacterium, and Ruminococcacea (Huang
et al., 2020).

The Involvement of Gut Microbiota
in Periodontitis
The studies by Uchida and Irie reported that commensal gut
microbiota-colonized mice showed increased alveolar bone loss
and compromised trabecular morphology compared with GFmice
(Irie et al., 2018; Uchida et al., 2018). Compared to the rats with
normal diet, obese-insulin-resistant rats fed with high-fat diet
presented with enhanced osteoclast-mediated bone resorption,
decreased jawbone mineral density, as well as impaired jawbone
microarchitecture, and the jawbone morphology could be
improved by the administration of probiotics, prebiotics, or
symbiotics supplements (Eaimworawuthikul et al., 2019;
Eaimworawuthikul et al., 2020) (Table 1).

Periodontitis is a complex inflammatory condition in
periodontium with multiple contributory factors. Although
periodontal microbiota drives the onset of periodontitis,
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systemic diseases or local infections of other tissues, such as
PMO, obesity, diabetes mellitus, and IBDs, can promote the
progression of periodontal destruction. Gut microbiota
potentially provides critical links between periodontitis and
general health. The mice treated by P. gingivalis gavage alone
or in combination with local ligation exhibited increased alveolar
bone loss than those with simply ligation-induced periodontitis,
and gut commensal microbe Akkermansia muciniphila or its pili-
like protein Amuc_1100 protected the mice gavaged with P.
gingivalis from alveolar bone loss in periodontitis (Palioto et al.,
2019; Mulhall et al., 2020). The protective role of A. muciniphila
on alveolar bone was also observed in obese murine model (Huck
et al., 2020). Obese mice showed elevated alveolar bone loss in P.
gingivalis–induced periodontitis than lean mice, and gut
commensal microbe A. muciniphila supplement by oral gavage
significantly reduced obese-related alveolar bone loss in
periodontitis (Huck et al., 2020). Our previous studies reported
that estrogen deficiency due to ovariectomy (OVX) led to
decreased abundance of gut butyrate-producing bacteria as
well as enhanced periodontal bone loss in periodontitis rats,
and that berberine or probiotics supplements enriched specific
gut butyrate-producing genera and prevented OVX-induced
alveolar bone resorption in periodontitis, further suggesting
that PMO can affect periodontitis via regulating gut microbiota
(Jia et al., 2019; Jia et al., 2021) (Table 1).
UNDERLYING MECHANISMS OF
GUT-ALVEOLAR BONE AXIS

Bidirectional regulations between gut and oral cavity account for
the complex pathologies and interaction of gut and oral diseases.
The translocation of oral pathogens to gut via alimentary canal
or hematogenous way contributes to gut physiology or pathology
(Kitamoto et al., 2020a) . The patients suffering from gut diseases,
including irritable bowel syndrome, IBD, and colorectal cancer,
showed an enrichment of oral pathobionts, such as the family
Enterobacteriaceae, Peptostreptococcaceae, Pasteurellaceae, and
Veillonellaceae, as well as the genus Klebsiella, Porphyromonas,
Fusobacterium, and Streptococcus (Geng et al., 2014; Gevers et al.,
2014; Pittayanon et al., 2019; Kitamoto et al., 2020a). The mice
TABLE 1 | The effects of gut microbiota on alveolar bone physiology and periodontitis.

Alveolar bone physiology/periodontitis Association between gut microbiota and bone

Alveolar bone physiology GF mice, alveolar bone mass↑, trabecular morphology↑ (vs SPF mice) Irie et al., 2018; Uchida et al., 2018
Alveolar bone physiology Probiotics/prebiotics/symbiotics gavage, obese-insulin resistance-

induced alveolar bone loss↓
Eaimworawuthikul et al., 2019, 2020

Periodontitis P. gingivalis gavage, periodontitis severity↑; Palioto et al., 2019; Mulhall et al., 2020
P. gingivalis gavage in combination with A. muciniphila and its pili-
like protein, periodontitis severity↓

Obesity-related periodontitis Obese mice, periodontitis severity↑; Huck et al., 2020
A. muciniphila gavage, obesity-related periodontitis↓

PMO-related periodontitis PMO rats, butyrate-producing bacteria↓, periodontitis severity↑; Jia et al., 2019, 2021
PMO rats with berberine or probiotics gavage, butyrate-producing
bacteria↑, periodontitis severity↓
Novemb
PMO, postmenopausal osteoporosis; GF, germ-free; SPF, special pathogen free.
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with periodontitis exhibited ectopic gut colonization of oral
pathobionts belonging to Enterobacteriaceae, which could
induce TH1 immune responses and directly aggravate the gut
inflammation in colitis (Atarashi et al., 2017; Kitamoto et al.,
2020b). Additionally, periodontitis indirectly exacerbates gut
inflammation via the gut homing of oral pathobiont-reactive
Th17 cells (Kitamoto et al., 2020b). The crosstalk between oral
microbiota and gut diseases in “oral-gut” axis explicitly indicates
the effect of oral inflammation on gut health. However, the
potential mechanisms whereby gut microbiota regulates oral
health in “gut-oral” axis remain uncertain. Mounting evidences
provide multiple mechanisms potentially involved in “gut-
alveolar bone” axis, supporting the role of gut microbiota in
periodontitis development.

Microbial Pathway
Ectopic gut colonization of oral pathogens mainly accounts for the
effects of oral inflammation on gut health. Similarly, gut pathobionts
and metabolites potentially translocate to distant organs in
hematogenous way and directly affect general health. The
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 461
translocation of gut microbes and metabolites across gut
epithelium includes transcellular and paracellular ways. Enterocyte
phagocytosis is responsible for transcellular translocation.
Paracellular pathway depends on the permeability of gut
epithelium, the barrier physically resisting exogenous pathogens
and selectively allowing the passage of nutrients. Tight junction (TJ)
underlies the paracellular pathway of gut epithelial barrier, which
consists of TJ protein complexes including claudin, occludin, and
zonula occludens (ZO) proteins. Multiple pathologies can impair
gut epithelial barrier function via modulating the production and
distribution of TJ proteins, eliciting the “leakage” of gut pathobionts
or metabolites into systemic circulation and microbial expansion to
distant organs (Figure 1).

Lipopolysaccharide
Lipopolysaccharides (LPS), the important component of
lipoproteins derived from Gram-negative gut microbes, is a
strong stimulatory endotoxin triggering inflammatory immune
responses and affecting general health. As a result of enrichment
of gut LPS-containing microbes and increased gut paracellular
FIGURE 1 | Potential mechanisms involved in “gut-alveolar bone” axis. Microbial pathway: due to impaired gut barrier, gut pathobionts or metabolites possibly
translocate to distant alveolar bone via hematogenous way, provoking local inflammatory responses and aggravating periodontitis. Immunological pathway: gut
pathogens can induce the expansion of gut pathogenic Th17 cells, which potentially migrate to alveolar bone and promote periodontitis development. Additionally,
elevated systemic inflammation burden due to microbial translocation enhances trained myelopoiesis in the bone marrow with increased generation of neutrophils
and monocyte lineage, which are recruited to periodontal tissue and exacerbate periodontitis. Endocrine pathway: gut microbiota can regulate the production of
human hormone or hormone-like chemicals (e.g., growth hormone, insulin-like growth factors, and gonadal steroids), which further influence bone homeostasis
and periodontitis.
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permeability, gut-derived LPS expansion in circulation, defined
as endotoxemia, or LPS translocation in distant tissues can
potentially induce low-grade inflammation and promote the
development of systemic disorders, such as Parkinson’s disease,
obesity, insulin resistance, diabetes, NAFLD, ST-elevation
myocardial infarction, and atherosclerosis (Cani et al., 2007;
Cani et al., 2008; Geng et al., 2016; Perez-Pardo et al., 2019;
Carnevale et al., 2020; Cho et al., 2021). In addition, GF mice
model further provided strong evidence for the causative role of
LPS in NAFLD development, as indicated by that only
simultaneous high-fat diet administration and endotoxin-
producing pathobiont mono-association induce NAFLD (Fei
et al., 2020). The administration of gut commensal microbes,
such as A. muciniphila and Roseburia intestinalis, and the
modulation of gut microbiota via certain natural substances
induced improved gut barrier function and attenuated LPS-
associated systemic inflammation, consequently improving
related systemic diseases (Cani et al., 2009; Jiang et al., 2016; Li
J. et al., 2016; Song et al., 2016; Kasahara et al., 2018; Bian et al.,
2020). In addition to paracellular pathway, LPS can translocate
gut barrier in transcellular way via the phagocytosis of enterocyte
mediated by toll-like receptor 4 (TLR4) (Neal et al., 2006). The
obese rats administrated by natural pectin exhibited both
increased TJ protein expression and reduced TLR4 expression
in the ileum, leading to attenuated systemic inflammation (Jiang
et al., 2016).

In gut-bone axis, leaky gut-induced LPS translocation and
systemic inflammation potentially link to bone pathologies.
Transplantation of fecal materials from metabolic syndrome
patients in GF mice enhanced gut permeability by
downregulating TJ proteins ZO-1 and occludin, causing
elevated plasma level of LPS and subsequently exacerbated OA
severity (Huang et al., 2020). Antibiotic treatment altered gut
microbiota and decreased serum LPS level, alleviating circulating
inflammation and preventing OA progression (Guan et al.,
2020). Estrogen-deficient mice exhibited pathological bone loss
and impaired bone microarchitecture in femur, with
downregulated gut epithelial TJ protein expression and
increased serum endotoxin levels, and these pathologies could
be prevented by probiotics administration (Li J. Y. et al., 2016).
Consistently, our previous studies observed enhanced gut
permeability, elevated serum LPS, and systemic inflammation
in OVX mice, consequently resulting in Th17-related immune
responses in alveolar bone and aggravated periodontitis (Jia et al.,
2019; Jia et al., 2021). In addition, administration of probiotics or
berberine increased gut butyrate-producing bacteria, enhanced
gut barrier function with reduced circulating LPS, and thus
ameliorated estrogen deficiency-induced alveolar bone loss (Jia
et al., 2019; Jia et al., 2021). Estrogen is potentially an important
modulator of gut barrier. 17b-estradiol (E2), the predominant
form of estrogen, can directly enhance gut barrier function by
upregulating the expression of gel-forming mucin 2 (MUC2) and
TJ proteins (ZO-1, occludin, and claudin 4) in colonic mucosa
upon estrogen b signaling (Song et al., 2018). Additionally,
estrogen can indirectly affect gut barrier by modulating gut
microbiota. Estrogen deficiency induces reduction in gut
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 562
butyrate-producing bacteria (Jia et al., 2019; Jia et al., 2021).
Butyrate is a beneficial bacterial metabolite that reinforces gut
barrier (Geirnaert et al., 2017). As a result, increased gut
permeability due to estrogen deficiency induces gut pathogens
translocation into circulation, causing inflammatory responses
and promoting alveolar bone loss. Thus, gut barrier can be a
potential therapeutic target for periodontitis under estrogen
deficiency. Probiotics, such as Lactobacilli and Bifidobacteria,
are live bacteria that benefit the host if provided as dietary or
medical supplements in adequate quantities. Berberine is an
alkaloid present in some medicinal plants, such as Berberis
vulgaris, and Hydrastis canadens. With selective enrichment of
gut butyrate-producing bacteria, probiotics and berberine
supplements enhance gut barrier function and exert protective
roles on alveolar bone under estrogen deficiency, representing a
promising adjuvant treatment against periodontitis in
postmenopausal women.

Short-Chain Fatty Acids
Short-chain fatty acids (SCFAs) are end-products deriving from
gut microbial fermentation of dietary indigestible fibers, which
escape from host digestion and absorption, mainly including
butyrate, propionate, and acetate (Koh et al., 2016; Morrison and
Preston, 2016). The type and amount of SCFAs generated in the
gut depend on gut microbial composition, substrate types, and
intestinal transit time (Macfarlane and Macfarlane, 2003). SCFA
concentration varies among different segments of human
intestinal tract, with high level in the cecum and proximal
colon (Cummings et al., 1987). SCFAs are absorbed in the
cecum and colon via active transport mediated by Na+- and
H+-coupled monocarboxylate transporters, or via protonation-
dependent non-ionic diffusion, or possibly via special exchange
with intracellular bicarbonate or other SCFAs (Titus and Ahearn,
1988; Canfora et al., 2015; Koh et al., 2016). In addition to being
partially metabolized by colonocytes as energy source, other
absorbed SCFAs translocate into circulation. Although
distinctly lower than the concentration in colonic contents,
three major SCFAs are detected in human portal, hepatic, and
peripheral venous blood with a descending trend among the
levels of acetate, propionate, and butyrate (Cummings et al.,
1987). Consistently, propionic and butyric acid levels in cecal
contents are also correlated with that in aortic serum of the rats
fed with dietary fibers (Jakobsdottir et al., 2013).

Via hematogenous way, gut-derived SCFAs are potentially
transmitted to distant organs and involved in physiological
processes or diseases. Transported through portal circulation
to liver, SCFAs are consumed by hepatocytes in energy
metabolism as well as the biosynthesis of cholesterol, glucose,
and fatty acids (Dalile et al., 2019). Following hepatic utilization,
small amounts of SCFAs travel to other organs via systemic
circulation. SCFAs translocate to brain across blood-brain
barrier and affect brain physiology and pathology, such as
central appetite regulation, and post-stroke improvement
(Frost et al., 2014; Lee et al., 2020). SCFAs generated by
maternal gut microbiota are reflected in embryo tissues or
organs, including sympathetic nerves, gut epithelium, and
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pancreas, participating in the development of postnatal nerve
and metabolic systems via GPR41 and GPR43 signaling (Kimura
et al., 2020).

Gut-derived SCFAs, especially butyrate and propionate, are
the regulators of bone homeostasis, traveling to bone marrow
and directly affecting bone metabolism. Fructo-oligosaccharide
administration significantly increases serum level of butyrate and
promotes bone formation in rats, ameliorating the pathological
bone loss due to estrogen deficiency (Porwal et al., 2020). Study
by Lucas and colleagues directly demonstrated the translocation
of SCFAs to bone tissue, as evidenced by augmented butyrate or
propionate concentrations in bone marrow of the mice with
exogenous supplement of corresponding SCFA in drinking water
(Lucas et al., 2018). Previous studies proved the direct regulation
of SCFAs on the differentiation of osteoclasts and osteoblasts
(Iwami and Moriyama, 1993; Rahman et al., 2003; Chen et al.,
2007; Morozumi, 2011; Chang et al., 2016; Lucas et al., 2018).
Butyrate, the strong histone deacetylase inhibitor, have been
reported as a strong inhibitor of osteoclastogenesis. Early study
showed the inhibitory role of sodium butyrate on murine
osteoclast differentiation in bone marrow, possibly depending
on the cytotoxicity of sodium butyrate (Iwami and Moriyama,
1993). Subsequent researches further updated related specific
mechanisms. The in vitro study on murine macrophage cell line
RAW264 showed that sodium butyrate inhibited osteoclast
formation via regulating nuclear factor-kB (NF-kB) and
mitogen-activated protein kinase (MAPK) signaling pathways
(Rahman et al., 2003). Furthermore, butyrate and propionate can
inhibit osteoclast differentiation via enhancing glycolysis in
osteoclast precursors and subsequently downregulating the
expression of osteoclast marker genes TRAF6 and NFATc1
(Lucas et al., 2018). The role of SCFAs on osteoblast formation
remains uncertain. Sodium butyrate can promote osteogenic
differentiation of mesenchymal stem cells via activating ERK
pathway (Chen et al., 2007). However, osteoblastic differentiation
of ROS17/2.8 cells was halted in the presence of high-level
butyrate (10-3M) (Morozumi, 2011). MG-63 osteoblasts treated
by butyrate demonstrated suppressed cell proliferation with
increased cell cycle arrest and reactive oxygen species (ROS)
production (Chang et al., 2016). However, the in vivo study by
Lucas showed no effects of SCFAs on osteoblasts and bone
formation (Lucas et al., 2018).

Our previous studies indicated that estrogen deficiency led to
reduction of gut butyrate-producing bacteria, such as
Clostridium leptum, Clostridium coccoides, Fecalibacterium
prausnitzii, and Roseburia, as well as decreased butyrate
production, leading to more severe periodontitis (Jia et al.,
2019; Jia et al., 2021). Rescue of gut butyrate-producing
bacteria and butyrate production by berberine or probiotics
prevented the alveolar bone loss induced by estrogen
deficiency, suggesting the pivotal roles of gut-derived butyrate
in periodontitis (Jia et al., 2019; Jia et al., 2021). The indirect
regulation of gut-derived butyrate on periodontitis possibly
depends on gut barrier. In addition, butyrate may potentially
translocate to alveolar bone via circulation and directly affects
periodontitis progression.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 663
Of note, some pathogenic bacteria in periodontitis, such as
Porphyromonas gingivalis and Fusobacterium nucleatum, can
produce SCFAs, including butyrate and propionate.
Interestingly, butyrate has cytotoxic effects in patients with
periodontitis. The concentration of butyrate in gingival
crevices positively correlates to the severity of periodontitis.
Butyric acid could reach to millimolar concentration in the
gingival crevicular fluid of periodontitis patients, whereas the
maximum plasma concentration of butyrate of adult leukemia
patients after intravenous infusion only reached to 0.05
millimolar (Miller et al., 1987; Niederman et al., 1997; Lu et al.,
2014). Oral-derived butyrate can promote periodontitis
development (Guan et al., 2021), likely due to its cytotoxic
effects on gingival epithelial cells and fibroblasts. Butyrate at
millimolar concentrations can induce apoptosis, autophagy, and
pyroptosis of gingival epithelial cells and impair epithelial TJ,
leading to the destruction of gingival epithelial barrier and
periodontitis initiation (Tsuda et al., 2010; Evans et al., 2017;
Liu et al., 2019; Magrin et al., 2020). Butyric acid can negatively
affect cell growth and cell cycle progression of gingival fibroblasts
by inducing reactive oxygen species production (Kurita-Ochiai
et al., 2008; Chang et al., 2013), and lead to mitochondria- and
caspase-dependent apoptosis in inflamed gingival fibroblasts in a
dose-dependent manner (Kurita-Ochiai et al., 2008). Long-term
exposure to butyrate can also lead to cytostasis and apoptosis of
healthy gingival fibroblasts via intrinsic and extrinsic pathways,
promoting periodontitis progression (Shirasugi et al., 2017;
Shirasugi et al., 2018). In addition, butyrate can dose-
dependently induce the production of proinflammatory
cytokines in gingival fibroblasts, including IL-6 and IL-11,
which rescue T-cell from apoptosis and contributed to the
development of periodontitis (Kurita-Ochiai et al., 2002). Thus,
unlike circulating butyrate derived from gut microbiota, local
accumulation of concentrated butyrate due to periodontal
pathogens has deleterious effects on alveolar bone, which
should be taken into consideration in future investigation.

Immunological Pathway
The Immune Responses Involved in Periodontitis
The bone homeostasis is the dynamic balance between the
coupled processes of osteoblast-mediated bone formation and
osteoclast-mediated bone resorption. The immune system has
long been recognized as an essential regulator of bone
metabolism. The crosstalk between immune and skeletal
systems, termed as “osteoimmunology,” underlies bone
physiological and pathological processes (Rho et al., 2004). The
components of immune systems, such as immune cells and
cytokines, are involved in bone remodeling and metabolic or
inflammatory bone diseases, including osteoporosis, arthritis,
and per iodont i t i s (Weitzmann and Pacific i , 2006;
Hajishengallis, 2015; Kuhn and Morrison, 2020). Periodontitis
is an inflammation induced by exogenous pathogens. Microbial
pathogens are recognized and presented by innate immune
system to activate adaptive immune responses, thereby
inducing the production of effector cells and molecules and
driving the initiation of periodontal destruction.
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Neutrophil
Neutrophils are terminally differentiated white blood cells
produced abundantly in the bone marrow and recruited to
infected or damaged tissues via circulation (Borregaard, 2010).
Neutrophils are functionally versatile effector cells, displaying
antibacterial and cytotoxic properties, as well as de novo
biosynthesis of chemokines and cytokines with multiple
functions (e.g., proinflammatory, anti-inflammatory, and
immunoregulatory) (Scapini and Cassatella, 2014). Apart from
acute infections, it has been currently well established that
neutrophils are also implicated in chronic inflammatory diseases
such as periodontitis (Hajishengallis, 2020). Neutrophils are
integral to maintain periodontal homeostasis via transmigrating
into gingival crevice and constituting the first defense line against
subgingival bacterial plaque (Hajishengallis and Hajishengallis,
2014). The neutrophils with hyperactivity or in excessive amount
contribute to periodontal tissue destruction and periodontitis
progression (Hajishengallis et al., 2015). In addition, neutrophils
are capable of producing chemokines CCL2 and CCL20,
selectively recruiting pathogenic T-helper 17 (Th17), the pivotal
cells in periodontitis development (Pelletier et al., 2010).

T-Helper 1 Cell and T-Helper 2 Cell
T-helper 1 cell (Th1) and Th2 are the major effector cells
responsible for cellular immunity and humoral immunity,
respectively. Th1/Th2 paradigm mainly accounts for the
mechanism of periodontitis progression. Th1 cells are
predominant in gingivitis or stable periodontal lesion, while
established or progressive periodontal lesion in chronic
periodontitis is mediated by Th2 cells, which subsequently
activate B cell/plasma cell response (Ohlrich et al., 2009). T
and B lymphocytes highly express receptor activator for NF-kB
ligand (RANKL) and promote RANKL-mediated osteoclast
differentiation in periodontitis (Kawai et al., 2006).

Th17 and Regulatory T Cell
Accumulating evidences have indicated the pivotal roles of novel
T subsets Th17 and regulatory T cell (Treg) in the pathogenesis
of bone diseases, such as osteoporosis, autoimmune arthritis, and
ankylosing spondylitis (Komatsu et al., 2014; Li J. Y. et al., 2016;
Schmidt et al., 2019; Xu et al., 2019; Xie et al., 2020). Th17 and
Treg cells share common precursor cells and cytokines for initial
differentiation, but result in opposite functions. Th17 cells are the
T-cell subset producing IL-17 and triggering immune responses
against exogeneous pathogens, while Treg cells suppress immune
responses for immune homeostasis. In consistent with Th1/Th2
cells balance, Th17/Treg cells are maintained in dynamic
equilibrium, while Th17/Treg shifting in favor of Th17 elicits
pathological conditions. Th17/Treg imbalance is involved in
periodontitis development, as indicated by enhanced Th17
response with increased IL-17A production and suppressed anti-
osteoclastogenic function of Treg, which is also associated with
exacerbated periodontitis during pregnancy (Hays et al., 2019;
Alvarez et al . , 2020). Addit ional ly , Aggregatibacter
actinomycetemcomitans–induced periodontitis mice show strong
Th17 immune responses in periodontal lesions (Monasterio et al.,
2018). The orthodontic tooth movement under periodontitis
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depends on osteoclast metabolism modulated by Th17/Treg
equilibrium (Ge et al., 2020). In addition, Th17 proportion in
periodontal lesions from the patients with periodontitis is
distinctly higher than that in healthy individuals and correlated
with the severity of periodontitis, while Th17 cell defects reduce
susceptibility to periodontitis (Dutzan et al., 2018). Oral pathogens
drive pathogenic Th17 differentiation in periodontitis via
interleukin-6 (IL-6) and IL-23 signaling (Dutzan et al., 2018;
Bunte and Beikler, 2019). Pathogenic Th17 cells further induce
mucosal immune response and periodontal bone destruction to
eradicate pathogensat the expense ofbonedamage (Tsukasaki et al.,
2018). Our previous studies explored Th17/Treg imbalance in the
pathogenesis of periodontitis under estrogen deficiency (Jia et al.,
2019; Jia et al., 2021). Estrogen-deficient rats demonstrated
exacerbated bone loss in periodontitis with increased Th17 cells
or an elevated Th17/Treg ratio in both alveolar bone and femoral
bonemarrow, while probiotics or berberine administration rescued
Th17/Treg imbalance and prevented estrogen deficiency-induced
alveolar bone destruction in periodontitis (Jia et al., 2019; Jia et al.,
2021). In addition, IL-17 derived from Th17 can amplify the
production of RANKL by osteoblasts, indirectly inducing
osteoclast differentiation (Hajishengallis and Chavakis, 2021).

Potential Pathways in the “Gut-Immunity-
Periodontitis” Axis
Gut-Derived Lymphocytes Migration
Multiple lymphocytes are evoked in intestinal lamina propria
and migrate to effector sites depending on the mediation of
chemokines, participating in the development, physiology, and
pathogenesis of distant tissues (Gray et al., 2017; Huang et al.,
2018). In addition to microbial translocation, gut-derived
immunocytes migration to bone tissue is an alternative
pathway in “gut-bone” axis. Th17 cells abundantly reside in
intestinal lamina propria. Specific gut microbes induce the
differentiation of Th17 cells with distinct functions, namely,
homeostatic tissue-resident type and pathogenic inflammatory
type (Omenetti et al., 2019). Homeostatic Th17 cells with non-
pathogenic plasticity are elicited by gut commensal segmented
filamentous bacteria and function as quiescent or memory T
cells, maintaining gut barrier integrity and homeostasis
(Stockinger and Omenetti, 2017; Ladinsky et al., 2019;
Omenetti et al., 2019). During the infection of intestine, gut
pathogens, such as Citrobacter rodentium, induce intestinal
epithelial cells to generate ROS, which promotes pathogenic
Th17 differentiation and impairs gut barrier, as followed by
translocation of pathogens to the lamina propria and further
enhancement of inflammatory Th17 response (Stockinger and
Omenetti, 2017). Gut pathogenic Th17 cells migrate to
extraintestinal tissues via circulation, contributing to the
development of multiple diseases. The migration of Th17 can
be directly proved using transgenic mice expressing
photoconvertible fluorescence protein Kaede, an ideal system
to track lymphocyte movement (Morton et al., 2014; Krebs et al.,
2016; Calcinotto et al., 2018; Mathies et al., 2018). Kaede is
fluorescent green and can be photoconverted to red by violet or
UV light exposure (Tomura et al., 2008). Accordingly, the cells in
November 2021 | Volume 11 | Article 752708

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Jia et al. Gut Microbiota-Periodontitis Axis
the region of interest can be labeled by photoconverted Kaede
protein in vivo (Tomura et al., 2008). Intestine infection with C.
rodentium can provoke the expansion of gut pathogenic Th17
cells, which migrate into the kidney and aggravate the pathology
in experimental crescentic glomerulonephritis mice (Krebs et al.,
2016). During T cell-mediated colitis, pathogenic Th17
migration and absence of Treg are responsible for colitis-
associated liver inflammation (Mathies et al., 2018). Gut-
derived inflammatory Th17 cells migrate to spleen and interact
with B cells, promoting autoantibody production and inducing
autoinflammatory arthritis (Morton et al., 2014). Gut pathogenic
Th17 cells elicited by Prevotella heparinolytica migrate to bone
marrow and accelerate multiple myeloma progression in
cooperation with eosinophils (Calcinotto et al., 2018).
Additionally, gut Th17 migration into the lung also contributes
to the development of pulmonary complications during arthritis
(Bradley et al., 2017). Furthermore, parathyroid hormone
(PTH)-induced bone loss depends on gut microbe SFB capable
of inducing Th17 cells (Yu et al., 2020). With the enrichment of
gut SFB, PTH promotes the expansion of gut TNF+ T cells and
Th17 cells, which are recruited from gut to bone marrow and
contribute to bone loss (Yu et al., 2020). Although there still lacks
direct evidence, gut Th17 migration to alveolar bone is possible,
thus potentially contributing to the development of
periodontitis (Figure 1).

Gut-derived immunocytes migration to distant tissues
contains the translocation from intestinal lamina propria to
circulation and following migration from circulation to effector
tissue. Sphingosine-1-phosphate (S1P) is the major regulator of
lymphocyte migration out of lymph nodes. Depending on
gradient concentration of S1P, effector T cells expressing S1P
receptor-1 (S1PR1) emigrate from lymph node to circulation
(Benechet et al., 2016; Yu et al., 2021). In addition, T cells further
migrate to distant tissues via expressing various chemokine
receptors, including CCR subfamily (e.g., CCR4, CCR5, CCR6,
CCR7) and CXCR subfamily (e.g., CXCR3, CXCR5, CXCR6),
which interacting with the corresponding chemokines (e.g.,
CCL22, CCL20, CCL21, CXCL9, CXCL10) (Sokol and Luster,
2015). CCR6 signaling regulates the egress of Treg and Th17 to
kidney, involving in the development of glomerulonephritides
(Turner et al., 2010). Intestinal pathogenic Th17 cells can
emigrate out of intestinal lamina propria via S1P/S1PR1
signaling, and then travel to the kidney guided by CCL20/
CCR6 axis, promoting the pathology of glomerulonephritides
(Krebs et al., 2016). Additionally, the influx of gut TNF+ cells and
Th17 cells to bone marrow induced by PTH or estrogen
deficiency is respectively mediated by CXCR3 and CCL20
signaling (Yu et al., 2020; Yu et al., 2021).

Trained Myelopoiesis in the Bone Marrow
Estrogen-deficiency-associated low-grade systemic inflammation,
possibly induced by impaired gut barrier and hematogenous
dissemination of gut pathogens or metabolites, contributes to
development of bone pathologies including periodontitis (Li J.Y.
et al., 2016; Jia et al., 2019; Jia et al., 2021). However, the underlying
mechanism whereby elevated systemic inflammation burden
destroys bone homeostasis remains unclear. Bone marrow, the
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primary site of hematopoiesis, can quickly sense and respond to
systemic inflammation, eliciting a cascade of reactions
(Hajishengallis and Chavakis, 2021). Historically, innate and
adaptive immunity are classic immune forms resistant to
infection or injury. In addition to innate and adaptive immunity,
trained immunity is a novel immune mode induced by
microorganisms or inflammation. Trained immunity could
“train” innate immune cells to produce highly reactive and non-
specific immune memory via epigenetic modifications and
metabolic reprogramming, eliminating pathogens and resisting
secondary infection (Netea et al., 2016; Netea et al., 2020). Non-
innate immune cells, such as hematopoietic stem and progenitor
cells (HSPCs), could be also involved in training immunity. Trained
immunity initiated in the bone marrow can enhance myelopoiesis
with expansion and myeloid-biased differentiation of HSPCs,
increasing the production of effector cells against infection, such
as neutrophils, and monocytes (Mitroulis et al., 2018; Chavakis
et al., 2019). Intravenous Bacillus Calmette-Guérin (BCG) in mice
can induce the proliferation and differentiation of hematopoietic
stemcells (HSCs) andmultipotentprogenitors inbonemarrow into
monocyte/macrophage lineage, resisting the infection of
Mycobacterium tuberculosis (Kaufmann et al., 2018). In addition
to resisting infection and promoting host survival, trained
immunity potentially has a harmful impact on the host.
Neutrophils or monocytes/macrophages generated in training
immunity can be recruited to other infection or injury sites to
promote chronic inflammation and the development of systemic
diseases such as obesity and atherosclerosis (Bekkering et al., 2020;
Schloss et al., 2020). Monocyte lineage, the osteoclast precursors,
maymigrate to the sitesof activebone resorption (e.g., alveolarbone
in periodontitis) and differentiate into osteoclasts viamacrophage
colony-stimulating factor (M-CSF) and RANKL signaling, further
aggravating periodontal bone loss (Hajishengallis and Chavakis,
2021). Similarly, excessive amounts of neutrophils are possibly
recruited to periodontal tissue and exacerbate periodontitis. Of
note, periodontitis itself can also induce low-grade systemic
inflammation due to hematogenous dissemination of periodontal
pathogens or the expansion of periodontal inflammatorymediators
(Hajishengallis and Chavakis, 2021). It suggests that periodontitis-
associated systemic inflammation potentially in turn aggravated
periodontal bone destruction (Figure 1).

Endocrine Pathway
Currently, hormone or hormone-like chemicals, such as growth
hormone, PTH, insulin-like growth factors (IGFs), and gonadal
steroids, have been considered as important regulators of bone
metabolism. Gut microbiota, newly referred as an “endocrine
organ”, regulates the production of human hormone and
hormone-like substances, influencing host physiology and
disorders (Figure 1).

Insulin-Like Growth Factor-1
IGF-1 belongs to the IGF family, which plays an important role
in childhood growth and has anabolic effects in adults. IGF-1 in
serum, existing as a complex containing IGF-1 molecule, IGF
binding protein 3 (IGFBP-3), and acid labile subunit (ALS), is
mainly generated by hepatocytes in response to growth hormone
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and travels to distant organs via circulation (Daughaday et al.,
1972). In addition, IGF-1 is also locally produced via autocrine or
paracrine fashion in non-hepatic organs/tissues, including bone.
Accumulating evidences have suggested IGF-1 as an important
regulator of skeletal development and bone remolding (Yakar
et al., 2010; Tahimic et al., 2013; Wang et al., 2013). With the
absence of ALS, reduction of circulating IGF-1 results in
disrupted linear growth and decreased bone mineral density
(Yakar et al., 2002). Circulating IGF-1 also affects skeletal
integrity and mechanical properties via regulating lateral
growth of long bone and deposition of mineralized cortical
bone tissue (Yakar et al., 2009; Courtland et al., 2011).
Subcutaneous administration of IGF-1 improves bone density
and cortical thickness in osteopenia mice by upregulating
osteogenic-related proteins and reducing protein expression in
osteoclastic activity (Guerra-Menéndez et al., 2013). Of note,
reduced circulating IGF-1 during early lifetime can be
compensated by local IGF-1 signaling, as evidenced by
increased bone mass with early-life loss of circulating IGF-1 in
female mice (Ashpole et al., 2016). IGF-1 binds to IGF-1 receptor
(a tyrosine kinase receptor) and elicits IGF-1 signaling, which
regulates the growth and differentiation of osteoclasts and
osteoblasts. IGF-1 can promote osteoclast differentiation
through maintaining the normal interplay between osteoblasts
and osteoclast precursors, depending on regulating the
production of RANKL and M-CSF (Wang et al., 2006).
Furthermore, IGF/IGF-IR signaling mediates the proliferation
and differentiation of osteoprogenitor regulated by PTH,
influencing periosteal bone formation (Wang et al., 2007).

Mounting evidences have suggested that gut microbiota affects
host development and general health via regulating systemic IGF-1
levels (Yan and Charles, 2018). Commensal microbe Acetobacter
pomorum regulates insulin/IGF signaling in Drosophila depending
on the activity of pyrroloquinoline quinone-dependent alcohol
dehydrogenase, contributing to host development and metabolic
homeostasis (Shin et al., 2011). During intestinal or pneumonic
infection, gut bacterium Escherichia coli O21:H+ maintains
systemic IGF-1 level, which links to increased IGF-1 level and
E.coliO21:H+ colonization in white adipose tissue, thus preventing
muscle wasting and promoting disease tolerance (Schieber et al.,
2015). The catabolic and anabolic effects of commensal gut
microbiota on bone remolding are also partially mediated by
regulation of systemic and local IGF-1 signaling (Yan et al., 2016;
Novince et al., 2017). Gut microbiota colonization in GF mice
promotes bone turnover with elevated IGF-1 levels in serum and
bonemarrow,while antibiotic treatment inSPFmice reduces serum
IGF-1 level and increases bonemass,which canbe rescuedbySCFA
supplement (Yan et al., 2016).

Sex Hormones
Sex hormones, such as follicle-stimulating hormone (FSH),
estrogen, and androgen, have been considered as important
regulators of bone metabolism (Leder, 2007; Khosla, 2020).
Both estrogen and androgen prevent bone resorption and
sustain bone formation (Syed and Khosla, 2005). A clinical
randomized study demonstrated that hormone/estrogen
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replacement therapy could ameliorate postcranial bone density
and alveolar bone mass in postmenopausal women (Civitelli
et al., 2002). Furthermore, estrogen deficient rats had lower
periodontal bone density than control rats, while estradiol
treatment protects against alveolar bone loss induced by
estrogen deficiency (Duarte et al., 2006). Additionally, estrogen
deficiency has adverse effects on the bone healing after bone
extraction (Bezerra et al., 2013). Estrogen doesn’t directly
regulate osteoclast differentiation, instead it inhibits mature
osteoclast function by downregulating genes relevant to bone
resorption, and controls mature osteoclast lifespan by promoting
apoptosis in binding with estrogen receptor a (ERa) (Imai et al.,
2009). Consistently, estrogen-deficient rats presented increased
osteoclasts in alveolar bone, and exogenous estrogen supplement
reduces alveolar bone osteoclasts partially due to osteoclast
apoptosis (Faloni et al., 2007; Bezerra et al., 2013). Of note,
instead of femur and vertebrae, estrogen affects maxillary bone
phenotype via IL-33/ST2 signaling in a site-specific manner
(Macari et al., 2018). In addition, without direct action on
bone cells, high FSH activity promotes bone formation
depending on ovary pathway (Allan et al., 2010).

Consistently, gut microbiota has been suggested as an
important regulator of hormone homeostasis (Baker et al.,
2017; Rizzetto et al., 2018). As early as about 40 years ago, it
was reported that gut microbiota intervention by antibiotic
treatment resulted in increased fecal estrogen levels with
reduced urinary estrogen excretion, especially estradiol and
estriol, which potentially related to the suppressed gut
reductive estrogen metabolism (Adlercreutz et al., 1984). More
evidences have shown the association between gut microbial
composition and urinary or systemic levels of estrogen and
estrogen metabolites (Flores et al., 2012; Fuhrman et al., 2014).
As for testosterone, early-life colonization of gut commensal
microbes or gut microbial transfer alters serum level of
testosterone, affecting the development of autoimmune diseases
(Markle et al., 2013). However, the mechanism whereby gut
microbiota affects hormone remains uncertain. Recently, it has
been reported that gut microbiota affects hormone homeostasis
depending on “endobolome,” a novel term that refers to the
aggregate of gut microbial genes involved in the production and
metabolism of sex steroid hormones including estrogen
(Aguilera et al., 2020). Gut microbiota metabolizes hormones
via distinct enzymes, such as b-glucuronidases, b-glucuronides,
and hydroxysteroid dehydrogenase, affecting circulating and
local hormone levels (Plottel and Blaser, 2011; Garcıá-Gómez
et al., 2013). Enzyme b-glucuronidases derived from gut
microbiota promote deconjugated estrogens production, which
travel into circulation and carry out physiological functions
(Rizzetto et al., 2018). Additionally, gut microbe Clostridium
scindens could transfer glucocorticoids to androgens via side-
chain cleavage (Ridlon et al., 2013). Some gut bacteria, mostly
belonging to the family Coriobacteriaceae, are capable of
metabolizing soy-derived isoflavone-glycosides and producing
metabolites, including equol, a compound with strong estrogenic
activity (Guadamuro et al., 2017; Chen and Chen, 2021).
Although direct evidence is still lacking, interplays in “gut-
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hormone-bone” axis provide another pathway whereby gut
microbiota regulates periodontal diseases.

Serotonin
Serotonin, namely, 5-hydroxytrypatamine (5-HT), is a
neurotransmitter with hormone-like activity, which can affect bone
homeostasis via circulation. Circulating serotonin derived from
duodenum inhibits bone formation and regulates bone mass
(Yadav et al., 2008). Serotonin transporter is a plasma membrane
transporter expressing on bone cells, which is responsible for the
uptake of extracellular serotonin and subsequent intracellular
serotonin storage and degradation. Extracellular serotonin
signaling enhancement via serotonin transporter inhibition exerts
detrimental effects on skeletal growth and bone homeostasis, as
indicated by reduced bone mass, altered microarchitecture, as well
as impaired mechanical properties, relating to increased risk of
osteoporotic fracture (Warden et al., 2005; Warden et al., 2008;
Eom et al., 2012; Wu et al., 2012; Kerbage et al., 2014; Gorgas et al.,
2021). Serotonin can promote osteoclast proliferation and
differentiation via NF-kB signaling and influence osteoblast
proliferation in a dose-dependent manner (Battaglino et al., 2004;
Gustafsson et al., 2006). Serotonin directly prevents osteoblast
differentiation viaHtr1b and CREB signaling (Yadav et al., 2008).

Serotonin is mainly synthesized by enterochromaffin cells and
exerts biological effects via the circulation. Accumulating evidences
indicate that gut microbiota affects the biosynthesis and availability
of serotonin. SCFAs derived from gut microbiota, such as acetate
and butyrate, promote serotonin secretion via upregulating the
expression of tryptophan hydroxylase 1 (Tph1), which is the rate-
limiting enzyme responsible for serotonin biosynthesis in
enterochromaffin cells (Reigstad et al., 2015; Vincent et al., 2018).
Gut microbe Clostridium ramosum or its components are also
reported to increase serotonin secretion and availability from
enterochromaffin cells (Mandić et al., 2019). Hence, gut
microbiota also potentially regulates alveolar bone homeostasis
via serotonin.
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CONCLUSION

Periodontitis is characterized by inflammatory periodontal bone
loss resulting from impaired alveolar bone homeostasis, which is
influenced by multiple factors including systemic diseases or
local intestinal infections. The deleterious effects of systemic or
intestinal diseases on alveolar bone induce complexity of
periodontitis treatment and inferior prognosis. Recent findings
have revealed the pivotal roles of gut microbiota in bone
homeostasis and pathologies, providing a potential mechanism
whereby systemic conditions affect periodontitis. Given the
crosstalk between gut microbiota and host, alteration in gut
microbiota due to systemic disorders may regulate alveolar bone
homeostasis. Future investigations are needed to provide
adequate evidences and advance the understanding of “gut-
alveolar bone” axis, thus promoting the better management
of periodontitis.
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Background: The etiology of periodontitis remains unclear, as is the place of gingivitis in
its pathophysiology. A few studies linked the colonization by oral parasites (Entamoeba
gingivalis and Trichomonas tenax) to periodontal disease and its severity. The aim of the
current study was to estimate the prevalence of these oral parasites among healthy
individuals, and in patients with gingivitis and periodontitis in Jordan.

Methods: The study was conducted during July 2019–December 2019. Samples were
composed of saliva and periodontal material including dental plaque sampled with
probes. The detection of oral parasites was done using conventional polymerase chain
reaction (PCR).

Results: The total number of study participants was 237: healthy (n=94), gingivitis (n=53)
and periodontitis (n=90). The prevalence of E. gingivalis was 88.9% among the
periodontitis patients, 84.9% among the gingivitis patients and 47.9% in the healthy
group. For T. tenax, the prevalence was 25.6% among the periodontitis patients, 5.7%
among the gingivitis patients and 3.2% in the heathy group. Positivity for E. gingivalis was
significantly correlated with the presence of periodontal disease compared to the healthy
group with odds ratio (OR) of 6.6. Periodontal disease was also correlated with lower
monthly income (OR=8.2), lack of dental care (OR=4.8), and history of diabetes mellitus
(OR=4.5). Colonization by E. gingivalis was correlated with gingivitis (OR=6.1) compared
to the healthy group. Colonization by E. gingivalis and T. tenaxwere significantly correlated
with periodontitis (OR=6.4 for E. gingivalis, and OR=4.7, for T. tenax) compared to the
healthy group. T. tenax was only detected among individuals with generalized periodontal
disease compared to its total absence among those with localized disease (19.6% vs.
0.0%; p=0.039). The co-infection rate by the two oral parasites was 11.0%.
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Conclusions: The higher prevalence of human oral parasites in periodontal disease
compared to healthy individuals appears to be more than a mere marker for the disease
and might also be associated with disease severity and potential for progression. Thus,
the dogmatic view of E. gingivalis and T. tenax as commensals needs to be re-evaluated
and their contribution to pathophysiology of periodontal diseases cannot be neglected.
Keywords: periodontopathogens, protozoa, oral microbiota, oral amoebiasis, oral trichomoniasis, Entamoeba
gingivalis, Trichomonas tenax
INTRODUCTION

The role of microbiota in health and disease among humans has
recently been demonstrated using molecular methods (Cho and
Blaser, 2012; Siqueira and Rocas, 2017; Tsuji et al., 2018). The
oral microbiota was no exception, and its disruption has been
linked to a various range of oral diseases including gingivitis and
periodontitis (Lourenco et al., 2014; Lamont et al., 2018; Santi-
Rocca, 2020).

The complex interactions of different resident microbes that
result in an equilibrium to maintain the healthy state of the oral
cavity is termed oral eubiosis (Lamont et al., 2018). In contrast to
eubiosis, the disruption in oral microbiota’s homeostatic state is
referred to as oral dysbiosis (Darveau, 2010; Lourenco et al.,
2014; Kinane et al., 2017).

Periodontal disease represents a state of chronic
inflammation in gingiva, bone and supporting ligaments, with
gingivitis and periodontitis as the most common presentations
(Di Benedetto et al., 2013; Kononen et al., 2019). The physiologic
healthy state of gingiva can be defined as the total absence or
minimal levels of clinical inflammation of the periodontium with
normal support (no loss affecting attachment or bone) (Caton
et al., 2018; Lang and Bartold, 2018). The identification of
plaque‐induced gingivitis relies on the presence of bleeding on
probing with an intact periodontium and/or visible
inflammation; and this condition can be reversed back to a
healthy state if managed properly (Caton et al., 2018; Trombelli
et al., 2018). Periodontitis results in the destruction of
periodontal ligament, cementum and alveolar bone, as well as
migration of the long junctional epithelium. The inflammation
and microbiota of periodontitis can be controlled; however, the
tissues are not healed back to their initial volume, organization,
and shape (Caton et al., 2018). Thus, continual maintenance of
good oral hygiene is a necessity in such case (American Academy
of Periodontology, 2011; Zimmermann et al. , 2015;
Lertpimonchai et al., 2017).

Periodontal disease is considered among the most common
diseases affecting all age groups with predilection for the elderly
(Kinane et al., 2017; Tonetti et al., 2017). As of 2010, the
prevalence of periodontitis was 47% among adults aged 30 and
above in the United States, while the global prevalence of severe
periodontitis was 11%, with higher estimates for gingivitis (Eke
et al., 2012; Jin et al., 2016; Nazir, 2017). In addition,
periodontitis is considered an important cause of tooth loss in
older adults, which adversely affects the quality of life among this
group (Griffin et al., 2012). A recent study estimated the
gy | www.frontiersin.org 275
prevalence of periodontitis among dentate US adults aged 30
years or more at 42%, with 7.8% having severe form of the
disease (Eke et al., 2020).

The underlying etiology and pathogenesis of periodontal
disease has been linked to microbial dysbiosis (Mira et al.,
2017; Sudhakara et al., 2018). However, the exact specific roles
of different microbes in the dental plaque that could lead to the
development of periodontal disease remains an enigma
(Darveau, 2010; Hajishengallis, 2015). In addition, the
initiating factors for microbial dysbiosis in the oral cavity
remains unclear and deciphering such factors is the subject for
ongoing research (Lamont et al., 2018).

Several microbiological patterns can be identified in
periodontal diseases, in association with some specific
pathophysiological traits, sustaining that the diversity in
periodontitis is not limited to the variety of the current
consensual classification of clinical presentations (Offenbacher
et al., 2016). However, the presence of inflammation-related
bone destruction is a common defining characteristic of
periodontitis (Cekici et al., 2014). Thus, deep understanding of
the inflammatory and immunologic processes observed in
periodontal disease is of prime importance in any attempt for
management of such a highly prevalent disease (Kononen
et al., 2019).

Several risk factors have been linked to an increased incidence
of periodontal disease; and these can be divided into non-
modifiable and modifiable factors (Van Dyke and Sheilesh,
2005). Examples of non-modifiable factors include aging,
genetic predisposition, and osteoporosis; while modifiable
factors include smoking, diabetes mellitus, psychological stress,
alcohol consumption and poor oral hygiene (Van Dyke and
Sheilesh, 2005; Borojevic, 2012; Reynolds, 2014; Hong et al.,
2016; Wang andMcCauley, 2016; Koo and Hong, 2018; Liu et al.,
2018; Masumoto et al., 2019).

The role of the yet-identified parasitic fraction of the oral
microbiome, namely: Entamoeba gingivalis and Trichomonas
tenax, is gaining interest as potential contributing factors to
the development of periodontal disease (Marty et al., 2017;
Bonner et al., 2018; Eslahi et al., 2021). Several studies aimed
to investigate oral colonization by these parasites among healthy
individuals and those with periodontal disease with variable
results (Athari et al., 2007; Ghabanchi et al., 2010; Al-hamiary
et al., 2011; Trim et al., 2011; Ibrahim and Abbas, 2012; Bonner
et al., 2014; Yazar et al., 2016; Hassan et al., 2019). Such
variability can be related to adoption of different approaches
for parasite detection, and the existence of previously unknown
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genetic variants of oral parasites (Garcia et al., 2018b; Santi-
Rocca, 2020). In addition, variability in the prevalence of oral
parasites in health and disease can be attributed to limitations of
small sample sizes, and possible bias in selection of study subjects
among others as reviewed recently by (Santi-Rocca, 2020).

The objective of the current study was to investigate the
prevalence of E. gingivalis and T. tenax in health and periodontal
disease. Also, we aimed to better define the place of gingivitis in
the physiopathology of periodontal disease using parasite
colonization. Finally, we aimed to identify the variables that
might be associated with increased likelihood of harboring these
oral parasites in health and disease.
MATERIALS AND METHODS

Study Design
The prospective study with active enrolment of potential
participants was carried out at Jordan University Hospital
(JUH), Amman, Jordan from July to December 2019.

We sought to recruit study subjects from the following three
categories: (1) Individuals with healthy gingiva (will be referred
to as “healthy group” in the rest of manuscript). This healthy
group was defined based on a healthy periodontium with no
attachment loss, no bleeding upon probing (BOP) or minimal
BOP (<10%), and no anatomical loss of periodontal structures,
with absence of clinical signs of inflammation; (2) Individuals
with gingivitis (herein, the term “gingivitis” will be applied
to plaque‐induced gingivitis, rather than non‐dental‐
biofilm induced forms of gingivitis); and (3) individuals
with periodontitis.

The individuals with gingivitis and those with periodontitis
-which represented the “disease group”- were recruited from
Periodontics Outpatient Clinics at JUH using a convenience
sampling approach, whereas the healthy controls were recruited
by active approach of the JUH staff that included dentists,
laboratory technicians, nurses and students at the University
of Jordan.

Ethical Statement
This study was approved by the School of Medicine and the
School of Graduate Studies, University of Jordan. Ethical
approval was obtained from the Institutional Review Board
(IRB) at JUH (Ref. No. 239/2019).

A written and signed informed consent was obtained from all
individuals who agreed to participate in the study following full
explanation of the study objectives and the procedure of
obtaining the samples (Supplementary Material). In addition,
the work was conducted according to the principles of good
clinical practice that have their origin in the declaration of
Helsinki and all individual data were treated with confidentiality.

Eligibility Criteria for Participation
in the Study
Each healthy individual was included in the study if the following
criteria were met altogether: 1) Healthy gingiva on periodontal
examination; 2) Bleeding index (BI) of less than 10%; and 3) No
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 376
previous history of periodontal diseases. The BI was calculated as
follows: six representative teeth from all quadrants were chosen,
and each tooth was gently probed with a University of North
Carolina (UNC) periodontal probe (15 mm) at four sites (mesial,
mid-buccal, mid-lingual, and distal). A dichotomous reading was
used where bleeding is scored as present (given a score of 1) or
absent (given a score of 0) and the number of sites where
bleeding is present was recorded. The BI as a percentage was
then defined through dividing the number of sites where
bleeding was recorded by the total number of sites tested
multiplied by 100. A controlled gentle probing force [well-
tolerated by the patient (25 g)] was used (Newbrun, 1996).

The inclusion criteria for individuals with gingivitis and
periodontitis were: 1) Diagnosis of the periodontal disease for
the first time; and 2) No previous history of exposure to any kind
of periodontal therapy (scaling or root planing).

The presence of one of the following criteria resulted in
exclusion of the potential participant from the study: 1)
Pregnancy; 2) Previous history of periodontal treatment; 3)
Non‐dental biofilm-induced forms of gingivitis; 4) Presence of
dental implants; 5) Recent use of antibiotics; or 6)
Orthodontics treatment.

Assessment of the Possible Risk Factors
for Periodontal Disease
Data from the study participants were collected using a paper-
based questionnaire (Supplementary Material). The study
participants’ data included: age, gender, nationality, body mass
index (BMI), monthly income, dental care level, history of
smoking, history of alcohol consumption, history of diabetes
mellitus (DM), family history of gingival disease and history
of osteoporosis.

In addition, nine questions (adopted from the Perceived
Stress Scale) to assess the stress-related factors, with each
positive answer given a single point yielding a stress score that
ranged from nil to nine (Nielsen et al., 2016). The study
population was divided into two groups based on stress score
as follows: “lower stress group” with a stress score of zero to 4,
and “higher stress group” with a stress score of 5 to 9. The
Cronbach’s a value of 0.855 indicated an acceptable internal
consistency for the proposed stress scale in this study.

Classification of the Study Subjects
The diagnosis of gingivitis and periodontitis was based on
diagnostic guidelines that were set by the 2018 new
classification scheme for periodontal and peri-implant diseases
and conditions (Caton et al., 2018).

The detailed approach of evaluating the study subjects is
provided in (Supplementary Material). Bleeding on probing and
supragingival plaque presence (1) or absence (0) were evaluated
in 4 sites of 6 teeth (details in Supplementary Material). The
mean of the 24 sites gave the bleeding index (BI) and the plaque
index (PI), expressed as percentages. In addition, the periodontal
screening and recording (PSR) score was evaluated (details in
Supplementary Material) (Caton et al., 2018).

The study subject was classified into the “healthy group”
based on a BI < 10% and periodontal screening and recording
December 2021 | Volume 11 | Article 782805
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(PSR) score of zero. The sample from each healthy participant
was composed of a sub-gingival plaque along with saliva.

If the BI was ≥ 10% and ≤ 30%, then the participant was
considered to have a “localized gingivitis”. The study subjects
with BI > 30% were considered to have a “generalized gingivitis”.

Study subjects were classified into the “periodontitis group”
after full periodontal examination if there was interdental clinical
attachment loss detectable at two or more non-adjacent teeth, or
buccal or oral clinical attachment loss (CAL) ≥ 2 mmwith pocket
depth > 3mm detectable at two or more teeth. Once the patient
was diagnosed with periodontitis, staging and grading were done
according to the recent classification of 2018 (Caton et al., 2018;
Papapanou et al., 2018).

Specimen Collection
Salivary and dental plaque specimens were obtained from each
study subject. Supra-gingival plaque was removed then the
sample was taken from the deepest periodontal pocket. Dental
plaque samples were collected using the UNC periodontal
probe (15 mm). For participants with furcation involvement,
the sample was taken using Naber ’s probe (Nordent
manufacturing Inc., Illinois, the United States) from the
furcation. For each participant, the salivary and dental plaque
specimens were mixed together in a sterile tube that was stored
at −20°C for DNA extraction and amplification.

DNA Purification and Amplification
Purification of DNA from the saliva/dental plaque specimens
was done using QIAamp DNA Mini Kit (QIAGEN, Hilden,
Germany) according to manufacturer ’s instructions
(Supplementary Material).

For the detection of oral parasites by PCR, two sets of PCR
primers were used. For E. gingivalis ST1, we used the same set of
primers utilized by Bonner et al. with a minor modification of the
reverse primer as follows: forward primer (5′-AGGAAT
GAACGGAACGTACA-3′) and reverse primer (5′-CCA
TTTCCTTCTTCTATTGTTTMAC-3′) with a product size of
203 bases in the 18S ribosomal RNA region (Bonner et al., 2014).

For T. tenax, we used the same set of primers utilized
by Kikuta et al. as follows: PT3 forward primer (5′-
AGTTCCATCGATGCCATTC-3′) and PT7 reverse primer (5′-
GCATCTAAGGACTTAGACG-3′) with product size of 776
bases in 18S ribosomal RNA region (Kikuta et al., 1997).

The PCR mix comprised 5 mL of the DNA eluate, 5 mL of
5×FIREPol Master Mix (Solis BioDyne), 1 mL of each primer and
13 mL of DNase/RNase free water. The steps of PCR were as
follows: Initial denaturation for 3.5 minutes at 94°C, 40 cycles of
1 minute at 94°C for denaturation, 1 minute at 60°C for primer
annealing, 1 minute at 72°C for elongation, a final elongation
step for 5 minutes at 72°C (Kikuta et al., 1997; Kucknoor et al.,
2009; Bonner et al., 2014).

Proper positive and negative controls (patient samples with
motile Entamoeba and Trichomonas that yielded the expected
amplicon sizes as positive controls, and nuclease-free water as
the negative control) for purification and PCR were used to
ensure the quality of DNA extraction and PCR and to rule out
contamination. The housekeeping gene actin beta (ACTB) with
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 477
accession number (NG_007992) was used to assess PCR
inhibition of the sample and to ensure the efficiency of the
DNA purification procedure with the following primers: forward
5 ’-GTCCTGTGGCATCCACGAAA-3 ’ and reverse 5 ’-
AGTGAGGACCCTGGATGTGAC-3’ and the PCR product
size was 265 bases.

Statistical Analysis
Data generated from the study were edited using Microsoft Excel
and uploaded to IBM SPSS Statistics 22.0 for Windows (Armonk,
New York, the United States: IBM Corp). Two-sided Fisher’s
exact test (FET), Chi-squared test (c2 test), Mann-Whitney U
(M-W), Kruskal-Wallis (K-W) and linear-by-linear test for
association (LBL) tests were used when appropriate and the
statistical significance was considered for p ≤ 0.050.

To analyse the patterns associated with higher likelihood of
having periodontal disease as a whole and per disease state
(gingivitis and periodontitis), we conducted multinomial logistic
regression analysis using variables that were classified into
dichotomous outcomes. Confidence intervals of percentages (95%
CI) were calculated using modified Wald method through
GraphPad calculator available freely online through the following
link: https://www.graphpad.com/quickcalcs/ConfInterval1.cfm

Sample size determination was based on calculations done via
Epitools - Epidemiological Calculators available freely online
(https://epitools.ausvet.com.au/). The minimum number of
participants in each study group was determined at 53 based
on the following parameters in “Sample size for a Case-control
study”: Expected proportion in controls=0.05, assumed odds
ratio=5.00, confidence level=0.90, and power=0.80
RESULTS

Characteristics of the Study Population
The total number of study participants who were eligible to be
included in final analysis was 237, distributed as follows: healthy
group (n=94, 39.7%), gingivitis group (n=53, 22.4%) and
periodontitis group (n=90, 38.0%, Table 1).

Significant differences among the three study groups were
found for the following factors: the median age of the healthy
group was younger compared to the disease group (24 vs. 44 years;
p<0.001; M-W). The periodontitis group had an older median age
compared to the two other groups (p<0.001; K-W, Table 1).

Additional differences between the three study groups were
noticed as follows: higher BMI, lower monthly income, lack of
dental care, and current/previous history of smoking were found
for the periodontitis group (Table 1).

The Prevalence of Oral Parasites in the
Whole Study Population
The PCR testing was performed for all study subjects (n=237).
The overall prevalence of E. gingivalis among the study subjects
was 71.7% (95% CI: 65.7% to 77.1%), while the overall prevalence
for T. tenax was 12.2% (95% CI: 8.6% to 17.1%).

Stratified by the three study groups, the prevalence of E.
gingivalis was the highest among the periodontitis group (n=80/
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90, 88.9%), compared to the gingivitis group (n=45/53, 84.9%),
while the healthy group had the lowest prevalence (n=45/94,
47.9%, Figure 1). The difference in E. gingivalis prevalence was
statistically significant upon comparing the healthy group to
the gingivitis and periodontitis groups (p<0.001 for both
comparisons; c2 test). However, the difference was not
statistically significant upon comparing the gingivitis group
with the periodontitis group (p=0.603; c2 test).

For T. tenax, the prevalence increased starting from 3.2% in
the heathy group, to 5.7% in the gingivitis group and reaching
25.6% in the periodontitis group (Figure 1). The difference
lacked statistical significance upon comparing the healthy and
gingivitis groups (p=0.668; c2 test). However, a statistically
significant result was noticed upon comparing the periodontitis
group to healthy and gingivitis groups (p<0.001 and p=0.003
respectively for the two comparisons; c2 test).

Concurrent detection of the two oral parasites (dual
colonization) was found in 26 study subjects yielding a
prevalence of 11.0% (95% CI: 7.6% to 15.6%). Among the 29
study subjects with T. tenax colonization, E. gingivalis was also
detected in 26 individuals (89.7%).
Factors Associated With a Higher
Prevalence of Oral Parasites in
Each Study Group
We aimed to seek the possible factors associated with a higher
prevalence of E. gingivalis. However, as some parameters from
these populations were impacted by our recruitment, as
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 578
previously cited, we chose to perform this analysis without
merging the three study groups. A higher prevalence of E.
gingivalis in the healthy group was found among participants
with a history of DM compared to those who did not have the
disease (78.6% vs. 42.5%; p=0.019, FET, Table 2). For the other
tested variables, the prevalence of E. gingivalis in each study
group did not show statistically significant differences (Table 2).

For T. tenax, a higher prevalence was found in the
periodontitis group among non-Jordanians (100.0% vs. 22.1%;
p=0.003, FET), and among periodontitis patients with a BMI >
25 (32.8% vs. 10.7%; p=0.036, FET). In the gingivitis group,
participants with a higher level of stress had a higher prevalence
of T. tenax (15.8%) compared to its total absence among the less
stressed participants in this group (p=0.041, FET). For the other
tested variables, a lack of statistically significant differences in the
prevalence of T. tenax within each study group (healthy,
gingivitis and periodontitis) was noticed (Table 3).

Risk Factors for Periodontal Disease
The majority of risk factors for periodontal disease that were
previously reported in various studies were tested in this work
(e.g. dental care level, smoking, DM, etc.). To analyse the
patterns associated with higher likelihood of having
periodontal disease as a whole and per disease state (gingivitis
and periodontitis), we conducted multinomial logistic regression
analysis using the following variables as covariates that were
classified into dichotomous outcomes as follows: age [> 38 years
vs. ≤ 38 years, (38 years was the median age for the whole
population)], sex (male vs. female), nationality (Jordanian vs.
TABLE 1 | Characteristics of the study population divided by the three study groups.

Characteristic Category Study group P-value9

Healthy N (%) Gingivitis N (%) Periodontitis N (%)

Age in years (mean, SD1)* 33 (13.5) 37 (14.5) 46 (10.9) <0.001
Stress scale2 (mean, SD) 2.9 (2.5) 4.5 (2.7) 5.7 (2.7) <0.001
Sex Male 40 (42.6) 29 (54.7) 53 (58.9) 0.074

Female 54 (57.4) 24 (45.3) 37 (41.1)
Nationality Jordanian 88 (93.6) 48 (90.6) 86 (95.6) 0.496

Non-Jordanian 6 (6.4) 5 (9.4) 4 (4.4)
BMI3 ≤ 25 50 (53.8) 27 (50.9) 28 (31.5) 0.006

> 25 43 (46.2) 26 (49.1) 61 (68.5)
Monthly income ≤ 1000 JOD7 51 (54.3) 46 (88.5) 89 (98.9) <0.001

> 1000 JOD 43 (45.7) 6 (11.5) 1 (1.1)
Dental care level Any form of care8 71 (75.5) 15 (28.8) 19 (21.1) <0.001

None 23 (24.5) 37 (71.2) 71 (78.9)
DM4 No 80 (85.1) 50 (94.3) 76 (84.4) 0.190

Yes 14 (14.9) 3 (5.7) 14 (15.6)
Family history5 No 69 (78.4) 39 (79.6) 58 (69.9) 0.323

Yes 19 (21.6) 10 (20.4) 25 (30.1)
Smoking6 Never 63 (67.0) 26 (49.1) 42 (46.7) 0.012

Current/ex-smoker 31 (33.0) 27 (50.9) 48 (53.3)
Alcohol use Never 89 (94.7) 51 (96.2) 86 (95.6) 0.907

Current/former use 5 (5.3) 2 (3.8) 4 (4.4)
Osteoporosis No 88 (95.7) 46 (88.5) 79 (91.9) 0.270

Yes 4 (4.3) 6 (11.5) 7 (8.1)
December 2021 | Volume 11 | Artic
1SD, Standard deviation; 2Stress scale, Nine-item based scale that was adopted from the Perceived Stress Scale, to assess the stress-related factors with a range (0-9); 3BMI, Body mass
index; 4DM, History of diabetes mellitus; 5Family history, Previous diagnosis of periodontal disease in a family member; 6Smoking, Includes cigarettes, e-cigarettes, pipe, shisha, and
narghile; 7JOD, Jordanian dinar; 8Any form of care, Any form of dental care including annual inspection, regular and irregular monitoring and cleaning; 9P-value, Calculated using chi-
squared and Kruskal Wallis tests; *Number of missing information were as follows: for age (n=1) among the periodontitis group.
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non-Jordanian), BMI (> 25 vs. ≤ 25), monthly income (≤ 1000
JOD vs. > 1000 JOD), dental care (no dental care vs. any form of
dental care), smoking (current/ex-smoker vs. non-smoker), DM
vs. non-diabetic, family history (present vs. absent), subjective
evaluation of stress (more stressed if the score is 0-4 vs. less
stressed if the score is 5-9), alcohol use (current/ex-user vs. non-
consumer), osteoporosis (present vs. absent).

Initial analysis was done with the dependent variable being
health vs. periodontal disease and the presence/absence of oral
parasites as the fixed factors. Positivity for E. gingivalis was
correlated with the presence of periodontal disease with odds
ratio (OR) of 6.6 (95% CI: 2.7 – 16.5; p<0.001), with the following
covariates having significant correlation with the disease: lower
monthly income (OR: 8.2, 95% CI: 2.6 – 25.8, p<0.001), the lack
of dental care (OR: 4.8, 95% CI: 2.1 – 11.1, p<0.001), and history
of DM (OR: 4.5, 95% CI: 1.3 – 15.8, p=0.017). Oral colonization
by T. tenax was not found to be correlated with the presence of
periodontal disease (p=0.180, Figure 2A).

Further analysis with dependent variable being health vs.
gingivitis and the presence/absence of oral parasites as the fixed
factors revealed that colonization by E. gingivalis was correlated
with gingivitis (OR: 6.1, 95% CI: 2.1 – 18.2, p=0.001), while
correlation with oral colonization by T. tenax lacked the
statistical significance for upon comparing the healthy group
with gingivitis (p=0.669). The covariates that were associated
with gingivitis in relation to the healthy group were the lack of
dental care (OR: 6.1, 95% CI: 2.3 – 16.5, p<0.001), lower monthly
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 679
income (OR: 5.9, 95% CI: 1.7 – 20.3, p=0.005) and history of DM
(OR: 5.5, 95% CI: 1.0 – 29.5, p=0.046, Figure 2B).

Comparison between the healthy and the periodontitis
groups revealed that colonization by E. gingivalis and T. tenax
were significantly correlated with periodontitis (OR: 6.4, 95% CI:
2.2 – 18.7, p=0.001 for E. gingivalis, and OR: 4.7, 95% CI: 1.0 –
21.8, p=0.045 for T. tenax). The covariates that were associated
with periodontitis in relation to the healthy group were the lack
of dental care (OR: 4.4, 95% CI: 1.6 – 11.7, p=0.003), lower
monthly income (OR: 26.6, 95% CI: 2.8 – 249.7, p=0.004) and
history of DM (OR: 4.9, 95% CI: 1.3 – 19.3, p=0.021).

Comparing the gingivitis and periodontitis groups revealed that
T. tenax was significantly correlated with periodontitis (OR: 7.2,
95% CI: 1.5 – 33.8, p=0.013), while colonization by E. gingivalis
lacked the statistical significance upon comparing the two groups
(p=0.952). Besides colonization by T. tenax, older age was the only
covariate to be correlated with periodontitis compared to gingivitis
(OR: 5.4, 95% CI: 2.0 – 14.2, p=0.001, Figure 2C).

Association of Oral Parasites With
Periodontal Disease Extent
Data on the type of periodontal disease (localized vs. generalized)
was available from 130 study subjects. The localized type
comprised 18 individuals as opposed to 112 individuals with
generalized periodontal disease. T. tenax was only detected
among individuals with generalized periodontal disease
compared to its total absence among those with localized
FIGURE 1 | The prevalence of Entamoeba gingivalis and Trichomonas tenax in the study participants divided by study groups (health, gingivitis and periodontitis).
Co-infection denoted the concurrent detection of E. gingivalis and T. tenax.
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periodontal disease (19.6% vs. 0.0%; p=0.039, c2 test) and no
dual colonization was detected either in the localized group
compared to generalized group (p=0.051, c2 test). Despite the
higher prevalence of both oral parasites in individuals with
advanced stage and grade of disease (as indicated by higher BI
and PI), the differences lacked statistical significance as
illustrated in (Figure 3).

Estimation of the Co-Infection Rates
by the Two Oral Parasites in the
Study Sample
The concurrent detection of the two oral parasites was observed in
26 study subjects yielding a co-infection rate of 11.0% (95%
CI: 7.6% – 15.6%). The co-infection rates were higher among
periodontitis patients, individuals older than 38 years, non-
Jordanians, participants with BMI > 25, participants with
monthly income ≤ 1000 JOD, and those who reported the lack of
any form of dental care (Table 4).Multinomial logistic regression
analysiswas conducted,with studygroup as the dependent variable,
oral parasite status (co-infection vs. E. gingivalis only vs. T. tenax
onlyvs. negative) as thefixed factorand the following covariates: age
(>38 years vs.≤ 38years, [38 yearswas themedian age for thewhole
population]), sex (male vs. female), nationality (Jordanian vs. non-
Jordanian), BMI (> 25 vs. ≤ 25), monthly income (≤ 1000 JODvs. >
1000 JOD), dental care (no dental care vs. any form of dental care),
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 780
smoking (current/ex-smoker vs. non-smoker), DM vs. non-
diabetic, family history (present vs. absent), subjective evaluation
of stress (more stressed if the score is 0-4 vs. less stressed if the score
is 5-9), alcohol use (current/ex-user vs. non-consumer),
osteoporosis (present vs. absent). Analysis showed the odds of
periodontitis compared to the healthy groupwas the highest among
individuals with coinfection (OR: 32.3, 95% CI: 4.3 – 236.2,
p=0.001), followed by E. gingivalis only (OR: 6.5, 95% CI: 2.1 –
20.7, p=0.001), whereas the sole presence of T. tenax or negative
result did not yield a statistically significant result (Table 5). On the
other hand, co-infection by the two oral parasites did not yield
significant correlations between the healthy vs. gingivitis groups or
between gingivitis vs. periodontitis groups (Table 5).

Comparison of the BI and the PI among the three study
groups (healthy vs. gingivitis vs. periodontitis) based on the oral
parasite infection status (co-infection vs. E. gingivalis only vs. T.
tenax only vs. negative result) did not yield any statistically
significant differences (Figure 4).
DISCUSSION

Gingivitis and periodontitis are inflammatory conditions that
can also be viewed as infectious diseases (Cekici et al., 2014). In
periodontitis, the role of the bacterial fraction of the oral
TABLE 2 | Factors associated with a higher prevalence of Entamoeba gingivalis stratified per study group.

Characteristic Study group Healthy P-value9 Gingivitis P-value Periodontitis P-value

E. gingivalis Positive N8

(%)
Negative N

(%)
Positive N

(%)
Negative N

(%)
Positive N

(%)
Negative N

(%)

Age group ≤ 38 33 (49.3) 34 (50.7) 0.820 28 (84.8) 5 (15.2) 1.000 16 (80.0) 4 (20.0) 0.223
> 38 12 (44.4) 15 (55.6) 17 (85.0) 3 (15.0) 63 (91.3) 6 (8.7)

Sex Male 21 (52.5) 19 (47.5) 0.532 23 (79.3) 6 (20.7) 0.269 47 (88.7) 6 (11.3) 1.000
Female 24 (44.4) 30 (55.6) 22 (91.7) 2 (8.3) 33 (89.2) 4 (10.8)

Nationality Jordanian 41 (46.6) 47 (53.4) 0.421 40 (83.3) 8 (16.7) 1.000 76 (88.4) 10 (11.6) 1.000
Non-Jordanian 4 (66.7) 2 (33.3) 5 (100) 0 (0) 4 (100) 0 (0)

BMI1 ≤ 25 26 (52.0) 24 (48.0) 0.534 24 (88.9) 3 (11.1) 0.467 22 (78.6) 6 (21.4) 0.066
> 25 19 (44.2) 24 (55.8) 21 (80.8) 5 (19.2) 57 (93.4) 4 (6.6)

Monthly
income

≤ 1000 JOD6 27 (52.9) 24 (47.1) 0.307 40 (87.0) 6 (13.0) 0.227 79 (88.8) 10 (11.2) 1.000
> 1000 JOD 18 (41.9) 25 (58.1) 4 (66.7) 2 (33.3) 1 (100) 0 (0)

Dental care Any form of
care7

31 (43.7) 40 (56.3) 0.230 13 (86.7) 2 (13.3) 1.000 17 (89.5) 2 (10.5) 1.000

None 14 (60.9) 9 (39.1) 31 (83.8) 6 (16.2) 63 (88.7) 8 (11.3)
Smoking2 Never 29 (46.0) 34 (54.0) 0.664 23 (88.5) 3 (11.5) 0.704 36 (85.7) 6 (14.3) 0.505

Current/ex-
smoker

16 (51.6) 15 (48.4) 22 (81.5) 5 (18.5) 44 (91.7) 4 (8.3)

DM3 No 34 (42.5) 46 (57.5) 0.019 44 (88.0) 6 (12.0) 0.056 67 (88.2) 9 (11.8) 1.000
Yes 11 (78.6) 3 (21.4) 1 (33.3) 2 (66.7) 13 (92.9) 1 (7.1)

Family history4 Yes 8 (42.1) 11 (57.9) 0.607 10 (100) 0 (0) 0.319 23 (92.0) 2 (8.0) 0.716
No 35 (50.7) 34 (49.3) 32 (82.1) 7 (17.9) 50 (86.2) 8 (13.8)

Alcohol use Never 41 (46.1) 48 (53.9) 0.190 43 (84.3) 8 (15.7) 1.000 76 (88.4) 10 (11.6) 1.000
Current/former
use

4 (80.0) 1 (20.0) 2 (100) 0 (0) 4 (100) 0 (0)

Osteoporosis Yes 1 (25.0) 3 (75.0) 0.618 5 (83.3) 1 (16.7) 1.000 7 (100) 0 (0) 1.000
No 43 (48.9) 45 (51.1) 39 (84.8) 7 (15.2) 69 (87.3) 10 (12.7)

Stress score5 Less stressed 37 (49.3) 38 (50.7) 0.616 30 (88.2) 4 (11.8) 0.436 38 (90.5) 4 (9.5) 0.745
More stressed 8 (42.1) 11 (57.9) 15 (78.9) 4 (21.1) 42 (87.5) 6 (12.5)
Dece
mber 2021 | Volume 11 | Article
1BMI, Body mass index; 2Smoking, Includes cigarettes, e-cigarettes, pipe, shisha, and narghile; 3DM, History of diabetes mellitus; 4Family history, Previous diagnosis of periodontal disease in a
family member; 5Stress scale, Nine-item based scale that was adopted from the Perceived Stress Scale, to assess the stress-related factors with a range (0-9); 6JOD, Jordanian dinar; 7Any form
of care, Any form of dental care including annual inspection, regular and irregular monitoring and cleaning; 8N, Number; 9P-value, Calculated using two-sided Fisher’s exact test.
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microbiome has been studied extensively with accumulating
evidence pointing to its contribution to the etiology of the
disease (Teles et al., 2013). However, the fraction of protozoa
was not studied to a similar level compared to its bacterial
counterpart (Deng et al., 2017; Bonner et al., 2018; Bisson
et al., 2019; Santi-Rocca, 2020; Badri et al., 2021; Eslahi et al.,
2021). Nevertheless, this protozoan fraction does not seem to be
negligible in some clinical setups, with E. gingivalis RNA
accounting for up to 9% of the total RNA in periodontal
pockets (Deng et al., 2017). Thus, more studies are warranted
to evaluate the potential role of the human oral “protozoome” in
health and disease.

In the current study, we investigated the prevalence and risk
factors for oral colonization by the currently known human oral
parasites, E. gingivalis and T. tenax, for the first time in Jordan.
The importance of this work is related to the following aspects:
First, periodontal disease (gingivitis and periodontitis) has a high
prevalence among individuals of different age groups, which
poses significant risks to public health, including various
associated conditions and potential tooth loss (Griffin et al.,
2012; Kinane et al., 2017; Tonetti et al., 2017). Second, some key
elements regarding the etiology and pathophysiology of
periodontal disease have not been disentangled yet; hence,
more research is needed to decipher these unresolved elements
(Darveau, 2010; Hajishengallis, 2015; Lamont et al., 2018). Third,
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despite the uncertainties regarding the specific roles of different
microorganisms in periodontal disease, the accumulating
evidence points to conspicuous differences in the oral
microbiome between health and disease, and the role of oral
parasites in both states has not been clearly delineated yet (Santi-
Rocca, 2020). Fourth, a few studies on the epidemiology of oral
parasites originated from the Middle East and North Africa
(MENA) region. A majority of these studies that were conducted
in Egypt, Iran, Iraq and Saudi Arabia, have not relied on the
molecular detection approach for estimating the burden of oral
parasites (el Hayawan and Bayoumy, 1992; Athari et al., 2007;
Ghabanchi et al., 2010; Ibrahim and Abbas, 2012; Ismail et al.,
2017; Hassan et al., 2019).

Thus, we aimed to build on the previous work that had the
same objective, while attempting to avoid some limitations of the
previously published reports. For example, in this study, each
sample was based on a mixture of saliva and dental plaques, as
used for instance by (Bao et al., 2020), as opposed to relying on
one of them solely for parasite detection, as used for instance by
(Bonner et al., 2014). The advantage of this sampling approach is
related to improving the sensitivity of detection as oral parasites
can be found in either one of these sites (Rashidi Maybodi et al.,
2016). Also, we relied on the reference molecular method
currently applied for oral parasite detection, rather than relying
on microscopic detection (Bonner et al., 2014; Santi-Rocca,
TABLE 3 | Factors associated with a higher prevalence of Trichomonas tenax stratified per study group.

Characteristic Study group Healthy P-value9 Gingivitis P-value Periodontitis P-value

T. tenax Positive N8

(%)
Negative N

(%)
Positive N

(%)
Negative N

(%)
Positive N

(%)
Negative N

(%)

Age group ≤ 38 2 (3.0) 65 (97.0) 1.000 1 (3.0) 32 (97.0) 0.549 6 (30.0) 14 (70.0) 0.772
> 38 1 (3.7) 26 (96.3) 2 (10.0) 18 (90.0) 17 (24.6) 52 (75.4)

Sex Male 2 (5.0) 38 (95.0) 0.573 2 (6.9) 27 (93.1) 1.000 16 (30.2) 37 (69.8) 0.326
Female 1 (1.9) 53 (98.1) 1 (4.2) 23 (95.8) 7 (18.9) 30 (81.1)

Nationality Jordanian 3 (3.4) 85 (96.6) 1.000 2 (4.2) 46 (95.8) 0.262 19 (22.1) 67 (77.9) 0.003
Non-Jordanian 0 (0) 6 (100) 1 (20.0) 4 (80.0) 4 (100) 0 (0)

BMI1 ≤ 25 1 (2.0) 49 (98.0) 0.594 1 (3.7) 26 (96.3) 0.610 3 (10.7) 25 (89.3) 0.036
> 25 2 (4.7) 41 (95.3) 2 (7.7) 24 (92.3) 20 (32.8) 41 (67.2)

Monthly
income

≤ 1000 JOD6 3 (5.9) 48 (94.1) 0.247 3 (6.5) 43 (93.5) 1.000 23 (25.8) 66 (74.2) 1.000
> 1000 JOD 0 (0) 43 (100) 0 (0) 6 (100) 0 (0) 1 (100)

Dental care Any form of
care7

2 (2.8) 69 (97.2) 1.000 0 (0) 15 (100) 0.548 6 (31.6) 13 (68.4) 0.557

None 1 (4.3) 22 (95.7) 3 (8.1) 34 (91.9) 17 (23.9) 54 (76.1)
Smoking2 Never 2 (3.2) 61 (96.8) 1.000 0 (0) 26 (100) 0.236 13 (31.0) 29 (69.0) 0.336

Current/ex-
smoker

1 (3.2) 30 (96.8) 3 (11.1) 24 (88.9) 10 (20.8) 38 (79.2)

DM3 No 3 (3.8) 77 (96.3) 1.000 3 (6.0) 47 (94.0) 1.000 22 (28.9) 54 (71.1) 0.105
Yes 0 (0) 14 (100) 0 (0) 3 (100) 1 (7.1) 13 (92.9)

Family history4 Yes 2 (10.5) 17 (89.5) 0.116 1 (10.0) 9 (90.0) 0.504 3 (12.0) 22 (88.0) 0.060
No 1 (1.4) 68 (98.6) 2 (5.1) 37 (94.9) 19 (32.8) 39 (67.2)

Alcohol use Never 3 (3.4) 86 (96.6) 1.000 2 (3.9) 49 (96.1) 0.111 22 (25.6) 64 (74.4) 1.000
Current/former
use

0 (0) 5 (100) 1 (50.0) 1 (50.0) 1 (25.0) 3 (75.0)

Osteoporosis Yes 0 (0) 4 (100) 1.000 0 (0) 6 (100) 1.000 1 (14.3) 6 (85.7) 0.669
No 3 (3.4) 85 (96.6) 3 (6.5) 43 (93.5) 22 (27.8) 57 (72.2)

Stress score5 Less stressed 3 (4.0) 72 (96.0) 1.000 0 (0) 34 (100) 0.041 14 (33.3) 28 (66.7) 0.148
More stressed 0 (0) 19 (100) 3 (15.8) 16 (84.2) 9 (18.8) 39 (81.3)
Dece
mber 2021 | Volume 11 | Article
1BMI, Body mass index; 2Smoking, Includes cigarettes, e-cigarettes, pipe, shisha, and narghile; 3DM, History of diabetes mellitus; 4Family history, Previous diagnosis of periodontal
disease in a family member; 5Stress scale, Nine-item based scale that was adopted from the Perceived Stress Scale, to assess the stress-related factors with a range (0-9); 6JOD,
Jordanian dinar; 7Any form of care, Any form of dental care including annual inspection, regular and irregular monitoring and cleaning; 8N, Number; 9P-value, Calculated using two-sided
Fisher’s exact test.
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2020). In addition, we tried to improve the sensitivity of
molecular detection in this study through using silica column-
based DNA extraction method, which can help to remove PCR
inhibitors, and we adopted sensitive PCR protocols that were
previously validated (Kikuta et al., 1997; Schrader et al., 2012;
Bonner et al., 2014).

The main result of the study was the finding of a profoundly
higher prevalence of E. gingivalis (87.4%) among individuals
with periodontal disease, compared to those in the healthy group
(47.9%) using the PCR method. For T. tenax, the estimates were
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 982
much lower and significant differences were found moving from
3.2% in the healthy group to 18.2% among individuals with
periodontal disease. To assess the reproducibility of these results,
a limited number of studies were found (Kikuta et al., 1996; Trim
et al., 2011; Bonner et al., 2014; Garcia et al., 2018a; Santi-Rocca,
2020; Badri et al., 2021; Eslahi et al., 2021). The comparisons
were further complicated by the reliance of a majority of the
previous studies on microscopic detection methods
(examination of wet mounts or permanent stained smears)
(Athari et al., 2007; Ghabanchi et al., 2010; Al-hamiary et al.,
A

B

C

FIGURE 2 | Multinomial regression analysis of participants’ variable association with periodontal disease. Odds ratios are represented by the diamond shapes (light
orange for statistically significant result and blue color for statistically non-significant results), while the 95% confidence intervals are shown as the grey bars. (A)
Comparison between the healthy group and the periodontal disease group (gingivitis and periodontitis); (B) Comparison between the healthy group and gingivitis
group; (C) Comparison between the gingivitis and periodontitis groups.
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2011; Ibrahim and Abbas, 2012; Yazar et al., 2016; Hassan et al.,
2019). Possible explanations for discrepancy between the results
of microscopic detection of oral parasites and the PCR-based
results include: the subjectivity of the microscopic approach
which depends on the skills and experience of the examiner,
the number of the fields examined, the method of microscopy
used (light vs. phase-contrast), the use of staining, the nature of
mounting media, and the lag time between sampling and
examination (particularly for wet mount examination which
depends on the viability of oral parasites, since motility is one
of the decisive defining features for diagnosis) as discussed
previously by (Bonner et al., 2014).

Despite the variability in results of the previously published
reports, two recurring patterns were observed and were in line
with our results. First, the observation of an increase in the
prevalence of both oral parasites moving from health to gingivitis
and reaching the highest levels in periodontitis (Santi-Rocca,
2020; Badri et al., 2021). Second, the generally higher prevalence
of E. gingivalis in comparison to T. tenax in both health and
disease. Interestingly, a significant association between the
presence of T. tenax and periodontal disease severity was also
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1083
found which was manifested in its total absence in localized
disease. This result should be interpreted with extreme caution
considering the limited number of individuals with localized
diseases that were included in the study (n=12). However, Marty
et al. hinted to the potential existence of an association between
oral colonization by T. tenax and severity of periodontal disease;
thus, our observation might not appear as an unforeseen result
(Marty et al., 2017; Bisson et al., 2019). Since the current
consensus is the belief that the role of microbial communities
rather than single microbes are implicated in the development of
periodontal disease, it appears that the significant differences
observed in this study among different groups and for the two
oral parasites is genuine and the potential pathogenic roles of
these oral parasites should be dissected continuously similar to
recent work by Bao et al. (Mira et al., 2017; Bao et al., 2020).

In the few studies that used the molecular approach for
identification of oral parasites, the prevalence of E. gingivalis
was consistent with our results (Bonner et al., 2014; Garcia et al.,
2018a; Dubar et al., 2020). It is important to note that the PCR
primers used in the studies could be specific to the first E.
gingivalis subtype, ST1; to the second subtype, ST2 or indistinctly
FIGURE 3 | Comparison between the bleeding and plaque indices with colonization by oral parasites stratified by the study groups (health, gingivitis and
periodontitis). P values were calculated using Mann Whitney U test. Median values are shown as dashed lines. Outlier values are shown as small circles, while
extreme outlier values are shown as asterisks.
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detecting both subtype by real-time PCR (Trim et al., 2011;
Bonner et al., 2014; Garcia et al., 2018a; Bao et al., 2020; Dubar
et al., 2020).

Bonner et al. reported a slightly lower prevalence of 33.3% for
E. gingivalis amonghealthy individuals, whereasGarcia et al. results
were close at 48.6% for ST1. In the two other remaining studies,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1184
E. gingivalis was not detected at all among healthy individuals;
however, these two studies suffered from two shortcomings. First,
they used different sets of primers that might resulted in missing
some cases particularly those with possible low parasite loads.
Second, the two studies included smaller sample sizes (12 and 20
samples) (Kikuta et al., 1996; Trim et al., 2011). For periodontitis,
TABLE 4 | Factors associated co-infection by Entamoeba gingivalis and Trichomonas tenax in the study sample.

Characteristic Category E. gingivalis and T. tenax N8 (%) E. gingivalis only N (%) T. tenax only N (%) Negative N (%) P-value9

Study group Healthy 2 (2.1) 43 (45.7) 1 (1.1) 48 (51.1) <0.001
Gingivitis 3 (5.7) 42 (79.2) 0 (0) 8 (15.1)
Periodontitis 21 (23.3) 59 (65.6) 2 (2.2) 8 (8.9)

Age ≤ 38 7 (5.8) 70 (58.3) 2 (1.7) 41 (34.2) 0.012
> 38 19 (16.4) 73 (62.9) 1 (0.9) 23 (19.8)

Sex Male 18 (14.8) 73 (59.8) 2 (1.6) 29 (23.8) 0.206
Female 8 (7.0) 71 (61.7) 1 (0.9) 35 (30.4)

Nationality Jordanian 21 (9.5) 136 (61.3) 3 (1.4) 62 (27.9) 0.033
Non-Jordanian 5 (33.3) 8 (53.3) 0 (0) 2 (13.3)

BMI1 ≤ 25 3 (2.9) 69 (65.7) 2 (1.9) 31 (29.5) 0.004
> 25 23 (17.7) 74 (56.9) 1 (0.8) 32 (24.6)

Monthly income ≤ 1000 JOD6 26 (14.0) 120 (64.5) 3 (1.6) 37 (19.9) <0.001
> 1000 JOD 0 (0) 23 (46.0) 0 (0) 27 (54.0)

Dental care level Any form of care7 7 (6.7) 54 (51.4) 1 (1.0) 43 (41.0) <0.001
None 19 (14.5) 89 (67.9) 2 (1.5) 21 (16.0)

DM2 No 25 (12.1) 120 (58.3) 3 (1.5) 58 (28.2) 0.187
Yes 1 (3.2) 24 (77.4) 0 (0) 6 (19.4)

Family history3 No 20 (12.0) 97 (58.4) 2 (1.2) 47 (28.3) 0.700
Yes 5 (9.3) 36 (66.7) 1 (1.9) 12 (22.2)

Smoking4 Never 14 (10.7) 74 (56.5) 1 (0.8) 42 (32.1) 0.235
Current/ex-smoker 12 (11.3) 70 (66.0) 2 (1.9) 22 (20.8)

Alcohol use Never 24 (10.6) 136 (60.2) 3 (1.3) 63 (27.9) 0.506
Current/former use 2 (18.2) 8 (72.7) 0 (0) 1 (9.1)

Osteoporosis No 25 (11.7) 126 (59.2) 3 (1.4) 59 (27.7) 0.763
Yes 1 (5.9) 12 (70.6) 0 (0) 4 (23.5)

Stress score5 Less stressed 15 (9.9) 90 (59.6) 2 (1.3) 44 (29.1) 0.750
More stressed 11 (12.8) 54 (62.8) 1 (1.2) 20 (23.3)
December 2021
 | Volume 11 | Artic
1BMI, Body mass index; 2DM, History of diabetes mellitus; 3Family history, Previous diagnosis of periodontal disease in a family member; 4Smoking, Includes cigarettes, e-cigarettes, pipe,
shisha, and narghile; 5Stress scale, Nine-item based scale that was adopted from the Perceived Stress Scale, to assess the stress-related factors with a range (0-9); 6JOD, Jordanian
dinar; 7Any form of care, Any form of dental care including annual inspection, regular and irregular monitoring and cleaning; 8N, Number; 9P-value, Calculated using chi-squared test.
TABLE 5 | Multinomial regression analysis assessing the correlation between oral parasite detection and disease states (healthy vs. gingivitis vs. periodontitis).

Variable Periodontitis vs. Healthy Gingivitis vs. Healthy Periodontitis vs. Gingivitis

Odds ratio (95% CI4) P-value Odds ratio (95% CI) P-value Odds ratio (95% CI) P-value

Co-infection1 31.961 (4.325–236.184) 0.001 4.841 (0.509–46.014) 0.170 6.602 (0.995–43.821) 0.051
E. gingivalis 6.543 (2.073–20.652) 0.001 5.684 (1.887–17.118) 0.002 1.151 (0.349–3.792) 0.817
T. tenax 5.03 (0.285–88.710) 0.270
Reference (negative)
Covariates
Age 4.244 (1.404–12.828) 0.010 0.777 (0.248–2.434) 0.665 5.46 (2.059–14.478) 0.001
Sex 0.679 (0.247–1.871) 0.454 0.594 (0.221–1.599) 0.302 1.144 (0.438–2.985) 0.784
Nationality 0.319 (0.033–3.072) 0.323 0.909 (0.125–6.588) 0.925 0.351 (0.053–2.314) 0.277
BMI2 1.052 (0.371–2.986) 0.924 0.687 (0.251–1.878) 0.464 1.532 (0.608–3.861) 0.366
Monthly income 0.038 (0.004–0.358) 0.004 0.168 (0.049–0.58) 0.005 0.226 (0.022–2.356) 0.214
Dental care level 4.39 (1.641–11.747) 0.003 6.244 (2.310–16.878) <0.001 0.703 (0.254–1.945) 0.498
DM3 0.202 (0.052–0.791) 0.022 0.184 (0.034–0.98) 0.047 1.101 (0.231–5.244) 0.904
Family history 0.454 (0.154–1.342) 0.153 1.173 (0.377–3.648) 0.783 0.387 (0.139–1.076) 0.069
Smoking 1.693 (0.628–4.563) 0.298 1.468 (0.558–3.861) 0.436 1.153 (0.457–2.910) 0.763
Alcohol use 0.382 (0.033–4.460) 0.443 0.576 (0.07–4.726) 0.607 0.664 (0.074–5.929) 0.714
Osteoporosis 0.72 (0.134–3.882) 0.702 0.254 (0.046–1.404) 0.116 2.837 (0.706–11.396) 0.142
Stress 2.58 (0.955–6.969) 0.062 1.463 (0.532–4.025) 0.461 1.764 (0.738–4.215) 0.202
le
1Co-infection, The concurrent detection of both Entamoeba gingivalis and Trichomonas tenax; 2BMI, Body mass index; 3DM, History of diabetes mellitus; 4CI, Confidence interval.
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results were available from few studies, and the prevalence of E.
gingivalis ranged from 26.9% to 80.6% (Trim et al., 2011; Bonner
et al., 2014; Garcia et al., 2018a). In a recent study by Bao et al, the
frequency ofE. gingivalis the healthy controls were lower compared
to this study (15.0% vs. 47.9%) (Bao et al., 2020). However, the gap
was smaller upon comparing the inflamed periodontal sites
between the studies (77.0% vs. 87.4%). Possible explanation for
the observed differences is a specificity linked to the included
healthy participants or the use of different sampling approach:
Bao et al. included all uninflamed areas at the buccal mucosa, hard
palate, tongue, and the upper and lower dentitions (Bao et al., 2020).
This points to the importance of reaching a consensus to unify the
parasite detection approach between studies with similar aims that
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1285
would help in further explorations and comparisons regarding the
prevalence of oral parasites in different populations.

The few studies that used PCR for the detection of T. tenax,
reported a higher prevalence among individuals with
periodontitis compared to the control group (Athari et al.,
2007; Mehr et al., 2015; Bisson et al., 2018; Bracamonte-Wolf
et al., 2019). However, the overall prevalence of T. tenax in these
studies varied considerably among the periodontitis patients
(26.9% vs. 40.0% vs. 70.0%), which might be related to the
differences in the studied populations.

Though gingivitis is well defined at the clinical level, its place
in the pathophysiology of periodontitis has not been
characterized yet, in particular at the microbiological level. As
FIGURE 4 | Comparison between the bleeding and plaque indices with oral parasite infection status stratified by the study groups (health, gingivitis and
periodontitis). Co-infection denoted the concurrent detection of both E. gingivalis and T. tenax. P values were calculated using Kruskal Wallis test. Median values are
shown as dashed lines. Outlier values are shown as small circles, while extreme outlier values are shown as asterisks.
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reviewed recently by (Santi-Rocca, 2020), E. gingivalis has been
detected by PCR in gingivitis in only one study before, with a
prevalence (81.3%) comparable to this in the periodontitis group
(73.5%), and higher than in the healthy group (54.3%) (Garcia
et al., 2018a). These results are consistent with the ones presented
here (47.9% for health, 84.9% for gingivitis, and 88.9% for
periodontitis) and in other studies using different methods
(Santi-Rocca, 2020).

For T. tenax, the very low numbers of positive PCRs in the
healthy and gingivitis groups (3/94 = 3.2% and 3/53 = 5.7%,
respectively) do not allow to evidence differences among them,
though they exist with the periodontitis patients (23/90 = 25.6%).
Thus, our results suggest that gingival sulci in gingivitis stricto
sensu, without bone destruction (excluding necrotizing ulcerative
gingivitis), are infected by E. gingivalis and not by T. tenax. The
difference in infection by T. tenax in patients with periodontitis
may depend on other variables than the clinical parameters
leading to classification in this category (e.g. the specific
periodontal microbiota associated with periodontitis)
(Benabdelkader et al., 2019).

Analysis of different individual variables for possible
association with increased likelihood of harbouring the oral
parasites was futile to say the least. Patterns in the whole
population differed when analysis was done by stratification
into the three individual groups, and also no specific patterns
were consistently found in other studies (Albuquerque Júnior
et al., 2011; Ibrahim and Abbas, 2012; Bracamonte-Wolf et al.,
2019). However, an interesting observation that can be seen in
this study is that colonization by oral parasites per se appeared to
be an independent risk factor for periodontal disease. Indirect
indicators of a lower socio-economic status (low income and
absence of previous dental care) appeared to have the most
obvious association with higher prevalence of oral parasites
besides the increasing age irrespective of the individual group
(which might be related to an increased likelihood of exposure).
The known risk factors for periodontitis were not necessarily
associated with higher prevalence of oral parasites, which makes
us inclined to propose that the presence of oral parasites may not
merely be a marker of the disease and might rather play a larger
role that has not been appreciated yet.

Another finding of this study was description of a coinfection
by both oral parasites among 11% of the study participants. The
contemporaneous detection of E. gingivalis and T. tenax was
evidently linked to a high correlation with periodontitis
compared to the healthy individuals, with significant
association with lack of dental care, lower monthly income,
and older age. However, more studies are needed to elucidate
the contribution of coinfection to periodontal disease. A previous
study that was conducted among children in Mexico found a
coinfection rate of only 1.3%, which was linked to poor dental
hygiene (Cuevas et al., 2008).

Limitations of the current work were inevitable and included
difficulty in matching different groups (health and disease),
particularly for age and income levels, which precluded
conducting the study in a case-control design. In addition,
convenience sampling has the inherent limitation of potential
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bias, with the possibility that the recruited individuals may not be
reflective of each study group. Moreover, the sampling approach
that involved mixing the salivary and dental plaque specimens
might result in underestimation of the potential correlations
between oral parasites and the extent and severity of periodontal
disease, and this should be considered in any future work
studying such a potential correlation. The application of
quantitative PCR could have resolved association between the
parasite load and periodontal disease, especially for E. gingivalis,
and this should be considered in any future work trying to link
oral parasites in health and disease, especially with availability of
an experimentally validated protocol for such an aim (Zaffino
et al., 2019). Also, the strain variability particularly for E.
gingivalis was not covered completely in this work since we did
not use the ST2 primers aimed at the detection of the second
currently known variant of E. gingivalis and this clear limitation
should be considered by assessing the prevalence of the other
strain in the future studies (Garcia et al., 2018a; Garcia et al.,
2018b; Dubar et al., 2020). For the negative samples we did not
rule out inhibition of PCR completely, as done by (Bonner et al.,
2014), which can make our results an underestimation of the
true prevalence.
CONCLUSIONS

The higher prevalence of human oral parasites in periodontal
disease compared to healthy individuals appears to be more than
a mere marker for the disease and might also be associated with
disease severity and potential for progression. Thus, the
dogmatic view of these oral parasites as commensals needs to
be re-evaluated and their role cannot be neglected in light of the
results of this study that supplement the recent articles that
pointed to similar links. However, the possible association
between the oral parasites and periodontal disease severity
should be addressed using longitudinal studies, besides the
need for a refined sampling approach considering the site-
specific nature of periodontal disease. It is recommended to
conduct future studies with the same molecular approach since
the sole use of microscopy can lead to significant
underestimation of the true prevalence of these oral parasites.
Future studies are needed to assess the molecular epidemiology
of these oral parasites and to test whether variations in strains
that do exist, have a significant contribution in health and disease
(Cembranelli et al., 2013). The wide variability in T. tenax
prevalence appeared to be existent in different geographic
locations with different living standards and more studies are
recommended to show if such variability is genuine, or if it is
only a spurious correlation involving an underlying factor.
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Objectives: This study aimed to analyze the periodontal conditions of patients with
obstructive sleep apnea (OSA) in relation to the salivary microbiome.

Materials andMethods: In total, 54male adults (27 with OSA, 27 controls) completed this
cross-sectional study. All participants were monitored by overnight polysomnography (PSG)
and underwent full-mouth periodontal examination. Saliva samples were then collected, and
the microbial 16S ribosomal RNA gene was sequenced. The data were analyzed to
determine the microbial distribution and the community structure of the two groups.

Results: Demonstrated by alpha and beta diversity, the OSA group had a lower microbial
richness and a lower observed species than the controls. There was no significant
difference in the microbial species diversity or evenness between the OSA and the non-
OSA groups. The OSA group had fewer operational taxonomic units (OTUs), and the
distribution of microbiome showed that several gram-positive bacteria had higher
abundance in the OSA group. As for periodontal pathogens, the relative abundance of
Prevotella was significantly increased in the OSA group. No significant difference was
observed in the relative abundance of other pathogens at either the genus or species level.

Conclusions: The salivary microbial community structure was altered in patients with
OSA in terms of species richness and trans-habitat diversity, along with an increase in
Prevotella, a specific periodontal pathogen. These findings might explain the high
prevalence of periodontitis in OSA patients.

Keywords: obstructive sleep apnea, salivary microbiome, periodontitis, 16S rRNA gene sequencing,
periodontal pathogens
INTRODUCTION

Obstructive sleep apnea (OSA) is a common disease with an estimated prevalence of 3 to 7%
worldwide, and is the most common form of sleep disordered breathing (Franklin and Lindberg,
2015). OSA is characterized by periodic and repetitive partial or complete collapse of the upper
airway during sleep, resulting in intermittent hypoxia, hypercapnia, sleep fragmentation, increased
sympathetic activity and altered immunity (Strollo and Rogers, 1996; de Lima et al., 2016).
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Periodontitis is a chronic infectious disease caused by
pathogenic bacteria that can initiate the inflammatory response
of the host (Marchesan et al., 2020). The synergetic effect of both
bacterial toxins and host immune response results in the
destruction of the supporting tissues of the teeth, clinically
manifested as progressive loss of periodontal attachment,
pocket formation, loss of alveolar bone and, ultimately, tooth
loss (Cekici et al., 2014).

Recent studies have revealed an increased risk of periodontitis
in patients with OSA compared to healthy controls (Al-Jewair
et al., 2020). As one explanation of the association between OSA
and periodontitis states, the inflammatory response of OSA
could enhance the inflammatory status of current diseases or
trigger inflammatory diseases in the host (Ryan et al., 2005). In
periodontitis, a chronic inflammation of the periodontal tissue is
initiated by periodontal pathogens when a biofilm accumulates
proximal to the gingiva (Mira et al., 2017). Substances such as
lipopolysaccharides and toxins, which are produced by the
microbiome in the biofilm, can activate the immune response
of the host, leading to the release of various cytokines and
inflammatory mediators (Darveau, 2010; Yucel-Lindberg and
Båge, 2013). Consequently, we hypothesized that OSA could
initiate the pathogenesis of periodontitis by altering the
microbial community surrounding the periodontium.

To analyze the microbial composition of biofilms, previous
studies reported that using saliva samples is more suitable, as
saliva is more easily and noninvasively obtained than dental
plaque samples (Lundmark et al., 2019). Moreover, the
periodontal pathogens present in subgingival plaque are
reflected by the salivary microbial composition (Yoshizawa
et al., 2013; Belstrøm et al., 2018). A significant positive
correlation was detected between saliva samples and
subgingival plaque samples in patients with periodontitis
(Haririan et al., 2014), emphasizing the value of saliva as a
diagnostic fluid.

16S ribosomal RNA (rRNA) gene sequencing is used to detect
the abundance and diversity of microorganisms and to identify
species efficiently and precisely in many environments, including
salivary samples (Johnson et al., 2019). Accordingly, in this
study, we used high-throughput 16S rRNA gene sequencing to
characterize the microbial profiles of saliva samples of patients
with OSA compared with non-OSA controls to determine
whether the microbial composition of biofilms in subjects with
OSA was altered. We also investigated the distribution of specific
periodontal pathogens in the two groups to seek an explanation
for the increased risk of periodontitis in OSA.
MATERIALS AND METHODS

Participants
This study was approved by the Ethics Committee of the Airforce
Medical Center and the Ethics Committee of Peking University
School and Hospital of Stomatology (No. PKUSSIRB-
202164061). To estimate the sample size, we used the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 291
RnaSeqSampleSize method implemented in the R language by
Zhao et al. which was based on the distributions of average gene
read counts and dispersions estimated from real RNA-seq
datasets of The Cancer Genome Atlas (TCGA) (Zhao et al.,
2018). The estimated minimum fold change in prognostic gene
expression between the two groups was set to 2.5 based on a
former study investigating the salivary microbiome of OSA
patients and normal controls (Jia et al., 2020), and the sample
size of 50 would reach a false discovery rate (FDR) of 0.01 with a
total of 20,000 genes for testing and 200 prognostic genes.
Considering possible complications of the study, 60
participants were initially recruited.

From July to December 2019, patients aged 25–35 years who
were diagnosed with obstructive sleep apnea were included from
two sleep medicine centers in Beijing. Then, non-OSA controls
matched with the OSA group by age, gender and BMI were
voluntarily recruited from an enterprise’s male dormitory in
Beijing. The inclusion criteria were as follows: 1) age >18 years;
2) male; 3) self-reported as having no alcohol abuse; and 4) self-
reported as never smoking or having quitted smoking for more
than 6 months. All participants signed informed consent after
being told study details.

The exclusion criteria included a special diet preference, pet
feeding, systemic diseases (hypertension, diabetes, etc.), salivary
gland disease, oral mucosa infectious disease, untreated decays or
pericoronitis, application of antibiotics or hormone drugs in the
last 3 months, and periodontal and/or OSA treatment in the last
1 month. Among the 60 initially recruited participants, two
voluntarily withdrew the periodontal examination, one failed
to record sleep monitoring data due to connection failure, and
three had saliva samples containing less than 0.5 ng/ml DNA.
Finally, 54 participants, consisting of 27 OSA patients and 27
normal controls, completed the whole study with a dropout rate
of 10%.

Periodontal Examination
The periodontal examination was practiced for each participant
by one exper ienced double-bl inded dentis t before
polysomnography (PSG). A full mouth probing was conducted
to record the probing depth (PD) and clinical attachment level
(CAL) of each participant. All measurements were obtained
using a Williams style periodontal probe (Hu-Friedy, Inc.,
Chicago, IL, USA) and lengths were rounded up or down to
the nearest millimeter. CAL is determined as follows: 1) If the
gingival margin is located on the anatomic crown, CAL is
calculated by PD minus the distance from the gingival margin
to the cementoenamel junction (CEJ). 2) If gingival margin
coincides with the CEJ, CAL equals to PD. 3) If the gingival
margin is located apical to the CEJ, CAL is PD plus the distance
between the CEJ and the gingival margin.

In the diagnosis of periodontitis, we used the 2017 World
Workshop on the Classification of Periodontal and Peri-implant
Diseases and Conditions. A patient was a periodontitis case if:
1) Interdental CAL is detectable at ≥2 non-adjacent teeth, or;
2) Buccal or oral CAL ≥3 mm with pocketing >3 mm is
detectable at ≥2 teeth (Tonetti et al., 2018).
December 2021 | Volume 11 | Article 752475
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Diagnosis of OSA
Each participant underwent standard overnight PSG using a
portable computerized device (SOMNOscreen™ plus,
SOMNOmedics GmbH, Randersacker, Germany).

Before PSG, the blood pressure and heart rate were recorded.
Accordingly, central electroencephalogram and electrocardiogram
were taken. Chest and abdominal movement were traced by
respiratory effort bands. Body position and oronasal airflow
were recorded by pressure sensors, and oxygen saturation
(SaO2) was measured by a pulse oximeter. In the morning,
blood pressure and heart rate were recorded again within 1 h
after the rising.

Sleep stages and arousals, movements, and cardiopulmonary
events were manually scored by one experienced sleep technician
based on the scoring manual of the American Academy of Sleep
Medicine (AASM) (Berry et al., 2020). The standard definition of
an apneic event includes a minimum 10-second interval between
breaths, with a neurologic arousal, a blood oxygen desaturation
of 3% or greater, or both arousal and desaturation. Hypopnea is
defined as an episode of shallow breathing (airflow reduced
by ≥50%) during sleep, lasting for ≥10 s and usually associated
with a fall in blood oxygen saturation attributable to partial
obstruction of the upper airway. The apnea–hypopnea index
(AHI) is calculated as the total number of apneas and hypopneas
per hour of sleep. In adults, the presence of OSA was determined
as an AHI score of ≥5, while mild OSA is defined as an AHI of at
least 5 to 15 events per hour, moderate OSA as >15 to 30 events
per hour, and severe OSA as >30 events per hour (Sateia, 2014).

Saliva Collection
Saliva samples were collected in the morning after the overnight
PSG. All participants were required not to drink, eat, brush teeth,
or floss for at least 2 h. Fifteen minutes before sampling, they
were guided to gently rinse their mouth using purified water.
Approximately 2 ml of whole saliva was collected by passive
drool using Saliva Collection Aid (Salimetrics, State College, PA,
USA). All samples were frozen at −20°C immediately after
collection, and transferred to −80°C refrigerators in no more
than 4 h until further processing.

DNA Extraction and Sequencing
Before DNA extraction, all samples were thawed at room
temperature. Approximately 500 ml saliva of each sample was
transferred into the centrifuge tube and centrifuged at 10,000
rpm for 15 min. Only the residues were collected and
resuspended in 300 ml phosphate buffered saline (PBS). Then
we used QIAamp DNAMini Kit (Qiagen, Valencia, CA, USA) to
extract DNAs according to the manufacturer’s protocols. The
quality of the extracted DNA was checked by the
spectrophotometer (Nanodrop 8000, Thermo Fisher Scientific,
Waltham, MA, USA) to see whether the OD260/280 ratio was 1.8–
2.0. The integrity of DNA was verified by 1% agarose gel
electrophoresis, where samples with less than 0.5 ng/ml DNA
were excluded. The high-quality DNA was stored at −20°C for
further sequencing.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 392
Isolated DNA was used as a template for polymerase chain
reaction (PCR) (Ko et al., 2019). The V3–V4 regions of the
bacterial 16S rRNA gene were amplified with 341’F primer
( CCTAHGGGRBGCAGCAG ) a n d 8 0 5 ’R p r im e r
(GACTACHVGGGTATCTAATCC) (Hugerth et al., 2014)
using a KAPA HotStart ReadyMix PCR Kit (KAPA
Biosystems, Wilmington, MA, USA). The PCR program was
set as follows: 98°C for 2 min, 26 cycles of 98°C for 20 s, 54°C for
20 s, 72°C for 2 min (Eriksson et al., 2019). The products were
purified using an AxyPrep DNA Gel Extraction Kit (Axygen,
Union City, CA, USA). The libraries were sequenced using the
Illumina NovaSeq™ 6000 platform (Illumina Inc, San Diego,
CA, USA) by Shanghai Personalbio Co., Ltd. (Shanghai, China)
and all sequencing data were submitted to the NCBI Short Reads
Archive Database under accession number SRP339526.

16S rRNA Gene Library Preparation and
Data Processing
To process the raw sequencing data , the Vsearch
(v2.13.4_linux_x86_64) software was used. First, amplicon
reads with low quality and primers were trimmed and filtered,
followed by chimeras removed and singletons filtered. Then
selected high-quality sequences with a similarity threshold of
97% were clustered to the same operational taxonomic units
(OTUs) using UPARSE (Edgar, 2013). In each OTU, the most
abundant sequence was used as the representative sequence and
was taxonomically classified into microbial taxa (phylum, class,
order, family, and genus) according to the Ribosomal Database
Project database and the Human Oral Microbiome Database
(Dewhirst et al., 2010).

To compare the diversity or complexity of species in OTUs
from OSA and non-OSA samples, alpha diversity analysis was
applied through several indices, namely, observed species, Chao,
Shannon, Simpson, Pielou’s evenness and goods coverage. The
indices were calculated by Mothur (v1.31.2), and one-way
ANOVA analysis was used for multigroup comparison. In beta
diversity analysis, we used the unweighted UniFrac distances
matrices to perform the principal coordinates analysis (PCoA)
and analysis of similarities (ANOSIM), in order to ordinate the
dissimilarity matrices of the samples.

To analyze the difference of species components in each
group, the number of total OTUs, OTUs in the OSA and the
non-OSA group was shown by a Venn diagram. Then, the
distribution of OTUs in each sample were plotted in one
histogram using R, version 3.0.3 (R Foundation for Statistical
Computing, Vienna, Austria). Kruskal–Wallis tests were
conducted to determine which taxonomic groups were
significantly different between groups of samples.

Multivariate analyses using Multivariate Association with
Linear Models (MaAsLin) was performed to test associations
between OSA and salivary microbiome, taking periodontitis, age,
BMI, and alcohol use into account as possible confounding
factors. In the MaAsLin models, periodontitis (yes/no) and
alcohol use (current/former/never) were defined as categorical
metadata variables, along with age and BMI defined as
continuous variables. A q-value <0.10 was used as significance
December 2021 | Volume 11 | Article 752475
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cut-off for this taxa-phenotype associations (van der Meulen
et al., 2019).

Statistical Analysis
All statistical analysis, if not specified, was conducted using IBM
SPSS Statistics for MacOS, version 26.0 (IBM Corp., Armonk,
N.Y., USA), and a two-sided p-value of <0.05 was considered to
be statistically significant. A normality test was practiced on all
variances we collected.

We set OSA as the risk factor and periodontitis as the
outcome, and the c² test was applied to measure the difference
in prevalence of periodontitis between variables. The differences
between the mean values of PD were then evaluated between two
groups using the independent t-test.

The comparison of sequencing data between two groups were
firstly tested for the homogeneity of variance, and then followed
by one-way ANOVA or Wilcoxon rank sum test.
RESULTS

Characteristics of the Study Participants
In total, 54 male participants were enrolled in the study, with 27
participants in the OSA group and 27 participants in the non-
OSA group according to the PSG diagnosis. The two groups were
comparable with respect to other characteristics, as age, alcohol
use, annual incomes, and level of education were basically
matched. Additional participants demographics are presented
in Table 1.

With regard to the PSG diagnosis, almost all participants
could be considered normal range (51.9% had BMI from 18.5 to
24.9 kg/m2) or pre-obese (46.3% had BMI from 25 to 29.9 kg/m2)
according to the WHO criteria for obesity. A significantly higher
BMI and a higher proportion of pre-obese participants were
discovered in the OSA group.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 493
Based on the periodontal examination, 30 participants
(55.6%) had been diagnosed with periodontitis. The OSA
group showed a significant ly higher prevalence of
periodontitis, but there was no statistically significant
difference of mean PD or mean CAL between the two groups.
16S rRNA Gene Amplicon
Sequencing Data
After data processing, a total of 4,133,794 high-quality reads were
generated from 54 salivary samples (ranging from 57,599 to
112,104 reads), with an average of 76,552 ± 10,625 reads per
sample. Then, all reads were clustered by using a 97% similarity
cutoff. A total of 483 OTUs, with 341 and 434 OTUs in the OSA
and the non-OSA group respectively were finally detected. As
shown by the species accumulation curve (Figure 1A) and the
rarefaction curve (Figure 1B), the curve gradually became flat
with the increasing number of sequencing samples, indicating
that the sample size is sufficient enough to represent the species
composition as well as the diversity of microorganisms in
the samples.
Alpha Diversity Analysis
The alpha diversity of microbial community was calculated and
then compared between the OSA group and the non-OSA group.
The OSA group had a significantly lower microbial species
richness than the controls, as demonstrated by the Chao index
(p = 0.027) (Figure 2A) and observed species (p = 0.033)
(Figure 2B). The OSA group also showed higher goods
coverage (p = 0.023) (Figure 2E). Shannon (Figure 2C) and
Simpson (Figure 2D) indexes indicated that there was no
statistical difference of the microbial species diversity between
the two groups. The microbial species evenness estimator (Pielou’s
evenness) (Figure 2F) also showed no significant difference.
TABLE 1 | Demographic characteristics of the study samples grouped by OSA.

Demographic characteristics All Participants (n = 54) OSA Yes (n = 27) OSA No (n = 27) p-Value

Age (years) 28.5 ± 3.1 27.9 ± 3.2 29.3 ± 2.8 0.120
24–29 33 (61.1) 15 (55.6) 18 (66.7)
30–35 21 (38.9) 12 (44.4) 9 (33.3)
BMI (kg/m2) 24.4 ± 2.6 25.6 ± 2.3 23.2 ± 2.4 <0.001*
<18.5 1 (1.9) 0 (0) 1 (3.7)
18.5–24.9 28 (51.9) 10 (37.0) 18 (66.7)
25.0–29.9 25 (46.3) 17 (63.0) 8 (29.6)
Alcohol Use
Never 18 (33.3) 8 (29.6) 10 (37.0)
Former 2 (3.7) 2 (7.4) 0 (0)
Current 34 (63.0) 17 (63.0) 17 (63.0)
AHI (times/h) 5.08 ± 3.20 2.38 ± 1.39 7.79 ± 1.94 <0.001*
Periodontitis 0.028*
Yes 30 (55.6) 19 (70.4) 11 (40.7)
No 24 (44.4) 8 (29.6) 16 (59.3)
Periodontal Parameters
mean PD (mm) 3.09 ± 0.41 3.13 ± 0.44 3.04 ± 0.38 0.489
CAL (mm) 2.31 ± 0.60 2.35 ± 0.67 2.27 ± 0.54 0.625
Dec
ember 2021 | Volume 11 | Article
Values are shown as mean ± SD or n (%).
*p < 0.05 was considered statistically significant.
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Beta Diversity Analysis
Beta diversity analysis was conducted to characterize the
similarities or differences of microbial communities. PCoA to
unweighted UniFrac distances were conducted in four categories:
OSA/periodontitis, OSA/non-periodontitis, non-OSA/
periodontitis, and non-OSA/non-periodontitis. A separation
was observed among the four categories. Scatters of the OSA/
non-periodontitis gathered to the left top of the plot, while
scatters of the non-OSA/non-periodontitis category gathered to
the right bottom (Figure 3A).

The distinction of microbial communities between the two
groups were further tested by ANOSIM analysis (Figure 3B),
showing a significant higher between-habitat diversity at the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 594
OSA group than that at the non-OSA group (R2 = 0.065875,
p = 0.005).

Microbial Distribution
As shown by the Venn diagram (Figure 4A), the number of total
OTUs in the OSA group was fewer than the non-OSA group (341
versus 434). There were 49 unique OTUs in the OSA group and
142 in the non-OSA group.

The taxonomic composition in samples of genus level was then
generated into the heatmap (Figure 4B) to visualize the distribution
of bacteria in each sample. While analyzing the detected bacteria at
phylum, genus, and OTU levels, the microbial distribution of the
top 10 taxa is provided in Figure 4C. The main detected bacteria
A

B

FIGURE 1 | Species accumulation and rarefaction analysis indicated that the sample size is sufficient enough to represent the species composition. (A) Sample-
based species accumulation curve and (B) Sample-based rarefaction curve gradually became flat with the increasing number of sequencing samples.
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phylum in the two groups included Firmicutes, Actinobacteria, and
Proteobacteria, which made up more than 70% of the whole
bacteria in each group. The top-most genus included
Streptococcus, Neisseria, and Actinomyces. It was also observed
that the microbial community structure differed from the OSA
group to the non-OSA group. Among these top abundant microbes,
Rothia (8.73% versus 5.01%) and Gemella (3.58% versus 2.56%)
showed a significant abundance in the OSA group. In contrast, the
abundance of Streptococcus (4.07% versus 2.17%) and Veillonella
(4.07% versus 2.17%) was relatively higher in the non-OSA group.
In OTU level, R. mucilaginosa (7.39% versus 3.92%) was
significantly abundant in the OSA group, while the abundance of
P. melaninogenica (4.36% versus 2.12%) was higher in the non-
OSA group.

In the MaAsLin models, OSA was statistically associated with
Peptostreptococcus and Granulicatella (q <0.1). No statistical
associations were detected between OSA and periodontitis, age,
BMI, and alcohol use.

Periodontal Pathogens
At the genus level, the relative abundance of eight predominant
genera which had been proved to initiate periodontal disease was
visualized in the plot (Figure 5A). Further statistical analysis
showed that only Prevotella were observed to have significant
higher abundance in the OSA group than that in the non-OSA
group. The relative frequency of other seven genera were found
to have no significant difference between the OSA group and the
non-OSA group (Table 2).

At the species level, we included five specific species which
have a clear proof of periodontal pathogenesis in this study,
namely, Aggregatibacter actinomycetemcomitans (Aa), Prevella
intermedia (Pi), Campylobacer rectus (Cr), Fusobacterium
nucleatum (Fn) and Treponema denticola (Td). As shown by
the box diagram (Figure 5B), the relative abundance of Aa, Pi,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 695
and Td was slightly higher in the OSA group. However, the
differences of relative abundances of these five species related to
periodontal diseases were not significant between the two
groups (Table 3).
DISCUSSION

The findings of this study were not completely in accordance
with previous studies which indicated a stable and unchanged
alpha diversity of saliva microbiome between the OSA and the
non-OSA groups (Jia et al., 2020). Rather, we detected a
significantly decreased microbial richness and also a higher
between-habitat diversity in the OSA group, as demonstrated
by alpha and beta analyses. Additionally, the total and unique
OTUs also increased from the OSA to the non-OSA group. An
interesting finding of the microbial community structure was
that Rothia and Gemella, both gram-positive, were more
abundant in the OSA group, while Prevote l la and
Haemophilus, both gram-negative, were more abundant in the
non-OSA group. These results indicated that the structure of the
saliva microbial community in the OSA group was altered in
terms of species richness and trans-habitat diversity. Regarding
the different species between two groups detected by the
MaAsLin analysis, Peptostreptococcus is a recognized pathogen
in medical infections, and also a potential pathogen in adult
periodontitis (Rams et al., 1992). Granulicatella is a normal
component of the oral flora, but has been associated with a
variety of invasive infections in man (Cargill et al., 2012). The
results implicated that the observed differences of the two species
might be related to the biological variation itself, rather than
periodontal conditions, age, BMI or alcohol consumption
differences, and such differences might be associated with the
pathogenesis of periodontitis.
A B D E FC

FIGURE 2 | Alpha diversity analysis of the salivary microbial samples. (A) Chao1 Index; (B) Observed species; (C) Shannon Index; (D) Simpson Index; (E) Goods
coverage; (F) Pielou’s evenness. The Chao1 and observed species were significantly decreased in the OSA group. Goods coverage were significantly higher in the
OSA group. There was no significant difference of Shannon, Simpson and Pielou’s evenness between the two groups.
*p < 0.05 was considered statistically significant.
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The mechanism might be related to repeated episodes of
collapse of the upper airway during sleep which result in
intermittent hypoxia in patients with OSA (Moreno-Indias
et al., 2016). Recent studies showed that hypoxia plays an
important role in host’s both adaptive and innate immunity,
by regulating transcription factors including nuclear factor-kB
(NF-kB) and hypoxia-inducible factor (HIF) (Bhandari and
Nizet, 2014). Consequently, the intermittent hypoxia caused by
OSA could regulate these important immune transcription
factors in the host, which significantly alters the process of
subsequent disease progression and bacterial infection (Schaffer
and Taylor, 2015).

A large number of in vivo studies support the possible
protective effect of HIF-activating agents in tissue infected with
gram-negative bacterial pathogens and some gram-positive
strains (Elks et al., 2013; Oehlers et al., 2015). In detail,
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invasive pathogens are detected by toll-like receptors (TLRs) in
immune cells, leading to the activation of NF-kB pathway that
could promote the inflammation status in the host. Under the
condition of hypoxia, the activity of HIF-1 is enhanced. The
activated HIF-1 pathway could upregulate several factors that
promote host’s immunity and the resolution of infection
(Thompson et al., 2017). We hypothesized that there may be a
protective mechanism in patients with OSA. Under intermittent
hypoxia, the protective effect could make the harmful pathogens
decrease, thus makes the diversity of microbial community
slightly increased. However, further experiments of the
molecular mechanism should be done to testify and strengthen
the hypothesis as discussed.

When referred to the specific bacteria that could reflect the
periodontal status, only Prevotella showed a significant increase
in the genus level in the OSA group. Prevotella is Gram-negative
A

B

FIGURE 3 | Beta diversity analysis of the salivary microbial samples. (A) Principal Coordinates Analysis (PCoA) calculated by the relative abundance of OTUs.
Salivary microbial samples were divided into four categories. OSA-P, OSA/periodontitis; OSA-nP, OSA/non-periodontitis; nOSA-P, non-OSA/periodontitis; nOSA-nP,
non-OSA/non-periodontitis. The communities of the four categories had the tendency to cluster apart from each other. (B) The average weighted UniFrac distance
value of the OSA group is slightly higher than the non-OSA group.
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bacteria that had recently been shown to be more abundant in
patients with periodontitis than normal controls (López, 2000;
Doungudomdacha et al., 2001). In the process of dental plaque
biofilm accumulation, Prevotella perform as secondary
colonizers which do not colonize tooth surfaces initially, but
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 897
rather adhere to other colonizers that are already in the plaque
(Szafrański et al., 2015). The maturation of the plaque includes
the transition from early supragingival plaque to subgingival
plaque. This process also involves a shift in the microbial
population from primarily gram-positive bacteria to gram-
A

B

C

FIGURE 4 | Analysis of the composition and structure of microbial communities at the genus level. (A) Venn diagram to visualize the shared and unique OTUs in the
OSA and the non-OSA group. (B) Heatmap of the relative abundance of salivary microbiome at the genus level of each participant. (C) The relative abundance and
distribution displaying the top-most significantly different taxa at phylum, genus, and OTU levels between the OSA and the non-OSA group.
A B

FIGURE 5 | Analysis of the relative abundance of specific genus and species related to periodontitis. (A) The relative abundance of the periodontal pathogens at the
genus level. Only Prevotella was more abundant in the OSA group. (B) The relative abundance of the periodontal pathogens at the species level. No significant
difference was observed in the selected five species between two groups.
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negative bacteria. Therefore, during the later stages of plaque
formation, gram-negative species tend to predominate in the
plaque (Newman et al., 2018).

Additionally, the species of five well-known periodontal
pathogens, namely, Aa, Pi, Cr, Fn, and Td were further
investigated. None of them were detected to change in abundance
significantly. These results indicated that OSA might cause
periodontitis, not by directly increasing the relative abundance of
periodontal pathogens, but by changing the microbial community
structure and also affecting the interactions of different bacteria so as
to alter the pathogenesis process of disease.

In this study, the OSA group and the non-OSA group were
matched by gender, age, BMI, socioeconomic conditions and
education experience. Besides, we set relatively strict inclusion
criteria to exclude possible confounders: smoking status, drug
use, poorly controlled systematic diseases, or any other
interfering conditions, thus including a study sample with the
least number of patient-related confounders. Therefore, quite
homogeneous samples were finally included in the study, which
was ideal for investigating possible influencing factors.

This preliminary study had several important limitations.
First, the sample size was relatively small in this study, which
may affect the study power to distinguish periodontal pathogens
as differing between groups in the analyses. Further studies may
include more samples to testify and broaden the findings of the
current one. Second, we only included Chinese male adults of
middle age in this study. The severity of both OSA and
periodontitis, if any, was far milder than that in the general
population. Thus, the selection of participants did not add power
of the study for population generalization and the results might
not reflect the genuine structure and distribution of salivary
microbiome in populations of different races, genders and ages.
Consequently, adequate consideration should be given when
extending the results to the general population. Future studies
might conduct a perspective design including interventions, or
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 998
take insight into the signaling pathways in order to improve the
credibility and validity of the results.
CONCLUSIONS

In conclusion, a significant association between OSA and
periodontitis was observed in this study. Moreover, the
sequencing data demonstrated that the salivary microbial
community was altered in the OSA group in the aspects of
species richness and trans-habitat diversity, along with Prevotella,
a specific periodontal pathogen, showing an increasing trend in
patients with OSA. These findings may shed new light on the
explanation for the pathogenesis of periodontitis.
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Periodontal disease is classically characterized by progressive destruction of the soft and
hard tissues of the periodontal complex, mediated by an interplay between dysbiotic
microbial communities and aberrant immune responses within gingival and periodontal
tissues. Putative periodontal pathogens are enriched as the resident oral microbiota
becomes dysbiotic and inflammatory responses evoke tissue destruction, thus inducing
an unremitting positive feedback loop of proteolysis, inflammation, and enrichment for
periodontal pathogens. Keystone microbial pathogens and sustained gingival
inflammation are critical to periodontal disease progression. However, recent studies
have revealed the importance of previously unidentified microbes involved in disease
progression, including various viruses, phages and bacterial species. Moreover, newly
identified immunological and genetic mechanisms, as well as environmental host factors,
including diet and lifestyle, have been discerned in recent years as further contributory
factors in periodontitis. These factors have collectively expanded the established narrative
of periodontal disease progression. In line with this, new ideologies related to maintaining
periodontal health and treating existing disease have been explored, such as the
application of oral probiotics, to limit and attenuate disease progression. The role of
systemic host pathologies, such as autoimmune disorders and diabetes, in periodontal
disease pathogenesis has been well noted. Recent studies have additionally identified the
reciprocated importance of periodontal disease in potentiating systemic disease states at
distal sites, such as in Alzheimer’s disease, inflammatory bowel diseases, and oral cancer,
further highlighting the importance of the oral cavity in systemic health. Here we review
long-standing knowledge of periodontal disease progression while integrating novel
research concepts that have broadened our understanding of periodontal health and
disease. Further, we delve into innovative hypotheses that may evolve to address
significant gaps in the foundational knowledge of periodontal disease.
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THE ORAL MICROBIOME: HEROES AND
VILLAINS

The Goodfellas
The oral cavity is home to approximately 700 species of bacteria
that together comprise the oral microbiome (Deo and Deshmukh,
2019). The oral microbiome is composed of a unique and diverse
ecosystem of microbial organisms that metabolically and
physically interact. Such interactions result in the formation of
complex biofilm communities in which physio-chemical
gradients create distinct niches for microorganisms of differing
metabolic needs (Rosan and Lamont, 2000; Kim et al., 2020).
Work by Mark Welch et al. demonstrates the spatio-chemical
structure of healthy supragingival plaque, described by a
“hedgehog-like” structure organized in a radial fashion (Mark
Welch et al., 2016). In this model, Corynebacterium spp anchor
to early colonizers, such asActinomyces spp and Streptococcus spp,
and radially extend outward to provide a long, annulus structure.
Attached at the tip of the annulus, Haemophilus, Aggregatibacter,
and Neisseriaceae occupy the oxygen- and nutrient-rich
periphery. Metabolic output from oxidative species at the
periphery creates an anoxic environment at the biofilm center,
in which anoxic capnophilic species, such as Capnocytophaga,
Leptotrichia, and Fusobacterium thrive along the middle of the
annulus. This study also found striking similarities in the
composition of supragingival plaque and subgingival plaque in
healthy subjects, identifying 13 genera with at least 3% abundance
that constituted 85% of all sequencing in supragingival plaque
and more than 80% of all subgingival plaque (Mark Welch et al.,
2016). When the complex ecosystem of the oral biofilm is
perturbed, microbial dysbiosis ensues (Hajishengallis and
Lamont, 2012). This disruption in microbial community
dynamics plays a major role in the etiology of gingivitis and
development of periodontal disease. Periodontitis is also
characterized by immune dysregulation and inflammation and
increased representation of periodontal pathogens that bi-
directionally promote one another and together drive
destruction of the tooth supporting structures, including the
periodontal ligament (PDL) and alveolar bone (Ebersole et al.,
2013). The impact of chronic inflammatory diseases at sites far
from the oral cavity on periodontitis, and the emerging role of
periodontitis in systemic inflammation, is also becoming
recognized in the pathogenesis of periodontal disease (Qasim
et al., 2020).

Breaking “Bad”
The polymicrobial and synergy model, proposed by Lamont and
Hajishengallis (2013), integrates aspects of various proposals of
periodontal disease etiology (Hajishengallis and Lamont, 2013).
For example, the ecological plaque hypothesis proposed by
Marsh (1994), the red complex discovery by Socransky et al.
(1998), the model of synergistic interactions between keystone
pathogens and commensals (Hajishengallis et al., 2011), and
studies completed on the immune network that delineates states
of health and disease (Dutzan et al., 2016) are collectively
combined to grasp the complex nature of disease progression,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2102
including the role of synergistic microbial communities as well as
keystone pathogens, and the role of oral immune network
dysregulation. It is widely accepted that periodontitis is driven
by many factors including host immunity, host environmental
factors, and keystone periodontal pathogens that are critical to
disease etiology. A comprehensive model of multi-species
interactions in periodontitis was defined by Socransky et al.
(1998) who, using genomic DNA probes and checkerboard
DNA-DNA hybridization, identified Porphyromonas gingivalis,
Tannerella forsythia, and Treponema denticola as species which
appear together at higher frequency with increasing severity of
periodontal disease, thus coining the cluster “the red complex”
(Socransky et al., 1998; Holt and Ebersole, 2005). Over the years,
however, genera associated with periodontitis have expanded
beyond the red complex to include Filifactor alocis ,
Porphyromonas, Synergistetes, and Peptostreptococcaceae
(Griffen et al., 2012; Abusleme et al., 2013), as well as
Actinomyces actinomycetemcomitans that is associated with
aggressive periodontitis (Slots et al., 1980; Haubek et al., 2008).

Many studies have investigated the abundance of certain
phyla and genera that differentiate between periodontal health
and disease. Although many discrepancies exist between studies,
a shift in relative proportions of the four most abundant phyla,
including Bacteroidetes, Actinobacteria, Proteobacteria and
Firmicutes, and more specifically a decrease in the abundance
of Proteobacteria and Actinobacteria and increased abundance
of Bacteroidetes and Firmicutes in periodontitis, is unvarying
amongst different investigators (Griffen et al., 2012; Wang et al.,
2013; Cai et al., 2021). On a genus level, Treponema is
overrepresented in periodontal disease (Abusleme et al., 2013;
Cai et al., 2021), and conversely Rothia, Actinomyces, and
Neisseria dominate communities of health (Abusleme et al.,
2013; Rosier et al. , 2020; Cai et al . , 2021). As the
understanding of the species involved in the etiology of
periodontitis grows, the relationship between such pathogens,
pathobionts, and oral symbionts among and across one another
has revealed a complex network comprised of antagonistic and
synergistic interactions among members of the oral microbiome.
For example, pathobiont Fusobacterium nucleatum has been
shown to increase the survivability of putative periodontal
pathogen P. gingivalis in aerated conditions (Bradshaw et al.,
1998). Pathogen-pathogen potentiation has been demonstrated
by mutualistic interactions between T. denticola and P. gingivalis,
in which T. denticola benefits from succinate produced as a
metabolic byproduct by P. gingivalis (Grenier, 1992). Moreover,
Tan et al. (2014) found that T. denticola and P. gingivalis
densities increased significantly in co-culture compared to
monocultures (Yamada et al., 2005; Ng et al., 2019). It was also
found that these two species respond to each other in co-culture
by altering the expression of many genes, including glutamate
and glycine catabolism by T. denticola and shifts in fatty acid and
thiamine pyrophosphate synthesis by P. gingivalis (Tan et al.,
2014). Moreover, A. actinomycetemcomitans and Filifactor alocis,
both associated with localized aggressive periodontitis, display
mutualistic community growth (Wang et al., 2013). Dual-species
interactions of periodontal pathogens in relation to disease
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severity was also demonstrated in a murine model in which co-
infection by T. forsythia and F. nucleatum induced significantly
increased alveolar bone loss compared to mono-species infected
groups (Settem et al., 2012). Additionally, the role of symbiont-
pathogen interactions to disease potentiation has been
demonstrated by dual species infection with Streptococcus
gordonii with P. gingivalis that was found to promote
significantly greater bone loss compared to mono-species
infection (Daep et al., 2011). In line with pathogen interactions
with symbionts, P. gingivalis has been found to strongly associate
with Streptococcus oralis (Maeda et al., 2004).

A study by Peterson et al. (2014) analyzing the cooperative
and antagonistic relationships of the oral microbiome uncovered
that most inter-species interactions are positively correlated. This
positively associated network includes the genera Bacteroides,
Eubacterium, Filifactor, and Fusobacterium, Peptostreptococcus,
Campylobacter, Johnsonella, and Parvimonas (Peterson et al.,
2014). This study supports other findings that have identified
that shifts in the abundance of a single species is often
accompanied by concurrent shifts among other species due to
interspecies synergism and antagonism (Henne et al., 2014; Zhou
et al., 2016; Abusleme et al., 2021). To uncover the function
associated with specific transcripts, this study also analyzed the
transcriptome of microbial samples and found that transcripts
encoding ribosomal subunit biogenesis and carbohydrate
utilization were most abundant (8.9% and 10%, respectively)
among total samples. They also found that most stress response
transcripts (50-75%) were associated with oxidative stress
(Peterson et al., 2014). Although not focused specifically on the
functional networks associated with periodontal disease, this
study nonetheless highlights the importance of understanding
not only the composition of the oral microbiome, but
additionally the functional networks that exist in health and
that may become perturbed in disease. More research must be
completed on the synergistic relationships in health and disease
and how such interactions collectively translate to shifts in
community structure and disease emergence, progression,
severity, and response to treatment (Takahashi, 2015).

Structure Meets Function
Utilization of multi-omics approaches to address questions of
both microbial community function and underlying mechanisms
has further contributed to our understanding of microbial
composition in health versus periodontitis and moreover has
identified functional genes and microbial metabolic pathways
that are over-represented in periodontal disease. Wang et al.
(2013) identified significant differences among the four most
abundant phyla, Bacteroidetes, Actinobacteria, Proteobacteria
and Firmicutes, in periodontitis, with glycan biosynthesis and
metabolism being over-represented and carbohydrate
metabolism, amino acid metabolism, energy metabolism, lipid
metabolism, membrane transport, and signal transduction being
under-represented among diseased cohorts (Wang et al., 2013).
Metagenomic analysis of collective data from nine peer-reviewed
publications, in which a total of 943 subgingival samples from
periodontitis-afflicted and healthy subjects identified enriched
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3103
pathways exclusive to each cohort: significant differences
(p<0.05) in cell motility, cellular processing and signaling,
nucleotide metabolism, metabolism of cofactors and vitamins,
and nervous system function were significantly different, with an
increase in bacterial motility proteins and assembly among
periodontitis patients. Additionally, a significant difference
(p<0.05) was identified for the synthesis and degradation of
ketone bodies, nitrogen metabolism, and sulfur metabolism (Cai
et al., 2021).

In a multi-omics analysis of an experimental gingivitis model, a
shift in microbial composition, metabolite production, and salivary
cytokines at 24 to 72 hours following oral hygiene suspension was
identified, thus suggesting a critical window in disease onset and
progression. Results from the experimental gingivitis model were
subsequently compared to raw data from previously published
microbiome data sets. Profound similarities among microbial
community shifts were identified among studies, with cohorts
spanning from the United Kingdom, the United States, and
China (Huang et al., 2021). A study by Yost et al. (2015)
compared subgingival samples from individuals with both active
and stable periodontitis to a previous study on periodontal
signatures. Functional signatures were identified among
microbial communities defining states of disease versus health,
with upregulation of red complex genes associated with transport,
proteolysis, protein kinase C-activating G-protein coupled receptor
signaling pathway and response to antibiotic and downregulation
of genes associated with cobalamin (vitamin B12) biosynthesis
pronounced among the diseased group. Importantly, this study
determined that various species not explicitly defined as putative
periodontal pathogens, including Streptococcus mitis, Streptococcus
intermedius, and Veillonella parvula additionally contributed to
disease progression. Such findings highlight the role of microbial
community compositional and functional dysbiosis in driving
periodontal disease pathogenesis (Yost et al., 2015).

Antibiotics
The nature of periodontists as a complex polymicrobial biofilm in
dysbiosis has led to difficulty in treatment. Compounding, the oral
microbiome is a significant reservoir of mobile antibiotic resistant
genes than can be transferred to pathogenic microbes (Roberts and
Mullany, 2010; Carr et al., 2020). A study by Rams et al. found that
74.2% of patients (n=400 adults with chronic periodontitis) had
periodontal pathogens resistant to at least one antibiotic tested
doxycycline, amoxicillin, metronidazole, or clindamycin (Rams
et al., 2013). Sgolastra et al. (2021) completed a systematic review
of 21 randomized clinical trials of chronic periodontitis and found
that scaling and root planning with the addition of amoxicillin
(AMX) + metronidazole (MTZ), as compared to scaling and root
planning alone, reached the highest probing depth reduction at 6
and 12 months, and clinical attachment gain at 6 and 12-months
(Sgolastra et al., 2021). Although such treatments have proved
more successful, the systemic effects of broad-spectrum antibiotic
use must be considered as well with rising incidences of
antimicrobial resistance. Growing research has linked
perturbations in the microbiome with antibiotic use (Blaser,
2016; Faber et al., 2016; Mohajeri et al., 2018; Maier et al., 2021).
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The World Health Organization (WHO) has deemed
antimicrobial resistance as one of the top ten global health
threats facing humanity (World Health Organization, 2014).
Under these considerations, innovative targeted approaches
must be implemented in combatting periodontitis. One such
treatment is the novel antibiotic, amixicile, which inhibits
anaerobic bacteria implicated in periodontitis. including P.
gingivalis, T. forsythia, T. denticola, and F. nucleatum through
inhibition of pyruvate ferredoxin oxidoreductase (PFOR)
(Hutcherson et al., 2017; Gui et al., 2020). Amixicile targets the
cofactor of PFOR rather than the enzyme itself, which reduces the
risk of antibiotic resistance by mutation (Hutcherson et al., 2017).
Additionally, amixicile has been found to suppress the growth of
oral anerobic bacteria while leaving aerotolerant bacteria
unaffected (Hutcherson et al., 2017; Gui et al., 2020). A
multifaceted approach incorporating the use of targeted
antimicrobials with treatments that support the rehabilitation of
a healthy oral microbiome may lead to improved health outcomes
of patients with periodontitis.

The New Kids in Town: The Oral Virome in
Periodontal Disease
The role of the oral microbiota in periodontal disease progression
has largely focused on dysbiosis related to bacterial species.
However, the role for the oral virome, composed of
bacteriophages, viruses, and retroviruses, among the oral
microbiota in periodontitis remains largely limited. Viruses have
been recognized as constituents of the oral microbiota in health
and disease (Ly et al., 2014) and certain viruses, such as Epstein-
Barr virus, herpes simplex virus, and cytomegalovirus have been
implicated in a variety of oral pathologies (Bilder et al., 2013; Kato
et al., 2013; Contreras et al., 2014; Slots, 2015; Zhu et al., 2015; Lu
et al., 2016; Gao et al., 2017; Naqvi et al., 2018; Slots, 2019).
Findings related to the role of viruses in periodontal disease
etiology, including disease potentiation by viruses via interaction
with periodontal pathogens, viral infection of host cells, and viral-
mediated biofilm dysbiosis, were comprehensively outlined by
Martıńez et al. (2021) Comparatively, however, the significance of
the oral virome in periodontitis has not been fully elucidated. A
polymicrobial infection model of periodontal disease composed of
an inoculum containing P. gingivalis, F. nucleatum, T. denticola,
and T. forsythia was employed in a murine model over the course
of 8 weeks to understand the effects of infection on PDL
properties, alveolar bone loss, the host serum immune profile,
and the resident oral microbiota (Gao et al., 2020). Oral swabs were
collected prior to administering the infection (following antibiotic
treatment) and at 1, 4, and 8 weeks post-infection to understand
longitudinal changes to the oral microbiota in parallel with disease
progression over time. Maxillary and mandibular specimens were
utilized to perform metagenomic shotgun sequencing to examine
perturbations to the oral microbiota in response to the pathogenic
inoculum. Bacterial community composition and diversity did not
differ significantly between control and infection groups (p=0.92).
However, significant changes to the oral virome were detected
between infection and control groups (p=0.04). Viral members
associated with increased bone loss among the infection group
included Gammaretrovirus, Porcine type-C oncovirus, Bat
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4104
Gammetrovirus, and Golden hamster intracisternal A particle
H18. Porcine type-c oncovirus was additionally associated with
increased PDL space.With regards to the immune response, a weak
association was found between Gibbon ape leukemia virus and
immune gene Tnfsf 14 (Gao et al., 2020). A significant role for the
virome has also been recognized in other chronic disease states,
some of which are also associated with periodontitis, including
inflammatory bowel disease, diabetes, and cancer (Santiago-
Rodriguez and Hollister, 2019).

Most viruses present in the oral cavity are bacteriophages
(Pride et al., 2012; Robles-Sikisaka et al., 2013), many of which
belong to the Caudovirus families, Siphoviridae, Myoviridae, and
Podoviridae (Wichels et al., 1998; Sullivan et al., 2003). Like
bacterial constituents of the oral microbiome, the virome is
altered by environmental influences and is highly variable
amongst individuals (Pride et al., 2012; Robles-Sikisaka et al.,
2013; Abeles et al., 2014). Moreover, oral viruses have been
shown to elicit host immune responses, thus implicating a role
for periodontal disease pathogenesis in the crosstalk between
host immunity and the oral microbiota (Figure 1) (Duerkop and
Hooper, 2013; Abeles et al., 2014). A study by Ly et al. (2014)
sought to define differentiating characteristics of the oral virome
in health versus periodontitis. Saliva and oral biofilm samples
were collected from 16 subjects that were periodontally healthy
or had mild to significant periodontitis. Salivary viromes largely
clustered according to periodontal disease status. This was also
reflected among supra- and subgingival biofilm samples in which
viromes from subjects with significant periodontitis clustered
together. The proportion of shared virome homologues was
greater among subjects with severe periodontal disease
(p=0.002) compared to subjects with mild periodontitis or
healthy status for subgingival plaque samples. Significant
differences in periodontally healthy subjects compared to
diseased subjects was also identified in relationship to oral
biogeographical site. In healthy subjects, Siphviridae were
identified as the most abundant viral family. The abundance of
podoviruses from each intraoral site among healthy subjects was
also similar, however the relative abundance of myoviruses
varied considerably with biogeographical location and disease
state. While myoviruses were significantly more abundant in
saliva from healthy individuals compared to diseased cohorts,
they also were more abundant among subgingival plaque from
the periodontitis cohorts compared to healthy subjects. No
significant differences in viral families were observed in
supragingival plaque, however. Together, these findings suggest
that the oral virome is significantly altered in subgingival plaque
due to increased myovirus abundance. At a higher taxonomic
level, viruses belonging to Firmicutes and Proteobacteria were
most abundant in saliva, followed by Bacteroidetes and
Actinobacteria. Conversely, those associated with Proteobacteria
and Bacteroidetes were most abundant in biofilm samples.
Bacteriophage, the most abundant viruses observed in the oral
cavity, serve as significant drivers of bacterial diversity in varying
microbial ecosystems, and as such may manipulate bacterially
mediated aspects of periodontitis (Willner et al., 2009; Reyes
et al., 2010; Minot et al., 2011; Foulongne et al., 2012; Pride et al.,
2012; Minot et al., 2013; Ly et al., 2014). Thus, it is important to
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better understand the oral virome for both its potential direct
aspects to periodontal disease and its possible role in bacterially
mediated disease potentiation.
BETTER SAFE THAN SORRY? THE
NECESSITIES AND PITFALLS OF
PERIODONTAL IMMUNITY

Continued accumulation of supra- and subgingival polymicrobial
biofilm communities evokes a persistent host immune response
within the periodontium (Hajishengallis et al., 2020). This
inflammatory process can be reversed if microbial biofilm is
removed, and the inflammation is limited to involvement of the
gingival epithelium and connective tissues. However, the
inflammatory process becomes irreversible if biofilm
accumulation persists and leads to involvement of deeper
periodontal tissues, such as deepening of the gingival crevice,
destruction of the PDL, and alveolar bone loss, at which point the
disease progresses from gingivitis to periodontitis (Armitage, 2004).
This sustained inflammation is further encouraged by the resulting
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5105
outgrowth of periodontal pathogens that thrive under inflammatory
conditions, during which proteinaceous by-products of tissue
destruction (i.e., collagen breakdown products, amino acids, iron,
heme, etc.) reinforce pathogen outgrowth (Hajishengallis, 2014;
Herrero et al., 2018; Rosier et al., 2018). Periodontal disease
severity is defined by increasing complexity of inflammatory cell
infiltrate. The Page and Schroeder model describes four distinct
stages characterizing disease progression: the initial lesion being
dominated by neutrophils, the early lesion characterized by elevated
macrophages and T cells, and the later established and advanced
lesions being characterized by B cell and plasma cell involvement
(Page and Schroeder, 1976). Although microbial challenge is
necessary for disease onset, host inflammatory involvement is the
primary driving force for periodontal tissue destruction (Hasturk
and Kantarci, 2015; Hajishengallis and Korostoff, 2017).

It Takes Two to Tango: Microbial-Host
Inflammatory Processes
The presence of pathogens in the gingival pocket elicits
chemokine secretion by epithelial cells that recruit neutrophils
from systemic circulation to the junctional epithelium
(Bosshardt and Lang, 2005; Fujita et al., 2018). Protective
FIGURE 1 | The Good and the Bad in Periodontal Disease. Left panel: factors that promote periodontal health, including supra- and subgingival biofilm
homeostasis, homeostatic immunity in gingival and periodontal tissues, healthy dietary constituents, and absence of chronic inflammatory disease at distant sites.
Healthy periodontal tissues in turn reduce risk of oral carcinogenesis and bi-directionally affect systemic health such that chronic inflammatory disease risk is
reduced. Right panel: factors that promote periodontal disease, including biofilm dysbiosis, uncontrolled gingival and periodontal inflammatory responses,
psychological stress paralleled by elevated cortisol release, and unhealthy diets characterized by high carbohydrate consumption. Periodontal disease adversely
affects oral tissue health and is a risk factor in oral carcinoma, induces cell senescence in healthy cells, promotes systemic inflammation, and is a risk factor in
chronic inflammatory diseases including inflammatory bowel disease (IBD), cardiovascular disease, autoimmune conditions, and Alzheimer’s disease. Periodontal
disease has emerged as a risk factor in COVID-19 severity and poor outcomes, as are other systemic chronic inflammatory diseases. New treatment modalities,
such as oral probiotics including L. lactis and bacteriocins, such as nisin, that can be paired with nanoparticle drug delivery systems, have emerged as potential
therapeutics to re-establish biofilm homeostasis and modulate aberrant inflammation. Image created with www.Biorender.com.
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proteolytic responses by neutrophils consequently disrupts the
epithelium, thereby promoting pathogen invasion deeper into
epithelial tissues and into the lamina propria, enhancing tissue
breakdown and bone resorption (Bosshardt and Lang, 2005).
Periodontal pathogens have evolved abilities to hijack and
manipulate the host inflammatory response to promote
inflammation while contrarily evading such responses. Bacteria
affect epithelial barrier function via directly manipulating host
genes and/or proteins involved in barrier function as well as via
indirect mechanisms involving immunoregulatory responses
(Turner, 2009). When homeostatic communication between
the oral microbiome and host immune response is perturbed,
either via microbial or inflammatory stimuli, dysbiosis is
perpetuated and the deleterious effects of periodontitis are
cyclically perpetuated. Tissue destruction in periodontitis is
driven by an expansion of TH17 cells in an interleukin (IL)-6
and IL-23 dependent manner, due to changes in microbial
community structure (Dutzan et al., 2018).

Deleterious microbial community remodeling is largely
attributed to increased representation and integration of the
keystone periodontal pathogen, P. gingivalis, which drives
increased bacterial load, changes in the composition of the
microbiota, and induces significant bone loss in specific
pathogen free (SPF) mice. Interestingly, although found to
increase bacterial load, P. gingivalis only comprised 0.01% of
the total bacterial count. Moreover, P. gingivalis is not capable of
driving bone loss in germ free (GF) mice, thus suggesting that, by
itself, it does not solely contribute to periodontal destruction
(Hajishengallis et al., 2011). P. gingivalis also directs important
inflammatory perturbances observed in periodontal disease, such
as modulating cross talk between toll-like receptor (TLR)-2 and
C5aR. Such interactions disrupt the TLR-MyD88 pathway and
instigate the proinflammatory TLR2-PI3K signaling pathway,
which causes inflammation through reduction in phagocytosis
and by enhancing intracellular survival of P. gingivalis (Maekawa
et al., 2014; Makkawi et al., 2017).

Revved Up: Microbial-Host Tissue
Destructive Networks and Profiles
In periodontitis, breakdown of the extracellular matrix and
alteration of the periodontal ligament space is observed
(Armitage, 2004). Recently, Malone et al. characterized a
mechanism by which T. denticola mediates direct effects to cell
barrier function via actin remodeling dynamics in periodontal
ligament cells (Malone et al., 2021). Immunofluorescence
staining revealed that challenge with T. denticola reduced actin
stress fiber abundance, complemented via a 30% decrease in b-
actin protein expression observed by Western blotting. RNA-
sequencing corroborated such findings such that, upon challenge
with T. denticola, PDL cells demonstrated upregulation of actin
and cytoskeletal-related pathways, including Ras protein signal
transduction and regulation of small GTPase-mediated signal
transduction. From these genes, RASA4 was identified as
significantly upregulated upon T. denticola challenge. The role
of T. denticola’s effector protein dentilisin in actin reorganization
was next investigated, in which purified dentilisin was sufficient
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to enhance RASA4 upregulation. Matrix metalloproteinase
(MMP)-2 activation is increased upon challenge with T.
denticola; as such, the effect of T. denticola-mediated changes
in actin dynamics and the effect of this on MMP-2 activity in
PDL cells was investigated. T. denticola significantly increased
MMP-2 activity, and this effect was abrogated by polymerizing
agent Jasplakinolide and increased by de-polymerizing agent
Latrunculin B, indicating that T. denticola promotes MMP-2
expression via actin depolymerization (Malone et al., 2021).

Periodontal pathogens additionally promote tissue
destruction by up-regulating tissue-destructive genes in host
tissue. Periodontal ligament fibroblasts undergo tissue
remodeling via expression of hydrolytic enzymes including
MMPs and additionally contribute to production of pro-
inflammatory mediators such as cytokines and chemokines.
Moreover, PDL cells modulate expression of pattern
recognition receptors (PRR) and TLRs that contribute to
surveying the environment for microbial species in the
periodontium (Sun et al., 2010; Tang et al., 2011; Jönsson
et al., 2011; Sokos et al., 2015; Zhang et al., 2015; Jiang et al.,
2016). Unresolved TLR signaling leads to overactivation of genes
involved in tissue destruction, such as those encoding MMPs (Li
et al., 2011; Sapna et al., 2014; Sokos et al., 2015). Lipoproteins
are recognized as significant virulence factors associated with
TLR2 stimulatory bacterial ligands (Sela et al., 1997; Wilson and
Bernstein, 2016; Sobocińska et al., 2018). Elevated T. denticola
levels among periodontitis patients are complemented by
increased MMP levels in periodontal tissues (Loesche, 1988;
Ramseier et al., 2009; Ateia et al., 2018). Ganther et al. recently
investigated T. denticola-mediated MMP expression via its
effector protein, dentilisin. PDL cells challenged with T.
denticola demonstrated increased expression of genes involved
in extra-cellular matrix (ECM)-receptor, collagen degradation,
and degradation of the ECM among the 20 significantly
enriched biological processes (Ganther et al., 2021). While not
significant, MMP-2 and MMP-14 were upregulated upon T.
denticola challenges, corroborated by prior research
demonstrating their involvement in periodontal disease (Lint
and Libert, 2007; Page-McCaw et al., 2007; Ateia et al., 2018).
Upregulation of MMP-2 and MMP-14 was specific to T.
denticola, as challenge with the Gram-negative commensal
Veillonella parvula did not result in upregulation of these
MMPs. The role of effector protein dentilisin on MMP
regulation was next investigated, in which challenge with
purified dentilisin resulted in upregulation of MMPs.
Conversely, challenge with dentilisin-deficient T. denticola did
not induce MMP activation. To establish a direct association of
TLR2 activation to MMP gene regulation in PDL cells, shRNA
knockdown of TLR2 was performed and cells were challenged
with purified dentilisin or T. denticola. Upon treatment with
either purified dentilisin or T. denticola, MMP-2, -11, -14, -17,
and -28 expression were significantly increased. The role of
Myd88 in TLR2 activation was next investigated, as most TLRs
signal through MyD88 (Wang et al., 2017). shRNA was used to
knockdown MyD88. Knockdown lines treated with T. denticola
or purified dentilisin did not induce upregulation of MMP
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targets compared to control samples. Specificity factor protein-1
(Sp-1) is a target of TLR/MyD88 associated with tissue
destruction and pro-inflammation. To determine if Sp1
expression is altered by T. denticola in PDL cells, cells were
challenged with wild type T. denticola or control dentilisin
mutant T. denticola-CF522 followed by western blot analysis
using a monoclonal antibody against Sp1. While treatment with
wild-type cells increased Sp1 expression, challenge with T.
denticola-CF522 failed to do so. Collectively, this study linked
dentilisin with TLR2 activation and identified potential tissue
specific inducible MMPs that may play additional roles in
mediating host inflammatory responses in periodontal disease
(Ganther et al., 2021).

The Innocent Bystanders: Cell Senescence
The underlying mechanisms of microbial dysbiosis and host
inflammatory responses continues to develop, contributing to a
greater understanding of these processes, and alternative
mechanisms by which periodontal tissue destruction occurs
continue to be revealed. Recruited neutrophils secrete pro-
inflammatory cytokines and reactive oxygen species (ROS) to
eliminate pathogens from affected tissues. Host immunity
paradoxically perpetuates periodontal disease severity via further
promoting microbial dysbiosis (Ebersole et al., 2013; Cekici et al.,
2014). In line with this concept, emerging evidence suggests that
chronic inflammation in the periodontium further promotes
inflammatory processes and tissue destruction via cellular
senescence among healthy resident cells that are chronically
exposed to an inflammatory environment (Aquino-Martinez
et al., 2020). Although ROS can protect against invading
bacteria, they can also cause harm to healthy host cells, thus
inducing stress-mediated DNA damage (Barzilai and Yamamoto,
2004). ROS generated via inflammatory processes can damage
cellular DNA of resident periodontal cells. Additionally, exposure
to bacterial lipopolysaccharide (LPS) can also promote DNA
damage among gingival and alveolar bone cells (Cheng et al.,
2015; Aquino-Martinez et al., 2020). Damaged DNA can undergo
repair; however, chronic damage to the genome elicits an
apoptotic or senescent response upon exposed cells (Childs
et al., 2014). Cells that acquire a senescent phenotype
overexpress pro-inflammatory cytokines, including but not
limited to IL-6, IL-1b, and IL-8, and proteolytic enzymes
including MMP-1, MMP-3, MMP-12, and MMP-13 (Coppé
et al., 2010; Aquino-Martinez et al., 2020; Levi et al., 2020). Such
cells are referred to as having a senescence-associated secretory
phenotype (Coppé et al., 2010). Secretion of pro-inflammatory
signals, proteolytic enzymes, and ROS alters the periodontal
environment, perpetuating inflammatory cell infiltration and
tissue damage that are hallmarks of periodontal disease.
Senescent cells may further contribute to the inflammatory
positive feedback loop in periodontitis in that DNA damage and
chronic inflammation can drive senescence-induced inflammatory
processes, and chronic inflammation thereby facilitates generation
of ROS and stress-mediated DNA damage (Jurk et al., 2014; Mittal
et al., 2014).

Four primary mechanisms may contribute to senescence
related to periodontal disease progression: persistent insult by
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7107
Gram-negative pathogens, chronic inflammation, continued
repa i r o f damaged t i s sues , and bac t e r i a - induced
immunosuppression. Persistent exposure to LPS from Gram-
negative pathogens induces a genotoxic effect among gingival
fibroblasts (Cheng et al., 2015). Continued exposure to LPS of P.
gingivalis was shown to cause premature DNA damage-driven
senescence within alveolar bone cells (Aquino-Martinez et al.,
2020). Additionally, cytolethal distending toxin secreted by A.
actinomycetemcomitans induces double-stranded breaks in
human gingival epithelial cells, leading to apoptosis or cellular
senescence (Guerra et al., 2011; DiRienzo, 2014; Grasso and
Frisan, 2015). Chronic inflammation damages cellular DNA via
continued generation of ROS and oxidative stress (Martindale
and Holbrook, 2002; Van Houten et al., 2018). ROS production
in gingival fibroblasts due to LPS exposure induced DNA
damage, as demonstrated by increased expression of anti- and
pro-apoptotic proteins. Senescent cells are also identified among
repaired and/or regenerated tissues (Coppé et al., 2010; Campisi,
2013). The continued repair and renewal capacity of the gingival
epithelium, albeit acting as a cellular-defense mechanism in
response to mechanical damage and bacterial insult, may also
contribute to periodontal tissue destruction (Bulut et al., 2006; Ji
et al., 2015). In support of this hypothesis, rapamycin, an mTOR
pathway inhibitor, delayed the onset of senescence characteristics
and preserved the mitotic potential of healthy gingival fibroblasts
(Xia et al., 2017). Senescent cells are also targeted by the host
immune system to detect and remove damaged cells. However,
the immune-suppressive capacities of various periodontal
pathogens, including P. gingivalis, A. actinomycetemcomitans,
and T. forsythia may promote accumulation of senescent cells.
Findings regarding the role of cell senescence in periodontal
disease progression may help to better understand the role of
chronic inflammation in periodontitis, opening new avenues for
disease prevention strategies via senotherapeutic treatment
modalities (Aquino-Martinez et al., 2020).

Holding Down the Fort: Homeostatic
Gingival Barrier Defenses
Albeit the role of host inflammatory responses in the gingiva in
disease progression, barrier immunity in the gingiva is critical as
this site is prone to insult by regular masticatory challenges,
microbial involvement, as well as dietary and airborne antigens
(Dutzan et al., 2016). Such tissue-specific cues at the gingiva
result in unique immune responses within periodontal tissues
compared to other physiological barrier sites. The oral epithelial
barrier that lines the interior of the gingiva is particularly
vulnerable to bacterial insult. The wall of the gingival sulcus is
lined with non-keratinized crevicular epithelium that
progressively thins towards the base of the sulcus, at which
point the mucosa meets the enamel surface of the tooth. At this
point of interaction, the epithelium transitions to the junctional
epithelium that is especially vulnerable, as it tapers to just 1-2 cell
layers of thickness. Here the epithelium is attached to dental
surfaces via hemidesmosomes, and this connection is highly
permeable (Dutzan et al., 2016). At this site, gingival crevicular
fluid flows and contains host immunological components,
including plasma proteins, cytokines, immunoglobulins, and
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various immune cells (Buclkacz and Carranza, 2012; Lamster,
1997). The junctional epithelium, however, maintains the ability
to regenerate in response to damage (Nanci, 2017), and such
regenerative capabilities reflect that this barrier site is uniquely
tailored to withstand a variety of bacterial, inflammatory, and
mechanical stimuli (Nanci, 2017).

Microbiome-dependent and -independent mechanisms of
immune homeostasis at the gingiva have been determined,
with microbe-independent mechanisms holding a dominant
role in homeostatic immunity (Dutzan et al., 2017). Via the
junctional epithelium, neutrophils transmigrate into the
periodontium. Neutrophils comprise most immune cells
represented at the gingival crevice in health, constituting 95%
of leukocytes (Dutzan et al., 2016; Rijkschroeff et al., 2016). The
presence of neutrophils in germ-free mice demonstrates a
microbiota-independent role for neutrophil surveillance in the
gingiva. Neutrophils are additionally crucial to resolution of
immune responses via downregulation of IL-23 in response to
microbial-mediated inflammation (Serhan et al., 2008;
Moutsopoulos et al., 2014; Ley, 2017; Moutsopoulos et al.,
2017). Malfunctions in neutrophil responses to such insults, as
demonstrated via various single-gene mutations that affect
granulopoiesis, neutrophil recruitment and extravasation that
result in severe periodontitis phenotypes, emphasize the
importance of neutrophils to maintaining periodontal health.
However, increased neutrophil representation in response to
inflammation is a hallmark of reciprocal reinforcement of
aberrant inflammation in periodontitis. As such, a delicate
balance of neutrophils is critical to periodontal immunity
(Kantarci et al., 2003; Eskan et al., 2012; Billings et al., 2017).
Dendritic cells, macrophages, and monocytes also comprise the
gingival immune network in health (Hovav, 2014; Dutzan et al.,
2016). Such immune cells are indicated in preserving barrier
integrity and immune regulation in the gingiva in response to
bacterial insult (Steinmetz et al., 2016). Various dendritic cell
populations reside in gingival tissues and increase during
inflammation (Jotwani et al., 2001; Jotwani and Cutler, 2003).
T cells, B cells, and innate lymphoid cells are also present in
healthy gingival tissues. While the role of innate lymphoid cells
and B cells in health remains to be fully elucidated, substantial
attention has been attributed to the role of T cell populations in
the gingiva (Dutzan et al., 2016; Dutzan and Abusleme, 2019).

T cell populations are crucial to periodontal health and
periodontal disease pathology. In health, CD4+ T cells with
memory phenotypes dominate gingival tissues (Dutzan et al.,
2016). Both CD4+ and CD8+ memory T cells produce IL-1, IL-
17, and IFN-g cytokines. The role of TH17 cells in microbiome-
independent mechanisms of host immune homeostasis has
gained increasing attention. Dutzan et al. found that TH17 cells
increase representation in gingival tissue with increasing age in a
microbiome-independent manner (Dutzan et al., 2017; Dutzan
et al., 2018). This contrasts with other barrier sites, such as the
intestinal epithelial lining and skin, at which TH17 cell expansion
relies on microbial presence (Ivanov et al., 2009; Naik et al.,
2012). Mechanical damage from masticatory forces resulted in
TH17 expansion in gingival tissues, thus demonstrating distinct
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8108
immune responses in gingival tissues to this unique tissue-
specific cue (Dutzan et al., 2017). Masticatory challenge
additionally prompted innate barrier defenses in an IL-6-
dependent manner (Dutzan et al., 2017; Dutzan et al., 2018).
TH17 cells thus demonstrate a protective role in response to
microbiome-independent stimuli, such as mechanical damage
that manifests at the gingiva. Challenging this, IL-17+ TH17 cell
expansion is a hallmark of periodontitis and health alike in
response to microbial and mechanical stimuli, respectively
(Dutzan and Abusleme, 2019; Takahashi et al., 2019). Distinct
cellular sources of IL-17 were delineated in periodontal health
versus periodontal disease: under homeostatic conditions,
TCRgd+ T cells are the major source of IL-17 and TH17
comprise the dominant IL-17+ population in disease. In
contrast to microbiome-independent mechanisms observed in
health, TH17 expansion in experimental periodontitis was
dependent on microbial dysbiosis, as well as IL-6 and IL-23.
Interestingly, 16S rRNA sequencing did not reveal the role for
specific bacterial candidates in driving dysbiosis, as TH17
expansion occurred in response to overall changes in the
microbiome induced by various antibiotic regimens targeting
specific bacterial populations (Dutzan et al., 2018).
IT’S A TWO-WAY STREET: THE ROLES
OF ORAL HEALTH IN SYSTEMIC HEALTH,
AND VICE VERSA

Increased incidence of periodontal disease and disease severity
have been linked to various pathologies at distant sites from the
oral cavity. Systemic disease states related to periodontal disease
that have achieved greatest recognition to date include
cardiovascular diseases, rheumatoid arthritis, and diabetes
(Hajishengallis and Chavakis, 2021). The oral manifestation of
various systemic pathologies, such as in the case of Crohn’s
disease, has also been recognized (Pittock et al., 2001). However,
a growing appreciation for the role of oral health in exacerbating,
and in some cases even driving, systemic pathologies has evolved
within recent years. Additional pathologies at sites distant from
the oral cavity, such as Alzheimer’s disease, have attained sizable
recognition for their association with periodontal health. Such
findings have evoked a wider appreciation for the association of
oral health to systemic health. Here, we discuss further research
that demonstrates newly recognized associations of periodontal
disease to additional systemic conditions and the role of
periodontitis in potentiating various pathological states from
sites far from the oral cavity.

Alzheimer’s Disease and Cognitive
Dysfunction
Alzheimer’s disease is characterized by progressing neuro-
degeneration that spans from mild cognitive impairment,
memory loss, language and communication disorders, and
psychological and behavioral disorders (Qiu et al., 2009).
Patients suffering from Alzheimer’s often present with
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compromised periodontal health (Martande et al., 2014; Aragón
et al., 2018; D’Alessandro et al., 2018), ostensibly induced by
declined self-care and a neglect for oral health by caregivers.
However, an increased recognition for the potential influence of
periodontal disease as a contributory mediator in Alzheimer’s is
increasingly recognized, such as via an increase in pro-
inflammatory mediators, such as C-reactive protein (CRP), IL-6,
IL-1b, and TNF-a, that may contribute to synapoptoxic b-
amyloid and neurofibrillary fiber tangle deposition (Gaur and
Agnihotri, 2015). A meta-analysis by Hu et al. (2021)
comprehensively reviewed studies spanning across the last
decade related to the association of periodontal disease as a
contributing factor in Alzheimer’s disease development. From
162 publications, 13 studies matched the criteria for the meta-
analysis. Pooled results from eight of the included studies
determined that patients with periodontal disease had a
significantly greater risk of developing Alzheimer’s compared to
healthy patient cohorts (Cestari et al., 2016; Chen et al., 2017; Choi
et al., 2019; Tiisanoja et al., 2019; de Oliveira Araújo et al., 2021).
Moreover, periodontal disease was additionally associated with
development of mild cognitive impairment, a transitional stage
between normal cognition and dementia and often observed as a
central early clinical manifestation of Alzheimer’s disease.
Although no significant association was found for mild/
moderate periodontitis and increased risk for Alzheimer’s,
severe periodontal disease was significantly associated.

Three primary mechanisms by which periodontal disease
may contribute to Alzheimer’s disease have been identified as
follows: 1) increased peripheral pro-inflammatory cytokines that
systemically affect the brain via neural, humoral, and cellular
mechanisms (Schmidt et al., 2002; Holmes et al., 2003; Engelhart
et al., 2004), 2) ectopic migration of periodontal bacteria and
related molecules directly to the brain via blood and/or cranial
nerves, and 3) leptomeninges that may act as a mode of
communication between periodontal pathogens and microglia
in the brain (Hashioka et al., 2019). Ectopic migration of
periodontal pathogens to brain tissue has been confirmed by
the presence of P. gingivalis and related gingipains, as well as
Treponema spp in autopsy specimens from patients with
Alzheimer’s disease (Riviere et al., 2002). Ectopic migration of
periodontal pathogens to brain tissue was also observed in mice
upon oral P. gingivalis infection that demonstrated brain
pathogen infiltration as well as increased amyloid b1-42 levels
that are known to comprise amyloid plaques observed in
Alzheimer’s disease. Gingipains have the capacity to cleave tau
proteins, suggesting a role for P. gingivalis in tau
phosphorylation and consequent accumulation of insoluble tau
forms observed in Alzheimer’s pathology (Konig et al., 2016;
Dominy et al., 2019). In support of this, gingipain load correlated
with tau protein and ubiquitin load in autopsy specimens.
Additionally, mice treated with gingipain-deficient P. gingivalis
did not develop increased amyloid b1-42 compared to groups
treated with wild type P. gingivalis. Additional oral-derived
bacteria have also been implicated in Alzheimer’s disease,
including Campylobacter rectus and Prevotella melaninogenica
(Beydoun et al., 2020). Moreover, in a mouse model of
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periodontitis that omitted infection, increased levels of
insoluble b-amyloids and increased neuroinflammation was
still observed, further supporting role for additional orally
derived bacteria in promoting Alzheimer’s disease (Kantarci
et al., 2018; Kantarci et al., 2020; Hajishengallis and
Chavakis, 2021).

Most studies to date have characterized the association of
periodontal disease and Alzheimer’s risk solely among elderly
populations. However, the impact of periodontal disease status
on Alzheimer’s disease risk among younger populations is also a
significant concern, as Alzheimer’s disease pathology often
primarily manifests in younger populations as mild cognitive
decline. Additionally, the association between Alzheimer’s and
periodontal disease can more affirmatively be established among
younger populations with fewer opportunities for comorbidities
that may confound study findings. Most importantly, identifying
periodontal disease as a significant risk factor for Alzheimer’s
disease development may allot additional detection and
interventional opportunities for Alzheimer’s disease (Hategan
et al., 2021). Episodic memory among younger individuals (<45
y/o) among 60 subjects with either chronic, aggressive, or no
periodontal disease status was assessed by Hategan et al. (2021)
via delayed recall and immediate memory, as tested by the Rey
Auditory Verbal Learning Test (RAVLT). The Montreal
Cognitive Assessment test (MOCA) and Mini-Mental state
Examination (MMSE) and Prague tests were also used (Lam
et al., 2013; Hategan et al., 2021). Delayed and immediate recall
scores were significantly lower among subjects with
periodontitis, in which a significant difference in RAVLT recall
scores was identified among the periodontal disease groups.
Moreover, RAVLT delayed and immediate recall scores were
also lower among the aggressive periodontitis group compared to
the chronic and healthy cohorts. MOCA recall scores were also
consistent with this. Salivary IL-1b and TNF-a were also
assessed as pro-inflammatory molecules re lated to
periodontitis. While TNF-a levels did not demonstrate
significant association to any cognitive tests, IL-1b levels were
significantly associated with Rey immediate recall ability
(Hategan et al., 2021). This study ultimately demonstrated that
young, healthy subjects without periodontal disease had
improved episodic memory and learning rate compared to
young, healthy subjects with aggressive periodontal disease.

Systemic Lupus Erythematosus
Systemic lupus erythematosus (SLE) and periodontal disease are
characterized by shared causative factors, spanning from those
environmental, genetic, immunological, and microbiological in
nature. Moreover, oral manifestations of SLE, including but not
limited to mucosal ulcerations, xerostomia, hyposalivation,
discoid lesions, cheilitis, and erythematous patches have
additionally been noted (Khatibi et al., 2012; Benli et al., 2021),
further supporting a plausible link between SLE and periodontal
disease status. Furthermore, the prevalence of periodontitis in
SLE patients is substantial, ranging from 60% to 94% of all SLE
patients (Calderaro et al., 2016), and SLE patients additionally
exhibit greater periodontal disease severity compared to non-SLE
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individuals with periodontitis, with greater clinical attachment
loss and increased probing pocket depth (Wang et al., 2015;
Corrêa et al., 2017; Zhang et al., 2017). Oral dysbiosis in
periodontitis may trigger aberrant inflammatory responses
observed in SLE. Conversely, the genetic and environmental
risk factors in SLE may contribute to the initiation or
maintenance of sustained inflammation in periodontal tissues.
Various studies have identified mechanisms by which SLE may
potentiate periodontal disease pathogenesis via immune
dysregulation, tissue destruction, and alteration of the
subgingival microbiota. SLE-induced inflammatory changes to
the periodontium may promote a dysbiotic subgingival
microbiota. In support, inflammatory cytokines IL-6, IL-17A,
and IL-33 were increased in the saliva of SLE/periodontal
disease patients compared to non-SLE subjects with
periodontal disease (Bunte and Beikler, 2019). Interestingly,
SLE patients also demonstrated increased serum antibodies
against periodontal disease-associated oral bacteria such as A.
actinomycetemcomitans, P. gingivalis, and T. denticola. Genetic
ties between periodontal disease and SLE also exist; genetic
variants associated with SLE, such as Fcy receptor genotypes
PIIA, PIIIA and PIIIb, are higher among patients with co-SLE
and periodontal disease pathologies. This finding supports that
the connection between SLE and periodontitis may involve
polymorphism of the Fcg receptor. Moreover, SLE patients
with combined Fcg receptor risk alleles demonstrated increased
periodontal disease severity compared to SLE patients without
disease (Kobayashi et al., 2007; Kobayashi et al., 2010). Increased
evidence has also implicated a role for periodontal disease in
the potentiation of SLE pathogenesis. Reciprocally to SLE-
induced exacerbation of periodontitis, periodontal pathogens
may contribute to excessive immune activation of TLRs in
per iodontal t i ssues , thus contr ibut ing to systemic
autoimmunity (Getts et al., 2020). SLE patients also
demonstrate greater bacterial load and an increased relative
abundance of oral pathogens (Jensen et al., 1999; Sete et al.,
2016; Corrêa et al., 2017) compared to healthy individuals.
Moreover, periodontal treatment was found to improve SLE
patient responses to immunosuppressive therapy, thus
supporting the concept that periodontitis may exacerbate SLE
and thus prove as a potential modifiable risk factor (Fabbri
et al., 2014).

Blood
Systemic inflammatory disease states associated with periodontal
disease are hypothesized to occur due to transmigration of
periodontal pathogens and/or periodontitis-associated
inflammatory mediators, such as IL-1, IL-6, CRP, and
fibrinogen in the bloodstream (Genco and Van Dyke, 2010;
Bokhari et al., 2012; D’Aiuto et al., 2013; Schenkein et al., 2020).
The influence of periodontal health to systemic inflammatory
processes is highlighted via local treatment of periodontitis that
attenuates systemic inflammatory markers (Tonetti, 2009;
Bokhari et al., 2012; Türer et al., 2017; D’Aiuto et al., 2018;
Schenkein et al., 2020). The surface area of periodontal pockets
comprises ~80-20cm (Rosan and Lamont, 2000) and may serve
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as a direct route for periodontopathic bacteria, their associated
by-products, and periodontitis-associated immune mediators to
access systemic circulation (Hajishengallis and Chavakis, 2021).
Systemic perturbations, such as systemic bacteremia by
periodontal pathogens, are sensed by haemopoietic stem and
progenitor cells in the bone marrow via toll-like receptors (TLRs)
and inflammatory cytokines. As a result, hematopoietic stem
cells (HSCs) increase proliferation and myeloid differentiation to
increase neutrophil and monocyte counts (Chavakis et al., 2019).
Further differentiation of monocytic precursors leads to
osteoclast precursor generation in the bone marrow and
subsequent circulation in the bloodstream. In support of this,
patients with periodontitis have higher counts of peripheral
blood mononuclear cells that are more inclined to become
RANKL-induced osteoclasts (Herrera et al., 2014). Clinical
imaging via F-fluorodeoxyglucose positron emission
tomography-computed tomography has also correlated
inflammatory metabolic activities within the periodontium to
increased myelopoiesis and arterial inflammation (Ishai et al.,
2019). Together, such findings implicate a role for increased
hematopoietic activity induced by periodontitis to inflammation
at distant sites.

PCR and next-generation sequencing techniques have
confirmed the presence of bacterial DNA in blood, with
bacteria from the gut, reproductive tracts, skin, and oral cavity
as plausible sources of blood-borne bacteria (Nikkari et al., 2001;
McLaughlin et al., 2002; Amar et al., 2013; Rajendhran et al.,
2013; Païssé et al., 2016; Gosiewski et al., 2017). Invasive oral
procedures, such as periodontal treatment, toothbrushing, dental
visits, and oral surgery are implicated in transient bacteremia
(Tomás et al., 2012). Moreover, oral bacteria such as A.
actinomycetemcomitans, P. gingivalis, T. denticola, Prevotella
intermedia, T. forsythia , Streptococcus mutans , and
Streptococcus sanguinis have been identified in cardiovascular
lesions and have been commonly associated with cardiovascular
diseases (Ford et al., 2005; Kozarov et al., 2005; Gaetti-Jardim
et al., 2009; Leishman et al., 2010; Rafferty et al., 2011;
Armingohar et al., 2014). Most of the blood-borne bacterial
DNA content has largely been assigned as Proteobacteria (80-
87%), followed by Actinobacteria and Bacteroidetes, suggesting
that most bacterial DNA in blood is derived from the gut
microbiota (Païssé et al., 2016). However, such studies have
only accounted for total DNA and have not discriminated
between lysed and intact bacterial cells, and as such do not
reflect viable bacterial populations found in blood (Whittle et al.,
2019). Emery et al. (2021) recently employed the MolYsis
Complete5 system to identify only intact bacterial cells in
blood from periodontally healthy and periodontally-diseased
cohorts. As opposed to commonly identified Proteobacteria of
gut origin, this study alternatively identified 43-52% of
bloodborne bacteria stemming from the oral cavity, with
Proteobacteria accounting for only low levels. Firmicutes,
including Streptococcus species, accounted for nearly 65% of all
bacterial sequences identified among healthy cohorts, with this
number increasing only slightly in periodontitis. Subsequent
groups listed in descending numbers were Actinobacteria,
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Bacteroidetes, Fusobacteria, and Spirochaetes that were
represented in similar percentages among healthy and diseased
cohorts. Only two taxa showed significantly different levels
between healthy and diseased cohorts, yet both contributed to
only minor components of the total microbiota: Saccharibacteria
was not present among the diseased cohort, and Proteobacteria,
Deltaproteobacteria, and Myxococcales were higher in healthy
cohorts (Emery et al., 2021).

Inflammatory Bowel Diseases
The relevance of the oral cavity to inflammatory bowel diseases
(IBD) is demonstrated by extra-intestinal manifestations, such as
in Crohn’s disease, that can manifest in the buccal mucosa,
tongue, lips, teeth, and periodontium (Muhvić-Urek et al., 2016).
Importantly, oral involvement in IBD manifests in 0.5-20%
(Pittock et al., 2001; Katz et al., 2003; Zbar et al., 2012; Skrzat
et al., 2017). Moreover, increased prevalence and severity of
periodontitis is observed among IBD patients compared to
healthy cohorts and has demonstrated the role of intestinal
health to the oral cavity (Habashneh et al., 2012; Vavricka
et al., 2013). Recent evidence has also suggested, however, that
this relationship is bi-directional in nature, with periodontal
health as an important factor to intestinal health and IBD
pathogenesis. For example, in a murine model of Crohn’s
disease, mice spontaneously develop periodontal inflammation,
and severity of periodontitis is positively correlated to ileal
inflammation (Pietropaoli et al., 2014). Moreover, oral bacteria
such as Aggregatibacter, Campylobacter, Enterobacteria,
F u s o b a c t e r i um , Geme l l a , N e i s s e r i a , P a s t r u e l l a ,
Peptostreptococcus, and Streptococcus species are enriched
among mucosal tissues in IBD cohorts (Dinakaran et al., 2019;
Kitamoto et al., 2020). An immunological link between
periodontitis and IBD has also been hypothesized, such that
immune cells activated locally in gingival tissues by
periodontopathic bacteria can transmigrate to the gut and
contribute to aberrant and exacerbated inflammatory processes
(Morton et al., 2014). A comprehensive study by Kitamoto et al.
(2020) investigated the role of periodontal disease to IBD severity
via two potential mechanisms: 1) ectopic colonization of oral
bacteria in the gut and 2) transmigration of orally primed
immune cells to the gut. Mice induced with experimental
colitis via dextran sodium sulfate treatment, together with oral
ligature-induced periodontitis, experienced exacerbated gut
inflammation characterized by an increased TH17 and TH1
signature. Upon examination of the oral and gut microbiomes,
mice subjected to experimental periodontitis and colitis
exhibited oral dysbiosis with a greater representation of
Enterobacteriaceae, such as Klebsiella and Enterobacter species
among the oral and gut microbiotas. Interestingly, experimental
colitis alone did not result in increased abundance of
Enterobacteriaceae, and moreover, experimental periodontitis
alone did not enrich these species in the gut (Kitamoto et al.,
2020). These findings are consistent with previous studies that
identify unique microbial signatures among periodontitis-colitis
patients compared to colitis patients without oral involvement,
in which IBD-associated with periodontitis enriched for gram-
negative rods such as Campylobacter (Liu et al., 2018; Graves
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et al., 2019). Such findings suggest a synergistic effect of
periodontal disease and colitis in exacerbating inflammatory
bowel disease, such that a healthy gut microbiota may resist
ectopic colonization by periodontal pathogens.

The microbial-immunological axis between periodontitis and
IBD was also explored: elevated IL-1b secretion is associated with
both IBD and periodontitis (Park et al., 2014; Seo et al., 2015).
Colitis-susceptible germ-free mice colonized with dysbiotic oral
microbiotas from mice subjected to ligature-induced
periodontitis displayed increased IL-1b signatures compared
with germ-free mice colonized with healthy oral microbiotas.
Further examination revealed that IL-1b-producing cells were
primarily comprised of inflammatory macrophages. IL-1b is also
identified as a significant factor in oral-pathogen mediated gut
inflammation, as treatment with IL-1 receptor antagonist largely
attenuated colitis in germ-free mice colonized with a
periodontitis-associated oral microbiota. Moreover, the
significance of oral pathobionts, but not gut pathobionts, to IL-
1b secretion in the gut was confirmed, thus suggesting that IL-1b
secretion in colitis may be attributed to oral pathogens. The
transmigration of immune cells from periodontal tissues to the
gut was also investigated. As TH17 and TH1 cells were
significantly enriched in mice with both experimental
periodontal disease and colitis, a possible mechanism by which
such T cells transmigrate from the oral mucosa to the gut was
suggested. Periodontitis induced generation of oral-pathobiont
specific IL-17A+ TH17 memory T cells that accumulated in the
cervical lymph nodes. Oral T memory cells isolated from the
cervical lymph nodes of ligature-mice were transferred to germ-
free mice colonized by oral bacteria from mice subjected to
ligature-induced periodontitis. Transfer of the T memory cells
elicited colitis development and oral T memory expansion in the
colonic mucosa, whereas this was not observed for germ-free
mice colonized via transfer of a healthy oral microbiota
(Kitamoto et al., 2020). Collectively, this study identified
microbiological and immunological connections linking
periodontitis to IBD pathology: oral bacterium reactive T cells
that transmigrate to the gut in existing colitis and subsequent
activation of such orally primed T cells via ectopic colonization
by oral pathogens.

Oral Cancer
Periodontal disease has been implicated in oral squamous cell
carcinoma (OSCC) potentiation via both microbial and
immunological mechanisms. Pathologic microbial shifts within
the oral microbiota characteristic of periodontitis give rise to an
in increase in the relative abundance of putative periodontal
pathogens, including P. gingivalis, T. denticola, and T. forsythia
that appear in later stages of oral biofilm development. Increased
abundance of such pathogens is correlated to periodontal disease
severity (Simonson et al., 1988; Yoshida et al., 2004). Pathologic
shifts in the oral microbiota have been associated with oral
cancer (Whitmore and Lamont, 2014) and with specific
microbial shifts associated with primary and metastatic head
and neck squamous cell carcinomas (Figure 1) (Shin et al., 2017).
While such associations between pathological shifts in the oral
microbiota during periodontitis and OSCC have been suggested,
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the mechanisms underlying the synergistic effects of such disease
states remain largely unexplored. Kamarajan et al. (Kamarajan
et al., 2020) recently investigated the role of specific periodontal
pathogens, including P. gingivalis, T. forsythia, and F. nucleatum,
in carcinogenesis of OSCC via measuring the effects of such
pathogens on cell migration, invasion, stemness, and tumor
aggressivity, and additionally determined possible mechanisms
by which such organisms promote OSCC progression. The
effects of periodontal pathogens on OSCC cell migration were
evaluated via a scratch migration assay, in which increased cell
invasion was promoted by each pathogen. Tumorsphere
formation of OSCC cells was additionally elevated by each
pathogen. A murine floor-of-mouth model corroborated in
vitro findings such that mice injected with pathogen-
challenged OSCC cells demonstrated increased tumor burden
compared to those injected with pathogen-free OSCC cells.

As integrin alpha V is central to OSCC migration, the role of
each pathogen to utilize this to promote increased cell migration
and stemness was also investigated to better underscore the
mechanistic underpinnings of periodontal pathogens in OSCC
pathogenesis. Integrin alpha V was significantly upregulated in
OSCC cells upon challenge with pathogens compared to
controls. Conversely, upon suppressed expression of integrin
alpha V, pathogen-induced migration was attenuated in OSCC
cells. As cell migration is dependent on integrin binding to the
extracellular matrix, leading to recruitment of focal adhesion
kinase (FAK), the role of FAK in pathogen-induced cell
migration was also investigated. Challenge with T. denticola
enhanced FAK phosphorylation in a dose-dependent manner,
and alternatively suppression of FAK signaling attenuated
pathogen-induced integrin alpha V expression and FAK
phosphorylation. The intersection of TLR/MyD88 and
integrin/FAK signaling was additionally investigated, in which
suppression of MyD88 prevented phosphorylation of FAK by T.
denticola. The mechanistic underpinnings were further explored
via investigating the role of specific bacterial factors in OSCC.
Purified lipo-oligosaccharide from T. denticola and LPS from P.
gingivalis and F. nucleatum were able to promote OSCC
migration. Interestingly, LPS derived from commensal species
V. parvula was unable to induce the same effects (Kamarajan
et al., 2020).

Inflammatory processes in the gingiva resulting from
periodontitis induce environmental modifications of the
periodontal tissues, such as elevated levels of reactive oxygen
species, volatile sulfur compounds, acetaldehyde, lactic acid,
acetic acid, butyric acid, and isocaproic acid (Karpiński, 2019)
that have the potential to alter cell behavior and extracellular
matrix components via increased host cell DNA damage. Such
changes promote increased cell invasion, proliferation, and
seeding of metastatic tumor cells. Periodontitis severity is
associated with increased DNA damage in the buccal mucosa,
reflected by increased nuclear bud formation and chromosomal
instability (Borba et al., 2019). The role of periodontal disease in
potentiation of OSCC was suggested in a murine model of OSCC
induced by 4-nitroquinoline-1-oxide carcinogen, in which the size
and number of cancerous lesions were increased upon co-infection
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with orally introduced periodontal pathogens, as opposed to
germ-free mice that received carcinogen treatment alone
(Stashenko et al., 2019). Pathogenic bacteria in periodontitis
influence immune-regulatory networks, including cytokines,
chemokines, and growth factors, that can attenuate and
interrupt immune surveillance (Hajishengallis and Lambris,
2012). Such mechanisms not only allow pathogenic bacteria to
thrive in the periodontium but may additionally encourage
seeding of metastatic tumor cells and/or promote primary
malignant lesions (Elebyary et al., 2021). For example,
P. gingivalis has also been shown to disrupt immune
effectiveness via activation of STAT3, thus leading to generation
of immunosuppressive myeloid-derived suppressor cells that help
to retain OSCC cell proliferation and encourage escape from
immune surveillance (Arjunan et al., 2018). Moreover, the re-
programming and subversion of immune cell populations, such as
polymononuclear neutrophils, by periodontopathic bacteria
creates a cycle of reciprocal reinforcement that perpetuates
inflammation in the gingiva while encouraging outgrowth of
pathogens may also contribute to OSCC development. Increased
immunosuppress ive IL-10 cytok ines produced by
polymorphonuclear neutrophils were observed among
periodontitis patients and the interaction of such neutrophils
with regulatory T cells stimulated with lipopolysaccharide
induced the production of IL-10 (Lewkowicz et al., 2016).
Elevated IL-10+ polymorphonuclear neutrophils were similarly
characterized among OSCC patients, thus uncovering possible
links by which periodontal infection may promote OSCC via
reduced immune regulatory processes. OSCC is also associated
with increased oral neutrophil counts that are correlated to poor
prognosis and higher recurrence incidence (Shen et al., 2014).

Coronavirus Disease-2019 (COVID-19)
COVID-19 is a characterized by a wide variety of symptoms,
ranging from mild phenotypes such as fever, dry cough, fatigue,
loss of taste and/or smell to more severe symptoms, such as
dyspnea, acute respiratory distress, and multi-organ failure
(Sharma et al., 2016; Yang X. et al., 2020). Although most
cases are mild in nature, 14% of confirmed cases require
hospitalizations and oxygen support, 5% require intensive care
unit treatment, and 2% are fatal. Severe symptom development is
associated with excessive levels of pro-inflammatory cytokines
and systemic tissue destruction, dubbed cytokine storm
syndrome (Yang Y. et al., 2020). Disease mortality is positively
correlated to elevated serum pro-inflammatory mediators,
including IL-6, CRP, D-dimer, and ferritin levels that
demonstrate the link between hyper-inflammatory responses
and disease severity (Chen et al., 2020; Ruan et al., 2020).
Further, various comorbidities associated with systemic
inflammation, including cardiovascular disease, obesity, and
diabetes, are additional risk factors for severe COVID-19
symptoms and poor prognosis (Wu et al., 2020; Zhou et al.,
2020). Periodontitis is a chronic inflammatory condition that is
linked to systemic inflammatory responses and co-morbidities,
as demonstrated in the previous sections. In a case control study
by Marouf et al. (2021), periodontal status was evaluated
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alongside COVID-19 severity. Cases were characterized as
patients diagnosed with COVID-19 and complications
including intensive care unit (ICU) admission, ventilation,
and/or death. Controls were identified as COVID-19 patients
without corresponding severe complications. Periodontal status
was defined as bone loss detected radiographically, with healthy
patients defined as having >15% of the coronal third of root
length or <2mm bitewing radiographs, and periodontally
diseased patients as having bone loss >15% of the coronal third
or root length or >2mm in bitewing radiographs. A total of 568
patients were included in the study and, among these, 40
experienced severe complications. >80% of patients with
COVID-19 complications had periodontitis, compared to those
without complications, of which 43% demonstrated some degree
of periodontal disease. Of the 568 patients, 258 presented with
periodontitis, and 33 of these developed COVID-19
complications. In comparison, only 7 of the 310 patients
without periodont i t i s developed severe COVID-19
complications. After adjusting for comorbidities such as
diabetes and hypertension, periodontitis maintained a
significant impact on development of severe COVID-19
complications, death, ICU admission, and need for ventilation.
Fatal COVID-19 outcomes were significantly associated with
increased inflammatory mediators detected in blood. COVID-19
patients with periodontitis had higher white blood cell and CRP
levels compared to those without periodontitis, suggesting that
periodontitis contributes to COVID-19 severity via systemic
inflammation (Marouf et al., 2021).

Several mechanisms have been hypothesized as to how
periodontal disease may potentiate COVID-19 severity,
including aspiration of periodontal pathogens, leading to
increased expression of angiotensin-converting enzyme 2
(ACE2) and increased cytokines in the lower respiratory tract
(Takahashi et al., 2021), periodontal pathogen-induced viral
virulence via cleavage of S glycoproteins (Madapusi Balaji
et al., 2020; Takahashi et al., 2021), and by way of the oral
cavity acting as a viral reservoir (Badran et al., 2020; Badran et al.,
2020; Botros et al., 2020; Kheur et al., 2020; Madapusi Balaji et al.,
2020), in addition to increased inflammatory response pathways
with systemic consequences (Sahni and Gupta, 2020). SARS-
CoV-2, the causative agent in COVID-19, is an airborne
coronavirus that is transmitted via exposure to infected
droplets and aerosols via speaking, breathing, coughing,
sneezing, and other actions involving the oral cavity (Ghinai
et al., 2020; Pung et al., 2020; Hamner et al., 2020). SARS-CoV-2
utilizes ACE2 and TMPRSS host receptors to enter host cells
(Hoffmann et al., 2020; Zang et al., 2020). The cell types
expressing such receptors vary widely throughout the body
(Singh et al., 2020; Sungnak et al., 2020; Brann et al., 2020).
Oral manifestations of COVID-19, including loss of taste,
manifest clinically in approximately 50% of all cases. Albeit
this, few studies have identified the capability of the virus to
directly replicate in oral tissues, which could be greatly important
to understanding the role of the oral cavity in virus transmission
to other individuals, as well as to the gastrointestinal tract via
saliva. Huang et al. (Huang et al., 2021) recently identified 34
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unique cell subpopulations within the gingiva and salivary glands
that harbor SARS-CoV-2 viral entry factors, in which infection
was non-uniform across intra-oral sites, consistent with the
heterogeneity of the oral cavity. Single-cell RNA sequencing
and fluorescence in situ hybridization validated the expression
of ACE2 and TMPRSS2 expression in the salivary glands and
gingival mucosa. Expression was also identified among the
buccal mucosa, ventral/dorsal tongue, soft palate, and palatine/
lingual tonsils, in which increased suprabasal expression was
observed compared to basal compartments. Salivary fractions,
both acellular (from infected salivary glands) and cellular (shed
from infected mucosa), were also tested and confirmed among
asymptomatic and symptomatic individuals, highlighting the
significance that expelled salivary droplets may contribute to
spreading infection. Moreover, perceived loss of taste and smell
was positively correlated with salivary levels of SARS-CoV-2
RNA (Huang et al., 2021).
IN WITH THE NEW: ADDITIONAL
PLAYERS IN PERIODONTAL DISEASE
ETIOLOGY

Food for Thought: The Role of Diet in
Periodontal Disease
The influence of diet on caries disease progression is well-
established. It’s role in periodontal disease pathology, however,
has been comparatively overlooked. Primary dietary factors
associated with increased risk of periodontitis include
processed carbohydrates, low fiber intake, saturated fats, and
high protein consumption (Figure 1) (Woelber and Tennert,
2020). Micronutrient deficiencies, such as vitamin C, vitamin D,
vitamin B, vitamin A, magnesium, calcium, iron, zinc,
potassium, copper, manganese, and selenium deficiencies, are
also associated with periodontal disease incidence and severity
(Dommisch et al., 2018). Current findings relating periodontal
disease incidence are largely correlative in nature and focus on
clinical parameters of periodontal disease, with little focus on
mechanistic underpinnings. Moreover, findings have varied
among investigators. Dietary pattern analysis was employed by
Alhassani et al. (2021) to investigate the association between
major dietary patterns and periodontal disease incidence among
participants in the Health Professionals Follow-up Study across
the course of 24-years. This study consisted of 51,529 male
subjects who had completed a questionnaire in 1986 (aged 40-
75 years at the time) and that continued to provide dietary habit
information via food frequency questionnaires every four years
(subjects with periodontitis at baseline were not included).
Across the study, 3,738 new cases of periodontitis were
observed in a biennial fashion. However, a significant
relationship between Western (high fat, low fiber, processed
carbohydrate) or prudent (whole grains, fruits, vegetables)
diets with periodontal disease incidence was not observed, but
periodontitis did significantly increase with Western diet
consumption among obese individuals, specifically. An 11-year
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follow-up study performed by Jauhiainen et al. (2020) found
that, among 240 individuals, poor diets [as determined by the
Baltic Sea Diet (BSD) and Recommended Finnish Diet Scores
(RFD)], were associated with the development of deepened
periodontal pockets among middle-aged adults. Healthy diets
among the RFD and BFD included fruits, vegetables, a higher
white meat and fish consumption, fibrous cereal grains (rye, oats,
barley), and those with a higher ratio of unsaturated fatty acids to
saturated fatty acids. Negative components included salt,
sucrose, red meat consumption, and alcohol intake (Alhassani
et al., 2021). Woelber et al. (2019) studied the effects of an anti-
inflammatory diet in patients with gingivitis. An anti-
inflammatory diet low in processed carbohydrates and animal
proteins, and high in omega-3-fatty acids, vitamin C, vitamin D,
antioxidants, plant nitrates, and fibers was administered to the
experimental group while the control group did not change
Western dietary habits. Both groups abstained from inter-
dental cleaning for four weeks during the experimental period.
Clinical and serological parameters as well as analysis of the
subgingival microbiome following the study period suggested a
significant reduction (~40%) in gingival bleeding among the
experimental group compared to the control. However, a
significant difference in serological inflammatory parameters
(TNF-a, IL-6, high-sensitivity C-reactive protein) was not
observed between the two groups. Moreover, no significant
changes among the subgingival microbiota were found
(Woelber et al., 2019). However, metabolic capabilities among
the experimental and control microbial communities were not
investigated. A large limitation of the study may be due in part to
a short experimental period.

High dietary carbohydrate consumption is well-recognized in
dental caries (Moye et al., 2014; Wang et al., 2019). Recent studies
have identified increased carbohydrate consumption as a risk
factor in periodontal disease as well, thus supporting an
integrated hypothesis of caries and periodontal disease (Nyvad
and Takahashi, 2020). Such findings are consistent with lower oral
disease burden among societies with low agricultural integration
and dietary influence (Crittenden and Schnorr, 2017; Crittenden
et al., 2017), as well as the emergence of dental disease incidence at
the Neolithic Revolution that is paralleled by increased
consumption of cereal grains (Adler et al., 2016). Hamasaki
et al. found a significant association between high carbohydrate,
low fat diets and periodontal disease incidence. Using a large data
set among Japanese subjects from the 2005 National Health and
Nutrition survey, the Comprehensive Survey of Living Conditions,
and the Survey of Dental Diseases, collectively comprising 3,043
individuals, a significant association was identified between
periodontal disease incidence and total calorie intake from fats.
The percentage of calories from fats was significantly lower in the
group with advanced periodontal disease and a low-fat, high-
carbohydrate diet was associated with periodontal disease
incidence (Hamasaki et al., 2017). These findings are consistent
with previous studies that have identified reduced periodontal
disease incidence among subjects with higher cholesterol levels
(Izumi et al., 2009) and higher intake of omega-3 fatty acids
(Iwasaki et al., 2010). A study by Moreira et al. (2021) additionally
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found a positive association between increased sugar intake and
periodontal disease among adolescents. The World Health
Organization recommends limiting sugar intake to <10% of
total daily energy to reduce the risk of non-communicable
disease(s) (WHO, 2021). As such, the association between sugar
intake >10% of daily energy and periodontal disease status in
adolescents was studied. Among 2,515 aged 18-19 years having
completed a food frequency questionnaire (frequency and portion
size of 106 food items over 12 months) along with periodontal
clinical examination (visible plaque index, bleeding on probing,
periodontal probing depth, clinical attachment level among 6
teeth), 34.35% of subjects had >10% daily sugar intake, and
2.31% had sugar consumption >20% total energy intake. After
adjusting for sociodemographic factors and smoking/alcohol use,
>10% daily sugar intake was associated with an increased number
of teeth affected by periodontal disease (p=0.011) (Moreira et al.,
2021). Such association between increased sugar/carbohydrate
intake with higher periodontal disease incidence may be
explained by systemic inflammation induced by hyperglycemia
and advanced glycosylation end products (Aragno and
Mastrocola, 2017; Nyvad and Takahashi, 2020). Increased sugar
intake may act locally within oral biofilms to drive oxidative stress
and microbial dysbiosis leading to periodontitis. This hypothesis
is consistent with in vitro findings of supra- and subgingival
biofilm development, in which subgingival biofilm growth
was largely dependent on prior colonization by saccharolytic
supragingival species and corresponding exopolysaccharide
synthesis (Thurnheer et al., 2016). Given the association
between periodontal disease incidence and carbohydrate
consumption, corroboration from increased oral disease burden
at historical eras defined by increased cereal grain consumption,
and the multi-species nature of oral subgingival biofilms, such
findings warrant future investigation to better understand the
systemic and/or local impacts of carbohydrate consumption in
periodontal disease.

Don’t Stress It: New Implications for
Psychological Stress in Periodontal
Disease
Environmental perturbations, such as diet and lifestyle, to the
host additionally have the capacity to alter host-microbiome
homeostasis. Sustained psychological stress has been recognized
as an etiological risk factor among a variety of chronic diseases,
including diabetes and rheumatoid arthritis (McCray and
Agarwal, 2011; Marcovecchio and Chiarelli, 2012). Activation
of the central nervous system and the hypothalamus by stress
results in the release of corticotropin-releasing hormone and
arginine vasopressin. This further stimulates the release of
adrenocorticotropin from the pituitary gland, leading to
cortisol production by the adrenal cortex. This process is
collectively known as the hypothalamic-pituitary-adrenal
(HPA) axis (Breivik et al., 2000). Cortisol is the primary
hormone related to stress response. Notably, cortisol levels
increase in saliva and serum profiles in periodontitis patients,
with levels that are positively associated with disease severity, and
cortisol is higher in gingival crevicular fluid of periodontitis
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patients (Ishisaka et al., 2008; Rai et al., 2011). Moreover,
glucocorticoids (including cortisol) have been shown to
downregulate immune function in the oral cavity which may
compromise immune response to periodontal pathogens (Genco
and Van Dyke, 2010). Recent work by Duran-Pinedo et al. (2018)
identified a direct role of cortisol production to perturbations of
oral biofilm samples consistent with periodontal disease severity
from periodontitis patient cohorts (Figure 1). Dental plaque
samples from patients with periodontitis were treated with
cortisol in vitro to investigate its direct effect on the oral
microbiota without possible confounds due to systemic
endocrine effects. Transcriptomic analysis revealed significant
shifts among the phylum Fusobacteria. Gene ontology analysis
was subsequently performed to better understand the gene
expression profiles of the oral microbiome in response to
cortisol treatment. Among changed expression profiles,
proteolysis, oligopeptide transport, iron metabolism, and
flagellum assembly were enriched in the cortisol-treated group
(Duran-Pinedo et al., 2018). Such gene profiles are consistent
with activities of the oral microbiota in periodontal disease
(Duran-Pinedo et al., 2014; Yost et al., 2015). Importantly,
genes linked to the host immune response were also
upregulated in the cortisol-treated group, even in the absence
of host cells. Fusobacteria increased transcriptional activity more
significantly compared to other phyla present. However, most of
the microbial community demonstrated a shift in its profile of
expression, thus demonstrating that a larger fraction of species
collectively up-regulated putative virulence factors. Of these,
Streptococcus produced the greatest changes in virulence factor
up-regulation. When studying the effect of cortisol on pure
cultures of organisms that were identified as more active upon
initial cortisol treatment, shifts in the transcriptomic profile of
both Leptotrichia goodfellowii and F. nucleatum were observed.
F. nucleatum displayed up-regulated biological processes
associated with periodontitis, including proteolysis, cobalamin
biosynthesis, and iron transport, also observed for L.
goodfellowii. Both organisms additionally displayed up-
regulation of genes related to lipid A biosynthesis, DNA
replication or translation, iron acquisition, and peptidase
activities (Duran-Pinedo et al., 2018). Collectively, this study
introduces a novel, direct role for psychological stress-related
hormones to perturbations in the oral microbiota that are
paralleled by transcriptional shifts observed in periodontitis
in vivo.

Psychological stress has been shown to delay wound healing
via suppressing the host immune response (Bosch et al., 2007;
Vegas et al., 2012). As such, Zhao et al. (2012) studied the effects
of psychological stress on wound healing in periodontitis.
Periodontal healing is mediated by various growth factors,
including basic fibroblast growth factor (bFGF), which is
characterized as a significant factor to periodontal ligament
regeneration (Murakami et al., 1999; Lalani et al., 2005;
Katayama et al., 2006), and in normal wound healing
(Gospodarowicz, 1974) via cell proliferation, differentiation,
and angiogenesis (Shimabukuro et al., 2005). As such, the
investigators tested the effect of psychological stress on
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 15115
downregulation of bFGF expression in periodontal wound
healing. Experimental periodontitis was induced in rats via silk
ligature placement around the second maxillary molar and
ligatures were removed after 1, 2, or 4 weeks. Following
ligature removal, rats were subjected to chronic unpredictable
mild stress (including damp sawdust for 24 hours, food
deprivation for 12 hours, light-dark cycle inversion, swimming
in cold or hot water for 5 minutes, and 1 hour of restraint stress)
during the healing process. Rats in the periodontitis-only and
periodontitis-stress groups at baseline following ligature removal
demonstrated inflammatory infiltration, significant alveolar bone
loss, and clinical attachment loss. Periodontitis-only mice
demonstrated spontaneous soft-tissue healing and alveolar
bone remodeling in the four weeks following ligature removal.
Conversely, healing processes were significantly delayed among
the periodontitis-stress group, with significantly greater
inflammatory infiltrate, alveolar bone loss, and attachment loss
compared to the periodontitis-only group at weeks 2 and 4
(p<0.05). Following ligature removal, the periodontitis-only
group also displayed a reduction in IL-1b and TNF-a at weeks
1, 2, and 4 compared to baseline. However, IL-1b did not
significantly decrease in the periodontitis-stress group
following ligature removal. TNF-a did decrease; however,
levels were still higher than periodontitis-only groups.
Following 4 weeks after ligature removal, bFGF expression
among the periodontitis-only rats recovered, contrasting with
the periodontitis-stress group in which psychological stress
delayed recovery of bFGF expression (Zhao et al., 2012). As
such, psychological stress not only poses direct effects to the
microbiome, but moreover may perpetuate disease pathogenesis
by potentiating inflammation and preventing healing in
periodontal tissues.

Say Cheese: Nisin and Nanoparticles in
the Fight Against Periodontitis
The current treatment modalities for gingivitis and periodontitis
include proper oral hygiene practice, and scaling and root
planning, in which the treatment goal is reduced periodontal
pocket depth and improved clinical attachment levels (Claffey
et al., 2004; Goodson et al., 2012). Antibiotic therapy has been
applied as an adjunctive treatment modality to mechanical
treatment to aid in clearance of subgingival pathogens that
may remain following nonsurgical treatments (Barca et al.,
2015). Antibiotic treatment is not without side effects,
however, such as gastrointestinal side effects, alterations of the
gut microbiota, and emergence of antibiotic-resistant bacterial
strains (Kapoor et al., 2012; Ramirez et al., 2020). Probiotics,
defined as live cultures of microorganisms which may confer
health benefits to the host when administered in adequate
dosage, have gained increasing recognition as adjunct
treatment modalities to non-surgical periodontal therapy
(Teughels et al., 2008; Morelli and Capurso, 2012). Probiotics
utilized in periodontal therapy have included tablets containing
live cultures of Lactobacillus reuteri, Lactobacillus salivarius,
probiotic drinks containing Lactobacillus casei, chewing gum
containing Lactobacillus reuteri, and mouthwash containing
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variable doses of Streptococcus oralis, Streptococcus uberis, and
Streptococcus rattus to treat varying degrees of gingival
inflammation and periodontitis (Nguyen et al., 2020). Nisin, an
antimicrobial peptide produced by some gram-positive bacteria
such as Lactococcus and Streptococcus species, demonstrates
bactericidal action against a variety of gram-positive and gram-
negative bacteria (Shin et al., 2015). Today, nisin is recognized by
the Food and Drug Administration as a biologically safe food
preservative and is utilized as a component in processed cheese
(de Arauz et al., 2009). Nisin-producing bacteria have received
growing attention as potential treatment modalities in treating
both oral and systemic conditions, ranging from gastrointestinal
diseases to various cancers. Application of highly purified nisin
to salivary-derived biofilms containing P. gingivalis, Prevotella
intermedia, A. actinomycetemcomitans, T. denticola, and
Enterococcus faecalis inhibited growth of pathogenic bacteria,
with inhibitory action increasing in a dose-dependent manner
(Shin et al., 2015).

The benefits of nisin are not only demonstrated by pathogen-
killing capabilities, but moreover by its lack of harmful side
effects to the host. While nisin has been shown to induce
pathogen killing, high doses of nisin application were not
shown to induce toxic effects to oral human cell viability and
proliferation (Shin et al., 2015). An interesting finding also rests
upon the seemingly selective-killing capabilities of nisin. For
example, the probiotic nisin-producing L. lactis as well as
purified nisin, can decrease levels of periodontal pathogens
while retaining commensal species upon application to oral
biofilms spiked with periodontal pathogens (Radaic et al.,
2020). Radaic et al. (2020) identified that treatment with either
nisin-producing L. lactis or treatment with purified nisin was
able to inhibit pathogenic oral biofilm growth in vitro, in which
nisin was able to significantly to both inhibit and disrupt biofilm
formation, structure, and viability. 16S rRNA sequencing of
biofilms spiked with periodontal pathogens and subjected to
probiotic treatment demonstrated that nisin-producing L. lactis
was able to recover microbial diversity indices to control levels,
suggesting that nisin can selectively target periodontal
pathogens. At the species level, nisin-producing L. lactis and
purified nisin treatment successfully suppressed the growth of
pathogens, including T. forsythia and F. nucleatum, while
increasing the proportion of commensal species such as
Neisseria flava and L. lactis (Radaic et al., 2020). Such findings
of nisin related to a decrease in periodontal pathogens are
reflected by improved clinical parameters of periodontal
disease progression, such as the ability for nisin-producing L.
lactis to inhibit alveolar bone loss in a murine model of
periodontal disease (Nguyen et al., 2020). The benefits of nisin
have been shown to extend beyond periodontal disease.
Kamarajan et al. (2020) identified that, in a murine model of
OSCC, nisin was able to reduce oral tumorigenesis and increase
the lifespan of tumor-bearing mice. Moreover, oral
tumorigenesis potentiated by periodontal pathogens in mice
was abrogated by nisin application, in which pathogen-
enhanced cancer cell migration, invasion, tumorsphere
formation, and oral tumorigenesis in vivo were decreased
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 16116
following nisin treatment. Studies of this underlying
mechanism revealed that nisin was able to inhibit T. denticola
mediated oral carcinogenesis via downregulation of integrin
alpha V expression and FAK phosphorylation (Kamarajan
et al., 2020).

While bacteriocins have emerged as novel adjunct therapies
to periodontitis, drawbacks of this approach are also noted.
Bacteriocin resistance by Gram-positive bacteria, via cell wall
modifications, modification of membrane lipid phospholipids,
enzymatic inactivation of bacteriocins (Zhou et al., 2014),
resistance by the outer membrane of Gram-negative bacteria,
and bacteriocin sensitivity to proteases such as proteinase K and
pepsin (Prudêncio et al., 2015; Ansari et al., 2018), compromise
the efficacy of bacteriocin-related therapeutics. Nanoscale drug
delivery systems (Nano-DDS) can aid in bacteriocin delivery via
three primary mechanisms, including 1) improvement of
pharmo-kinetics, such as alteration of solubility, charge, and
stability that collectively may increase the shelf-life,
bioavailability, and bactericidal half-life. 2) Nano-DDS can
also improve bacteriocin efficacy against bacterial resistance
by protecting them from degradative enzymes produced by
resistant bacteria (Zhang et al., 2010; Arthur et al., 2014; Fahim
et al., 2016), and by allowing them to overcome microbial
resistance mechanisms, such as by disrupting bacterial cell
membranes and cell walls damaging bacterial proton-efflux
pumps or inducing oxidative stress in the bacteria (Baptista
et al., 2018). 3) Nano-DDS can also directly deliver bacteriocins
to diseased tissues via extracellular or intracellular mechanisms
(Anselmo and Mitragotri, 2016). Growing attention has been
applied to nisin-based bacteriocin therapies in periodontitis.
However, nisin use is limited by factors including structural
instability and the emergence of bacteria that are tolerant and/
or resistant to its action (Salmaso et al., 2004; Zhou et al., 2014;
Randall et al., 2018). For example, nisin-resistance gene/protein
(NSR) inactivates nisin via cleavage of a peptide bone between
lantionine-28 and serine-29, thus resulting in a truncated nisin
with decreased membrane affinity, pore formation ability, and
100-fold decrease in bactericidal capabilities (Khosa et al., 2013;
Field et al., 2015). Nisin is also sensitive to environmental
factors such as pH and temperature (Zhou et al., 2014).
Nano-DDS has been applied to increase nisin efficacy via
protection from enzymatic degradation, environmental
factors, and decreasing bacterial resistance. For example,
studies have noted increased antimicrobial effectiveness of
nisin when combined with Nano-DDS, implicating that
Nano-DDS allows direct delivery of nisin to the side of action
(Zhou et al., 2014). Moreover, Nano-DDS application to nisin
resulted in sustained release of the bacteriocin, thus increasing
long-term efficacy and action. For example, the nisin/Nano-
DDS system remained active for up to 50 days after inoculation,
compared to only 7 days for free nisin alone. As such, Nano-
DDS systems may serve as a drug reservoir (Fahim et al., 2016),
in which the entrapped nisin release is slowly sustained over
time via diffusion, bacterial degradation, and polymer erosion
(Chopra et al., 2014; Alishahi, 2014; de Abreu et al., 2016).
Preliminary findings by Radaic et al. 2020 have identified
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enhanced bacteriocin efficacy by nisin/Nano-DSS to disrupting
oral biofilms, inhibiting periodontal pathogen growth, and
reducing oral cancer cell viability. As such, Nano-DDS
systems in combination with bacteriocins may present as
novel treatment modalities to periodontal pathogen clearance
in periodontitis.

Generation of reactive oxygen species (ROS) by periodontal
immune cells in response to insult by bacterial pathogens
contributes to periodontal disease pathogenesis by inducing
oxidative damage, thus interfering with cell cycle progression, and
inducing tissue damage (Hirschfeld et al., 2017; Kanzaki et al., 2017;
Liu et al., 2017). Bao et al. (2018) recently investigated the role of
polydopamine as an antioxidant defense platform for ROS removal
in oxygen-stress induced periodontal disease using nanoparticles.
Murine models of periodontitis suggested that polydopamine
nanoparticles (PDA NP) successfully remove ROS and decrease
periodontal inflammation. Moreover, little capacity for long-term
toxicity was noted in agreeance with high biocompatibility and
biodegradation of polydopamine. The capability of PDA NP to
scavenge hydroxyl radicals and superoxide radicals was investigated,
in which hydroxide radical removal was measured by the presence
of fluorescent 2-hydroxyterephtalic acid. In the presence of PDA
NP, a decrease in fluorescence was noted, suggesting that PDA NP
can remove hydroxyl radicals in a concentration-dependent
manner. At a PDA NP concentration of 0.125 mg/mL, nearly
all hydroxyl radicals were removed. Superoxide radical scavenging
was measured by the inhibition ratio of photoreduction of NBT, in
which strong absorbance signals were presented with
increasing superoxide radicals. When PDA NPs were added to
the system, the absorption spectra significantly decreased, in which
superoxide radicals were completely removed from the system
when PDA NP was administered with a concentration of 0.1mg/
mL. The ability of PDA NPs to remove intracellular ROS was also
investigated, in which Cu2+-modified PDA NPs were used as
probes to determine uptake kinetics of HGE cells. Uptake
efficiency was dependent on incubation period length and was
above 50% at 12 hours. Moreover, generation of intracellular ROS
was reduced by 80% with PDA NP treatment at a coincubation
concentration of 0.1mg/mL (Bao et al., 2018). Collectively, this data
demonstrates novel implications for nanoparticle systems to not
only facilitate bacteriocin delivery and bacterial killing, but
additionally to attenuate inflammation and promote recovery
from periodontal disease.
CLOSING REMARKS

Supra- and subgingival biofilm dysbiosis paired with sustained
inflammation in the gingiva are cornerstones in periodontal disease
onset and progression (Hajishengallis and Lambris, 2012). Putative
periodontal pathogens are critical to eliciting disease and prompting
host inflammation while continuing to perpetuate disease via
immune subversion and manipulation of tissues (Maekawa et al.,
2014;Hajishengallis, 2015;Malone et al., 2021). Variousmodels have
emerged that additionally highlight the critical role of oral
commensal and pathobionts in promoting periodontal disease via
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 17117
mediating intricate interactions with keystone pathogens, such as P.
gingivalis, T. forsythia, A. actinomycetemcomitans, and T. forsythia
(Marsh, 1994; Socranskyet al., 1998;Hajishengallis et al., 2011; Suzuki
et al., 2013). Additionally, novel recognition of non-bacterial
microbes, including various viruses in phages comprising the oral
microbiota, to disease progression is becoming an area of interest
(Pride et al., 2012; Gao et al., 2020). Observations have demonstrated
that the oral virome is significantly changed in periodontal disease
(Gao et al., 2020), thus suggesting potential mechanisms by which
viral species may manipulate both bacterial and host processes in
disease progression. The factors affecting microbial dysbiosis and
periodontal inflammation has extended beyond the sole absence of
oral hygiene to now include host environmental factors, such as
psychological stress and diet (Rai et al., 2011; Duran-Pinedo et al.,
2018; Woelber et al., 2019; Woelber and Tennert, 2020; Aral et al.,
2020). Psychological stress and poor diet may promote periodontal
disease via encouraging host inflammation. However, the stress
hormone cortisol was shown to directly affect microbial dysbiosis
andpathogen outgrowth in vitro, thus demonstrating a direct role for
stress inaffectingmicrobial communities (Duran-Pinedoet al., 2018).
Novel concepts in periodontal immunity have introduced a role of
cell senescence in promoting the inflammatory process, as well
identifying unique immune responses in the gingiva that are
distinct from other barrier sites (Dutzan et al., 2017; Dutzan et al.,
2018; Aquino-Martinez et al., 2020; Aquino-Martinez et al., 2020).
The presence of additional chronic inflammatory diseases, such as
IBD, cardiovascular diseases, and autoimmune disorders have
additionally been recognized as co-morbidities that may promote
periodontal disease pathogenesis (Hajishengallis and Chavakis,
2021). The oral manifestation of distant pathologies has been
recognized extensively and is especially highlighted in the clinical
manifestation of various IBDs (Lankarani et al., 2013; Benli et al.,
2021). However, a novel role of oral pathologies and disease to
promoting systemic inflammatory conditionshas shed light on anew
concept, that being the reciprocated systemic manifestation of oral
disease. This is especially emphasized by recent findings related to
connections between periodontal disease and Alzheimer’s disease, in
whichperiodontalpathogenshavebeen identifiedamongbrain tissue
of autopsy specimens (Chen et al., 2017; Dominy et al., 2019). In line
with this, growing evidence supports the role ofperiodontal disease in
potentiatingCOVID-19 severity andoutcomes, as in the caseof other
chronic inflammatory diseases (Botros et al., 2020; Sahni and Gupta,
2020; Huang et al., 2021). New discoveries related to disease etiology
are complemented by novel therapeutic modalities in addition to
traditional non-surgical and antibiotic treatments. Probiotics, such as
nisin-producingL. lactisnotonlydisruptpathogenoutgrowth, butdo
not adversely affect commensalmicrobial species (Radaic et al., 2020).
Purified nisin additionally has this effect in periodontal disease-
associated biofilms, and moreover does not illicit harmful effects to
host cells (Shin et al., 2015; Radaic et al., 2020). The integration of
nanoparticle drug delivery systems moreover enhances the effect of
pre-biotic nisin administration such that diseased tissues are directly
targeted while negating potential and inevitable pitfalls (Bao et al.,
2018; Radaic et al., 2020). Altogether, these findings excitedly
integrate novel concepts into existing models of periodontal disease
pathogenesis, further emphasize the role of oral health to systemic
December 2021 | Volume 11 | Article 766944
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health, and continue to advance our knowledge of disease,
corresponded by growing ideas for novel treatments.
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Coppé, J.-P., Desprez, P.-Y., Krtolica, A., and Campisi, J. (2010). The Senescence-
Associated Secretory Phenotype: The Dark Side of Tumor Suppression. Annu.
Rev. Pathol. Mech. Dis. 5, 99–118. doi: 10.1146/annurev-pathol-121808-102144
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Periodontal Parameters and
Oral Microbiota, But Not
Serological Markers
Elisa Kopra1*, Laura Lahdentausta1, Milla Pietiäinen1, Kåre Buhlin1,2, Päivi Mäntylä1,3,4,
Sohvi Hörkkö5,6, Rutger Persson7,8,9, Susanna Paju1, Juha Sinisalo1,10, Aino Salminen1

and Pirkko J. Pussinen1

1 Oral and Maxillofacial Diseases, University of Helsinki and Helsinki University Hospital, Helsinki, Finland, 2 Division of
Periodontology, Department of Dental Medicine, Karolinska Institutet, Huddinge, Sweden, 3 Institute of Dentistry, University of
Eastern Finland, Kuopio, Finland, 4 Oral and Maxillofacial Diseases, Kuopio University Hospital, Kuopio, Finland, 5 Medical
Microbiology and Immunology, Research Unit of Biomedicine, University of Oulu, Oulu, Finland, 6 Medical Research Center,
Oulu University Hospital and University of Oulu, Oulu, Finland, 7 Department of Periodontics, University of Washington,
Seattle, WA, United States, 8 Department of Oral Medicine, University of Washington, Seattle, WA, United States, 9 Faculty of
Health Sciences, Kristianstad University, Kristianstad, Sweden, 10 Division of Cardiology, Heart and Lung Center, Department
of Medicine, Helsinki University Hospital, Helsinki, Finland

The use of systemic antibiotics may influence the oral microbiota composition. Our aim
was to investigate in this retrospective study whether the use of prescribed antibiotics
associate with periodontal status, oral microbiota, and antibodies against the periodontal
pathogens. The Social Insurance Institution of Finland Data provided the data on the
use of systemic antibiotics by record linkage to purchased medications and entitled
reimbursements up to 1 year before the oral examination and sampling. Six different
classes of antibiotics were considered. The Parogene cohort included 505 subjects
undergoing coronary angiography with the mean (SD) age of 63.4 (9.2) years and 65%
of males. Subgingival plaque samples were analysed using the checkerboard DNA-DNA
hybridisation. Serum and saliva antibody levels to periodontal pathogens were analysed
with immunoassays and lipopolysaccharide (LPS) activity with the LAL assay. Systemic
antibiotics were prescribed for 261 (51.7%) patients during the preceding year. The
mean number of prescriptions among them was 2.13 (range 1–12), and 29.4%
of the prescriptions were cephalosporins, 25.7% penicillins, 14.3% quinolones, 12.7%
macrolides or lincomycin, 12.0% tetracycline, and 5.8% trimethoprim or sulphonamides.
In linear regression models adjusted for age, sex, current smoking, and diabetes, number
of antibiotic courses associated significantly with low periodontal inflammation burden
index (PIBI, p < 0.001), bleeding on probing (BOP, p = 0.006), and alveolar bone loss (ABL,
p = 0.042). Cephalosporins associated with all the parameters. The phyla mainly affected
by the antibiotics were Bacteroidetes and Spirochaetes. Their levels were inversely
associated with the number of prescriptions (p = 0.010 and p < 0.001) and directly
associated with the time since the last prescription (p = 0.019 and p < 0.001). Significant
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inverse associations were observed between the number of prescriptions and saliva
concentrations of Prevotella intermedia, Tannerella forsythia, and Treponema denticola
and subgingival bacterial amounts of Porphyromonas gingivalis, P. intermedia, T. forsythia,
and T. denticola. Saliva or serum antibody levels did not present an association with the
use of antibiotics. Both serum (p = 0.031) and saliva (p = 0.032) LPS activity was lower in
patients having any antibiotic course less than 1 month before sampling. Systemic
antibiotics have effects on periodontal inflammation and oral microbiota composition,
whereas the effects on host immune responses against the periodontal biomarker species
seem unchanged.
Keywords: periodontitis, antibiotics, oral microbiota, oral microbiome, immune response, antibodies, saliva,
periodontal pathogens
INTRODUCTION

Periodontitis is among the most common bacterial infection in
humans. It is an inflammatory disease of the supporting tissues
of the teeth, initiated by microorganisms in the dental plaque,
resulting in progressive destruction of the connective tissue and
bone support. The host response to bacterial insult leads to
gingival swelling, bleeding on gentle probing, increased
periodontal pocket depth, and alveolar bone loss. Finally,
untreated periodontitis may lead to the loss of teeth.

To control the periodontal disease, it is mandatory to
recognise the pathogenic role of bacteria that accumulate in
the periodontal pocket. Usually, during the progression of
bacterial infections, the diversity of the microbiota decreases.
However, in periodontitis, the diversity of the flora increases
(Mombelli, 2018), and subgingival plaque harbours the highest
richness and diversity of species in the oral cavity. The phyla
comprising 99% of the total counts are typically Gram-negative
Bacteroidetes, Fusobacteria, Proteobacteria, Saccharibacteria,
and Spirochaetes and Gram-positive Firmicutes and
Actinobacteria (Chen et al., 2018). The Gram-negative
anaerobic bacteria, the keystone pathogens for periodontitis,
promote inflammation and dysbiosis in susceptible individuals
(Hajishengallis and Chavakis, 2021). The mechanical removal of
calculus and biofilm (scaling and root planing) from the tooth
surface is the primary method for treating periodontitis. The use
of systemic antibiotics may suppress specific microorganisms
within the oral cavity and especially in periodontal pockets.
However, there is no data that selective suppression of any
single member of periodontal pocket microbiota would be the
key to success of periodontal therapy, because dysbiosis is the
problem (Mombelli, 2018).

The effects of systemic antibiotics to the composition of oral
microbiota are not very well described. Even though the oral
cavity is the starting point of gastrointestinal tract, most of the
studies are concentrated on the gut microbiota (Yang et al.,
2021). In the gut, antibiotics disrupt both short- and long-term
microbial conditions and diversity (Clemente et al., 2012), but
the length of time to recovery can vary individually (Yang et al.,
2021). The previous research has focused mostly on usage of
adjunctive systemic antibiotics in the periodontal treatment.
gy | www.frontiersin.org 2128
However, no data are available on the effect of using systemic
antibiotics prescribed for other clinical indications than
periodontitis on the composition of oral microbiota. The aim
of the study was to investigate whether the use of prescribed
antibiotics associate with periodontal status, oral microbiota, and
antibodies against the periodontal pathogens. This retrospective
study covered antibiotic purchases up to 1 year before the oral
examination and microbial sampling.
METHODS

Population
The Finnish Corogene is a prospective cohort designed to study
coronary artery disease (CAD) and other related heart diseases. It
includes 5,297 consecutive patients undergoing coronary
angiography at the Helsinki University Hospital between June
2006 and March 2008 (Vaara et al., 2012). The Parogene cohort
is a random gender-stratified subpopulation of the Corogene and
consists of 508 patients enrolled for extensive clinical and
radiographic oral examination 6–20 weeks after the
angiography. The detailed description of the data collection
including the oral examinations has been described earlier
(Buhlin et al., 2011). From the original cohort of 508
participants, 3 (0.6%) were lost to follow-up leading to a final
number of 505 participants. The study complies with the
principles of the Declaration of Helsinki, and written informed
consent was obtained from all study subjects. The Parogene
study design was approved by the Helsinki University Hospital
ethics committee (Reg. no. 106/2007).

Oral Examination
The patients filled a questionnaire including details of their
smoking habits and visits to a dentist. Two calibrated
periodontal specialists performed the oral examination
recording bleeding on probing (BOP) and probing pocket
depth (PPD) from six sites of all teeth. BOP is presented as
percentage of bleeding sites from all sites examined, and PPD
was categorised to number of probing depth exceeding 4 or
6 mm. The periodontal inflammatory burden (PIBI) was
December 2021 | Volume 11 | Article 774665
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calculated as (PPD ≥4 mm + 2 × PPD ≥6 mm) (Lindy
et al., 2008).

Panoramic radiographs were used to register data on number
of teeth with caries and apical rarefactions (Liljestrand et al.,
2016; Liljestrand et al., 2021) and alveolar bone loss (ABL)
(Buhlin et al., 2011).

The information on the use of antibiotics is based on data
linkage to nationwide registers using the individual social
security number. The data of medication usage comes from the
Finnish prescription register maintained by the Social Insurance
Institution of Finland. This registry covers all patients’
medication purchases from the 1st of January 2005, which
is >1 year before the initial hospitalisation (Vaara et al., 2012).
The antibiotic information was collected from registry by using
Anatomical Therapeutic Chemical (ATC) classification code and
data of systemic antimicrobial class J were collected. Patients
were found to have used the following antibiotic groups:
tetracyclins, penicillins, cephalosporins, trimethoprim,
macrolides/lincomycin, and quinolones. The ATC group,
action mechanism, and spectrum of these antibiotics are listed
in Supplementary Table S1.

Characterisation of Subgingival Microbiota
The details of the subgingival bacterial sampling and
characterisation have been published earlier (Mäntylä et al.,
2013; Pradhan-Palikhe et al., 2013). Briefly, the deepest
pathological pocket (PPD≥ 4 mm) in each dentate quadrant
was chosen for bacterial sampling. The sample was taken with a
sterile curette after isolation of the site from saliva and removing
supragingival plaque. The deepest possible sites with signs of
inflammation (with BOP) were selected for sampling in patients
with no sulci exceeding a depth of 3 mm. The samples were
pooled within a patient and frozen. The microbiological analyses
were performed using the DNA-DNA hybridisation assay
(Socransky et al., 2004). The results were obtained after
comparing the signals to standard lanes and presented as
counts of bacteria × 105. The results of single species were
summed up within the phylum. The list of the species, phyla,
and related information is presented as Supplementary Table S2.

Determination of Concentrations of
Periodontal Bacteria
The bacterial strains used as antigens were following: A.
actinomycetemcomitans, ATCC29523, ATCC43718, ATCC3384,
IDH781, IDH1705, C59A; P. gingivalis, ATCC33277, W50,
OMGS434; P. endodontalis, ATCC35406; P. intermedia,
ATCC25611; and T. forsythia, ATCC43037.

Stimulated saliva samples were collected by expectoration
before the oral examination. The collection time was 5 min or the
time to obtain at least 2 ml of saliva. The samples were frozen
at −70°C and DNA was isolated from pellets after 3-min
centrifugation at 9,300×g. The saliva collection and processing
has been described earlier in detail (Hyvärinen et al., 2012).
Concentrations of A. actinomycetemcomitans, P. gingivalis, P.
intermedia, T. forsythia, and T. denticola were determined by
quantitative real-time PCR assays as described in detail in our
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3129
earlier publications (Hyvärinen et al., 2009; Pietiäinen et al.,
2018). After comparing to the standard reference strains, the
results were presented as genomes/ml (GE/ml).

Determination of Saliva and Serum
Antibody Levels Against Periodontal
Species
The serum levels of IgA and IgG antibodies against the whole-
cell antigens of A. actinomycetemcomitans, P. gingivalis, P.
endodontalis, P. intermedia, and T. forsythia were determined
as described in detail earlier (Liljestrand et al., 2018) using
multiserotype ELISA (Pussinen et al., 2002; Pussinen
et al., 2011).

The saliva levels of IgA and IgG antibodies against the whole-
cell antigens of A. actinomycetemcomitans, P. gingivalis, P.
endodontalis, P. intermedia, and T. forsythia were determined
as described in detail earlier using chemiluminescence assays
(Akhi et al., 2019).

To show how the serum and saliva antibody levels to
Bacteroidetes species relate to the use of antibiotics, the
antibody levels of P. gingivalis, P. endodontalis, P. intermedia,
and T. forsythia were summed up.

Statistical Analyses
The variables with skewed distribution, such as the antibody and
bacterial levels, were log-transformed before statistical analyses.
For the tables, the values were back-transformed. We used 10-
based logarithm for the bacterial levels and natural logarithm for
the antibody levels. The statistical significance between the
groups was tested using either t-test or ANOVA. The levels are
presented as mean with standard error of mean (SE). The post-
hoc test was LSD. The significance of categorical parameters was
tested using Chi-square. Linear regression models adjusted for
age and sex were used to examine the associations between
parameters. The models concerning periodontal parameters
were additionally adjusted for smoking (never/ever) and
diabetes (no/yes).
RESULTS

From the available cohort of 505 participants, 261 (51.7%)
patients were prescribed with antibiotics during the preceding
1 year. The mean number of prescriptions among them was 2.13
(range 1–12) (Figure 1A). A total of 29.4% of the prescriptions
were cephalosporins, 25.7% penicillins, 14.3% quinolones, 12.7%
macrolides or lincomycin, 12.0% tetracycline, and 5.8%
trimethoprim or sulphonamides (Figure 1B). Women had
more often trimethoprim or sulphonamides than men (9.1%
vs. 2.5%, p = 0.042) (Supplementary Figure S1). The main
characteristics of these antibiotic classes are listed in
Supplementary Table S1. Cephalosporins are mainly used to
treat staphylococcal, streptococcal, and pneumococcal infections
especially in the case of penicillin allergy. Quinolones are mainly
prescribed not only to treat severe bacterial infections but also to
treat and prevent intestinal and urinary tract infections. Other
December 2021 | Volume 11 | Article 774665
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antibiotic classes have less indications for use such as
Helicobacter eradication (tetracyclins), urinary tract infections
(trimethoprim), and respiratory infections caused mainly by
Mycoplasma pneumoniane or Chlamydia pneumoniae
(macrolides/lincomycin).

The characteristics of the study participants stratified
according to the use of antibiotics are presented in Table 1.
The antibiotic users had higher BMI and more often diabetes than
the nonusers. Regarding their oral parameters, the antibiotic users
had lower BOP, fewer sites with PPD ≥6 mm, lower PIBI, and
less-severe ABL. The data stratified by sex is presented in the
supplement (Supplementary Table S3). The levels of BOP and
PIBI are shown according to the time since last prescription and
number of prescriptions during the year in Figure 2. After
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4130
adjusting for relevant confounders, the number of antibiotic
prescriptions for any clinical purpose during the preceding year
was significantly and inversely associated with BOP, PIBI, and
ABL (Table 2). BOP, PIBI, and ABL were inversely associated
with the number of prescribed cephalosporin courses. In addition,
PIBI was associated with the number of quinolone prescriptions
and BOP with penicillin and macrolides/lincosamide.

Next, we investigated the effect of antibiotics on subgingival
microbiota. The time since the last prescription and the number of
prescriptions affected significantly the levels of Bacteroidetes and
Spirochaetes, whereas other phyla, Actinobacteria, Firmicutes,
Fusobacteria, and Proteobacteria, remained unaffected (Figure 3).
Furthermore, we investigated the effect of types and amounts
of different antibiotics on the subgingival microbiota (Figure 4).
TABLE 1 | Characteristics of the population stratified by the use of antibiotics during the preceding year.

Parameter No antibiotics (n = 244) Antibiotics (n = 261)

Mean (SD) p-valuea

Age (years) 63.8 (9.3) 62.9 (9.0) 0.242
BMI (kg/m2) 27.4 (4.6) 28.3 (5.4) 0.042
Number of teeth x-ray 19.6 (9.2) 20.3 (8.6) 0.353
Caries (n of teeth)b x-ray 1.02 (1.69) 0.92 (1.29) 0.956
Apical rarefactions (n of teeth)b x-ray 0.46 (1.19) 0.27 (0.58) 0.427
BOP (% of sites)b Clinical 41.6 (19.5) 33.6 (17.6) <0.001
PPD ≥4 mm (n of sites)b Clinical 14.0 (14.0) 12.2 (12.2) 0.346
PPD ≥6 mm (n of sites)b Clinical 4.26 (9.84) 2.47 (6.38) 0.042
PIBIb Clinical 22.5 (29.5) 17.1 (21.5) 0.049

N (%) p-valuec

Sex (females) 81 (33.2) 96 (36.8) 0.399
Smoking (ever)d 118 (51.8) 132 (54.3) 0.577
Periodontal treatmentd 18 (8.1) 37 (15.9) 0.011
Diabetes 48 (19.7) 70 (27.2) 0.046
Alveolar bone loss No 48 (21.1) 65 (26.4) 0.018

Mild 97 (42.5) 116 (47.2)
Moderate 63 (27.6) 58 (23.6)
Severe 20 (8.8) 7 (2.8)

Edentulous 17 (7.0) 15 (5.7) 0.574
December 2021 | Volume 11 | Articl
at-test.
bLog-transformation, mean, and SD after back-transformation.
cChi-square.
dBased on questionnaire on smoking and response to a question, whether the patient has ever received any periodontal treatment.
Significant p-values are in bold face.
A B

FIGURE 1 | Number of prescriptions and antibiotic types. Two hundred sixty-one (51.7%) patients were prescribed with antibiotics during the preceding 1 year.
Frequencies of the number of prescriptions (A) and antibiotic types (B) are shown.
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The amount of Bacteroidetes was lower among users of macrolide/
lincomycin or quinolone; Fusobacteria was lower among users of
cephalosporin or macrolide/lincomycin; Spirochaetes was lower
among users of cephalosporin or quinolone; and Firmicutes was
lower in users of macrolide/lincomycin and higher among users of
tetracycline. None of the antibiotics affected the amount of
Actinobacteria and Proteobacteria. The associations were analysed
using linear regression models adjusted for age and sex (Table 3).
The amount of Bacteroidetes was inversely associated with the use
of macrolide/lincomycin and quinolone, Fusobacteria with
cephalosporin, and Spirochaetes with quinolone. In addition, the
positive association between Firmicutes and tetracycline
was significant.

We investigated the associations of the use of antibiotics with
the levels of periodontal pathogens by linear regression models
(Table 4). Significant inverse associations were observed between
the number of prescriptions and saliva concentrations of
Prevotella intermedia, Tannerella forsythia, and Treponema
denticola. The number of prescriptions was also associated with
subgingival bacterial amounts of Porphyromonas gingivalis,
P. intermedia, T. forsythia, and T. denticola. While the use of
antibiotics affected the subgingival and saliva bacterial levels, they
did not affect serum or saliva antibody levels against these species
(Supplementary Table S4). Figure 4 shows the sums of antibody
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5131
levels against Bacteroidetes species in the groups of patients that
had used either cephalosporin, macrolides/lincomycin, or
quinolones during the preceding year. Although these antibiotic
types affected the Bacteroidetes phylum, they had only minor
effects on the saliva or serum antibody levels against some
member species of the phylum (Figure 5).

The composition of subgingival microbiota contributed to
saliva LPS-activity, whereas the correlation was not that obvious
in serum LPS levels (Supplementary Table S5). Thus, we
investigated whether the use of antibiotics has an effect of the
LPS levels (Figure 6). The patients with several prescribed
antibiotics during the preceding year had lower saliva LPS
activity levels, but the observed trend in serum LPS levels was
nonsignificant. However, the effect of antibiotics on both saliva
and serum LPS level was short term, since we observed differences
only up to 1 month (Figure 6C). The associations were analysed
by linear regression models (Table 5). Only the inverse
association between saliva LPS activity and use of quinolones
was statistically significant, and the use of these antibiotics seemed
to have a remarked positive association with the ratio of Gram-
positive/Gram-negative bacteria and Firmicutes/Bacteroidetes
(Table 5). Their levels are presented in Supplementary Figure S2.

A total of 55 (10.9%) patients indicated in the questionnaire
that they had received any kind of periodontal treatment
TABLE 2 | Association of antibiotic use with periodontal parameters.

Number of antibiotics prescriptions in a year BOP PIBI ABL

B (SE) p-value B (SE) p-value B (SE) p-value

Any −2.82 (0.57) <0.001 −2.02 (0.73) 0.006 −0.05 (0.022) 0.042
Tetracycline −1.45 (2.38) 0.542 0.39 (2.61) 0.880 −0.04 (0.08) 0.638
Penicillin −4.87 (1.47) 0.001 −1.22 (1.73) 0.482 −0.08 (0.05) 0.137
Cephalosporin −3.78 (1.23) 0.002 −3.84 (1.62) 0.018 −0.13 (0.05) 0.007
Trimethoprim/sulfa −4.36 (2.89) 0.131 −2.61 (3.84) 0.498 −0.02 (0.12) 0.856
Macrolides/lincosamide −4.95 (1.59) 0.002 −3.60 (2.11) 0.089 −0.02 (0.07) 0.718
Quinolones −3.26 (1.84) 0.077 −5.43 (2.38) 0.023 0.03 (0.07) 0.700
December 2021
 | Volume 11 | Article
Linear regression models adjusted for age, sex, smoking (never/ever), and diabetes (no/yes).
BOP, bleeding on probing, % of bleeding surfaces; PIBI, periodontal inflammatory burden index, [PPD ≥4 mm + 2 × (PPD ≥6 mm)]; ABL, alveolar bone loss from none to severe (0–4).
Significant p-values are in bold face.
A B

FIGURE 2 | Effect of antibiotics on clinical periodontal parameters. (A) Time since the last prescription. (B) Number of prescriptions during the preceding year. Mean
values with the SE are shown. Bleeding on probing (BOP) is the percentage of bleeding sites from all examined sites. Periodontal inflammatory burden index (PIBI) is
the number of deepened periodontal pockets: PPD ≥4 mm + 2 × PPD ≥6 mm. The p-values are for the weighted linear terms from Anova for log-transformed values.
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(Table 1). These patients did not differ from the rest of the
population as regards to clinical periodontal parameters,
subgingival Firmicutes/Bacteroidetes ratio, or serum or saliva
LPS levels (data not shown).
DISCUSSION

In this large, retrospective analysis, we show how the use of any
systemic antibiotics prescribed for other clinical indications than
periodontitis was associated with decreased levels of subgingival
Bacteroidetes and Spirochaetes levels, whereas the levels of these
phyla increased with the time passed since the last prescription.
Although this association was obvious until 5–8 months before
the sampling, we failed to see any association with the systemic
or local antibody levels against the species in Bacteroidetes phyla.
The use of any systemic antibiotics associated also with fewer
clinical and radiographic signs of periodontitis.

The standard treatment of periodontitis is scaling and root
planing (SRP), which aims at mechanically reducing the amount
of biofilm and disrupting the local ecologic niche of bacteria at
both supra- and subgingival areas. Despite its microbiologically
unspecific nature, SRP is associated with a beneficial change in
the composition of the subgingival biofilm. A variety of systemic
antimicrobials have been used as adjuncts to SRP in the
treatment of periodontitis, with the purpose to reach deep
pockets and pathogens that may invade host tissues. A recent
systematic review and meta-analysis with 24 RCTs showed that
the adjunctive use of systemic antimicrobials in the active phase
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6132
of periodontal treatment led to a statistically significant
additional full-mouth PPD reduction (weighted mean
difference = 0.448 mm) and CAL gain (0.389 mm) at
6 months, when compared with the control groups (Teughels
et al., 2020). These beneficial effects of systemic antimicrobials
remained stable for at least 1 year. Additionally, statistically
significant benefits were also found for CAL and BOP. The best
outcomes were observed for the combination of amoxicillin
plus metronidazole, followed by metronidazole alone and
azithromycin. Even though several meta-analyses have
suggested that systemic antimicrobials may have a statistically
significant effect on periodontal parameters, there has been
debate about the clinical significance since the observed
benefits have been relatively small when measuring mean full-
mouth PPDs or attachment gain. The S3 level clinical practice
guideline of the European Federation of Periodontology does not
recommend the routine use of systemic antibiotics as adjunct to
SRP in patients with periodontitis due to concerns to patient’s
health and the impact of systemic antibiotic use to public health
(Herrera et al., 2008; Sanz et al., 2020). Yet, for specific patient
groups, such as young patients with severe periodontitis, the use
of systemic antimicrobials may be considered. The patients of the
present cohort can be regarded as “untreated for periodontitis”,
although according to the questionnaire, 10.9% had received
periodontal treatment sometime during their adult life. However,
since their periodontal status or subgingival bacterial levels did
not differ significantly from the rest of the patients and since the
exact time of the received treatment was not known, we did not
consider this further in the analyses. Thus, our results indicate
A

B

FIGURE 3 | Effect of antibiotics on subgingival microbiota. (A) Time since the last prescription. (B) Number of prescriptions during the preceding year. Mean values
of log-transformed bacterial counts on the phylum level with the SE are shown. The p-values are for the weighted linear terms from Anova.
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that systemic antibiotics affect the periodontal parameters and
the composition of subgingival microbiota even without
mechanical instrumentation.

Most bacteria occupying periodontal pocket are living as a part
of the subgingival biofilm. Bacterial cells embedded in a complex,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7133
self-produced polymeric matrix differ remarkably from planktonic
cells and are more resistant to environmental changes including
antibiotic treatments (Mah and O'Toole, 2001; Burmolle et al.,
2014). According to a recent meta-analysis, shifts in the
composition of microbial community during periodontal
A B

C D

E F

FIGURE 4 | The effect of different antibiotic types on subgingival microbiota. Mean values of log-transformed bacterial counts on the phylum level with the SE are
shown. The p-values are for the weighted linear terms from Anova. The antibiotic classes are: (A) tetracycline, (B) penicillins, (C) cephalosporin, (D) trimethoprim,
(E) macrolide/lincomycin, and (F) quinolone.
TABLE 3 | Association of antibiotic type with subgingival phyla.

Actinobacteria Bacteroidetes Firmicutes Fusobacteria Proteobacteria Spirochaetes

Standardised coefficient (beta) and p-value

Time since last prescriptiona −0.003, 0.954 0.108, 0.019 −0.021, 0.653 0.059, 0.199 0.010, 0.833 0.176, <0.001
Any antibioticsa 0.039, 0.403 −0.119, 0.010 0.043, 0.350 −0.057, 0.211 0.003, 0.948 −0.167, <0.001
Tetracyclinesb 0.061, 0.190 0.027, 0.559 0.115, 0.013 0.080, 0.082 0.062, 0.180 0.002, 0.971
Penicillinsb 0.082, 0.083 0.027, 0.557 0.083, 0.075 0.047, 0.309 0.059, 0.212 −0.012, 0.799
Cephalosporinsb −0.008, 0.874 −0.075, 0.113 −0.035, 0.467 −0.108, 0.023 −0.024, 0.624 −0.065, 0.163
Trimethoprim, sulphonamidesb 0.032. 0.487 0.020, 0.660 0.042, 0.362 0.001, 0.975 −0.010, 0.833 −0.009, 0.842
Macrolides, lincomycinb −0.053, 0.268 −0.104, 0.029 −0.057, 0.231 −0.038, 0.424 −0.059, 0.219 −0.068, 0.146
Quinolonesb −0.016, 0.736 −0.123, 0.009 −0.029, 0.538 −0.075, 0.113 −0.044, 0.353 −0.190, <0.001
Decem
ber 2021 | Volume 11
Linear regression model adjusted for age and sex.
aTime as categories: <1 month, 1–2 months, 2–3 months, 3–5 months, 5–8 months, 8–12 months, none.
bAntibiotics are categorised as: not within 1 year; once within 1 year; ≥twice within 1 year. All bacterial levels are log-transformed.
Significant p-values are in bold face.
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therapy occur regardless of the use of antibiotics as a part of the
treatment. Instead of whole biofilm, systemic antibiotics seem to
cause changes in the individual bacterial species (Dilber et al.,
2020). Studies with in vitro subgingival biofilm models showed
that antibiotics caused reductions in Streptococcus anginosus,
P. gingivalis, and Fusobacterium nucleatum species, and the
effect was significant by doxycycline, azithromycin, and
amoxicillin alone or in combination with metronidazole, but
metronidazole alone had no effect on biofilm composition
(Belibasakis and Thurnheer, 2014). On the other hand,
subinhibitory concentrations of antibiotics have also been
reported to increase the biofilm formation in some in vitro
biofilm models (Jin et al., 2020; Bernardi et al., 2021).

Ferrer with coworkers have listed 42 major microbial genera
whose abundance is altered after treatment with any of the
commonly used antibiotics. This suggests that regardless of the
original disease for which they were prescribed, antibiotics can
cause perturbations in bacterial communities without changing
overall composition and diversity but rather affecting a specific
set of bacteria. The main phyla affected are Actinobacteria,
Bacteroidetes, Firmicutes, and Proteobacteria, with the most
common genera influenced being Prevotella (Bacteroidetes),
Clostridium, Enterococcus, Lactobacillus, Ruminococcus,
Streptococcus, Eubacterium, (Firmicutes), and Enterobacter
(Proteobacteria) (Ferrer et al., 2017). In the present study,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8134
significant changes in the bacterial levels associating with
antibiotic usage for any purpose were found among phyla
Bacteroidetes and Spirochaetes. The effect was dependent both
on the number of antibiotic prescriptions and time since the last
prescription. When all the six antibiotic groups were individually
studied, most of the changes in the bacterial levels were
associated with the number of prescriptions belonging either to
cephalosporins, macrolides/lincomycin, or quinolones whereas
penicillin and trimethoprim had no impact on any of the phyla.
The studied species belonging to the phyla Bacteroidetes and
Spirochaetes included several bacterial species associating with
the development of periodontitis. These included P. intermedia,
T. forsythia, T. denticola, and P. gingivalis. Our results suggest
that systemic antibiotics prescribed for whatever purpose may
also have an impact on the levels of these specific periodontal
pathogens. We obtained similar results from both subgingival
and saliva analyses, although two different methods were used,
i.e., DNA-DNA hybridisation and qPCR. However, it remains
unclear if this impact is sustained for more than 1 year after the
use of antibiotics. In addition, we investigated the effect of the
antibiotics only on the bacterial levels, although they may also
affect the microbial activity, gene expression, protein synthesis,
metabolite content, and translocation (Ferrer et al., 2017). The
antibiotics had only a marginal effect on either saliva or serum
antibody levels against the species mentioned above. The effects
TABLE 4 | Association of saliva and subgingival concentrations of periodontal bacteria and number of prescribed antibiotics within a year.

Periodontal pathogen in saliva (Lg GE/ml) Saliva (Lg GE/ml) Subgingival (Lg counts × 105)

B (SE) p-value B (SE) p-value

Aggregatibacter actinomycetemcomitans −0.097 (0.060) 0.108 0.019 (0.045) 0.670
Porphyromonas gingivalis −0.136 (0.117) 0.246 −0.139 (0.051) 0.007
Prevotella intermedia −0.418 (0.104) <0.001 −0.101 (0.050) 0.045
Tannerella forsythia −0.475 (0.133) <0.001 −0.304 (0.062) <0.001
Treponema denticola −0.327 (0.112) 0.004 −0.193 (0.047) <0.001
December 2021 | Volume 11 | Ar
Adjusted for age and sex. The use of antibiotics is categorised as: no, once, 2–3 times, and ≥4 times within a year.
Significant p-values are in bold face.
FIGURE 5 | The effect of cephalosporin, macrolide/lincomycin, or quinolone use on saliva and serum antibodies against the Bacteroidetes species. Saliva antibodies
were determined using a chemiluminescence immunoassay and serum antibodies using the multiserotype ELISA. Both IgA and IgG class antibodies were measured.
The antibody levels against the Bacteroidetes species comprise summed values from separate assays of P. gingivalis, P. endodontalis, P. intermedia, and T. forsythia.
The number of patients in the groups are 0, 286; 1, 127; and ≥2, 38. The star depicts a p-value <0.05 compared with nonusers of antibiotics as produced by LSD
test after ANOVA.
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A

B

C

FIGURE 6 | Effect of antibiotics on LPS activity. Saliva and serum LPS activity was determined by LAL assay, and the results were calculated in groups of patients
having 0, 1, 2–3, or ≥4 prescriptions during the preceding year. (A) Mean saliva and (B) serum LPS activity and 95% CI are shown for logarithmically transformed
values (Ln). The p-values are for the weighted linear terms from Anova. (C) Mean saliva and serum LPS activity (and SD) in patients having antibiotics within a month
vs. more than a month ago with p-values from t-test.
TABLE 5 | Association of antibiotic type with subgingival phyla.

Saliva LPS
(EU/ml)

Serum LPS
(EU/ml)

Gram-positives
(Lg_counts)

Gram-negatives
(Lg_counts)

Gram-positives/Gram-nega-
tives (Lg_counts)

Firmicutes/Bacteroidetes
(Lg_counts)

Standardised coefficient (beta) and p-value

Tetracyclines −0.050, 0.274 −0.022, 0.635 0.128, 0.006 0.093, 0.044 0.059, 0.194 0.099, 0.029
Penicillins 0.007, 0.872 0.014, 0.768 0.053, 0.254 0.048, 0.299 0.052, 0.259 0.056, 0.218
Cephalosporins −0.036, 0.437 −0.059, 0.215 −0.058, 0.225 −0.059, 0.214 0.076, 0.108 0.042, 0.367
Trimethoprim,
sulphonamides

0.005, 0.918 −0.038, 0.405 0.032, 0.482 0.005, 0.920 0.046, 0.311 0.021, 0.639

Macrolides,
lincomycins

0.002, 0.959 0.006, 0.898 0.017, 0.730 −0.052, 0.279 0.030, 0.518 0.101, 0.032

Quinolones −0.126, 0.007 −0.052, 0.264 −0.047, 0.317 −0.113, 0.017 0.153, 0.001 0.187, <0.001
Frontiers in Cellular an
d Infection Micro
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 December 2021
Linear regression model adjusted for age and sex. Antibiotics are categorised as: not within 1 year; once within 1 year; ≥twice within 1 year. All bacterial levels are log-transformed.
EU, endotoxin units.
Significant p-values are in bold face.
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of the antibiotics on the bacterial levels were relatively small.
Since no species were actually eradicated, seroconversion was not
to be expected.

As expected, use of quinolones was strongly associated with
subgingival gram-negative species as well as the ratio of
Firmicutes/Bacteroidetes or gram-positives/gram-negatives. This
was reflected also in saliva LPSactivity, which was inversely
associated with the use of quinolones. Similarly, nonsignificant
trend was seen also in serum LPS activity. We have shown earlier
that the subgingival bacterial species predict saliva LPS activity
and that saliva LPS correlates mildly with serum LPS activity,
especially among periodontitis patients (Liljestrand et al., 2017).
Thus, it is plausible that saliva LPS decreases when the number of
its source species decline, and possibly also the trends seen in
serum LPS activity follow the changes in gut microbiome after
using antibiotics. However, the declining trend in both serum and
saliva was short term and strongest only up to 1 month since the
antibiotic course. LPS is effectively neutralised from the
circulation by the liver and has a half-life between 2 and 4 min
in mice (Yao et al., 2016). Unfortunately, our study design did not
enable further investigations since the sampling was done only
once. The gut is the main source of circulating LPS, but the oral
microbiome may also contribute to its levels either directly to
circulation or saliva or indirectly by affecting the gut microbiome
composition (Olsen and Yamazaki, 2019; Schmidt et al., 2019).
LPS is an important virulence factor and a putative mediator
between oral and systemic health (Pussinen et al., 2021). LPS-
activity is an independent risk factor for incident cardiometabolic
diseases (Pussinen et al., 2021) and, interestingly, high LPS
combined with a high number of antibiotic purchases has an
additive effect on the risk of incident coronary heart disease
(Simonsen et al., 2020).

We want to acknowledge some strengths and limitations of the
study. The strengths include the well-characterised population and
multifaceted laboratory results using plaque, saliva, and serum
determinations arising both from bacteria and the host. The
limitations include a post-hoc nature of the analyses
accompanied by multiple testing, and the results need to be
interpreted with caution. However, we employed several different
approaches to solve the same research question resulting in similar
results. For example, the levels of the same species both in saliva
and subgingival plaque declined after using antibiotics despite
totally different analysis methods. Our study data included only the
use of systemic antimicrobials class J according to the ATC
classification. Therefore, data on the use of metronidazole is
missing, since it is classified as treating parasite infection (class
P) in ATC classification system. Due to its adjunctive use to treat
some periodontitis patients, there are ample of investigations on its
effects on periodontal microbiota. Other limitations are the
missing information on details of previous dental/periodontal
treatments and the uncertainty, whether the patients really
consumed the purchased antibiotic courses or what were the
clinical implications. The main limitation is the targeted
microbiome analyses using somewhat out-of-date methodology.
For instance, the phyla were constructed by summing up levels of
several species whose number differed. Firmicutes included the
highest number of species (n = 32), while Treponemas included
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10136
only two species. Nevertheless, the results are novel and with
literature search we did not find any corresponding studies. Our
study may be considered an opening for further studies using
untargeted characterisation of the microbiome.

As a conclusion, the results show that systemic antibiotics
influence the serology of periodontitis only marginally but have
clear beneficial effects on periodontal inflammation and oral
microbiota composition up to 5–8 months even without
mechanical removal of biofilm. Thus, the effect may be shorter
compared with results published in the meta-analysis (Teughels
et al., 2020) for the adjunctive use of systemic antimicrobials with
SRP. Using antibiotics as a monotherapy is not advisable, since
SRP is highly effective in treatment of periodontitis and
additional use of antibiotics increases resistance and may have
adverse effects on the health of the patient.
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Ferrer, M., Méndez-Garcıá, C., Rojo, D., Barbas, C., and Moya, A. (2017).
Antibiotic Use and Microbiome Function. Biochem. Pharmacol. 134, 114–
126. doi: 10.1016/j.bcp.2016.09.007

Hajishengallis, G., and Chavakis, T. (2021). Local and Systemic Mechanisms
Linking Periodontal Disease and Inflammatory Comorbidities. Nat. Rev.
Immunol. 21 (7), 426–440. doi: 10.1038/s41577-020-00488-6

Herrera, D., Alonso, B., León, R., Roldán, S., and Sanz, M. (2008). Antimicrobial
Therapy in Periodontitis: The Use of Systemic Antimicrobials Against the
Subgingival Biofilm. J. Clin. Periodontol. 35 (8 Suppl), 45–66. doi: 10.1111/
j.1600-051X.2008.01260.x

Hyvärinen, K., Laitinen, S., Paju, S., Hakala, A., Suominen-Taipale, L., Skurnik, M.,
et al. (2009). Detection and Quantification of Five Major Periodontal
Pathogens by Single Copy Gene-Based Real-Time PCR. Innate Immun. 15
(4), 195–204. doi: 10.1177/1753425908101920

Hyvärinen, K., Mäntylä, P., Buhlin, K., Paju, S., Nieminen, M. S., Sinisalo, J., et al.
(2012). A Common Periodontal Pathogen Has an Adverse Association With
Both Acute and Stable Coronary Artery Disease. Atherosclerosis 223 (2), 478–
484. doi: 10.1016/j.atherosclerosis.2012.05.021

Jin, Y., Guo, Y., Zhan, Q., Shang, Y., Qu, D., and Yu, F. (2020). Subinhibitory
Concentrations of Mupirocin Stimulate Staphylococcus Aureus Biofilm
Formation by Upregulating cidA. Antimicrob. Agents Chemother. 64 (3),
e01912–e01919. doi: 10.1128/AAC.01912-19

Liljestrand, J. M., Mäntylä, P., Paju, S., Buhlin, K., Kopra, K. A., Persson, G. R.,
et al. (2016). Association of Endodontic Lesions With Coronary Artery
Disease. J. Dent. Res. 95 (12), 1358–1365. doi: 10.1177/0022034516660509

Liljestrand, J. M., Paju, S., Buhlin, K., Persson, G. R., Sarna, S., Nieminen, M. S.,
et al. (2017). Lipopolysaccharide, A Possible Molecular Mediator Between
Periodontitis and Coronary Artery Disease. J. Clin. Periodontol. 44 (8), 784–
792. doi: 10.1111/jcpe.12751

Liljestrand, J. M., Paju, S., Pietiäinen, M., Buhlin, K., Persson, G. R., Nieminen, M. S.,
et al. (2018). Immunologic Burden Links Periodontitis to Acute Coronary
Syndrome. Atherosclerosis 268, 177–184. doi: 10.1016/j.atherosclerosis.2017.12.007

Liljestrand, J. M., Salminen, A., Lahdentausta, L., Paju, S., Mäntylä, P., Buhlin, K.,
et al. (2021). Association Between Dental Factors and Mortality. Int. Endod. J.
54 (5), 672–681. doi: 10.1111/iej.13458

Lindy, O., Suomalainen, K., Makela, M., and Lindy, S. (2008). Statin Use Is
Associated With Fewer Periodontal Lesions: A Retrospective Study. BMC Oral.
Health 15 (8), 16. doi: 10.1186/1472-6831-8-16
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11137
Mah, T. F., and O'Toole, G. A. (2001). Mechanisms of Biofilm Resistance to
Antimicrobial Agents. Trends Microbiol. 9 (1), 34–39. doi: 10.1016/s0966-842x
(00)01913-2

Mäntylä, P., Buhlin, K., Paju, S., Persson, G. R., Nieminen, M. S., Sinisalo, J., et al.
(2013). Subgingival Aggregatibacter Actinomycetemcomitans Associates With
the Risk of Coronary Artery Disease. J. Clin. Periodontol. 40 (6), 583–590.
doi: 10.1111/jcpe.12098

Mombelli, A. (2018). Microbial Colonization of the Periodontal Pocket and Its
Significance for Periodontal Therapy. Periodontol 2000 76 (1), 85–96.
doi: 10.1111/prd.12147

Olsen, I., and Yamazaki, K. (2019). Can Oral Bacteria Affect the Microbiome of the
Gut? J. Oral. Microbiol. 11 (1), 1586422. doi: 10.1080/20002297.2019.1586422

Pietiäinen, M., Kopra, K. A. E., Vuorenkoski, J., Salminen, A., Paju, S., Mäntylä, P.,
et al. (2018). Aggregatibacter Actinomycetemcomitans Serotypes Associate
With Periodontal and Coronary Artery Disease Status. J. Clin. Periodontol. 45
(4), 413–421. doi: 10.1111/jcpe.12873

Pradhan-Palikhe, P., Mäntylä, P., Paju, S., Buhlin, K., Persson, G. R., Nieminen, M.
S., et al. (2013). Subgingival Bacterial Burden in Relation to Clinical and
Radiographic Periodontal Parameters. J. Periodontol. 84 (12), 1809–1817.
doi: 10.1902/jop.2013.120537

Pussinen, P. J., Könönen, E., Paju, S., Hyvärinen, K., Gursoy, U. K., Huumonen, S.,
et al. (2011). Periodontal Pathogen Carriage, Rather Than Periodontitis,
Determines the Serum Antibody Levels. J. Clin. Periodontol. 38 (5), 405–411.
doi: 10.1111/j.1600-051X.2011.01703.x

Pussinen, P. J., Kopra, E., Pietiäinen, M., Lehto, M., Zaric, S., Paju, S., et al.
Periodontitis and Cardiometabolic in press Disorders: The Role of
Lipopolysaccharide and Endotoxemia. Periodontol 2000. [In Press].

Pussinen, P. J., Vilkuna-Rautiainen, T., Alfthan, G., Mattila, K., and Asikainen, S.
(2002). Multiserotype Enzyme-Linked Immunosorbent Assay as a Diagnostic
Aid for Periodontitis in Large-Scale Studies. J. Clin. Microbiol. 40 (2), 512–518.
doi: 10.1128/JCM.40.2.512-518.2002

Sanz, M., Herrera, D., Kebschull, M., Chapple, I., Jepsen, S., Berglundh, T., et al.
(2020). Treatment of Stage I–III Periodontitis—The EFP S3 Level Clinical
Practice Guideline. J. Clin. Periodontol. 47 (Suppl 22), 4–60. doi: 10.1111/
jcpe.13290

Schmidt, T. S., Hayward, M. R., Coelho, L. P., Li, S. S., Costea, P. I., Voigt, A. Y.,
et al. (2019). Extensive Transmission of Microbes Along the Gastrointestinal
Tract. Elife 8, e42693. doi: 10.7554/eLife.42693

Simonsen, J. R., Järvinen, A., Harjutsalo, V., Forsblom, C., Groop, P. H., and Lehto,
M. (2020). The Association Between Bacterial Infections and the Risk of
Coronary Heart Disease in Type 1 Diabetes. J. Intern. Med. 288 (6), 711–724.
doi: 10.1111/joim.13138

Socransky, S. S., Haffajee, A. D., Smith, C., Martin, L., Haffajee, J. A., Uzel, N. G.,
et al. (2004). Use of Checkerboard DNA-DNA Hybridization to Study
Complex Microbial Ecosystems. Oral. Microbiol. Immunol. 19 (6), 352–362.
doi: 10.1111/j.1399-302x.2004.00168.x
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Periodontal disease depends on the presence of different microorganisms in the oral
cavity that during the colonization of periodontal tissues form a multispecies biofilm
community, thus allowing them to survive under adverse conditions or facilitate further
colonization of host tissues. Not only numerous bacterial species participate in the
development of biofilm complex structure but also fungi, especially Candida albicans,
that often commensally inhabits the oral cavity. C. albicans employs an extensive armory
of various virulence factors supporting its coexistence with bacteria resulting in successful
host colonization and propagation of infection. In this article, we highlight various aspects
of individual fungal virulence factors that may facilitate the collaboration with the
associated bacterial representatives of the early colonizers of the oral cavity, the
bridging species, and the late colonizers directly involved in the development of
periodontitis, including the “red complex” species. In particular, we discuss the
involvement of candidal cell surface proteins—typical fungal adhesins as well as
originally cytosolic “moonlighting” proteins that perform a new function on the cell surface
and are also present within the biofilm structures. Another group of virulence factors
considered includes secreted aspartic proteases (Sap) and other secreted hydrolytic
enzymes. The specific structure of the candidal cell wall, dynamically changing during
morphological transitions of the fungus that favor the biofilm formation, is equally important
and discussed. The non-protein biofilm-composing factors also show dynamic variability
upon the contact with bacteria, and their biosynthesis processes could be involved in the
stability of mixed biofilms. Biofilm-associated changes in the microbe communication
system using different quorum sensing molecules of both fungal and bacterial cells are
also emphasized in this review. All discussed virulence factors involved in the formation of
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mixed biofilm pose new challenges and influence the successful design of new diagnostic
methods and the application of appropriate therapies in periodontal diseases.
Keywords: periodontitis, multispecies biofilms, candidal virulence factors, adhesins, moonlighting proteins,
secreted aspartic proteases, quorum sensing
BACTERIA INVOLVED IN THE
PERIODONTAL DISEASE

Periodontal diseases, belonging to the most common oral diseases
worldwide, exert far-reaching consequences for human health,
being associated with further systemic diseases such as
cardiovascular diseases, diabetes, insulin resistance,
gastrointestinal and colorectal cancer, respiratory tract infection,
Alzheimer’s disease, and adverse pregnancy outcomes (Kassebaum
et al., 2014; Whitmore and Lamont, 2014; Hajishengallis, 2015;
Sonti and Fleury, 2015; Vamos et al., 2015; Bui et al., 2019; Liccardo
et al., 2019; Dominy et al., 2019; Liu et al., 2021). The etiology of
periodontal diseases is based on the formation of the polymicrobial
community residing in the subgingival compartment where further
periodontal tissuecolonizationdependson thepathogenicpotential
shaped by synergistic interactions within the community or
nososymbiocity (Hajishengallis and Lamont, 2012; Hajishengallis
and Lamont, 2016). The mutual microbial coexistence, often based
on the metabolic co-adaptations, can lead to microbe functional
specialization and changes of community participant properties
from commensal to pathogenic (Wright et al., 2013; Lamont and
Hajishengallis, 2015).

The simplest classification of bacteria involved in periodontal
disease development identifies the early colonizers, adhering to
mucosal and saliva-coated tissues that include primarily Gram-
positive facultative anaerobes suchasStreptococcus spp. (S. gordonii,
S.mitis, S. oralis, and S. sanguinis) andActinomyces spp. (Socransky
et al., 1998). They influence the local environment and collaborate
with the secondary colonizers such as Fusobacterium nucleatum,
which play the bridging function for co-aggregation, and a further
adhesion of the late colonizers including Porphyromonas gingivalis,
Tannerella forsythia, and Treponema denticola, forming the “red
complex”. These species are thought to be the major etiologic
agents of periodontal diseases (Suzuki et al., 2013). Such
microbial succession is mediated not only by induction of
changes in the local habitat, including pH and redox potential
changes, or an oxygen level decrease, which favor the next colonizer
existence but also include the tight intercellular interactions
engaging the microbial surface adhesins (Kolenbrander et al.,
2006). However, the model of successive colonization has evolved
since the development of microarray techniques, showing that the
infection progress is a much more complex process.

It was proposed that P. gingivalis plays the function of the
keystone pathogen which, even at a low level of host colonization,
canorchestrate the inflammationbyremodelingofmicrobiota from
benign into a dysbiotic one (Hajishengallis and Lamont, 2016). The
physical interaction and diffusion of soluble factors can modulate
virulence gene expression and nososymbiocity of microbes (Frias-
Lopez and Duran-Pinedo, 2012). Mostly synergistic, the
gy | www.frontiersin.org 2140
interactions include providing a substratum for attachment—as
was found for S. gordonii and P. gingivalis dual-species biofilm
(Kuboniwa et al., 2006), nutritional cross-feeding, identified for S.
gordonii metabolic by-product (L-lactate) promoting the
pathogenicity of A. actinomycetemcomitans (Ramsey et al., 2011),
and coordinated metabolic cross-talk found for P. gingivalis and T.
denticola, where the production of isobutyric acid by P. gingivalis
stimulates T. denticola growth, and secretion of T. denticola
succinate affects P. gingivalis cell development (see the review of
Miller et al., 2019). Such manipulation can increase the
pathogenicity of the whole microbial community (Hajishengallis
and Lamont, 2012; Hajishengallis et al., 2012).

Moreover, the condition of the host immune systemmodulated
by accompanying disorders or medical treatment can strongly
influence polymicrobial dysbiosis and the subsequent disease
progression itself (Hajishengallis and Lamont, 2021). As a
keystone pathogen (Hajishengallis, 2014), P. gingivalis can act on
thehost immunesystemaltering theToll-like receptor response and
facilitating the survival of the entire microbial community
(Darveau, 2010). P. gingivalis also influences interleukin-8
production by gingival epithelial cells, delaying neutrophil
recruitment to the infection site (Darveau et al., 1998; Hasegawa
et al., 2008; Hajishengallis and Lamont, 2014). Finally, the surface
exposed or secreted cysteine proteinases (gingipains), which
activate or degrade complement factors C3 and C5, may lead to
the avoidanceof complement-mediateddetectionof accompanying
microbiota (Hajishengallis and Lamont, 2012; Hussain et al., 2015).

These findings have also indicated that the analysis of mixed-
species community formation should be extended to the possible
inter-kingdom interactions between bacterial and commensal
fungal species belonging to the Candida genus, especially
Candida albicans which were found to influence the
colonization or metabolic activity of early, bridging, and
keystone pathogens of periodontal disease, leading to the onset
of severe caries in vivo (Wu et al., 2015; Hwang et al., 2017; Kim
et al., 2017; Sztukowska et al., 2018; Bartnicka et al., 2019;
Bartnicka et al., 2020).
C. ALBICANS ABILITY TO FORM A
MULTISPECIES BIOFILM COMMUNITY IN
PERIODONTAL DISEASES

C. albicans is the most commonly identified yeast in the oral
cavity of healthy people (Ghannoum et al., 2010; Baumgardner,
2019). A preliminary hypothesis that this fungus may be
involved in the development of chronic periodontal disease
was based on the analysis of samples taken from supragingival
and subgingival sites of patients with chronic periodontitis for
January 2022 | Volume 11 | Article 765942
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whom a higher C. albicans colonization rate was shown
compared with healthy individuals (Urzúa et al., 2008).
Moreover, the recent finding that C. albicans is the keystone
commensal in the oral cavity, which may form interspecies
networks with different bacteria, stressed the importance of
this fungus in periodontitis (Diaz et al., 2014; Janus et al.,
2016; De-La-Torre et al., 2018; Krüger et al., 2019; Young
et al., 2020; Jabri et al., 2021). Changes in the biofilm bacterial
composition in ecological niche shared with fungi may
encourage interspecies cooperation for the benefit of all
interacting partners, like evading host immune system or
enhancing biofilm properties, but may also become an
opportunity to compete for available space or nutrients
(Figure 1). Unfortunately, the biological consequences of the
interspecies interactions within biofilm in the course of
periodontitis, for both the particular microorganisms and the
host, still largely remain unclear.

For the group of early colonizers, including S. sanguinis, S.
oralis, S. mitis, and S. gordonii, the outcome of interactions with
fungi is not sufficiently well understood, and the available reports
often contradict to each other. However, all these species were
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3141
shown to co-aggregate with clinical isolates of C. albicans
(Jenkinson et al., 1990). In the case of S. sanguinis, one of the
first reports suggested that the type of interspecies interactions
depends on the conditions of the specific niche, from which the
bacteria were derived. Prior exposure of C. albicans oral isolates
to S. sanguinis isolated from healthy and HIV-infected
individuals resulted in an inhibition or promotion of candidal
germ tube formation, respectively (Nair et al., 2001). Further in
vitro analyses showed that the addition of S. sanguinis and S.
mitis cells to C. albicans ATCC 18804 cells pre-incubated to
promote initial fungal adhesion considerably reduced fungal
CFU in mixed biofilm compared with single-species fungal
biofilm, while also the presence of S. mitis, but not S.
sanguinis, reduced C. albicans filamentation (do Rosário Palma
et al., 2019). These data contrast with a study of biofilm
formation on the salivary flow which showed that C. albicans
strain ATCC SC5314 exhibits an enhanced biofilm-formation
capacity in the presence of S. sanguinis and S. gordonii (Diaz
et al., 2012). Hence, the question remains whether or not a group
of early colonizers modulates fungal biofilm formation to
influence oral health or disease progression in the host
FIGURE 1 | The influence of oral bacteria on the virulence and pathogenicity of Candida albicans. The interactions of C. albicans and oral bacteria occur through
many mechanisms and may result in either reduction or enhancement of fungal virulence. For some bacteria, the published preliminary analyses have not yet
determined unequivocally the nature of the influence of bacteria on the development of mixed infection with C. albicans. AI-2, autoinducer 2; Aa, Aggregatibacter
actinomycetemcomitans.
January 2022 | Volume 11 | Article 765942
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organism. Furthermore, the study using Galleria mellonella as an
alternative model of mixed bacterial–fungal infection did not
show any significant changes in fungal abundance and
morphological changes during 12 h of co-infections of larvae
by C. albicans strain ATCC 18804, S. mitis, and S. sanguinis (do
Rosário Palma et al., 2019). However, for other bacterium from
the group of early colonizers—S. gordonii—a promotion of C.
albicans strain ATCC SC5314 biofilm formation was
demonstrated (Bamford et al., 2009). Since the S. gordonii luxS
mutant deficient in the production of quorum-sensing molecule
(QSM)—autoinducer 2 (AI-2)—possessed a reduced ability to
induce C. albicans hyphal formation and significantly reduced
biomass of mixed biofilm, it could be suggested that fungal–
bacterial interactions involve chemical signals that influence the
development of interspecies communities (Bamford et al., 2009).
Similar results were observed for S. oralis in the mucosal tissue
model, showing also that C. albicans strain ATCC SC5314
promoted bacterial biofilm growth, consequently increasing
further fungal invasion on the oral mucosa (Diaz et al., 2012).
The use of an in vitro oral infection model showed that S. oralis
promotes the spread of C. albicans strain ATCC SC5314 and the
development of systemic infection. Mice infected with both
pathogens presented an excessive inflammatory response,
dependent on TLR2 signaling, and increased neutrophilic
activity (Xu et al., 2014b). Thus, while S. oralis cells do not
have significant virulence properties, they provide suitable
conditions for promoting the virulence of C. albicans.

One of the possible advantages of the fungal interaction with
S. gordonii and S. sanguinis is an opportunity to utilize bacterial
cells as a kind of scaffold, as bacteria by their binding to enamel
prevent C. albicans removal from the oral cavity and initiate the
formation of fungal biofilm that may be additionally stabilized by
the extracellular release of bacterial DNA (O’Sullivan et al., 2000;
Bamford et al., 2009; Xu et al., 2014a; Jack et al., 2015). In S.
sanguinis, three pilus proteins PilA, PilB, and PilC were
identified as receptors through which bacteria bind to
components of saliva and become immobilized on the tooth
surface (Okahashi et al., 2011). Moreover, it has been
documented that the C. albicans interaction with S. gordonii is
mediated by streptococcal cell wall-anchored proteins SspA and
SspB with an additional involvement of proline-rich proteins
from saliva adsorbed on the surface of bacteria and recognized by
C. albicans cells (O’Sullivan et al., 2000; Bamford et al., 2009;
Xu et al., 2014a).

For the bridging colonizer of the oral cavity—F. nucleatum—
one of the first reports suggested that the co-aggregation with
clinical isolates of C. albicans was dependent on the temperature
of fungal culture (Jabra-Rizk et al., 1999), whereas other studies
showed that co-agglutination was hindered after heat treatment
and trypsinization of F. nucleatum cells, suggesting the
important role of bacterial surface proteins in these
interactions (Bagg and Silverwood, 1986; Grimaudo and
Nesbitt, 1997). Extensive in vitro studies have shown that the
physical contact between F. nucleatum and C. albicans strain
SN152, which is isogenic to strain ATCC SC5314, results in
inhibition of fungal growth and filamentation without altering
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4142
fungal cell viability (Bor et al., 2016). As C. albicans blastospores
were demonstrated to be less susceptible to attack by RAW 264.7
macrophages than the filamentous cells, it was postulated that
arresting the fungal morphological changes by bacteria weakens
the host immune response, for the benefits for both partners,
allowing them to go unnoticed and spread further to other
organs (Bor et al., 2016). This hypothesis was supported by the
experiments in which the co-incubation of F. nucleatum and C.
albicans significantly reduced the production of monocyte
chemoattractant protein-1 (MCP-1) and tumor necrosis factor
(TNF-a) compared with the response of the host cells during
single-species infection (Bor et al., 2016).

Furthermore, for P. nigrescens, one of the representatives of
the genus Prevotella classified as the bridging colonizer in the
oral cavity, it was shown that 48-h coculture with C. albicans oral
isolates inhibited the formation of fungal biofilm on the surface
of polystyrene plastic, manifested by the reduction of viable
biofilm cell mass (Thein et al., 2006). In the presence of a large
number of P. nigrescens cells (107/ml), a significant decrease in
the viability of C. albicans was also noticed, suggesting that the
modulation of fungal biofilm formation correlated with the
number of bacterial cells (Thein et al., 2006). Other studies
showed an inhibitory effect of P. intermedia, isolated from the
subgingival plaque of HIV-infected patients, on the formation of
C. albicans germ tubes (Nair et al., 2001). A similar effect was also
observed for another bacterium from the group of bridging
colonizers—Campylobacter—that through the secretion of
bacteriocin-like substances with antimicrobial activity inhibited
the growth of C. albicans laboratory strain ATCC 44859 as
detected using measurements of the zone of inhibition
(Workman et al., 2007).

The presence of the highly pathogenic bacterial periodontal
pathogen belonging to the red complex—P. gingivalis—not only
induced germ-tube formation by both oral isolates and C.
albicans reference strain ATCC 10231, resulting in the
generation of a more invasive fungal phenotype, but also
stimulated the adhesion and growth of fungal hyphae on the
artificial surface (Nair et al., 2001; Bartnicka et al., 2019).
However, other studies showed that the presence of many
bacteria (107/ml) was positively correlated with a reduction in
fungal oral isolates viability, indicating that they can inhibit the
formation of C. albicans biofilm (Thein et al., 2006). Rather than
to the blastospores or pseudohyphal form, P. gingivalis easily
adhered to the hyphae of C. albicans, and the interspecies
adhesion was mediated by bacterial InlJ—a homolog of the
internalin protein family—and by gingipain RgpA (Sztukowska
et al., 2018; Bartnicka et al., 2019). Recent extensive in vivo and in
vitro studies using C. albicans reference strain ATCC 10231 have
determined the effect of a dual-species infection on the host
(Karkowska-Kuleta et al., 2018; Bartnicka et al., 2020). Using
monocyte-like cell line THP-1, it was shown that the coexistence
of bacteria with C. albicans downregulated the expression of
genes, encoding MCP-1, TNF-a, and interleukin-1b (IL-1b),
compared with the response generated by the host cells in
contact with monospecies bacterial infection (Karkowska-
Kuleta et al., 2018). Suppressing the host immune response
January 2022 | Volume 11 | Article 765942
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during dual-species infection was also postulated from the
observed lowered neutrophil response, manifested by a
significantly reduced elastase activity than in the case of pure
bacterial biofilm (Bartnicka et al., 2020). A well-established
model used to in vivo mimic the dynamics of the infection
process is the subcutaneous chamber mouse model in which
titanium or stainless steel wire coils are implanted
subcutaneously in the dorsolumbar region of each mouse. The
possible access to the contents of the chamber after the healing
period allows it to be used as a biological compartment for
studying host–microbe interactions (Genco et al., 1991; Houri-
Haddad et al., 2000). Recent study by Bartnicka et al. (2020)
based on this model indicated reduced bacterial CFUs in the first
days of mixed infection, while the presence of P. gingivalis
increased the proliferation of C. albicans on a longer time
scale. Analysis of the microbial burden in the organs isolated
from infected mice confirmed the reduced bacterial load in the
dual-species infection compared with bacterial infection
(Bartnicka et al., 2020). Accordingly, it was shown that P.
gingivalis colonization of a host previously infected with C.
albicans caused milder inflammation, leading to prolonged
survival of the infected mice, and confirming the chronic
nature of the dual-species infection (Bartnicka et al., 2020).

For another microorganism highly associated with aggressive
periodontal disease, such asAggregatibacter actinomycetemcomitans,
a Gram-negative bacterium belonging to the Aa complex, the ability
to inhibit C. albicans filamentation and biofilm formation, mediated
by secretory AI-2, was previously demonstrated (Bachtiar et al.,
2014; Baker et al., 2017). Taking into account the fact that C. albicans
blastospores are less sensitive to the action of host macrophages (Bor
et al., 2016), it can be concluded that the bacteria, by suppressing
fungal biofilm formation, indirectly protectC. albicans from the host
immune system. The recent studies of polymicrobial biofilms by
Bhardwaj et al. (2020) showed that the simultaneous presence of A.
actinomycetemcomitans and Gram-positive bacteria—S. gordonii
and S. mutans—significantly accelerated the growth of C. albicans
reference strain ATCC 24433. Moreover, an increased ability of
polymicrobial communities to induce an inflammatory response of
host cells was demonstrated. Both biofilms and biofilm supernatants
significantly induced the increase of TNF-a and IL-8 at the gene and
protein levels (Bhardwaj et al., 2020). In a recent study by Young
et al. (2020), two biofilm models were used to investigate the role of
C. albicans in the multispecies community. The first model of hard
tissue related to caries initially involved a 24-h co-incubation of two
pioneering species, C. albicans laboratory strain 3153A and S.
mutans (107 CFU/ml of bacteria and fungi in an equal volume),
followed by the addition of a mixture of four species—F. nucleatum,
A. naeslundii,Veillonella dispar, and Lactobacillus casei (107 CFU/ml
for each bacterium), which were co-incubated for the next 4 days to
form a biofilm structure. Whereas the second model of soft-tissue
related to periodontitis/denture stomatitis contained ten bacteria
species—S. oralis, S. mitis, S. intermedius, and F. nucleatum—which
were pioneering biofilm species, but also F. nucleatum ssp. vincentii,
A. naeslundii. V. dispar, P. gingivalis, P. intermedia, and A.
actinomycetemcomitans. It has been shown that the addition of C.
albicans increases the mass and rate of biofilm metabolism in both
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5143
tested systems, causing a simultaneous quantitative change in the
bacterial composition (Young et al., 2020). Although V. dispar and
streptococci remained the main species, there was an increase in P.
gingivalis and F. nucleatum presence in the soft-tissue and hard-
tissue biofilm, respectively. In both systems, the presence of C.
albicans significantly raised the pH of the supernatant to more
neutral, which was associated with a decrease in the lactate level. In
addition, an increase in the activity of superoxide dismutase (SOD)
in the biofilm of soft tissues was noted and according to the study’s
authors, this result was associated with an increased presence of
anaerobic bacteria (Young et al., 2020).
FUNGAL VIRULENCE FACTORS
IMPORTANT FOR BIOFILM
COMMUNITY FORMATION

The armory of virulence-related molecules that Candida fungi
have at their disposal includes surface-located adhesins and
invasins, atypical cell wall proteins (moonlighting proteins),
cell wall polysaccharides—mannans, glucans, and chitin,
secreted hydrolytic enzymes, toxins, and low molecular weight
compounds like quorum sensing molecules and other secondary
metabolites (for comprehensive reviews see Hoyer and Cota,
2016; Snarr et al., 2017; Rapala-Kozik et al., 2018; Rodrigues and
Černáková 2020; Satala et al., 2020a). These factors are involved
in interactions with host proteins and cells, the evasion of host
immune system, and intra- and interspecies communication.
Moreover, such mechanisms related to virulence like hyphae
formation, biofilm production, phenotypic switching, and
enhanced stress tolerance are highly responsible for the
effectiveness of fungi as pathogens (Staniszewska, 2020). All of
these virulence factors and mechanisms might be affected by
multifaceted interactions with a variety of bacterial species
during co-colonization of subgingival sites and the formation
of a mixed biofilm community in the course of periodontal
disease. Better understanding of these interaction mechanisms
could contribute in the future to taking control of microbial
infections related to the formation of multispecies consortia.

One of the courses of research on the contribution of different
fungal virulence factors in interactions with bacteria is the study
of the expression of selected master regulatory genes involved in
controlling such processes as fungal filamentation, adhesion, or
biofilm production (Figure 2). Also, the expression level of
particular genes encoding individual virulence factors, like
adhesins, cell wall remodeling enzymes, or secreted hydrolases
may be analyzed after fungal contact with bacterial companions.
Another research approach is the use of C. albicans deletion
mutant strains or yeast strains with overexpressed individual
virulence factors or key transcriptomic regulators of fungal
virulence-related processes for the formation of mixed biofilms
or contact with bacteria. In addition, the study of changes in the
fungal proteome after exposure to bacteria may also provide
valuable information on mutual influences. Finally, the analyses
of direct physicochemical interactions between native molecules
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produced by cells of various pathogens are successfully used to
characterize microbial contact in a mixed community. All these
approaches, although they differ significantly, also complement
each other, allowing for a more comprehensive depiction of the
complex relations within the subgingival plaque.

Main Adhesins and Moonlighting Proteins
The major C. albicans adhesins comprise a group of typical cell
wall proteins highly glycosylated and covalently bound to the cell
surface, often via the glycosylphosphatidylinositol (GPI) anchor.
Their main representatives with confirmed participation in the
binding of various ligands are proteins from agglutinin-like
sequence family (Als1-7, Als9), enhanced adherence to
polystyrene protein (Eap1), hyphal cell wall protein 1 (Hwp1),
and structurally related proteins Hwp2 and Rbt1 (Staab et al.,
1999; Li and Palecek, 2003; Younes et al., 2011; Monniot et al.,
2013; Hoyer and Cota, 2016).

In the group of oral streptococci, the problem of co-adhesion
of bacteria and fungi during biofilm development has been quite
decently studied and attempts have been made to indicate the
mechanisms of these interactions. It was demonstrated that
when C. albicans strain ATCC 18804 creates biofilm together
with S. mitis, the expression levels of genes encoding major
adhesins, agglutinin-like sequence proteins ALS1 and ALS3, and
hyphal cell wall protein HWP1 were significantly upregulated,
whereas in the coexistence in biofilm with S. sanguinis, only the
gene expression for HWP1 was upregulated, for ALS3 the
expression did not change, and for ALS1 downregulation was
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6144
observed (do Rosário Palma et al., 2019). On the other hand, the
increase in ALS1 gene expression was noticed during the
formation of mature biofilm by C. albicans strain SC5314 and
S. oralis at a ratio of 1:10 and the als1D/D deletion mutant strain
was deficient in co-aggregation with this bacterial species (Xu
et al., 2017). Nevertheless, so far most information on the
adhesion of C. albicans to streptococci is available for S.
gordonii. Studies using C. albicans two control strains CAI12
and DAY185 and mutant strains deprived of Als1 and Als3
proteins showed the joint participation of these two proteins in
the interactions with S. gordonii, with little contribution from
other adhesins from Als family—Als2 or Als4 (Hoyer et al.,
2014). Furthermore, a co-incubation of C. albicans wild-type
strain SC5314 and S. gordonii for 1 h at 37°C in YPT-Glc
medium increased the expression of several genes encoding cell
wall proteins equipped with GPI anchor, including adhesin-
encoding genes ALS1, HYR1, and EAP1 (Dutton et al., 2016a).
Of these genes, the latter, when overexpressed on the surface of
Saccharomyces cerevisiae cells, was indicated as responsible for
direct interactions with S. gordonii planktonic cells (Nobbs et al.,
2010). In this research, employing S. cerevisiae as a surrogate host
for candidal adhesive proteins, also Als3 was demonstrated as a
protein that binds bacteria strongly, while other adhesins, Hwp1
and Rbt1 bound streptococcal cells significantly weaker (Nobbs
et al., 2010). The role of Als3 adhesin in binding to S. gordonii
cells was also confirmed using a C. albicans 1843 als3D/als3D
deletion mutant, for which the co-aggregation of fungal cells with
preformed bacterial monolayer was nearly completely abolished,
FIGURE 2 | Change in the gene expression and amounts of Candida albicans proteins during coexistence with oral bacteria. Interspecies interactions may show
either an enhancement (green) or inhibitory (red) effect on individual C. albicans virulence factors. For some aspects (gray), the described effect is ambiguous and
strictly depends on the experimental conditions. Aa, A. actinomycetemcomitans.
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and as a bacterial partner in these interactions the S. gordonii
protein SspB, representative of antigen I/II family polypeptide
adhesins, was indicated (Silverman et al., 2010). In opposition to
these results are the observations presented by Montelongo-
Jauregui et al. (2019), as in their studies the C. albicans als3D/D
mutant strain was capable to form biofilms together with S.
gordonii, a finding explained by substantial differences in the
experimental approach and the media used. In this case, the
mixed biofilm was initiated by the simultaneous introduction of
fungi and bacteria at a ratio of 1:10 into the well of the microplate
and formed for further 24 h in basal medium mucin synthetic
saliva, which was able to restore the ability to form a single
biofilm by mutant strains of C. albicans. Moreover, in the studies
carried out by Klotz et al. (2007) that exploited also S. cerevisiae
cells carrying C. albicans adhesins, Als5 was indicated as a
protein sufficient for co-aggregation of fungi with S. gordonii.

In the continuation of research carried out by Nobbs et al.
(2010), specific fragments of the Als3 protein, namely, N-
terminally located fragments comprising aa 166–225, 218–285,
270–305, and 277–286 were found to be primarily responsible for
the interaction with S. gordonii cells and SspB protein, whereas
the lack of amyloid-forming region (AFR) (aa 325–331) and
central repeat domain (aa 434–830) reduced the binding with
bacteria only by 50% (Bamford et al., 2015). In similar studies,
the use of C. albicans strains with site-directed Als3 mutations
suggested the significant contribution of the N-terminal domain-
located peptide-binding pocket (PBC) in the binding of
streptococcal SspB and the lack of involvement of the AFR
fragment in these interactions (Hoyer et al., 2014).

Interestingly, Salvatori et al. (2020) demonstrated that heat-
fixed culture supernatants from S. gordonii induced the
formation of two phenotypically different types of
microcolonies by C. albicans. In the prevailing type of floating
dense microcolonies detached from the surface, an increase in
the expression of the adhesin genes ALS3 and HWP1 was
observed, alongside with the decrease in the expression of
genes ECE1, HYR1, EAP1, and HWP2, thus prompting the
authors to postulate that this is a phenotype associated with
the facilitated spread of fungi in the organism on the one hand,
and the maintenance of the commensal state of the fungi on the
other hand (Salvatori et al., 2020).

The relative changes in the expression of genes, encoding
adhesins ALS3, EAP1, and HWP1, comprised their upregulation
during growth for 72 h in a mixed biofilm formed by C. albicans
ATCC 90028 and four different species of oral bacteria—S.
sanguinis, S. gordonii, Actinomyces odontolyticus, and
Actinomyces viscosus, whereas with the additional presence of
P. gingivalis these expression levels were significantly lower than
for mixed biofilms without this strict anaerobe (Morse et al.,
2019). Moreover, the formation of bacterial–fungal biofilms
including P. gingivalis resulted in a different pattern of C.
albicans gene expression compared with biofilms produced
only by C. albicans, and the ALS3 gene was downregulated
under these conditions (Morse et al., 2019).

In the case of the bacterial species other than streptococci,
which are related to the development of periodontitis, there are
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7145
neither many reports on the direct interactions of particular
molecules during mixed bacterial–fungal biofilm formation nor
the involvement of individual virulence factors. In the case of F.
nucleatum, Grimaudo and Nesbitt demonstrated in 1997 that the
cell wall carbohydrate or carbohydrate-containing molecule is
involved in the interactions with proteinaceous components
presented at the surface of bacteria, as the addition of mannose,
glucosamine, and alpha-methyl mannoside significantly reduced
microbial co-aggregation. Subsequently, with the use of the C.
albicans mutant library, the strain defective in the expression of
putative adhesin-like cell wall mannoprotein Flo9 demonstrated a
significant reduction in co-aggregation and biofilm formation with
F. nucleatum, and this process was significantly disturbed in the
presence of mannose. Therefore, this particular protein might be
indicated as a C. albicans partner in direct interactions with F.
nucleatum, and the important role of its glycosylation was also
confirmed with the C. albicans mutant strain deprived of alpha-
1,6-mannosyltransferase Och1, which was also characterized by
weakened aggregation with bacteria (Wu et al., 2015).

In a study on the transcription levels of C. albicans genes
during the formation of mixed-species biofilm with S. mutans in
the presence of spent media from A. actinomycetemcomitans
culture, the expression level of ALS3 and HWP1 genes in fungal
cells was decreased probably as a result of the action of AI-2
produced by the latter species (Bachtiar and Bachtiar, 2020).

The direct contact between C. albicans and P. gingivalis
during biofilm formation is based on the binding of various
adhesive proteins. Initial detailed studies on the interactions
between these two pathogens concerned the changes in the
expression of genes encoding fungal adhesins during biofilm
formation under anaerobic conditions for 72 h on the titanium
surface with the concentration of microorganisms ~1 × 105 CFU/
ml for C. albicans and ~1 × 107 CFU/ml for bacterial species
(Cavalcanti et al., 2016). Under these conditions, the expression
level of adhesin HWP1 was decreased, and no statistically
significant changes were observed for ALS1 and ALS3 genes. In
the case of the latter gene, the significant upregulation was
noticed in mixed biofilm composed additionally of S. sanguinis
and S. mutans; however, this level was similar also in the biofilm
composed of fungi and streptococci without P. gingivalis. On the
other hand, the level of HWP1 gene expression was reduced in
such a multispecies biofilm compared with the biofilm formed by
S. sanguinis, S. mutans, and C. albicans ATCC 90028, and
comparable to that in a single fungal biofilm, thus proving the
downregulation of this gene in the presence of P. gingivalis
(Cavalcanti et al., 2016).

Sztukowska et al. (2018) showed that P. gingivalis InlJ
internalin-family protein interacts with C. albicans SC5314
hypha-associated adhesin Als3, as the binding of C. albicans
mutant strain als3D to P. gingivalis significantly decreased
compared with the wild strain and the binding was
additionally confirmed using S. cerevisiae cells overexpressing
C. albicans Als3. Surprisingly, bacterial FimA-deficient mutants
adhered to fungal hyphae comparably to the wild type,
suggesting a marginal role of fimbriae in the aforementioned
heterotypic pathogenic interactions (Sztukowska et al., 2018).
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Further analyses of direct interactions between C. albicans ATCC
10231 and P. gingivalis in mixed biofilm in the simultaneous
model of interaction were presented in the work by Bartnicka
et al. (2019). Under aerobic conditions, a 3-h contact during
mixed biofilm formation with P. gingivalis wild strain resulted in
the increase in the expression levels of ALS3 and HWP1 genes,
while ALS7 expression remained unchanged, whereas under
anaerobic conditions, unfavorable for fungi, the expression of
ALS3 was reduced, and that for ALS7 andHWP1 remained at the
same level as in single fungal biofilm. In the case of using a
bacterial mutant strain DKDRAB devoid of proteolytic enzymes
—gingipains—the increase in gene expression for all three
adhesins was evident under both conditions tested (Bartnicka
et al., 2019). Subsequently, a proteomic analysis using cell-
surface shaving with trypsin was performed to identify fungal
proteins exposed on the cell wall during mixed biofilm formation
for 24 h in the simultaneous model of interaction. Corroborating
the results of gene expression, the surface exposition of the Als3
protein significantly increased in biofilm formed in normoxia
with the P. gingivalis DKDRAB strain. Moreover, under these
conditions also Als1, Rbt1, and Als2 adhesins were overproduced
by C. albicans during mixed biofilm formation, the latter protein
under anoxic conditions. Additionally, the increase in the
amount of cell surface mannoprotein Mp65, which possesses
both adhesive properties and activity in cell-wall glucan
metabolism, was demonstrated for both tested bacterial species
and biofilm growth conditions. It should be taken into account
that all these fungal proteins may be targeted for proteolytic
processing by bacterial gingipains during direct contact between
pathogens (Bartnicka et al., 2019).

Additionally, the expression of the ENO1 gene, encoding the
cytosolic glycolytic enzyme, enolase, was unaffected during 3 h of
C. albicans contact with any bacterial cells in normoxia and only
slightly decreased after contact with P. gingivalis DKDRAB in
anoxia. C. albicans enolase belongs to the group of moonlighting
proteins—proteins performing a completely different function in
a location different from the original one—and is repeatedly
identified at the fungal cell surface where it is involved in the
binding of different host proteins (Satala et al., 2020a; Satala et al.,
2020b; Karkowska-Kuleta et al., 2021). Further proteomic studies
showed the overproduction of surface-localized Eno1 during
biofilm formation with P. gingivalis wild type and the mutant
strain in both normoxia and anoxia. Among other surface-
displayed moonlighting proteins, also the production of C.
albicans phosphoglycerate kinase (Pgk1) and hexokinase 2
(Hxk2) increased under aerobic conditions upon contact in
biofilm with P. gingivalis wild type strain, and alcohol
dehydrogenase 1 (Adh1) in anoxia and gingipain-depleted
mutant strain (Bartnicka et al., 2019).

Of these abovementioned fungal cell surface proteins, a selected
few were purified from C. albicans ATCC 10231 cell walls—Als3
and Eno1—or culture supernatants—Mp65—and their ability to
bind to the P. gingivalis cells was demonstrated. They bound to
both the wild strain and the gingipain-deficient strain, indicating
the presence of numerous binding partners on the bacterial surface.
Finally, the direct interactions between these fungal proteins and
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the surface bacterial gingipain RgpA, possessing a hemagglutinin
adhesive domain in addition to the catalytic one, were verified in
thermodynamic and kinetic analyses with surface plasmon
resonance (SPR) measurements (Potempa et al., 2003; Bartnicka
et al., 2019). A higher binding affinity was indicated for the Eno1–
RgpA complex than for two other proteins, being typical adhesins.
This may indicate that this moonlighting protein abundant in
biofilm is a significant support in bacterial–fungal interactions in
addition to typical candidal adhesins. Moreover, these three fungal
proteins, Als3, Mp65, and Eno1, were identified as citrullinated by
the bacterial enzyme—peptidylarginine deiminase (PPAD)—
during the interactions of C. albicans ATCC 10231 with P.
gingivalis at a ratio of 1:10 in mixed biofilm formed for 24 h in
the simultaneous model of interaction in RPMI 1640 medium.
Additionally, also other surface-exposed candidal moonlighting
proteins were prone to this modification, including Hxk2, Pgk1,
Adh1, pyruvate decarboxylase (Pdc1), and glyceraldehyde-3-
phosphate dehydrogenase (Tdh3) (Karkowska-Kuleta et al., 2018;
Karkowska-Kuleta et al., 2020). This modification may influence
their role in biofilm, as it was pointed out that citrullination by
PPAD is important in the process of mixed biofilm formation
because the adhesion of the P. gingivalis mutant strain deprived of
PPAD was significantly lower than that observed for the wild-type
strain (Karkowska-Kuleta et al., 2018). In addition, also the
interaction with the host proteins may be altered since the
citrullination of surface-exposed fungal proteins resulted also in
the reduced binding of human plasminogen (Karkowska-Kuleta
et al., 2020).

Regulation of Hypha Formation and
Biofilm Production
The master transcriptional regulatory network controlling C.
albicans biofilm formation and filamentation includes proteins
Bcr1, Tec1, Efg1, Ndt80, Rob1, and Brg1, while about a thousand
target genes belong to this complex network (Nobile et al., 2012).
In response to diverse environmental stimuli occurring in the
host’s niche, various interrelated signaling cascades, including
the cyclic adenosine monophosphate (cAMP)-dependent protein
kinase A (PKA) pathway and the mitogen-activated protein
kinase (MAPK) signal transduction pathways, are triggered to
activate transcription factors controlling the change in fungal
morphology (Basso et al., 2019). Influencing the expression of
these regulatory genes during contact with bacteria may have far-
reaching consequences for the candidal morphogenesis and
existence in mixed biofilm. In the case of the interaction of
fungi with streptococci, there is a wide variation in the
observations of the effect on changing the fungal morphology
following contact with different bacterial species, as described
above. The studies of do Rosário Palma et al. (2019) showed that
interactions of C. albicans standard strain ATCC 18804 with S.
mitis during the formation of mixed biofilm in 24-well microtiter
plates for 48 h, when streptococci were added to the fungal
biofilm preformed for 2 h after initial adhesion of 107/ml of C.
albicans cells, resulted in the upregulation of genes involved in
the biofilm formation and filamentation, like BCR1 required for
the formation of biofilm and regulation of genes encoding cell
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surface-associated proteins and CPH1 involved in the
filamentation (Nobile and Mitchell, 2005; Nobile et al., 2006;
Maiti et al., 2015). Additionally, an increase with uncertain
statistical significance was also detected for EFG1, the major
transcriptional regulator involved in fungal morphogenesis and a
key transcriptional activator of hypha-specific genes (HSGs)
(Stoldt et al., 1997; do Rosário Palma et al., 2019). In contrary,
in the same work, the downregulation of BCR1 and EFG1 was
noticed under the same conditions for C. albicans ATCC 18804
interaction with S. sanguinis (do Rosário Palma et al., 2019).
Moreover, the analyses of changes in the proteome of mature 48-
h biofilm formed by C. albicans standard laboratory strain
SC5314 after its 2-h exposure to 108 heat-killed bacteria
revealed the reduction in the expression of Efg1 protein upon
the contact with S. mitis and S. sanguinis, as well as with P.
gingivalis, F. nucleatum, and A. actinomycetemcomitans (Truong
et al., 2020).

During the contact of C. albicans strain SC5314 with S. oralis
at a ratio of 1:10, the EFG1 gene was significantly upregulated
mainly in the late stages of biofilm growth, resulting also in the
increase in the gene expression of adhesin ALS1 and stimulation
of cross-kingdom mucosal biofilm formation (Xu et al., 2017),
whereas under the contact of C. albicans strain SC5314 with S.
gordonii for 1 h at 37°C, the upregulation of the TEC1 gene
involved in the regulation of filamentous growth was shown
(Schweizer et al., 2000; Dutton et al., 2016a). In the work of
Salvatori et al. (2020), the C. albicans floating microcolonies
formed in the presence of heat-fixed culture supernatants from S.
gordonii were characterized by the increase in the expression
levels of genes EFG1 and HGC1. These genes encode G1 cyclin-
related protein specific for hyphae and crucial for hyphal
morphogenesis (Zheng et al., 2004). In the studies of Chinnici
et al. (2019), it was demonstrated that C. albicans knockout
mutant strains deprived of transcription factors Sfl2, Brg1, Tec1,
Tup1, Efg1, and Rim101 had reduced ability to form dual-species
biofilms with S. gordonii as compared to wild-type bacterial–
fungal biofilms, indicating positive regulation by these factors.
On the contrary, in the studies performed by Montelongo-
Jauregui et al. (2019), the employment of C. albicans efg1D/D,
brg1D/D, and bcr1D/D mutant strains to the formation of mixed
biofilms with S. gordonii in basal medium mucin artificial saliva
showed no significant differences compared with the wild-type
strains. Hence, the authors suggested the ability to restore biofilm
formation of filamentation-defective C. albicans mutant strains
by S. gordonii and no need for filamentation to interact with
these bacteria. Such divergent observations invariably indicate
the complexity of the mechanisms governing the interactions
between streptococci and Candida and their significant
dependence on growth conditions, the methodological
approach applied, and environmental requirements.

One of the external factors influencing the morphology of
fungi is the secreted quorum sensing molecules (QSM). Farnesol
is the best-known QSM produced by C. albicans, acting as a
diffusible filament-suppressing signal, and also inhibiting biofilm
formation (Hornby et al., 2001; Ramage et al., 2002). Farnesol
stops the transition from yeast-like cells to hyphae, mainly
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9147
through an inhibitory effect on the Ras1-Cyr1/cAMP-PKA
cascade (Polke et al., 2017; Wang et al., 2020). During the
formation of mixed-species biofilm by C. albicans SC5314 and
S. gordonii, the addition of farnesol to mixed biofilm culture did
not inhibit hyphal formation as in monospecies biofilm. It could
be an effect of the inactivation of fungal farnesol receptors by
bacteria or influencing the fungal cAMP-PKA pathway or
stimulation of another intracellular signaling pathway, which
predominated the farnesol inhibitory signal; however, further
detailed studies of the mechanisms are required (Bamford
et al., 2009).

Cell Wall Glucans, Mannans, and Chitin
C. albicans cell wall scaffold is composed of linear or branched
polysaccharides including chitin and b-1,3-glucan, forming the
inner layer of the wall, and b-1,6-glucan and mannan structures
linked to cell wall proteins via O- and N-glycosidic bonds, which
build the outer part of the cell wall being in immanent contact
with the host and the environment (Hall and Gow, 2013; Klis
et al., 2014). During the infection, these polysaccharides are
recognized by different host receptors, including lectins or
complement factors, and they strongly induce host defense
mechanisms and innate immune response; however, they are
also responsible for evading the human immune system and
contribute to the spread of pathogens within an organism (Snarr
et al., 2017).

The correct O-mannosylation of the surface-exposed fungal
proteins provided by the activity of Mnn1 and Mnn2 proteins
was indicated as necessary for the interactions of C. albicans with
S. gordonii (Dutton et al., 2014). The formation of mixed biofilms
by C. albicans mnt1D mnt2D mutant strains and bacteria was
significantly disturbed, probably as a result of improper surface
exposition of fungal cell wall adhesins (Dutton et al., 2014). On
the contrary, in the studies performed by Montelongo-Jauregui
et al. (2019), C. albicans mutant strains with deletions of genes
encoding cell wall and biofilm matrix-related proteins, including
Kre5 andMnn9, did not exhibit major defects in the formation of
dual species biofilms with S. gordonii in basal medium mucin
synthetic saliva. Kre5 protein provides the appropriate amount
and ratio of glucans in the cell wall and Mnn9 is responsible for
proper cell wall proteins’ mannosylation (Southard et al., 1999;
Herrero et al., 2004). Similar observations were demonstrated for
C. albicans mutants devoid of transcription factors Rlm1 and
Zap1 involved in the cell wall and biofilm matrix biogenesis
(Nobile et al., 2009; Delgado-Silva et al., 2014; Montelongo-
Jauregui et al., 2019). As other studies have also shown, the
formation of mixed-species biofilm with S. gordonii resulted in
downregulation of the CHT2 gene, encoding GPI-linked
chitinase necessary for normal filamentous growth and
responsible for remodeling of chitin in the fungal cell wall
(McCreath et al., 1995; Dutton et al., 2016a). These few reports
suggest that mixed biofilm formation with streptococci may have
some effect on fungal cell wall biogenesis and maintenance, but
more comprehensive studies are still required.

When creating a mixed biofilm by C. albicans ATCC 10231
and P. gingivalis wild-type strain and mutant strain deprived of
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gingipains, the increase in the amount of protein on the cell
surface was determined for Cht2 in normoxia, whereas in anoxia
such a protein quantity enhancement was only observed for the
mixed biofilm formed with the bacterial mutant strain (Bartnicka
et al., 2019). Also, the amount of surface-exposed endo-1,3(4)-b-
glucanase 1 (Eng1), the protein responsible for cell separation
after budding, was higher in mixed biofilm formed under two
investigated culture conditions, but only with the wild-type
strain of bacteria, while for the Mp65 protein, responsible for
the metabolism of cell wall glucan, the increase was observed
under aerobic conditions after contact with mutant strain and
under anaerobic conditions for both bacterial strains (Esteban
et al., 2005; Sandini et al., 2007; Bartnicka et al., 2019). Moreover,
changes were also noticed for protein Bgl2, a cell wall-associated
1,3-b-glucosyltransferase involved in cell wall remodeling, whose
level increased in normoxia in biofilm formed with mutant
strain, while for Phr1, cell surface glycosidase involved in
glucan cross-linking also in normoxia, but for wild-type strain
(Sarthy et al., 1997; Fonzi, 1999; Bartnicka et al., 2019).
Moreover, some of these proteins were also indicated as
susceptible for modifications by P. gingivalis PPAD, as the
citrullination at most two places was identified with mass
spectrometry analysis for Eng1, Bgl2, Phr1, and Mp65
(Karkowska-Kuleta et al., 2020). Importantly, in the case of the
bacterial deiminase, the citrullination also requires a pre-
hydrolysis of the protein by R gingipain to expose the C-
terminal arginine (Goulas et al., 2015); however, the impact of
these enzymatic modifications on the structure and activity of
fungal enzymes still needs to be elucidated. Further
investigations of these processes are required because the
influence on the surface presence or activity of particular
enzymes involved in the remodeling of C. albicans cell wall by
accompanying bacteria might cause changes not only in its
composition, structure, and rigidity but also in interactions
with the host immune system, which may indirectly alter the
pathogenic potential of fungi forming a mixed biofilm.

Proteases and Other Hydrolytic Enzymes
C. albicans produce ten secreted aspartyl proteinases (Sap1-10),
of which Sap1-8 are secreted to the extracellular milieu, while
Sap9 and Sap10 are equipped with the GPI anchor and remain
bound to the cell surface and act there for the rearrangement of
molecules exposed by fungi on the cell wall (Aoki et al., 2011;
Schild et al., 2011; Rapala-Kozik et al., 2018). Another major
virulence factor with hydrolase activity secreted by C. albicans is
also phospholipase D1 (Pld1) involved in the fungal invasion on
host tissues (Dolan et al., 2004).

In the studies of Dutton et al. (2014), a consistent reduction in
the abundance of Sap9 was found in proteomic analyses in result
of the interaction between C. albicans mnt1D mnt2D mutant
strain and S. gordonii. Therefore, it could be concluded that this
protein may play an important role in modulating cross-
kingdom interactions. In the continuation of this work, it was
presented using the C. albicans sap9Dmutant that this proteinase
might contribute to the competition of C. albicans within oral
microbial biofilms, as Sap9 may be involved in the degradation of
salivary pellicle-binding sites for streptococci (Dutton et al.,
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2016b). When studying the biofilm formation process with the
anaerobe P. gingivalis, after a 3-h contact of C. albicans ATCC
10231 and P. gingivalis wild strain in aerobic conditions, the level
of SAP9 gene expression was increased compared with
monospecies fungal biofilm, whereas for SAP3 and SAP6 the
gene expression did not change (Bartnicka et al., 2019). In
contrast, when a bacterial gingipain-deficient strain DKDRAB
was used, only the level of SAP6 expression was significantly
increased. At anoxic conditions, the production of biofilm with
this impaired strain resulted in the upregulation of SAP3, SAP6,
and SAP9, while for wild-type strain only SAP6 was upregulated
under the conditions tested, without any changes for the genes of
the other tested proteases (Bartnicka et al., 2019). The obtained
results may provide some evidence for the role that proteinases
may play during the formation of a mixed biofilm with P.
gingivalis, but their specific functions still need to be
elucidated. Additionally, at the level of protein production, the
formation of mixed biofilm for 24 h in the simultaneous model of
interaction in RPMI 1640 medium by C. albicans ATCC 10231
and P. gingivalis mutant strain at a ratio of 1:10 increased the
amount of lysophospholipase 1 (Plb1), a lipolytic enzyme being
an important candidal virulence factor (Leidich et al., 1998;
Bartnicka et al., 2019).

In 2016, Cavalcanti et al. analyzed the relative changes in the
expression of genes encoding proteinases Sap2, Sap4, Sap6, and
phospholipase D1 (Pld1) during biofilm formation by C. albicans
ATCC 90028, S. sanguinis, S. mutans, and P. gingivalis at anaerobic
conditions for 72 h on the titanium surface. When biofilm was
formed by fungi and P. gingivalis, the expression levels of SAP2 and
SAP6 significantly increased, for SAP4 it was reduced, and forPLD1
it remained unchanged. In the presence of streptococci, the
obtained results were comparable (Cavalcanti et al., 2016). The
formation of mixed biofilm by C. albicans and S. sanguinis, S.
gordonii,A. odontolyticus, andA. viscosus cultured in 5%CO2/95%
air for 72 h resulted in an increase in the gene expression for
proteinases SAP4 and SAP6 and phospholipase D1 (PLD1)
compared with single-species fungal biofilm. The additional
presence of P. gingivalis in this complex did not induce changes
in high expression levels of SAP4 compared with monospecies
biofilm, but it resulted in a decrease in SAP6 expression when
compared tonotonlymonospeciesbiofilmbut also fungal–bacterial
biofilm without P. gingivalis, while the expression of PLD1
decreased in the biofilm containing P. gingivalis compared with
themixed biofilm formedwithout this anaerobic bacteriumbut did
not change compared to the single species fungal biofilm (Morse
et al., 2019). These observations may indicate that a specific
composition of bacterial species possesses the capability to
modulate interactions within the complex microbial community.
INFLUENCE OF PERIODONTAL
BIOFILM FORMATION ON DIAGNOSIS
AND TREATMENT

Persistent infections located within the gingival pockets might be
the source of pathogens capable to spread further in the host
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organism, causing disseminated infections at distant locations or
contributing to the development of systemic health-threatening
diseases like atherosclerotic disease, rheumatoid arthritis (RA),
and respiratory or gastrointestinal illnesses, especially in the
cases of immunosuppression or other predisposing factors
(Paju and Scannapieco, 2007; Han and Wang, 2013; Vieira
Colombo et al., 2016). The correct diagnosis and effective
treatment of such subsequent microbial infections are not
always quickly feasible and trouble-free. Likewise, it is difficult
to prevent effectively the influence of a microbial factor on the
development or course of systemic secondary diseases in
humans. In the case of invasive candidiasis, including deep-
seated infections of inner organs and candidemia, the standard
diagnostic method used is to cultivate the fungi from tissue
samples or blood. Nevertheless, its main disadvantages are the
possibility of detection of only viable and culturable Candida
cells, prolonged waiting time for results, and low sensitivity, as
almost half of the cases of invasive candidiasis remain
undiagnosed (Clancy and Nguyen, 2013; Clancy and Nguyen,
2018). Other currently proposed diagnostic tests, in addition to
the PCR and T2 Candida nanodiagnostic panel, are based on the
detection of Candida antigens or, more often, of antibodies
against different molecules exposed by the pathogen, including
the components of the fungal cell wall, such as mannan and b-
1,3-glucan, and antibodies against antigens located on the cell
wall of C. albicans hyphal forms, i.e., CAGTA—Candida albicans
germ tube antibodies (Mikulska et al., 2010; Avni et al., 2011;
Martıńez-Jiménez et al., 2014; Mylonakis et al., 2015; León et al.,
2016). These tests presuppose the development of an immune
response by the host during such systemic candidiasis and the
production of specific antibodies directed against particular
surface-exposed fungal antigens (Bouza et al., 2020). The
antigen-directed tests are frequently used in combination with
tests detecting antibodies to increase diagnostic sensitivity
(Ahamefula Osibe et al., 2020).

There is always a possibility that modifications of microbial
molecules taking place during the coexistence of many different
microorganisms in a biofilm during severe periodontitis may also
affect the course of the subsequent spread of pathogens, and thus
also the correct diagnosis of such infections and an effective
method of their treatment (Figure 3). One such posttranslational
protein modification in the case of C. albicans is citrullination of
surface-exposed proteins in the reaction catalyzed by P. gingivalis
PPAD, as the change in the net charge of a protein may affect its
structure and function, also within specific protein domains, and
also its immunomodulatory properties, meaning the ability of
antigen presentation and recognition by the immune system
(Doyle and Mamula, 2012). The modification of arginine to
citrulline might result in the altered presentation of the modified
peptides to CD4+ T cells, as these two amino acids differ in the
affinity to the binding pockets of HLA-DR (human leukocyte
antigen–DR isotype) proteins in favor of the latter (Scally et al.,
2013). Together with certain genetic predispositions, the
citrullination of human proteins may therefore be associated
with the development of autoimmune diseases and the
production of anti-citrullinated protein antibodies (ACPAs),
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11149
e.g., in the course of RA, and one well-known example of
such modified proteins associated with self-intolerance in
RA is human a-enolase (Schellekens et al., 1998; James et al.,
2014; Gerstner et al., 2020). As indicated by Lundberg et al.
(2008), P. gingivalis infection localized in the periodontium,
resulting in the citrullination of bacterial enolase, might be
related to cross-reactivity of the antibodies specific to an
immunodominant epitope of human citrullinated a-enolase.
The question remains whether the citrullination of the fungal
enolase that occurs during mixed C. albicans infection with
P. gingivalis may also exert such effects implying the
potential commencement of autoimmunity. It was previously
demonstrated that PPAD might also citrullinate human a-
enolase within the sequence that is responsible for the disease-
specific antibody response in patients with RA (Lundberg et al.,
2008; Wegner et al., 2010). Therefore, this assumption is quite
reasonable, as in fungal enolase, the citrullination via bacterial
deiminase targets the R333 residue located within a sequence
homologous to that in human enolase, which also contains a
modified arginine residue being identified as reactive with sera of
RA patients (Lundberg et al., 2008; Karkowska-Kuleta
et al., 2020).

As mentioned above, except C. albicans enolase, also other
fungal surface-exposed or secreted proteins might be
citrullinated by PPAD (Karkowska-Kuleta et al., 2018;
Karkowska-Kuleta et al., 2020). Some of these proteins,
including Tdh3, Pgk1, Pdc11, Bgl2, Mp65, Pga4, Pra1, Ssb1,
and Ssa2, were indicated in other studies as immunoreactive
during systemic fungal infections, and they are currently
considered as potential diagnostic markers (Pitarch et al., 1999;
Pitarch et al., 2004; López-Ribot et al., 2004; Mochon et al., 2010;
Pitarch et al., 2016). In the studies of Vaz et al. (2021), several
proteins secreted by C. albicans hyphae were postulated as
immunoreactive in patients with catheter-associated and non-
catheter-associated invasive candidiasis. Of these proteins, C.
albicans Eno1 and Bgl2 showed antibody-reactivity patterns
allowing the classification of patients with invasive candidiasis,
whereas the antibody response observed for Tdh3 was distinctive
for catheter-associated invasive candidial infection. Cell wall
protein Mp65 was described as the main target of human T-
cell response to C. albicans and has also been considered as a new
objective in the diagnosis of candidemia (Gomez et al., 1996;
Berzaghi et al., 2009; Torosantucci et al., 2017). Furthermore, the
elevated levels of anti-Bgl2p antibodies and the seropositivity of
antibodies against Pgk1 were demonstrated as independent
predictors of systemic candidiasis by Pitarch et al. (2006). The
modification of these proteins by bacterial PPAD during
coinfection may likely affect their serodiagnostic usefulness, but
further research on this issue is certainly required. Importantly,
in the case of bacterial deiminase, the structure of the active
center of the enzyme determines its predominant affinity for the
C-terminal arginine, and not for arginine located within the
protein chain, as is the case with human deiminases (Goulas
et al., 2015). This implies the need for peptide bond hydrolysis by
proteases after the C-terminal arginine residue, and this activity
is attributed to arginine gingipains A and B (RgpA and RgpB)
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secreted and surface-exposed by P. gingivalis (Potempa et al.,
2003). Fungal proteins may be degraded to a varying degree by
bacterial proteases depending on their structure and the
conditions of the microenvironment (Bartnicka et al., 2019).
Therefore, a further question of how proteolytic processing of
these proteins might alter the host immune response to fungal
antigens remains to be explored.

Furthermore, in the case of direct interactions between F.
nucleatum and C. albicans resulting in the inhibition of fungal
filamentation (Bor et al., 2016), the diagnosis of fungal infection
based on the detection of host antibodies directed against
antigens presented on the surface of germ tubes (CAGTA)
may be significantly hampered. A similar observation was
reported for C. albicans in contact with P. nigrescens (Thein
et al., 2006). Hence, similar conclusions could be drawn about
the consequences for diagnostics. Also, the arrival of a new
member in the consortium of C. albicans and S. sanguinis, S.
gordonii, A. odontolyticus, and A. viscosus, which stimulated the
formation of hyphae by fungi, may partially inhibit the
filamentation process as shown for P. gingivalis introduced to
this complex biofilm and thus make detection of C. albicans
hyphae more difficult. Nevertheless, under the tested conditions,
in the mixed biofilm composed of these species, the level of
filamentation was still higher than in a single fungal biofilm, but
with uncertain statistical significance (Morse et al., 2019). Also,
the varied influence of streptococci on fungal filamentation may
have an impact on diagnostics based on the detection of hyphae.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12150
Currently, a promising approach for the diagnosis of
periodontal disease is the analysis of the metabolome of fluids
collected from the oral cavity, including saliva or gingival
crevicular fluid (Mikkonen et al., 2016). They contain
numerous different molecules being the result of metabolic
processes taking place at the site of infection, including both
those derived from the host and those produced by inhabiting
microorganisms. Any change in the delicate balance between the
host and its microbiome, or the appearance of a new component
in the latter, may be reflected in the subtle differentiation in the
set of metabolites found in the niche analyzed (Na et al., 2021;
Thomas et al., 2021). Possibly, the analysis of changes in the
amount of certain metabolites could give information about the
rate and direction of the development of periodontal disease and
enable monitoring the treatment process; however, it still
requires further extensive research, given the significant impact
of systemic diseases on the composition of this fluid and the fact
that results of studies on different patient groups are often
contradictory (Nguyen et al., 2020; Baima et al., 2021).

One of the proposed biomarkers of periodontal disease is
prostaglandin E2 (PGE2), whose production by fibroblasts and
smooth muscle cells increased under inflammatory conditions
(Båge et al., 2011; Elabdeen et al., 2013). As it has been
demonstrated by Erb-Downward and Noverr (2007), C.
albicans may also synthesize PGE2, but via distinct pathways
than in human cells, using fatty acid desaturase homolog Ole2
and a multicopper oxidase homolog Fet3. Therefore, fungal
FIGURE 3 | Potential effects of the interaction of Candida albicans with bacteria in a biofilm, influencing the diagnosis and treatment of mixed infection.
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contribution to mixed biofilm during aggressive periodontal
disease could disturb the analysis of the level of PGE2 in
gingival crevicular fluid and influence disease diagnosis. In
addition, it has been shown that PGE2 stimulates the
production of germ tubes by C. albicans, which may favor the
detection of fungi based on filamentation-related antigens
(Noverr and Huffnagle, 2004).

The oral microbiome dysbiosis during periodontal disease
might result also in changes in salivary metabolomics, including
repeatedly indicated upregulation in salivary levels of valine,
isoleucine, phenylalanine, tyrosine, proline, succinate, butyrate,
and cadaverine (Nguyen et al., 2020; Baima et al., 2021). In C.
albicans, the increased polyamine levels control the change from
yeast-like cells to filamentous forms (Herrero et al., 1999) and
their synthesis is related to the activity of polyamine biosynthetic
enzymes, such as ornithine decarboxylase and spermidine
synthase (Hamana et al., 1989). Therefore, the observed
changes in the level of polyamines may not only depend on
the presence of Candida yeasts in the microbiome in periodontal
tissues but also affect the morphology of the fungi and their
detection based on the presence of hyphae.

Moreover, variations in the levels of lactate, pyruvate, N-
acetyl groups, and methanol in saliva might also be predictive for
oral health or disease (Baima et al., 2021). Upregulation has been
observed in healthy subjects for the latter two, and reports of
changes in lactate and pyruvate levels are contradictory
depending on the type of studies (Baima et al., 2021). The
differentiation in access to carbon sources significantly
influences the structure of C. albicans cell wall, as well as its
proteome and secretome (Ene et al., 2012a). Lactate-grown cells
exhibit higher levels of proteins involved in b-glucan remodeling,
including glucanosyltransferases Pga4, Phr1, and Phr2 and exo-
glucanase Xog1, whereas for glucose-grown cells other cell wall-
organizing enzymes prevailed, like Bgl2 (Ene et al., 2012b). Such
fluctuations in the architecture of the cell wall related to the
availability of different carbon sources may also be important in
the diagnosis based on the presence and exposition of different
polysaccharides of the candidial cell wall or secreted proteins.

In addition to diagnostics, also the prevention of infections
caused by Candida is particularly important. Currently, two
Candida vaccines are undergoing clinical trials and the
preliminary results are encouraging (Oliveira et al., 2021). The
first type of vaccine, PEV7, is based on the recombinant C.
albicans aspartyl proteinase 2 (Sap2), and the second type, NDV-
3/NDV-3A, on the recombinant N-terminal part of C. albicans
agglutinin-like sequence protein (Als3) (De Bernardis et al.,
2012; Schmidt et al., 2012; Edwards et al., 2018). However, in
the case when the epitopes recognized by the antibodies
produced during the protective response will be altered due to
the intermicrobial interaction-dependent modifications, the
effectiveness of the immunization may adversely differ from
that assumed. One such example might be protein Als3,
demonstrated as susceptible for citrullination within the N-
terminal domain, where two citrulline residues at positions 175
and 188 after incubation with P. gingivalis PPAD were identified
(Karkowska-Kuleta et al., 2020).
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As with diagnostics, the coexistence of C. albicanswith bacteria
in polymicrobial biofilms may also have an impact on the
treatment of mixed infections. The composition of membrane
sterols is a key factor of azole resistance at the intermediate and
mature stages of biofilm development (Mukherjee et al., 2003).
Therefore, the alternation in sterol synthesis or their membrane
incorporation caused by the presence of bacteria in the mixed
community might be an important contribution to the antifungal
resistance or susceptibility by C. albicans (Bhattacharya et al.,
2020). In C. albicans biofilms treated for 2 h with heat-killed
bacteria S. mitis, S. sanguinis, P. gingivalis, F. nucleatum, or A.
actinomycetemcomitans, the expression levels of proteins Erg11—
lanosterol 14-alpha-demethylase, a key enzyme in ergosterol
biosynthesis, and Erg13—3-hydroxy-3-methylglutaryl coenzyme
A synthase involved in sterol biosynthesis, were somewhat
reduced (Kirsch et al., 1988; Liu et al., 2005; Truong et al.,
2020). However, further studies in the context of fungal
resistance to azoles were not conducted in that study (Truong
et al., 2020). Also, the experimental design concerns heat-killed
bacteria, a procedure that disrupts the native surface disposition;
therefore, a verification of these results during biofilm formation
could shed new light on the influence of these bacteria on sterol
synthesis. Furthermore, it was previously demonstrated that
upregulation of ERG11 gene expression in response to
fluconazole was detected after about 2 h since stimulation with
an antifungal drug; therefore, investigating these relations at
extended time intervals should be considered (Henry et al., 2000).

In the studies of the formation of mixed biofilms by S.
gordonii and C. albicans in basal medium mucin synthetic
saliva, the increased resistance of dual-species biofilms
compared with single-species biofilms to a combinatorial
therapy consisting of clindamycin and either fluconazole,
amphotericin B, or caspofungin was demonstrated
(Montelongo-Jauregui et al., 2016). These findings were further
confirmed with the analysis of the formation of dual-species
biofilms between these two species on the surface of titanium
discs, where the increased resistance to combinations of
clindamycin and the abovementioned antifungal drugs used at
high concentrations was demonstrated again (Montelongo-
Jauregui et al., 2018). A continuation of these studies allowed
to demonstrate that during dual-species biofilm formation, C.
albicans adhesin (als3D/D) and filamentation deletion mutant
strains bcr1D/D, efg1D/D, and brg1D/D displayed the resistance to
antimicrobial treatment with amphotericin B and clindamycin
similar to those formed by their respective wild type strains
(Montelongo-Jauregui et al., 2019). However, in the case of
mixed biofilms formed by S. gordonii and C. albicans kre5D/D
and mnn9D/D mutant strains, the increased bacterial
susceptibility to clindamycin was observed, indicating the
protective role of fungal biofilm matrix glucans and mannans
against antibiotics (Montelongo-Jauregui et al., 2019). Similar
conclusions concerning the bacterial protection against
antimicrobials by C. albicans were drawn for the streptococcal
resistance to ampicillin and erythromycin in cross-kingdom
biofilms, albeit without indicating the exact mechanism
(Chinnici et al., 2019).
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It could be also assumed that while C. albicans formed a
biofilm with P. gingivalis and there were changes observed in the
frequency of surface exposition of enzymes related to remodeling
of the fungal cell wall, as well as their modifications by bacterial
enzymes were identified, this could have an impact on the
composition of the cell wall polysaccharides and the biofilm
matrix. An indirect effect of such changes would be the
variability of the mixed biofilm in resistance to the
antibacterial or antifungal drugs used; nevertheless, this
problem requires further detailed investigations. In the studies
by Taff et al. (2012), it was demonstrated that C. albicans cell wall
modifying enzymes Bgl2, Phr1, and Xog1 are involved in b-1,3-
glucan transport and its accumulation in the biofilm matrix and
their activity is related to the resistance of fungal cells growing in
the biofilm to the treatment with fluconazole. The mechanism of
this phenomenon is related to the drug sequestration by the
biofilm matrix and preventing reaching the target cells (Taff
et al., 2012). As two of these enzymes—Phr1 and Bgl2—are
present on the cell surface in an increased amount in the mixed
biofilm formed with P. gingivalis and are also susceptible to the
modifications by bacterial enzymes (Bartnicka et al., 2019;
Karkowska-Kuleta et al., 2020), it could be hypothesized that
in the case of such dual-species biofilm it could have an impact
on its resistance to the antifungal drug, albeit this issue still
requires further research. On the other hand, studies of mixed
biofilms also showed that under conditions of reduced heme
availability within the biofilm formed by C. albicans and P.
gingivalis, the competition for heme augments the virulence of P.
gingivalis, which was also reflected in the increase in bacterial
resistance to cefazolin and sulfamethoxazole tested with the disk
diffusion method (Guo et al., 2020).

Recently, the studies conducted by Young et al. (2020)
concerning the role of C. albicans as a keystone commensal in
polymicrobial oral biofilms associated with periodontitis/denture
stomatitis showed that the presence of fungi in such biofilm did
not affect their susceptibility to short-term used biofilm
eradication agents. Such biofilms were formed in the presence
or absence of C. albicans by S. oralis, S. mitis, S. intermedius, F.
nucleatum, F. nucleatum ssp vincentii, Actinomyces naeslundii,
Veillonella dispar, P. gingivalis, P. intermedia, and A.
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actinomycetemcomitans and then analyzed for biofilm
thickness and metabolic activity, as well as for bacterial and
fungal load following 10-min treatment with chlorhexidine
gluconate, EDTA, potassium iodide, or antifungal drug
miconazole (Young et al., 2020). These studies showed that
under the conditions applied, the presence of C. albicans in
multispecies biofilm did not provide significant protection for
the microbiota against the range of treatment agents used,
compared with bacterial biofilms formed without fungi.
Moreover, the attention was drawn to the indispensable
necessity to mechanically remove such biofilms during
treatment as an effective introduction to further chemical
therapy (Young et al., 2020). The data published so far show
that the analysis of the influence of bacterial–fungal biofilm
formation on their resistance to the applied treatment is
particularly complex and still requires extensive examination.

Further comprehensive studies on the interrelationship
between bacteria and fungi in mixed biofilm in the course of
periodontitis may in the future help in designing more precise
and effective methods of prevention and diagnosis of secondary
diseases, as well as in combating the resistance of such biofilms to
the applied treatment.
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Characterization of the CaENG1 Gene Encoding an Endo-1,3-Beta-Glucanase
Involved in Cell Separation in Candida Albicans. Curr. Microbiol. 51 (6), 385–
392. doi: 10.1007/s00284-005-0066-2

Fonzi, W. A. (1999). PHR1 and PHR2 of Candida Albicans Encode Putative
Glycosidases Required for Proper Cross-Linking of Beta-1,3- and Beta-1,6-
Glucans. J. Bact. 181, 7070–7079. doi: 10.1128/JB.181.22.7070-7079.1999
January 2022 | Volume 11 | Article 765942

https://doi.org/10.1128/IAI.00438-09
https://doi.org/10.1099/mic.0.083378-0
https://doi.org/10.3390/ijms21061984
https://doi.org/10.1038/s41598-019-40771-8
https://doi.org/10.1007/82_2018_144
https://doi.org/10.1007/82_2018_144
https://doi.org/10.17294/2330-0698.1705
https://doi.org/10.1128/CVI.00176-09
https://doi.org/10.1186/s12866-020-01834-3
https://doi.org/10.3390/antibiotics9060312
https://doi.org/10.3390/antibiotics9060312
https://doi.org/10.1038/srep27956
https://doi.org/10.37201/req/2260.2019
https://doi.org/10.1016/j.bj.2018.12.001
https://doi.org/10.1080/08927014.2015.1125472
https://doi.org/10.7717/peerj.7870
https://doi.org/10.1093/cid/cit006
https://doi.org/10.1128/JCM.01909-17
https://doi.org/10.1038/nrmicro2337
https://doi.org/10.1128/IAI.66.4.1660-1665.1998
https://doi.org/10.1128/IAI.66.4.1660-1665.1998
https://doi.org/10.1016/j.vaccine.2012.04.069
https://doi.org/10.1016/j.riam.2018.03.005
https://doi.org/10.1371/journal.pone.0086270
https://doi.org/10.1371/journal.pone.0086270
https://doi.org/10.3389/fcimb.2014.00101
https://doi.org/10.1128/IAI.05896-11
https://doi.org/10.1080/13693780410001657162
https://doi.org/10.1126/sciadv.aau3333
https://doi.org/10.1007/s12223-018-0645-9
https://doi.org/10.1016/j.coi.2011.12.003
https://doi.org/10.1093/femspd/ftw005
https://doi.org/10.1128/mBio.00911-14
https://doi.org/10.1111/omi.12111
https://doi.org/10.1093/cid/ciy185
https://doi.org/10.1371/journal.pone.0070838
https://doi.org/10.1111/j.1462-5822.2012.01813.x
https://doi.org/10.1002/pmic.201200228
https://doi.org/10.1128/IAI.00232-07
https://doi.org/10.1007/s00284-005-0066-2
https://doi.org/10.1128/JB.181.22.7070-7079.1999
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Satala et al. Candida albicans in the Formation of Multispecies Biofilm
Frias-Lopez, J., and Duran-Pinedo, A. (2012). Effect of Periodontal Pathogens on
the Metatranscriptome of a Healthy Multispecies Biofilm Model. J. Bacteriol.
194 (8), 2082–2095. doi: 10.1128/JB.06328-11

Genco, C. A., Cutler, C. W., Kapczynski, D., Maloney, K., and Arnold, R. R. (1991).
A Novel Mouse Model to Study the Virulence of and Host Response to
Porphyromonas (Bacteroides) Gingivalis. Infect. Immun. 59, 1255–1263.
doi: 10.1128/IAI.59.4.1255-1263.1991

Gerstner, C., Turcinov, S., Hensvold, A. H., Chemin, K., Uchtenhagen, H.,
Ramwadhdoebe, T. H., et al. (2020). Multi-HLA Class II Tetramer Analyses
of Citrulline-Reactive T Cells and Early Treatment Response in Rheumatoid
Arthritis. BMC Immunol. 21, 27. doi: 10.1186/s12865-020-00357-w

Ghannoum, M. A., Jurevic, R. J., Mukherjee, P. K., Cui, F., Sikaroodi, M., Naqvi,
A., et al. (2010). Characterization of the Oral Fungal Microbiome (Mycobiome)
in Healthy Individuals. PloS Pathog. 6, e1000713. doi: 10.1371/
journal.ppat.1000713

Gomez, M. J., Torosantucci, A., Arancia, S., Maras, B., Parisi, L., and Cassone, A.
(1996). Purification and Biochemical Characterization of a 65-Kilodalton
Mannoprotein (MP65), a Main Target of Anti-Candida Cell-Mediated
Immune Responses in Humans. Infect. Immun. 64, 2577–2584. doi: 10.1128/
iai.64.7.2577-2584.1996

Goulas, T., Mizgalska, D., Garcia-Ferrer, I., Kantyka, T., Guevara, T., Szmigielski,
B., et al. (2015). Structure and Mechanism of a Bacterial Host-Protein
Citrullinating Virulence Factor, Porphyromonas Gingivalis Peptidylarginine
Deiminase. Sci. Rep. 5, 11969. doi: 10.1038/srep11969

Grimaudo, N. J., and Nesbitt, W. E. (1997). Coaggregation of Candida Albicans
With Oral Fusobacterium Species. Oral. Microbiol. Immunol. 12 (3), 168–173.
doi: 10.1111/j.1399-302x.1997.tb00374.x

Guo, Y., Wang, Y., Wang, Y., Jin, Y., and Wang, C. (2020). Heme Competition
Triggers an Increase in the Pathogenic Potential of Porphyromonas Gingivalis
in Porphyromonas Gingivalis-Candida Albicans Mixed Biofilm. Front.
Microbiol. 11, 596459. doi: 10.3389/fmicb.2020.596459

Hajishengallis, G. (2014). Immunomicrobial Pathogenesis of Periodontitis:
Keystones, Pathobionts, and Host Response. Trends Immunol. 35, 3–11.
doi: 10.1016/j.it.2013.09.001

Hajishengallis, G. (2015). Periodontitis: From Microbial Immune Subversion to
Systemic Inflammation. Nat. Rev. Immunol. 15, 30–44. doi: 10.1038/nri3785

Hajishengallis, G., Krauss, J. L., Liang, S., McIntosh, M. L., and Lambris, J. D.
(2012). Pathogenic Microbes and Community Service Through Manipulation
of Innate Immunity. Adv. Exp. Med. Biol. 946, 69–85. doi: 10.1007/978-1-4614-
0106-3_5

Hajishengallis, G., and Lamont, R. J. (2012). Beyond the Red Complex and Into
More Complexity: The Polymicrobial Synergy and Dysbiosis (PSD) Model of
Periodontal Disease Etiology. Mol. Oral. Microbiol. 27, 409–419. doi: 10.1111/
j.2041-1014.2012.00663.x

Hajishengallis, G., and Lamont, R. J. (2014). Breaking Bad: Manipulation of the
Host Response by Porphyromonas Gingivalis. Eur. J. Immunol. 44, 328–338.
doi: 10.1002/eji.201344202

Hajishengallis, G., and Lamont, R. J. (2016). Dancing With the Stars: How
Choreographed Bacterial Interactions Dictate Nososymbiocity and Give Rise
to Keystone Pathogens, Accessory Pathogens, and Pathobionts. Trends
Microbiol. 24, 477–489. doi: 10.1016/j.tim.2016.02.010

Hajishengallis, G., and Lamont, R. J. (2021). Polymicrobial Communities in
Periodontal Disease: Their Quasi-Organismal Nature and Dialogue With the
Host. Periodontol 2000 86 (1), 210–230. doi: 10.1111/prd.12371

Hall, R. A., and Gow, N. A. (2013). Mannosylation in Candida Albicans: Role in
Cell Wall Function and Immune Recognition. Mol. Microbiol. 90, 1147–1161.
doi: 10.1111/mmi.12426

Hamana, K., Matsuzaki, S., Hosaka, K., and Yamashita, S. (1989). Interconversion
of Polyamines in Wild-Type Strains and Mutants of Yeasts and the Effects of
Polyamines on Their Growth. FEMS Microbiol. Lett. 52 (1-2), 231–236.
doi: 10.1016/0378-1097(89)90202-4

Han, Y. W., andWang, X. (2013). Mobile Microbiome: Oral Bacteria in Extra-Oral
Infections and Inflammation. J. Den.t Res. 92, 485–491. doi: 10.1177/
0022034513487559

Hasegawa, Y., Tribble, G. D., Baker, H. V., Mans, J. J., Handfield, M., and Lamont,
R. J. (2008). Role of Porphyromonas Gingivalis SerB in Gingival Epithelial Cell
Cytoskeletal Remodeling and Cytokine Production. Infect. Immun. 76, 2420–
2427. doi: 10.1128/IAI.00156-08
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 16154
Henry, K. W., Nickels, J. T., and Edlind, T. D. (2000). Upregulation of ERG Genes in
Candida Species by Azoles and Other Sterol Biosynthesis Inhibitors. Antimicrob.
Agents Chemother. 44, 2693–2700. doi: 10.1128/AAC.44.10.2693-2700.2000

Herrero, A. B., López, M. C., Garcıá, S., Schmidt, A., Spaltmann, F., Ruiz-Herrera,
J., et al. (1999). Control of Filament Formation in Candida Albicans by
Polyamine Levels. Infect. Immun. 67 (9), 4870–4878. doi: 10.1128/
IAI.67.9.4870-4878.1999

Herrero, A. B., Magnelli, P., Mansour, M. K., Levitz, S. M., Bussey, H., and
Abeijon, C. (2004). KRE5 Gene Null Mutant Strains of Candida Albicans are
Avirulent and Have Altered Cell Wall Composition and Hypha Formation
Properties. Eukaryot. Cell. 3, 1423–1432. doi: 10.1128/EC.3.6.1423-1432.2004

Hornby, J. M., Jensen, E. C., Lisec, A. D., Tasto, J. J., Jahnke, B., Shoemaker, R.,
et al. (2001). Quorum Sensing in the Dimorphic Fungus Candida Albicans Is
Mediated by Farnesol. Appl. Environ. Microbiol. 67 (7), 2982–2992.
doi: 10.1128/AEM.67.7.2982-2992.2001

Houri-Haddad, Y., Soskolne, W. A., Halabi, A., Barak, V., and Shapira, L. (2000).
Repeat Bacterial Challenge in a Subcutaneous Chamber Model Results in
Augmented Tumour Necrosis Factor-Alpha and Interferon-Gamma Response,
and Suppression of Interleukin-10. Immunology 99, 215–220. doi: 10.1046/
j.1365-2567.2000.00965.x

Hoyer, L. L., and Cota, E. (2016). Candida Albicans Agglutinin-Like Sequence
(Als) Family Vignettes: A Review of Als Protein Structure and Function. Front.
Microbiol. 7, 280. doi: 10.3389/fmicb.2016.00280

Hoyer, L. L., Oh, S. H., Jones, R., and Cota, E. (2014). A Proposed Mechanism for
the Interaction Between the Candida Albicans Als3 Adhesin and Streptococcal
Cell Wall Proteins. Front. Microbiol. 5, 564. doi: 10.3389/fmicb.2014.00564

Hussain, M., Stover, C. M., and Dupont, A. P. (2015). Gingivalis in Periodontal
Disease and Atherosclerosis–Scenes of Action for Antimicrobial Peptides and
Complement. Front. Immunol. 6, 45. doi: 10.3389/fimmu.2015.00045

Hwang, G., Liu, Y., Kim, D., Li, Y., Krysan, D. J., and Koo, H. (2017). Candida
Albicans Mannans Mediate Streptococcus Mutans Exoenzyme GtfB Binding to
Modulate Cross-Kingdom Biofilm Development In Vivo. PloS Pathog. 13 (6),
e1006407. doi: 10.1371/journal.ppat.1006407

Jabra-Rizk,M.A., Falkler,W.A. Jr.,Merz,W.G., Kelley, J. I., Baqui, A.A., andMeiller,
T. F. (1999). Coaggregation of Candida Dubliniensis With Fusobacterium
Nucleatum. J. Clin. Microbiol. 37, 1464–1468. doi: 10.1128/JCM.37.5.1464-
1468.1999

Jabri, B., Iken, M., Achmit, M., Rida, S., and Ennibi, O. K. (2021). Occurrence of
Candida Albicans in Periodontitis. Int. J. Dent. 2021, 5589664. doi: 10.1155/
2021/5589664

Jack, A. A., Daniels, D. E., Jepson, M. A., Vickerman, M. M., Lamont, R. J.,
Jenkinson, H. F., et al. (2015). Streptococcus Gordonii comCDE (Competence)
Operon Modulates Biofilm Formation With Candida Albicans. Microbiol.
(Read.) 161, 411–421. doi: 10.1099/mic.0.000010

James, E. A., Rieck, M., Pieper, J., Gebe, J. A., Yue, B. B., Tatum, M., et al. (2014).
Citrulline-Specific Th1 Cells are Increased in Rheumatoid Arthritis and Their
Frequency is Influenced by Disease Duration and Therapy. Arthritis.
Rheumatol. 66, 1712–1722. doi: 10.1002/art.38637

Janus, M. M., Willems, H. M., and Krom, B. P. (2016). Candida Albicans in
Multispecies Oral Communities; a Keystone Commensal? Adv. Exp. Med. Biol.
931, 13–20. doi: 10.1007/5584_2016_5

Jenkinson, H. F., Lala, H. C., and Shepherd, M. G. (1990). Coaggregation of
Streptococcus Sanguis and Other Streptococci With Candida Albicans. Infect.
Immun. 58, 1429–1436. doi: 10.1128/iai.58.5.1429-1436.1990

Karkowska-Kuleta, J., Bartnicka, D., Zawrotniak, M., Zielinska, G., Kieronska, A.,
Bochenska, O., et al. (2018). The Activity of Bacterial Peptidylarginine
Deiminase is Important During Formation of Dual-Species Biofilm by
Periodontal Pathogen Porphyromonas Gingivalis and Opportunistic Fungus
Candida Albicans. Pathog. Dis. 76, fty033. doi: 10.1093/femspd/fty033

Karkowska-Kuleta, J., Surowiec, M., Gogol, M., Koziel, J., Potempa, B., Potempa, J.,
et al. (2020). Peptidylarginine Deiminase of Porphyromonas gingivalis
Modulates the Interactions Between Candida albicans Biofilm and Human
Plasminogen and High-Molecular-Mass Kininogen. Int. J. Mol. Sci. 21 (7),
2495. doi: 10.3390/ijms21072495

Karkowska-Kuleta, J., Wronowska, E., Satala, D., Zawrotniak, M., Bras, G., Kozik,
A., et al. (2021). Als3-Mediated Attachment of Enolase on the Surface of
Candida Albicans Cells Regulates Their Interactions With Host Proteins. Cell.
Microbiol. 23, e13297. doi: 10.1111/cmi.13297
January 2022 | Volume 11 | Article 765942

https://doi.org/10.1128/JB.06328-11
https://doi.org/10.1128/IAI.59.4.1255-1263.1991
https://doi.org/10.1186/s12865-020-00357-w
https://doi.org/10.1371/journal.ppat.1000713
https://doi.org/10.1371/journal.ppat.1000713
https://doi.org/10.1128/iai.64.7.2577-2584.1996
https://doi.org/10.1128/iai.64.7.2577-2584.1996
https://doi.org/10.1038/srep11969
https://doi.org/10.1111/j.1399-302x.1997.tb00374.x
https://doi.org/10.3389/fmicb.2020.596459
https://doi.org/10.1016/j.it.2013.09.001
https://doi.org/10.1038/nri3785
https://doi.org/10.1007/978-1-4614-0106-3_5
https://doi.org/10.1007/978-1-4614-0106-3_5
https://doi.org/10.1111/j.2041-1014.2012.00663.x
https://doi.org/10.1111/j.2041-1014.2012.00663.x
https://doi.org/10.1002/eji.201344202
https://doi.org/10.1016/j.tim.2016.02.010
https://doi.org/10.1111/prd.12371
https://doi.org/10.1111/mmi.12426
https://doi.org/10.1016/0378-1097(89)90202-4
https://doi.org/10.1177/0022034513487559
https://doi.org/10.1177/0022034513487559
https://doi.org/10.1128/IAI.00156-08
https://doi.org/10.1128/AAC.44.10.2693-2700.2000
https://doi.org/10.1128/IAI.67.9.4870-4878.1999
https://doi.org/10.1128/IAI.67.9.4870-4878.1999
https://doi.org/10.1128/EC.3.6.1423-1432.2004
https://doi.org/10.1128/AEM.67.7.2982-2992.2001
https://doi.org/10.1046/j.1365-2567.2000.00965.x
https://doi.org/10.1046/j.1365-2567.2000.00965.x
https://doi.org/10.3389/fmicb.2016.00280
https://doi.org/10.3389/fmicb.2014.00564
https://doi.org/10.3389/fimmu.2015.00045
https://doi.org/10.1371/journal.ppat.1006407
https://doi.org/10.1128/JCM.37.5.1464-1468.1999
https://doi.org/10.1128/JCM.37.5.1464-1468.1999
https://doi.org/10.1155/2021/5589664
https://doi.org/10.1155/2021/5589664
https://doi.org/10.1099/mic.0.000010
https://doi.org/10.1002/art.38637
https://doi.org/10.1007/5584_2016_5
https://doi.org/10.1128/iai.58.5.1429-1436.1990
https://doi.org/10.1093/femspd/fty033
https://doi.org/10.3390/ijms21072495
https://doi.org/10.1111/cmi.13297
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Satala et al. Candida albicans in the Formation of Multispecies Biofilm
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Background and Objectives: The aim of this study was to examine the salivary
microbiome in healthy peri-implant sites and those with peri-implantitis.

Methods: Saliva samples were collected from 21 participants with healthy peri-implant
sites and 21 participants with peri-implantitis. The V4 hypervariable region of the 16S rRNA
gene was sequenced using the Ion Torrent PGM System (Ion 318™ Chip v2 400). The NGS
analysis and composition of the salivary microbiome were determined by taxonomy
assignment. Downstream bioinformatic analyses were performed in QIIME (v 1.9.1).

Results: Clinical differences according to peri-implant condition status were found. Alpha
diversity metrics revealed that the bacterial communities of participants with healthy peri-
implant sites tended to have a richer microbial composition than individuals with peri-
implantitis. In terms of beta diversity, bleeding on probing (BoP) may influence the
microbial diversity. However, no clear partitioning was noted between the salivary
microbiome of volunteers with healthy peri-implant sites or volunteers with peri-
implantitis. The highest relative abundance of Stenotrophomonas, Enterococcus and
Leuconostoc genus, and Faecalibacterium prausnitzii, Haemophilus parainfluenzae,
Prevotella copri, Bacteroides vulgatus, and Bacteroides stercoris bacterial species was
found in participants with peri-implantitis when compared with those with healthy peri-
implant sites.
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Conclusion: Differences in salivary microbiome composition were observed between
patients with healthy peri-implant sites and those with peri-implantitis. BoP could affect the
diversity (beta diversity) of the salivary microbiome.
Keywords: peri-implantitis, saliva, microbiota (16S), host–bacteria interaction, dysbioses
INTRODUCTION

The use of dental implants to restore or replace lost tooth
structure in partially and completely edentulous subjects is a
successful treatment in Dentistry. The market share of implants
was valued at US$ 3 billion in 2016 with over 9 million implants
placed in Europe, USA, and Brazil (MARCANTONIO JUNIOR
et al., 2019). However, the prevalence of peri-implant diseases is
growing in the same proportion and ranged between 1% and
47% (Lee et al., 2017; Salvi et al., 2017). Peri-implantitis is a
plaque-associated pathological condition, characterized by
inflammation of the peri-implant tissues associated with bone
loss, and if not treated, could lead to loss of the implant
(Berglundh et al., 2018; Schwarz et al., 2018). Peri-implant
diseases are highly prevalent in subjects with diabetes, smoking
cigarettes, and history or presence of periodontitis. The clinical
signs of peri-implants are bleeding on probing and/or
suppuration, presence of probing pocket depth >5 mm, and
radiographic bone loss. The etiology of peri-implantitis has been
the subject of some debate; however, since then it has been
established that this infectious disease is associated with a
complex bacterial biofilm (Shibli et al., 2008; Pérez-Chaparro
et al., 2016; Lafaurie et al., 2017; Teles, 2017; Retamal-Valdes
et al., 2019; Yeh et al., 2019). As there is continually growing
prevalence of this condition, it is of the utmost importance to
characterize the specificity of the dental biofilm related to
peri-implantitis.

The microbial diversity of the submucosal and salivary
microbiome associated with peri-implantitis has not been fully
studied (Belibasakis and Manoil, 2021). Peri-implantitis depicted
changes in the submucosal microbiome associated with an
increased level of dysbiosis in deeper pockets (Kröger et al.,
2018). Some studies have also shown that peri-implant diseases
presented higher diversity than clinically healthy peri-implant
sites, suggesting that specific species in this pathogenesis could
impact in an increasing in the Shannon index (Komatsu et al.,
2020; Nie et al., 2020). Complementary in this sense, a recent
consensus report considered that the microbial picture
associated with peri‐implantitis should be regarded as
incomplete (Schwarz et al., 2018). The systematic and detailed
evaluation of the microbiota of peri-implantitis, using
sequencing techniques, could contribute to the advancement of
knowledge in this area and improve the effectiveness of peri-
implantitis treatments.

In research, salivary biomarkers have been extensively used as
diagnostic tools for the early detection of several oral and
systemic diseases (Giannobile et al., 2009; Zhang et al., 2016).
The collection of whole saliva is an easy, low-stress, inexpensive,
and non-invasive procedure, particularly for chair-side tests, as
gy | www.frontiersin.org 2159
recently used for SARS-CoV-2 detection (Yokota et al., 2021).
Earlier studies have demonstrated that clinical periodontal and
peri-implant status data were correlated with salivary biomarkers
(Gursoy and Könönen, 2016; Kuboniwa et al., 2016; Marques
Filho et al., 2018). In addition, implant-supported restorations
with peri-implantitis showed an increased level of salivary
periodontal pathogens (Ito et al., 2014), suggesting that salivary
biomarkers could be used for monitoring peri-implant diseases
in an easy way.

Therefore, the aim of this case–control study was to compare
the composition and diversity of the salivary microbiome in
samples taken from subjects with healthy peri-implant sites or
with peri-implantitis.
MATERIALS AND METHODS

Study Design and Setting
This was a case–control study, conducted at Guarulhos
University (Guarulhos, SP, Brazil), in compliance with the
principles outlined in the Declaration of Helsinki. The study
protocol was previously approved by the Guarulhos University
Clinical Research Ethics Committee, Guarulhos, SP, Brazil
(protocol number #205/03). A total of 42 subjects (N = 21
subjects with healthy dental implants and n = 21 subjects with
diseased implants) were enrolled. The sample size population
was based on a previously study that compared supra- and
submucosal microbial composition between healthy and
diseased implants, by using target molecular methods. Besides
the absence of previous studies evaluating the salivary
microbiome of peri-implantitis and the sample sizes described
in recent studies (Apatzidou et al., 2017; Belkacemi et al., 2018;
Kröger et al., 2018; Pimentel et al., 2018) that evaluated the
microbiome of samples of dental implants from crevicular fluid
and inner part, the present sample population was consistent for
this case–control study.

Participants
Systemically healthy volunteers with dental implant-supported
restoration in function for at least 2 years and diagnosed with
healthy peri-implant sites or peri-implantitis were selected from
the population that sought dental treatment at Guarulhos
University (Guarulhos, SP, Brazil). Subjects who fulfilled the
inclusion criteria were invited to participate in the study. All
eligible subjects were thoroughly informed of the nature,
potential risks, and benefits of their participation in the study
and then signed an Informed Consent Term. Detailed medical
and dental histories were obtained, and clinical examinations
were performed.
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Inclusion and Exclusion Criteria
The inclusion criteria for the study groups were as follows: (i)
group with healthy peri-implant sites: subjects with at least one
healthy dental implant (probing depth [PD] < 4 mm, without
marginal bleeding or bleeding on probing [BoP]) and (ii) group
with peri-implantitis: presence of BOP and/or suppuration, PD ≥
5 mm, and bone loss ≥3 mm apical of the most coronal portion
of the intraosseous part of the implant (Shibli et al., 2008).

The exclusion criteria were as follows: mucositis (implants
with PD ≤ 4 mm, supramucosal bleeding, without bone loss);
periodontitis grade 3 (i.e., PD ≥ 5 mm, BOP in over 30% of sites
and/or suppuration); those who had taken antibiotics or anti-
inflammatory drugs within 6 months prior to the clinical
examination; those who had received periodontal or peri-
implant therapy within 6 months; those who had a chronic
medical disease or condition (i.e., diabetes, osteoporosis); those
who presented implant-supported restoration with mobile
abutments and/or screws, and fractured prosthetic crowns
made of ceramic or resin (to avoid occlusal interference); those
who had clinically detectable mobility of the implant (lack of
osseointegration); and smokers and former smokers.
Experimental Design
Clinical Monitoring and Dental Implant Selection
Dichotomous plaque score (PS) (Guerrero et al., 2005), bleeding
score (BS), BoP, suppuration, PD (in mm), and clinical
attachment level (CAL, in mm) were assessed at six sites per
implant by two calibrated examiners (MF; JAS). The PD and
CAL measurements were recorded to the nearest mm using a
North Carolina periodontal probe (PCPNU-15, Hu-Friedy,
Chicago, IL, USA). One dental implant was evaluated (one per
subject). If the subject presented more than one healthy dental
implant, the most anterior dental implant was evaluated. All
subjects from the diseased group presented only one dental
implant with peri-implantitis. If the subject presented healthy
and diseased implants, he was included in the peri-implantitis
group, and the diseased implant was evaluated.
Calibration Exercise
The calibration exercise was conducted before the study began,
according to the methodology proposed by Araujo et al. (2003).
The interexaminer variability was 0.3 mm for PD and 0.3 mm for
CAL. For the first examiner, the intraexaminer mean SE
variability was 0.1 mm for PD and 0.1 mm for CAL. The
second examiner had a mean SE variability of 0.20 mm and
0.22 mm for PD and CAL, respectively. The periodontal
parameters were registered dichotomously; that is, plaque
accumulation, gingival bleeding, BoP, and suppuration were
calculated in the same way, with two different evaluations by
the k-light test (p < 0.05), which considers the contribution of
agreement by chance. The interobserver agreement ranged
between 0.85 and 0.95, while the intraobserver agreement was
between 0.80 and 0.96 for the first examiner and 0.80 and 0.87 for
the second examiner.
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Microbiological Monitoring
Sample Collection
Saliva samples were collected on a different day from that of the
clinical examination. Study participants were asked to refrain
from eating, drinking, or performing oral hygiene for 12 h prior
to biological sampling. Unstimulated whole saliva that had
accumulated for 5 min was collected in sterile plastic tubes
labeled with codes to ensure concealment of the patients’
identity (Navazesh and Christensen, 1982). Sample tubes
were subsequently stored immediately at -20°C for further
16S rRNA gene sequencing analysis at the Institute of
Tropical Medicine of São Paulo (University of São Paulo, São
Paulo, Brazil).

DNA Isolation
Total genomic DNA was extracted and purified (NucliSENS
easyMAG system, and Beckman Coulter™ Agencourt AMPure
XP), and quality and quantity of DNA were assessed.

16S rRNA Sequencing
The V4 hypervariable region of bacterial and archaeal species of
the 16S rRNA gene was amplified using a specific primer with the
barcode F515 (5′-CACGGTCGKCGGCGCCATT-3) and R806
(5′-GGACTACHVGGGTWTCTAAT-3′) (Caporaso et al.,
2012). Library preparation was performed in accordance with
the manufacturer’s instructions (Ion PGM™ Hi-Q™). The 16S
rRNA gene fragments were loaded onto an Ion Torrent PGM
System chip (Life Technologies, USA) and sequenced using Ion
318™ Chip kit v2 400-base chemistry.

Bioinformatic and Statistical Methods
The 16S rRNA raw sequencing readouts were analyzed using the
BLAST-Based Open-Reference 16S rRNA NGS Species-Level
Read Assignment pipeline (Acharya et al., 2019). Briefly, 16S
rRNA read numbers were BLASTN-searched against a combined
set of 16S rRNA reference sequences that consist of the HOMD
(version 14.51), HOMD 16S rRNA RefSeq Extended Version 1.1
(EXT), GreenGene Gold (GG), and the NCBI 16S rRNA
reference sequence set. Readouts with ≥98% sequence identity
to the matched reference and ≥98% alignment length were
classified based on the taxonomy of the reference sequence
with the highest sequence identity. If a read matched the
reference sequences representing multiple species equally (i.e.,
equal percent identity and alignment length), it was submitted to
chimera checking. Non-chimeric reads with multispecies best
hits were considered valid and were assigned as a different
species with multiple species names. Unassigned reads (i.e.,
≤98% identity or ≤98% alignment length) were pooled together
and subjected to the de novo chimera checking and sequence
quality screening using the USEARCH program version
v8.1.1861. The de novo chimera checking was done using 98%
as the sequence identity cutoff. Non-chimeric unassigned reads
that were ≥200 bases were then subjected to species-level de novo
operational taxonomy units, so-called amplicon sequence
variants (ASV) with 98% as the sequence identity cutoff using
USEARCH. Representative reads of each of the ASV/species
were BLASTN-searched against the same reference sequence set
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again, to determine the closest species for these potential
novel species.

Samples with <500 read counts were excluded from the
QIIME analysis. Therefore, two samples (b1Peri17 and
b6Peri14) were removed from the QIIME analysis due to
having low numbers of sequences (<500 sequences). Raw
sequencing readouts belonging to 40 samples were analyzed
using the BLAST-Based Open-Reference 16S rRNA NGS
Species-Level Read Assignment pipeline (Acharya et al., 2019).
The phylogenetic tree required for constructing the UniFrac-
based matrices used in some of the beta diversity analyses was
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4161
built dynamically from reference sequences with matched reads.
The reference sequences were aligned with the software MAFFT
version 7.149b prior to tree construction using the QIIME treeing
script. Downstream analyses were made for a range of minimal
read counts (MC) per ASV/species (MC = 100). All assigned
reads were subject to several downstream bioinformatics analyses,
including alpha and beta diversity assessments, provided in the
QIIME software package (version 1.9.1). Alpha diversity analyses
included the Shannon diversity index that measures both richness
and evenness (increases as there are more evenly distributed taxa)
and the Simpson diversity index (1-D) that is higher when
communities are more diverse. Beta diversity analyses were
performed by means of unweighted UniFrac (Lozupone and
Knight, 2005). In addition, in order to visualize the similarity
between samples, principal coordinate analysis (PCoA) and fit
function pcoa were implemented. Group significance (Kruskal–
Wallis, p values) and post-hoc analyses (FDR and Bonferroni
correction) were examined to identify ASVs that differed in
abundance between healthy peri-implant sites and those with
peri-implantitis. A differential taxonomic representation of the
salivary microbiome in the clinical diagnosis of peri-implantitis
and healthy peri-implant sites was performed (Metacoder R,
2017) (Foster et al., 2017). Clinical parameters were assessed by
Mann–Whitney U. The level of significance was set at 5%.
RESULTS

Clinical Characteristics
Forty-two volunteers were included in this study, 21 patients
with healthy peri-implant sites and 21 patients with peri-
implantitis. In the group with healthy peri-implant sites, there
were 8 males and 13 females, and the mean age was 49.0 ± 12.2
TABLE 1 | Mean (± SD) clinical parameters for monitoring peri-implant
conditions, stratified per group.

Clinical variables Healthy
peri-implant sites

(n = 21)

Peri-implantitis
(n = 21)

p-value#

PD (mm) 3.27 ± 0.99 5.06 ± 2.28 0.0050*
CAL (mm) 0.15 ± 0.64 5.08 ± 2.03 <0.0001*
PS (%) 43.1 ± 43.7 31.7 ± 40.1 0.5058
BS (%) 26.5 ± 35.3 53.9 ± 36.1 0.0227*
BoP (%) 50.0 ± 36.4 80.8 ± 30.8 0.0089*
Suppuration (%) 0 ± 0 10.7 ± 0.1 <0.01*
Bone loss (mm) 1.74 ± 2.90 4.81 ± 2.56 <0.0001*
Characteristics of the
dental implants
Number of
Anterior: posterior 9: 12 8:13
Screw retained: cement 10: 11 11: 10
Single units 5 5
FDP (2 or more units) 12 11
Fully edentulous (n) 4 6
PD, pocket depth; CAL, clinical attachment level; PS, plaque score; BS, bleeding score;
BoP, bleeding on probing; FDP, fixed dental prosthesis.
#Mann–Whitney U (Bold: *p < 0.05).
FIGURE 1 | Taxonomic profiles of all relative abundances at a phylum level. Data were normalized and displayed by sample. H, healthy peri-implant site samples;
P, peri-implantitis samples.
January 2022 | Volume 11 | Article 696432

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Pallos et al. Oral Dysbiosis and Peri-Implantitis
years [range 27–71 years]. In the groups with peri-implantitis,
there were 3 males and 18 females with mean age 52.6 ± 12.1
years [range 28–77 years]. Table 1 shows that the main clinical
parameters of implants included in the study were higher for the
peri-implantitis group (p < 0.05; Table 1).

Structure and Diversity of the
Communities
The total number of assigned reads was 4,993,541 in 40 samples.
The total number of ASVs was classified in 11 phyla, 185 genera,
and 591 species (MC = 100) (Figure 1).

When alpha diversity metrics was applied using Shannon and
Simpson indexes (Figure 2), it was observed that the bacterial
communities of participants with healthy peri-implant sites
tended to have richer microbial compositions than those in
individuals with peri-implantitis (p > 0.05).

Beta diversity was analyzed using principal coordinate analysis
(PCoA) with Unifrac distance matrices; no clear partitioning was
noted between salivary microbiomes of volunteers with healthy
peri-implant sites or those with peri-implantitis (Figure 3A).
However, a similar clustering pattern was observed between
samples derived from participants who showed BoP < 10% and
BoP > 10% (Figure 3B).
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The global taxonomic composition of bacterial communities
based on the diagnosis of healthy peri-implant sites and those
diagnosed with peri-implantitis (Figure 4). Healthy subjects did
not present phylogenetic diversity, represented by the absence of
green color.

Genus Level
The highest relative abundance in the salivary microbiome of
participants with peri-implantitis was represented by the
Stenotrophomonas (46.2%), Enterococcus (11.46%), and Leuconostoc
(10.17%) genera (SP1). In contrast, the salivary microbiome of
volunteers with healthy peri-implant sites exhibited higher relative
abundances of Streptococcus (6.81%), Gammaproteobacteria
multigenus (5.25%), and Actinomyces (1.56%) genus (SP1).

Species Level
The following groups of bacteria were detected to be significantly
more abundant in conditions of peri-implantitis: Faecalibacterium
prausnitzii, Haemophilus parainfluenzae, Prevotella copri,
Bacteroides vulgatus, and Bacteroides stercoris.

In contrast to the group with peri-implantitis, the salivary
microbiome in the group with healthy peri-implant sites
exhibited higher levels of abundance of Rothia mucilaginosa
A B

FIGURE 2 | Two measures of alpha diversity in whole saliva samples from groups with healthy peri-implant site (blue) and groups with peri-implantitis (red).
(A) Shannon index, (B) Simpson Diversity Index.
A B

FIGURE 3 | Beta diversity: principal coordinate analysis (PCoA) with Unifrac distance matrices. (A) Healthy peri-implant sites (blue) vs. peri-implantitis (red).
(B) Bleeding on probing (BoP) <10% showing clustering toward the upper and lower quadrants (BoP <10% in red and BoP >10% in blue) in groups with
peri-implantitis and those with healthy peri-implant sites.
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(HMT_681), Haemophilus parainfluenzae (HMT_718), and
Actinomyces multispecies (spp120_6) (SP2).
DISCUSSION

In this study, a cross-sectional evaluation of the saliva
microbiome of subjects with and without peri-implantitis was
described for the first time. Overall, the results suggested that
there was a difference in the salivary composition of bacterial
communities between participants with clinical diagnosis of peri-
implantitis and those with healthy peri-implant sites. BoP also
showed an effect on diversity (beta diversity) of the salivary
microbiome. However, no significant differences were observed
in the salivary microbiome richness (alpha diversity) and
diversity (beta diversity) between participants with peri-
implantitis and those with healthy peri-implant sites.

Saliva has been suggested to be a mirror of the body and could
be used to monitor the general health and the onset of specific
diseases, including SARS-CoV-2 detection (Giannobile et al.,
2009; Yokota et al., 2021). Unfortunately, it has not yet been used
in association with the different peri-implant conditions. In fact,
the study of the microbiome associated with peri-implantitis
when compared with healthy peri-implant sites has focused on
characterizing the submucosal biofilm of the participants affected
by this disease (Kumar et al., 2012; da Silva et al., 2014;
Apatzidou et al., 2017; Sanz-Martin et al., 2017; Al-Ahmad
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6163
et al., 2018). One study collected gingival crevicular fluid (Gao
et al., 2018). The results of these studies have shown that the
composition of the peri-implant microbiome differed
significantly from that of healthy peri-implant sites. In
addition, the biofilm associated with peri-implantitis harbored
more pathogenic bacterial species. However, in the study of
periodontal diseases, it has been demonstrated that pathogens
were located in the entire mouth, not only in deep periodontal
pockets (Ximénez-Fyvie et al., 2000; Mager et al., 2003; Haffajee
et al., 2008). In this context, saliva could play an important role in
the identification of these pathogens.

Our findings, using 16S rRNA-gene sequencing of the salivary
microbiome, described the highest relative abundance of the
Stenotrophomonas, Enterococcus, and Leuconostoc genera and
the Faecalibacterium prausnitzii, Haemophilus parainfluenzae,
Prevotella copri, Bacteroides vulgatus, and Bacteroides stercoris
bacterial species in participants with peri-implantitis when
compared with those with healthy peri-implant sites. No
recognized pathogens were identified as being relatively
abundant in the salivary microbiome of this study group. In
fact, based on the authors’ knowledge, these species had not been
previously identified in oral samples in the study of the peri-
implant microbiota. These findings highlight two important
points. First is the importance of including several databases as
a comparison parameter in the study of the oral microbiota. If
some species had not been found in a microenvironment, it
cannot mean that they were not there, but that they had not been
FIGURE 4 | Phylogenetic diversity of salivary microbiome in clinical diagnosis of groups with peri-implantitis (brown) and those with healthy peri-implant sites (green).
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the object of study or identification. Secondly, different sample
protocols employed in this study, even using saliva, could
influence the abundance and quality of the microbiome. In
addition, we could speculate that some characteristics of the
dental implants, including implant surface topographies, free
energy, and material composition, could influence the retention
of a mature dental biofilm, mainly during the dysbiosis, and avoid
its dispersion in the oral environment through saliva. The
microbes may be “protected” in the microgaps, pits, and grooves
of the rough surfaces of some implant surface topographies, as
titanium plasma-sprayed (TPS) and hydroxylapatite-coated (HA)
and anodized surfaces. Therefore, saliva could contain bacterial
species, but in less proportion and diversity than in the subgingival
microenvironment directly associated with the surface of the
dental implant and also of the implant-supported resotration, as
was verified at the periodontal level by Mager et al. (2003). They
examined the proportions of 40 bacterial species in samples
collected from eight oral soft tissue surfaces, saliva, and supra-
and subgingival biofilm in patients with periodontitis and those
who were periodontally healthy. The authors concluded that the
proportions of bacterial species differed markedly on different
intraoral surfaces, and the microbiota of saliva was most similar to
that of the dorsal and lateral surfaces of the tongue. These findings
highlight the importance of the effect of nature of the surface to be
colonized on subsequent biofilm composition. This difference in
the microbiological profile of saliva samples could also justify the
absence of significant differences in the analyzes of alpha and beta
diversity when comparing the salivary microbiome in patients
with peri-implantitis and in those with healthy peri-implant sites,
observed in the present study.

DNA sequencing technologies in dental and periodontal
research have revealed the wide diversity of the oral microbiome
(Paster et al., 2001). This prompted a new set of studies in oral
ecology and the identification of new potential pathogens.
Therefore, the identification of this specific group of species and
genera associated with healthy peri-implant sites and disease is the
starting point for future research in the area.

Although this case–control study has designed to compare the
salivary microbiome between healthy and diseased peri-implant
sites, a clustering of sites with BoP was associated with the
bacterial dysbiosis. The percentage of sites with bleeding on
probing influenced the beta-diversity of the salivary microbiome,
as presented in Figure 3. The members of the red and orange
complexes have previously been identified and found to be
significantly elevated at sites that exhibited bleeding on
probing, which was used as a clinical indicator of periodontal
inflammation (Socransky and Haffajee, 2005; Shibli et al., 2008;
Kröger et al., 2018). In peri-implant tissues, bone levels ≥3 mm
apical of the most coronal portion of the intra‐osseous part of the
implant together with BoP were consistent with the diagnosis of
peri‐implantitis (Berglundh et al., 2018). Therefore, the clinical
characteristics of inflammation at the peri-implant site level may
influence the diversity of the salivary microbiome, in agreement
with a previous study (Kröger et al., 2018).

This study was the first one to use 16S rRNA gene sequencing to
compare the salivary microbiome in volunteers diagnosed with
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7164
peri-implantitis and those with healthy peri-implant sites.
Collecting saliva as a study sample involves relatively simple
procedures, and the use of saliva-based oral fluid diagnostics seems
promising as a diagnostic criterion for oral diseases. In addition, the
development of the chair-side test might facilitate the earlier
diagnostic of the microbial shift of implant-supported restorations
and therefore improve the treatment plan of the periodontist.

The present study has some strengths as rigorous inclusion
criteria (patients without clinical periodontal diseases), sample size,
and correlations with clinical parameters. The inclusion and
exclusion criteria performed in this study influenced the absence
of phylogenic diversity in the salivary microbiome among healthy
subjects The main limitation of our study was the lack of
microbiological data from subgingival peri-implant sites. The
direct comparison between submucosal and salivary samples may
lead to criticism of these results as a validated method. However, a
better characterization of the peri-implant microbiome can
improve the understanding of the etiology of peri-implant
diseases and, consequently, improve the treatment of peri-
implantitis. Finally, the outcomes presented in this investigation
were obtained from a specific population, and therefore, factors
such as smoking cigarettes, diabetes, history of periodontitis,
different characteristics of the dental implants, and type of
implant-supported restoration could modify the results.

In conclusion, the results of this cross-sectional study showed
that there was a difference in the salivary composition of bacterial
communities between participants with clinical diagnosis of peri-
implantitis and those diagnosed with healthy peri-implant sites. BoP
could affect the diversity (beta diversity) of the salivary microbiome.
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et al. (2018). Smoking Habit Modulates Peri-Implant Microbiome: A Case-
Control Study. J. Periodontal. Res. 53, 983–991. doi: 10.1111/jre.12597

Retamal-Valdes, B., Formiga, M., de, C., Almeida, M. L., Fritoli, A., Figueiredo, K.
A., et al. (2019). Does Subgingival Bacterial Colonization Differ Between
Implants and Teeth? A Systematic Review. Braz. Oral. Res. 33, e064.
doi: 10.1590/1807-3107bor-2019.vol33.0064

Salvi, G. E., Cosgarea, R., and Sculean, A. (2017). Prevalence and Mechanisms of
Peri-Implant Diseases. J. Dent. Res. 96, 31–37. doi: 10.1177/0022034516667484

Sanz-Martin, I., Doolittle-Hall, J., Teles, R. P., Patel, M., Belibasakis, G. N.,
Hämmerle, C. H. F., et al. (2017). Exploring the Microbiome of Healthy and
Diseased Peri-Implant Sites Using Illumina Sequencing. J. Clin. Periodontol.
44, 1274–1284. doi: 10.1111/jcpe.12788

Schwarz, F., Derks, J., Monje, A., and Wang, H. L. (2018). Peri-Implantitis. J. Clin.
Periodontol. 45, S246–S266. doi: 10.1111/jcpe.12954

Shibli, J. A., Melo, L., Ferrari, D. S., Figueiredo, L. C., Faveri, M., and Feres, M.
(2008). Composition of Supra- and Subgingival Biofilm of Subjects With
Healthy and Diseased Implants. Clin. Oral. Implants. Res. 19, 975–982.
doi: 10.1111/j.1600-0501.2008.01566.x

Socransky, S. S., and Haffajee, A. D. (2005). Periodontal Microbial Ecology.
Periodontol. 2000. 38, 135–187. doi: 10.1111/j.1600-0757.2005.00107.x

Teles, F. R. F. (2017). The Microbiome of Peri-Implantitis: Is It Unique? Compend.
Contin. Educ. Dent. 38, 22–25.
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Microorganisms in the complex root canal system and the extraradicular regions,
including the periapical lesions and extraradicular biofilm may cause root canal
treatment failures. However, few studies described the difference between the
intraradicular and extraradicular infections from the same tooth associated with
persistent apical periodontitis. This study aimed to characterize the microbiome present
in the root canal, extraradicular biofilm, and periapical lesions associated with persistent
apical periodontitis. The microbial communities in the root canal, extraradicular biofilm,
and periapical lesions were investigated by Illumina high-throughput sequencing using
Illumina Hiseq 2500 platform. The dominant phyla in the extraradicular and intraradicular
infections associated with persistent apical periodontitis were Proteobacteria, Firmicutes,
Bacteroidetes, and Actinobacteria, and the genera Fusobacterium, Morganella,
Porphyromonas, Streptococcus, and Bifidobacterium dominated across all samples.
Although extraradicular infection sites showed higher OTU richness and b-diversity
compared to intraradicular samples, the occurrence of sinus tract rather than the
sampling sites demarcated the microbial communities in the infections associated with
persistent apical periodontitis. PERMANOVA analysis confirmed that the samples with or
without sinus tracts contained significantly different microbial communities.
Porphyromonas, Eubacterium, Treponema, and Phocaeicola were found in significantly
higher levels with sinus tracts, whilst Microbacterium and Enterococcus were more
abundant in samples without sinus tracts. In conclusion, diverse bacteria were
detected in both intraradicular and extraradicular infections associated with persistent
apical periodontitis, which might be influenced by the occurrence of the sinus tract. The
results may provide new insight into the pathogenesis of persistent apical periodontitis.

Keywords: microbial community, persistent apical periodontitis, root canal, periapical lesions, 16S rRNA
sequencing, sinus tract
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INTRODUCTION

Persistent apical periodontitis has been reported to occur in 10-
20% of teeth, even when the root canals are thoroughly prepared,
disinfected, and obturated, leading to periapical lesions persist
after the failure of endodontic treatment and retreatment (Nair,
2004). Residual bacterial biofilm located in the complex apical
root canal system and extraradicular regions was considered to
be an important factor affecting the persistent apical infections
(Zakaria et al., 2015; Bronzato et al., 2021).

By using transmission electron microscopy, complex
multispecies biofilm was present in root canals of persistent apical
periodontitis (Carr et al., 2009). Fusobacterium, Corynebacterium,
Porphyromonas, Streptococcus, and Stenotrophomonas were the
most abundant genera detected in intraradicular samples of
persistent infection (Henriques et al., 2016; Takahama et al., 2018;
Gomes et al., 2021; Hou et al., 2021). Moreover, Pseudomonas spp.,
Burkholderia spp., and Enterococcus faecaliswere also found highly
prevalent in root canals with persistent endodontic infections
(Siqueira et al., 2011; Barbosa-Ribeiro et al., 2021).

Using scanning electron microscopy, extraradicular biofilm
was observed on the surface of cementum from root tip to
coronal (Wang et al., 2012), and was detected in 80-100% of
root canal treatments considered endodontic failure (de Sousa
et al., 2017). Meanwhile, the biofilm attached to the external
surface of the root could not be easily controlled by
conventional root canal preparation and disinfection (Ping et al.,
2015). Thus, the intraradicular and extraradicular regions in the
core apical area play an essential role in the persistent chronic
inflammatory process.

The difference in the bacterial composition of periradicular
lesions and root ends (microbiota inside and outside of the root
canals) was characterized by 16S rRNA cloning and sequencing
(Subramanian and Mickel, 2009). Ten crucial microorganisms
from root ends and periapical lesions were quantified by real-
time PCR (Pereira et al., 2017). The mass spectrometry was used
to compare bacterial and human metaproteome collected from
the root apexes and matched apical lesions of persistent
infections (Provenzano et al., 2016). And we have also
compared the microbial profiles between periapical lesions and
extraradicular biofilm by ribosomal 16S rRNA cloning and
sequencing in our previous work (Zhang et al., 2021).
However, few studies described the difference between the
intraradicular and matched extraradicular infections associated
with persistent apical periodontitis, and the facilitating factors of
persistent extraradicular infection were still unknown.

Microbial diversity in samples has been traditionally explored
by culture methods involving isolation and identification, and,
afterward, by molecular technology. Recently, with the
development of molecular technologies, next-generation high-
throughput sequencing techniques provide a more thorough
understanding of oral microbial communities (Gomes et al.,
2015; Zandi et al., 2018; Hou et al., 2021). Microbial profiles of
persistent periapical lesions were characterized by 454-
pyrosequencing technology and were of greater bacterial
diversity than previous traditional approaches (Saber et al.,
2012). Compared to 454 pyrosequencing, Illumina sequencing
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2168
has greater output and lower cost, and it is more accurate because
of its lower rate of sequencing errors, with the disadvantages that
are relatively short read length and long run time (Di Bella
et al., 2013).

To the best of our knowledge, the comparative analysis of
microbial profiles in the root canal and its matched
extraradicular infections after conventional endodontic
treatment have not been studied. Thus, the present study
aimed to evaluate the bacterial communities of intraradicular
root canal fillings, extraradicular biofilm, and the matched
inflammatory lesions from teeth with persistent apical
periodontitis by using a high-throughput Illumina sequencing.
METHODS AND MATERIALS

Patient Population and Clinical Examination
Protocols for all procedures were approved by the Ethics
Committee of the Dental School of the Capital Medical
University, Beijing, China [KJ-2018-018-C-02-FS(CS)], and all
patients signed their informed consent form for their
participation in this study.

In all, ten samples were collected from eight patients from 21 to
51 years of age with persistent apical periodontitis referred for
endodontic surgerywere recruited.All selected teethhadpreviously
received root canal treatment and retreatment more than 1 year
earlier and exhibited periapical radiolucent areas with satisfactory
root canal obturation and restoration. All teeth were examined by
X-ray and CBCT to determine the root canal obturation. The
coronal restoration was examined before surgery, and after the
raise of themucoperiosteal flap, the edge of coronal restorationwas
examined in surgery under high magnification. All teeth were
symptomatic and the clinical/radiographic features were found
and recorded. Five of the ten teeth had a preoperative sinus tract.
Teeth presenting with periodontal pockets >3mm, root fractures,
separated endodontic instruments, root canal deviations,
perforations, and patients treated with antibiotics within 3
months were excluded from the study.

Sample Collection
All samples were taken from the root canal fillings, root end
surface, and matched periapical soft lesions according to the
following protocol (Figure 1A). All patients were treated by the
same surgeon who is an endodontic specialist under high
magnification with a dental operating microscope (Leica M525
F40, Germany).

First, patients rinsed with 0.12% chlorhexidine for mouthwash.
After applying local anesthesia, the area to be operated on was
washed thoroughly by using sterile gauze soaked in 70% alcohol to
avoid external contamination. After crevicular and intrasulcular
incision, a full-thickness mucoperiosteal flap was lifted. Care was
taken to avoid contamination of the surgical site with saliva. After
the reflection of the flap, periosteal tissue samples were collected
from areas adjacent to the surgical site using curettes and absorbent
paper cones to test for bacterial contamination. The apical
periodontitis lesions were enucleated by a sterile curette and
placed in a sterile Eppendorf (EP) tube containing phosphate
January 2022 | Volume 11 | Article 798367
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buffered solution (PBS) and then immediately frozen in a -20°C
refrigerator. The apical 3 mm of the root apexes were washed with
sterile saline to remove the blood and planktonic bacteria. Then
extraradicular biofilmspecimenswere taken tocurettage the surface
of cementum within 2 to 3 mm from root tip to coronal, and
immediately placed in EP tubes containing sterile PBS and then
frozen in -20°C refrigerator. Then resected to the long axis of the
tooth in2mm.The rootcanalfillingswere curetted and immediately
placed in EP tubes containing sterile PBS and then frozen in -20°C
refrigerator. Surgery was completed by retrograde preparation and
bioceramic material was used for the retrograde obturation.

DNA Extraction and 16S rRNA
Gene Sequencing
DNA of all samples was extracted and purified according to the
protocol of theQIAampDNAMiniKit (Qiagen,Hilden,Germany)
following the manufactural instructions and then was stored at
-20°C. To evaluate the microbial composition and diversity per
sample, IlluminaHiseq2500 sequencing (NovogeneBioinformatics
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3169
Technology Co, Ltd) was performed, according to the
manufacturers’ instructions. All the DNA samples should satisfy
the quality and quantity standards of high-through sequencing.
PCR react ions used the special primers , 515F (5 ′ ,
GTGCCAGCMGCCGCGGTAA, 3 ′ ) and 806R (5 ′ ,
GGACTACNNGGGTATCTAAT, 3′), which target the V3-V4
hypervariable regions of 16S rRNA genes. PCR amplification was
performed in 30 µL reactions containing 15 µL of Phusion®High-
Fidelity PCR Master Mix(New England Biolabs, USA) with GC
Buffer, 0.2 µM of 515F primer, 0.2 µM of 806R primer, and
approximately 10 ng template DNA. The temperature conditions
were initial denaturation at 98°C for 1min, followed by 30 cycles at
98°C for 10 s, annealing at 50°C for 30 s, and elongation at 72°C for
30 s. Finally, 72°C for 5 min.

All PCR products were run and confirmed by 2% agarose gel
electrophoresis. Using QuantiFluor™-ST Fluorometer
(Promega, China), samples with the bright main strip between
400 and 450 bp were chosen for further experiments. Sequencing
libraries were generated using TruSeq™ DNA Sample Prep Kit
A

B C

FIGURE 1 | Comparisons of Alpha diversities of samples collected from the root canal, extraradicular biofilm, and periapical lesions. (A) schematic diagram of
sampling; (B) comparison of Shannon index; (C) Comparison of observed OTUs. The P-values were calculated using the student’s t-test.
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(Illumina, USA) according to the manufacturer’s introductions
and index codes were added. The library quality was assessed on
the Qubit R 2.0 Fluorometer (Thermo Fisher Scientific, USA)
and Agilent Bioanalyzer 2100 system (Agilent, USA). At last,
libraries for each of all samples were sequenced on an Illumina
HiSeq 2500. The raw reads were deposited into the National
Microbiology Data Center (NMDC) with the accession
number: NMDC40013660.

Bioinformatic Analysis, Statistical Analysis,
and Visualization
First, the paired-ended raw reads obtained from sequencing were
quality-filtered using Trimmomatic (Bolger et al., 2014). Then
the filtered reads were further processed using the Quantitative
Insights into Microbial Ecology (QIIME) bioinformatics pipeline
(Caporaso et al., 2010). Sequences with ≥ 97% similarity were
assigned to the same OTUs. A representative sequence was
picked for each OTU and the taxonomic information for each
representative sequence were assigned against SILVA ribosomal
RNA database and Human Oral Microbiome Database (HOMD)
(Chen et al., 2010). Sequences identified as mitochondrial or of
chloroplast origin and singleton OTUs were discarded. Shannon
indexes were calculated for the evaluation of alpha diversity
among different sites. The student’s t-test and Wilcoxon rank-
sum test were used for statistical analysis. To compare the
microbial profiles of different sites and different symptoms,
principal coordinate analysis (PCoA) based on the bray-curtis
distances and permutational multivariate analysis of variance
(PERMANOVA) were performed. Random forest analysis was
used to test whether the bacterial communities of samples with
or without sinus tract could be classified by some genera.
RESULTS

General Information From 16S rRNA Gene
High-Throughput Sequencing
To investigate the microbial communities associated with
persistent apical periodontitis, microbial samples from root
canal, extraradicular biofilm and periapical lesions from
patients with persistent apical periodontitis were investigated
by 16S rRNA gene high-throughput sequencing. No bacterial
DNA was detected from samples of periosteal tissue, confirming
the sterility of the sampling approach. Bacteria were detected in
all periapical lesion samples, 9 of 10 root canal and 9 of 11
extraradicular biofilm samples by PCR amplification with the
universal 16S rRNA gene primers. A total of 1317195 16S rRNA
gene V3-V4 fragments and 1467 OTUs at 0.03 distances were
obtained from all the samples (Table 1).

Diversity of Bacterial Communities in
Root Canal, Extraradicular Biofilm
and Periapical Lesions
The OTU richness of all samples ranged from 66 to 514, and the
Shannon index ranged from 0.31 to 4.51. The mean number of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4170
OTUs per sample was 175.7 ± 55.6 in the intraradicular infection
group, 277.2 ± 122.5 in the extraradicular biofilm group, and
264.8 ± 113.6 in the periapical lesion group, respectively
(Table 1). Although the Shannon indices from all three
sampling sites were similar (Figure 1B), samples from the
extraradicular infection sites (i.e., periapical lesion samples and
extraradicular biofilm samples) exhibited significantly higher
OTU richness than the samples from intraradicular infection
site (i.e., root canal filling samples) (Figure 1C). Moreover, the
number of total OTUs detected in both the extraradicular biofilm
and periapical lesions were higher than the root canal filling
samples (i.e., 1069 OTUs and 971 OTUs vs. 683 OTUs), which
indicated the microbial compositions in the extraradicular
infection sites were more variable than the intraradicular
infection site (Figure 2A). The further b-diversity analysis also
showed that the weighted unifrac distances between samples
within both the extraradicular biofilm and the periapical lesions
groups were significantly higher than those in the root canal
fillings (Figure 2B).

We also tested the effects of the sinus tracts on the diversity of
microbial communities in intraradicular and extraradicular
infections, the samples with or without sinus tracts exhibited
similar alpha diversities, which suggested that the sinus tracts
had weak effects on the microbial richness of intraradicular and
extraradicular infections.
Composition of Bacterial Communities
in Root Canal, Extraradicular Biofilm
and Periapical Lesions
To investigate the compositions of bacterial communities
associated with persistent apical periodontit is , the
representative sequences of each OTU were classified against
the reference sequences using the Silva classifier (Release138
http://www.arb-silva.de). All the OTUs were assigned to 31
bacterial phyla and 557 genera. Although, the results showed
that the bacterial compositions varied among individuals,
Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria
were detected in all samples and identified as dominant phyla
across all the samples, with a mean relative abundance of. 31.5%,
20.9%, 13.2% and 10.5%, respectively (Figure 3A). The results
suggested that these four phyla represented the core microbiome
of extraradicular and intraradicular infections associated with
persistent apical periodontitis. It was notable that Fusobacteria
was also found in most of the samples with a mean relative
abundance of 10.4%, however, its relative abundance highly
varied across all samples. At the genus level, Fusobacterium
(with a mean relative abundance of 9.8%), Morganella (9.1%),
Burkholderia (5.4%), Porphyromonas (5.3%), Streptococcus
(4.8%), and Bifidobacterium (3.7%) dominated across all
samples (Figure 3B).

We also annotated the OTUs against the Human Oral
Microbiome Database (HOMD). The results showed that the
dominant OTUs across all samples presented the highest
similarities with strains from Burkholderia, Fusobacterium,
Proteus, Bifidobacterium, Streptococcus, Sphingomonas, and
January 2022 | Volume 11 | Article 798367
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Porphyromonas (Table 2). Most of the abundant genera based on
both Silva and HOMD databases were similar, except for
Morganella from the Silva database and Proteus from HOMD.
It is notable that although the most abundant OTU showed the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5171
highest similarity with Burkholderia cepacia HMT-571 Strain:
ATCC 25416 from the HOMD database, the sequence identity
was only 94.92%, which suggested that it was novel to the
HOMD database.
TABLE 1 | Sample information.

Patient Information Sample information General sequencing information

Patient Gender Age Tooth ID Sinus Tract Sample ID Sampling Site Number of sequences Observed OTUs Shannon index

1 Male 40 1 Yes A2 root canal fillings 55360 173 3.12
A3 extraradicular biofilm 31625 241 3.50
A4 periapical lesions 39316 241 3.48

2 Yes B2 root canal fillings 35541 150 3.85
B4 extraradicular biofilm 42688 281 3.85
B3 periapical lesions 35016 277 2.89

2 Female 29 3 No C1 root canal fillings 45236 213 4.06
C2 extraradicular biofilm 32855 368 3.73
C5 periapical lesions 44039 437 4.22
C3 periapical lesions 44751 390 4.08

4 No C7 root canal fillings 45498 279 3.86
C4 extraradicular biofilm 44146 327 3.72
C8 periapical lesions 35702 361 4.18

3 Female 45 5 No D4 root canal fillings 73876 152 3.42
D1 extraradicular biofilm 50636 514 4.51
D6 periapical lesions 71284 303 3.60

4 Female 32 6 Yes D15 extraradicular biofilm 48239 261 3.93
5 Male 47 7 No D8 root canal fillings 34411 175 0.99

D3 extraradicular biofilm 48212 66 1.27
D5 periapical lesions 81702 88 0.97

6 Female 51 8 Yes D13 root canal fillings 54876 200 2.69
D10 periapical lesions 30569 242 3.06

7 Male 29 9 Yes GN root canal fillings 50432 167 1.87
GY extraradicular biofilm 70119 208 1.64
RY periapical lesions 66428 114 3.05

8 Male 32 10 No D11 root canal fillings 39711 72 0.31
D14 extraradicular biofilm 33234 229 2.38
D7 periapical lesions 31693 195 0.90
Janua
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FIGURE 2 | Distribution of OTUs in samples collected from the root canal, extraradicular biofilm, and periapical lesions. (A) the Venn diagram indicates the shared/
unique OTUs in samples from the root canal, extraradicular biofilm, and periapical lesions; (B) comparison of beta-diversities between samples within each group.
The P-values were calculated using the student’s t-test.
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The Sinus Tracts Influence the Microbial
Community of Extraradicular and
Intraradicular Infections
To investigate how the microbial communities of the
extraradicular and intraradicular infections associated with
persistent apical periodontitis were determined, we compared
the microbial communities of samples from different sites and
with or without sinus tracts. Principal coordinate analysis
(PCoA) based on the bray-curtis distances showed that
intraradicular infection, extraradicular biofilm, and periapical
lesion samples had similar microbiota profiles (Figure 4A).
However, the principle coordinates demarcated samples with
sinus tract from those without sinus tract (Figure 4B). Further
PERMANOVA analysis confirmed that the samples with or
without sinus tracts contained significantly different microbial
communities (PERMANOVA analysis, R2 = 0.1, P = 0.001). The
results suggested that bacterial communities in intraradicular
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6172
and extraradicular infections associated with persistent apical
periodontitis were determined by the sinus tracts.

To assess which genera were most associated with the infections
with and without the sinus tracts, we compared the microbial
compositions of samples from the two groups. The results showed
that Porphyromonas, Eubacterium, Treponema, Phocaeicola, etc.
were significantly enriched in the samples with sinus tracts. The
samples without sinus tracts were characterized byMicrobacterium
and Enterococcus (Figure 5). We then performed Random forest
analysis to test whether the bacterial communities of samples with
and without sinus tract could be classified by some genera. The
results showed that the Random forest model could classify most of
the samples into correct groups (Figure 6A), which suggested that
there existed consistent differentiation inmicrobial communities of
samples with or without sinus tract. The most important genera for
classification included Eubacterium, Tannerella, Treponema,
Prevotella, and Oribacterium (Figure 6B).
A

B

FIGURE 3 | Bacterial compositions of samples from the root canal, extraradicular biofilm, and periapical lesions. (A) bacterial compositions at the phylum level;
(B) bacterial compositions at the genus level.
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DISCUSSION

It is universally acknowledged that microbial communities play an
important role in the etiology of persistent infections (Siqueira and
Rôças, 2009). Traditionally it has been held that the
microorganisms in the necrotic tissues of the root canal systems
and periapical tissues could form biofilm on surfaces of root ends.
Many studies addressed the microbiota in root ends and
extraradicular infection up to now (Subramanian and Mickel,
2009; Zakaria et al., 2015), but the relation and difference among
the intraradicular microbiome in the root canal system,
extraradicular biofilm, and the matched extraradicular lesions of
persistent apical periodontitis were still unclear.

Recently, lots of culture-independent methods were used to
investigate the diversity of bacterial microbiome associated with
persistent periapical infections, such as Sanger sequencing
(Zakaria et al., 2015), microarrays (Qi et al., 2016), and next-
generation sequencing (Saber et al., 2012). The diversity of oral
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7173
flora detected by high-throughput sequencing is one to two
orders of magnitude higher than other methods (Keijser et al.,
2008; Di Bella et al., 2013). The high-throughput Illumina
sequencing facilitated the acquisition of low-abundance
bacteria and revealed higher and more complex polymicrobial
communities than previously reported (Ping et al., 2015). In our
study, approximately 1467 OTUs belonging to 31 phyla and 557
genera were detected, and the majority of low-abundance
bacteria were obtained by Illumina sequencing.

At the phylum level, the predominant bacterial phyla detected
were Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria.
Consistent with our study, Proteobacteria and Firmicutes and
Bacteroidetes were previously reported, by next-generation
sequencing, as the most dominant phyla in primary and
persistent infections (Siqueira et al., 2011; Hong et al., 2013;
Keskin et al., 2017; Sánchez-Sanhueza et al., 2018; Hou et al.,
2021). At the genus level, Fusobacterium with a mean relative
abundance of 9.8% is the most abundant genus, which is
TABLE 2 | Top OTUs classified against the HOMD database.

Rank OTU ID Sum of OTUs in all samples HOMD Identity (%)

1 OTU1570 169504 Burkholderia cepacia HMT-571 Strain: ATCC 25416 94.923
2 OTU1470 132710 Fusobacterium nucleatum subsp. animalis HMT-420 Strain: NCTC 12276 99.065
3 OTU983 79496 Proteus mirabilis HMT-676 Strain: ATCC 29906 95.333
4 OTU805 76149 Bifidobacterium breve HMT-889 Strain: ATCC 15700 99.08
5 OTU1567 62369 Streptococcus oralis subsp. dentisani clade 058 HMT-058 Clone: BW009 99.333
6 OTU1593 35142 Sphingomonas echinoides HMT-003 Clone: nby481c06c1 98.824
7 OTU1480 31288 Porphyromonas gingivalis HMT-619 Strain: DSM 20709 99.326
8 OTU1402 30554 Campylobacter gracilis HMT-623 Strain: ATCC 33236 99.061
9 OTU1562 30112 Peptostreptococcaceae [XI][G-6] [Eubacterium] nodatum HMT-694 Strain: ATCC 33099 98.824
10 OTU365 30049 Escherichia coli HMT-574 Strain: not listed 99.333
11 OTU363 28506 Enterococcus faecalis HMT-604 Strain: not listed 99.333
12 OTU1435 27434 Microbacterium flavescens HMT-186 Strain: C24KA 98.605
13 OTU10 26143 Bacteroidaceae [G-1] bacterium HMT 272 Clone: _X083 99.324
14 OTU996 23485 Pyramidobacter piscolens HMT-357 Strain: W5455 99.532
15 OTU113 22976 Porphyromonas endodontalis HMT-273 Strain: ATCC 35406 99.327
16 OTU44 21569 Tannerella forsythia HMT-613 Strain: FDC 338 98.876
17 OTU234 21493 Bacillus subtilis HMT-468 Strain: ATCC 6633 99.113
18 OTU1427 21433 Pseudomonas stutzeri HMT-477 Strain: KC 98.222
19 OTU7 17587 Desulfovibrio sp. HMT 040 Clone: BB161 96.222
20 OTU126 16728 Cutibacterium acnes HMT-530 Strain: JCM 6425 99.302
January 2022 | Volume 11 | A
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FIGURE 4 | PCoA plots of samples in intraradicular and extraradicular infections associated with persistent apical periodontitis. (A) PCoA plot of samples grouped
based on the sampling sites; (B) PCoA plot of samples grouped based on the existence of sinus tract.
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consistent with previous studies (Siqueira et al., 2011; Tzanetakis
et al., 2015). Pereira et al. (2017) used real-time PCR to test ten
important microorganisms collected from the root apex and the
surrounding apical lesion. Fusobacterium nucleatum was the most
prevalent and significant species in the root canal and periradicular
lesions (Pereira et al., 2017; Gomes et al., 2021). Meanwhile,
Noguchi et al. (2005) found that F. nucleatum was frequently
detected in extraradicular biofilm attached to the surface of root
ends with persistent infection. Thus, Fusobacterium may be
significantly related to the persistent infection.

In the present study, Streptococcus was frequently and
dominantly detected in both intraradicular and extraradicular
infections, which is in accordance with previous studies (Siqueira
et al., 2002; Rocas et al., 2008; Takahama et al., 2018). Streptococcus
was one of themost abundant and prevalent genera before and after
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8174
the chemo-mechanical procedure (Zandi et al., 2018). Thus, we
speculate that Streptococcus can survive in harsh nutritional
conditions and play important role in persistent infection.

The PCoA based on the bray-curtis distances showed that
intraradicular infection, extraradicular biofilm, and matched
periapical lesion samples had similar microbiota profiles.
Similar microbial profiles from different sites were previously
demonstrated by comparing the bacterial composition from
different researches (Noguchi et al., 2005; Kuremoto et al., 2014).

The sinus tract, which is the channel connecting the oral cavity
and periapical lesions, was reported to occur one in five teeth with
periapical lesions (Gupta and Hasselgren, 2003). The formation of
the sinus tract is related to bacterial infection. It is still unclear
whether there are bacteria that determine the formation of the
sinus tract, or whether the formation of the sinus tract will cause
FIGURE 5 | Genera presented significantly different relative abundances between samples with or without sinus tracts. *P < 0.05; **P < 0.01; ***P < 0.001.
A B

FIGURE 6 | Classification of samples by Random forest analysis. (A) sample distribution in the Random forest model; (B) the genera with the highest importance
scores in the Random forest model.
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the change of microbiome. In a previous study, fifty endodontic
pathogens were detected using a closed-ended reverse-capture
checkerboard method, and none of the taxa were significantly
associated with the sinus tract (Rocas et al., 2011). However, Qi
et al. (2016) found that taxa were significantly associated with the
sinus tract targeting 11 species using microarrays. In the present
study, the PCoA and PERMANOVA analysis revealed some
differences in the bacterial composition of the infections with or
without sinus tracts. The occurrence of sinus tracts may relate to
the microbial communities of extraradicular infections associated
with persistent apical periodontitis.

In the present study, Porphyromonas, Eubacterium,
Treponema, Phocaeicola, Tannerella, and Prevotella were more
associated with infections with the sinus tract. Porphyromonas, a
genus of small anaerobic gram-negative nonmotile cocci, play an
essential role in endodontic infections in light of its prominent
virulence factors (Barbosa-Ribeiro et al., 2021; Bordagaray et al.,
2021; Gomes et al., 2021) The sinus tract may be related to the
simultaneous occurrences of both Porphyromonas endodontalis
and Tannerella forsythia, P. gingivalis, and P. endodontalis, or
Parvimonas micra and P. endodontalis (Qi et al., 2016). Bacterial
communities of primary intraradicular infections with or
without sinus tracts were compared, and a higher abundance
of P. gingivalis and F. nucleatum sp. were associated with sinus
tracts (Sassone et al., 2008). Previous studies concluded that
Tannerella and Treponema were associated with periodontitis,
with a higher presence in deep periodontal pockets (Farias et al.,
2012). On the one hand, the occurrence of bacteria related to
periodontitis may be the reason for the formation of the sinus
tract. And on the other hand, the appearance of the sinus tracts
may allow bacteria in the oral cavity to invade the area of
persistent periapical infection.

The samples without sinus tracts were characterized by
Microbacterium and Enterococcus. Enterococcus, a genus of
gram-positive, facultatively anaerobic bacteria, was much more
likely to be found in cases of persistent infections than in primary
infections due to its ability to invade the dentinal tubules and
highly resistant to antimicrobial strategies (Sun et al., 2009;
Murad et al., 2014; Keskin et al., 2017; Bouillaguet et al., 2018;
Sun et al., 2018; Barbosa-Ribeiro et al., 2021; Gomes et al., 2021;
Zhang et al., 2021). In the present study, Enterococcus was
consistently detected in all of the samples but with a low mean
proportion of OTUs. Similar to our study, Enterococcus was
detected as a low-abundant (0.7%) genus of persistent
endodontic infections (Hong et al., 2013) and the core status of
Enterococcus as the main pathogen of endodontic failures need to
be further investigated.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9175
CONCLUSIONS

In conclusion, our study using high-throughput sequencing
offers a detailed characterization of the intraradicular and
matched extraradicular microbiome in persistent infections.
And it confirms the polymicrobial nature of persistent
endodontic infections. Diverse bacteria were detected in both
intraradicular and extraradicular infections associated with
persistent apical periodontitis. The occurrence of the sinus
tract may relate to the extraradicular bacterial communities.
Further endodontic microbiome studies are warranted to focus
on bacterial pathogenicity and characterize correlations of
microbial communities.
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Blood Biomarkers and Serologic
Immunological Profiles Related to
Periodontitis in Abdominal Aortic
Aneurysm Patients
Leila Salhi1*, Patrick Rijkschroeff2, Dorien Van Hede1, Marja L. Laine2, Wim Teughels3,
Natzi Sakalihasan4 and France Lambert1

1 Department of Periodontology, Buccal Surgery and Implantology, Faculty of Medicine, Liège, Belgium, 2 Department of
Periodontology , Academic Centre for Dentistry Amsterdam, Vrije Universiteit (VU) Amsterdam, Amsterdam, Netherlands,
3 Department of Oral Health Sciences, KU Leuven & Dentistry, University Hospitals Leuven, Leuven, Belgium, 4 Department
of Cardiovascular and Thoracic Surgery, Faculty of Medicine, Liège, Belgium

Background: Periodontitis is a chronic inflammatory gum disease associated with
systemic diseases such as cardiovascular diseases.

Aim: To investigate the association of systemic blood biomarkers, C-reactive protein
(CRP), levels of lipopolysaccharide (LPS), and IgG levels against periodontal pathogens
Aggregatibacter actinomycetemcomitans (Aa) and Porphyromonas gingivalis (Pg) with the
stability, based on the aortic diameter, the growth rate and the eligibility for surgical
intervention, of patients with abdominal aortic aneurysm (AAA).

Methods: Patients with stable AAA (n = 30) and unstable AAA (n = 31) were recruited. The
anti-A. actinomycetemcomitans and anti-P. gingivalis IgG levels were analyzed by ELISA,
the LPS analysis was performed by using the limulus amebocyte lysate (LAL) test, and
plasma levels of CRP were determined using an immune turbidimetric method. The
association between these blood systemic biomarkers, AAA features, periodontal clinical
parameters and oral microbial profiles were explored. Regression models were used to
test the relationship between variables.

Results: The presence of antibodies against Pg and Aa, LPS and high CRP
concentrations were found in all AAA patients. The IgG levels were similar in patients
with stable and unstable AAA (both for Aa and Pg). Among investigated blood biomarkers,
only CRP was associated with AAA stability. The amount of LPS in saliva, supra, and
subgingival plaque were significantly associated with the systemic LPS (p <0.05).

Conclusions: This post-hoc study emphasizes the presence of antibodies against Pg
and Aa, LPS and high CRP concentrations in all AAA patients. The presence of Pg in saliva
and subgingival plaque was significantly associated with the blood LPS levels. For further
studies investigating periodontitis and systemic diseases, specific predictive blood
biomarkers should be considered instead of the use of antibodies alone.

Keywords: periodontitis, periodontitis systemic interaction, microbiome, inflammation and innate immunity,
abdominal aortic aneurysm (AAA)
gy | www.frontiersin.org January 2022 | Volume 11 | Article 7664621178

https://www.frontiersin.org/articles/10.3389/fcimb.2021.766462/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.766462/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.766462/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.766462/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:l.salhi@chuliege.be
https://orcid.org/ 0000-0003-3529-8452
https://doi.org/10.3389/fcimb.2021.766462
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2021.766462
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2021.766462&domain=pdf&date_stamp=2022-01-14


Salhi et al. Periodontitis and Abdominal Aortic Aneurysm
INTRODUCTION

AAA is a chronic degenerative disorder of the abdominal aorta
promoted by genetic and environmental risk factors such as
smoking, older age, Caucasian ethnicity, and the male gender
(Sakalihasan et al., 2018). The disease progresses with the
increase of the abdominal aortic diameter that can lead to
vessel rupture, responsible for 1 to 3% of all deaths in western
countries (Sakalihasan et al., 2005). The AAA physiopathology
involves an inflammatory destruction of the aortic wall structure
and the presence of an intraluminal thrombus (ILT) (Hellmann
et al., 2007; Morbelli et al., 2014) that can be induced by the
presence of several bacteria (Halme et al., 1999; Lindholt et al.,
1999; Salhi et al., 2019).

Periodontitis, a chronic inflammatory gum pathology, is the 6th
most prevalent disease worldwide (Kassebaum et al., 2014) affecting
more than 50% of the adult population and about 11% of the
population suffers from severe form. The disease, induced by the
invasion of gram negative bacteria (Socransky et al., 1998),
triggering the host immune defense (Haffajee and Socransky,
1994; Amano, 2010a; Meyle and Chapple, 2015), leads to the
destruction of the connective tissues supporting tooth, and
ultimately to the tooth loss (Socransky et al., 1998; Meyle and
Chapple, 2015). Particularly, the red complex composed of
Treponema denticola (Td), Porphyromonas gingivalis (Pg),
Tanna r e l l a f o r s y t h i a (T f ) , a n d Ag g r e g a t i b a c t e r
actinomycetemcomitans (Aa) have been strongly associated with
periodontal tissues destruction (Haffajee and Socransky, 1994;
Amano, 2010a; Meyle and Chapple, 2015). Moreover, it is well
documented that the release of periodontal pathogens or/and their
sub-products (SPs) (Forner et al., 2006) in the bloodstream (Haffajee
and Socransky, 1994) can induce a systemic inflammation and
promote metastatic infection of periodontal pathogens (Loos, 2005;
Salhi et al., 2019). Therefore, it has been hypothesized that
periodontitis may induce bacteremia, the release of inflammatory
mediators and the progression of systemic diseases (Forner et al.,
2006; Amano, 2010a). Among these inflammatory mediators
released by Pg, hemagglutinin can promote the platelet
aggregation (Belanger et al., 2012) and gingipains can neutralized
the host immune response extra-orally, in a metastatic site (Nassar
et al., 2002). Other virulence factors such as the lipopolysaccharide
(Bainbridge et al., 2002) (LPS) of Pg or the cytotoxin of Aa (Tan
et al., 2002), can also impair systemic diseases, as CVD by disturbing
the immune host response (Deshpande et al., 1998a; Deshpande
et al., 1998b; Amano, 2010a). The microbial properties of specific
periodontal pathogens contribute to the development of chronic
non-communicable disease such as cardiovascular diseases (CVD)
(Loos et al., 2000; Tonetti and Van Dyke, 2013) and diabetes
(Tonetti and Van Dyke, 2013; Sanz et al., 2018). Indeed, serum
antibodies against periodontal pathogens and LPS were shown to be
associated with higher risk for ischemic stroke (Pussinen et al.,
2004a; Tabeta et al., 2011; Hosomi et al., 2012; Palm et al., 2014),
coronary heart disease (Pussinen et al., 2003; Pussinen et al., 2005;
Goteiner et al., 2008) as myocardial infarction (Pussinen et al.,
2004b). Therefore, in patients suffering from CVD as AAA, the
concentrations of immunoglobulin G (IgG) against periodontal
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2179
bacteria (Nakagawa et al., 1994; Albandar et al., 2001; Dye et al.,
2009; Pussinen et al., 2011), LPS (Ebersole et al., 2010) and C-
reactive protein (CRP) might be relevant periodontitis-related blood
biomarkers to characterize sequelae linked to periodontitis.

The aim of this study was to investigate the relationship
between blood biomarkers and serologic immunological profiles
related to periodontitis (CRP, LPS, and serum anti-
Aggregatibacter actinomycetemcomitans [Aa] and anti-
Porphyromonas gingivalis [Pg] IgG) in abdominal aortic
aneurysm patients. Secondary objectives focused on the
relationship between periodontal clinical parameters, microbial
profile and periodontitis-related blood biomarkers.
MATERIAL AND METHODS

Study Design and Ethical Committee
Unexploited data collected during a previous cross-sectional
study on the periodontitis and AAA (Salhi et al., 2020) were
used in the present post-hoc study to further explore the
associations between AAA stability and periodontitis related
blood biomarkers. The study design, sample size calculation,
patient selection, and demographics of the cohort have been
described in the previous report (Salhi et al., 2020). AAA
imaging, periodontal, and microbiological parameters are
briefly explained hereafter.

The study was approved by the human subjects’ ethics board of
the University Hospital of Liege, Belgium (B707201421977), and
was registered on clinicaltrial.gov (file number: NCT03767023).

Clinical Data and Blood Sample Collection
After screening the medical files of eligible AAA patients, the
participants were invited to the Department of Periodontology
where anamnesis and imaging were recorded. A full periodontal
clinical and microbiological examination was performed by a single
investigator (LS) and the blood samples were collected by the
department nurse (JN M). The included AAA patients were
divided into two groups according to the stability of the AAA,
defined by Sweeting et al. (2012). The first group consisted of
patients with stable AAA (n = 30), characterized by an antero-
posterior abdominal diameter inferior to 55 mm and/or a stable
growth rate inferior to 10 mm per year and not considered for
surgical repair. The second group was composed of patients with an
unstable AAA (n = 31) with a diameter higher than 55 mm and
rapid growth rate superior to 10mm per year), requiring short-term
open surgery or endovascular aneurismal repair. The AAA growth
rate was estimated from the previous AAA diameter recordings
found in the patient file (at least 2 exams at a given time).

AAA Imaging Data
The AAA dimensions were assessed by measuring AAA diameters
(anterior–posterior, cross-sectional, and maximal) and volumes
(entire AAA, residual lumen, and thrombus), as described
previously (Salhi et al., 2020). More precisely, the AAA diameters
(mm) were collected in the medical file of the patient according to
January 2022 | Volume 11 | Article 766462
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the last diameter based on echography (images obtained with a
C5.2 convex probe, IU22 Philips Ultrasonography, Belgium) for 9
patients or computed tomography (CT) scan for 52 patients. When
abdominal CT scans (slides thickness: 1.25 mm) were available,
additional measurements such as the AAA diameters and volumes
were collected by two independent blinded and calibrated
examiners (LS and AG) using a specific imaging software
(Syngovia by Siemens Healthineers, Erlangen, Germany). Aortic
diameters (mm) were measured in their anterior–posterior, cross-
sectional, and maximal positions based on axial acquisitions. The
volumes of the entire AAA (mm³) and the thrombus were
measured by using the VOI free hands tool. The lumen volume
was obtained by the subtraction of the entire AAA volume and the
residual lumen volume. AAA heights (mm) were recorded from
the iliac bifurcation to the renal artery origin and to the neck of the
AAA, respectively.

Periodontal Data
The number of teeth, the presence of healthy gingiva or
gingivitis, diagnosis, and classification of periodontitis (stage,
extent, and grade) were recorded for each subject according to
Caton et al. (2018). Periodontal parameters were collected by a
single periodontist (LS) including pocket probing depth (PD,
mm; 6 sites per tooth), gingival recession (RD, mm), clinical
attachment level (CAL, mm), bleeding on probing (Silness and
Loe, 1964) (BOP, %), percentage (%) of PD sites ≥6 mm
calculated over all PD sites of the patient, plaque score index
(PI, %), furcations (Hamp et al., 1975) and tooth mobility
(Miller, 1938). A graduated manual periodontal probe1 was
used to measure (mm) 6 sites per tooth. The Periodontal
Inflamed Surface Area (PISA), the global PISA score (Nesse
et al., 2008) and the Periodontal Index for Risk of Infectiousness
(PIRI) (Rompen et al., 2001), which takes into account the
number and the severity of the periodontal niches in contact
with blood circulation (PD and furcation impairment), were
calculated. Scores were attributed to the number and depth of PD
and for the number and severity of furcations (Rompen et al.,
2001). By adding these 2 scores, patients were classified
according their risk for metastatic injury: none or low risk
(PIRI = 0), moderate risk (1 ≤PIRI≤ 5), and high risk
(6 ≤PIRI≤ 10).

Microbiological Data
All microbiological samples were collected by the same investigator
(LS). Saliva samples were obtained by collecting 500 μl to 1 ml of
unstimulated saliva. The supragingival samples were collected from
the four teeth with the deepest periodontal pockets. The sites were
isolated with cotton rolls and gently dried with compressed air
(Teughels et al., 2013). All supragingival plaque was taken with a
periodontal curette and then placed in a sterile tube containing 0.75
ml of TE (10 mM Tris–HCl, 1 mM EDTA, pH 7.6) and an equal
amount of 0.5 M NaOH. Then, the subgingival samples were
harvested at the same four deepest pocket sites. The harvesting
was performed by using a sterile endo paperpoint inserted into the
1Periodontal probe, North Carolina 2927.10, Stoma, Germany
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pocket (Iso 040, Dentsply, Maillefer, Switzerland). Four paperpoints
were inserted per pocket for 15 s (16 tips per patient), and were then
collected as for supragingival samples. All samples were stored at
−20°C. After defrosting and vigorously vortexing, 400 μl of each
sample were centrifuged at 13,000g. The obtained pellets were
dispersed in 200 μl Instagen. DNA was extracted with InstaGene
matrix (Bio-Rad Life Science Research, Hercules, CA, USA)
according to the instructions of the manufacturer. Five microliters
of the purified DNA were used for the detection and quantification
of Tannerella forsythia (Tf), Porphyromonas gingivalis (Pg),
Aggregatibacter actinomycetemcomitans (Aa), Fusobacterium
nucleatum (Fn), and Prevotella intermedia (Pi) by real time
quantitative polymerase chain reaction (RT-qPCR). The RT-
qPCR assay was performed with a CFX96 Real-Time System2

using a Taqman 5’ nuclease assay PCR method for detection and
quantification of bacterial DNA. Assay conditions for all primer/
probe sets consisted of an initial 2 min at 50°C, followed by a
denaturation step for 10 min at 95°C, followed by 45 cycles of 95°C
for 15 s and 60°C for 60 s. Quantification was based on a plasmid
standard curve (PMID: 19930094). Results were expressed as log 10
genome equivalents (gEq)/ml. Values below the detection threshold
level were recorded as 0.

Periodontitis-Related Blood
Biomarkers Data
In order to induce bacteremia in blood circulation, patients were
invited to have a standardized mastication on paraffin (Nicu
et al., 2009) and to brush their teeth during 2 min. Afterwards,
venous blood samples from antecubital fossa were taken to
evaluate the blood biomarkers of interest.

IgG Against Aa and Pg
A first blood sample (10 ml red cap) was harvested to quantify
the concentration of antibodies levels against Pg and Aa. The
tube was kept at room temperature for 30 min and then the
serum was obtained by centrifugation at 2,000g at 4°C for 10 min.
Aliquots of serum were stored at −80°C. The antibodies against
Pg and Aa were analyzed as previously described (Nicu et al.,
2009). Briefly, a mixture was made out of five different strains of
Aa (ATCC 29523, Y4, NCTC9710, 3381, and OM2 534
representing the serotypes a, b, c, d, and e) for the detection of
IgG levels against Aa; and 8 different strains of Pg (W83, HG 184,
A7A1-28, ATCC 49417, HG 1690, HG 1691 and 34-4
representing the capsule serotypes K1–K7, and also the
uncapsulated strain 381 (Laine et al., 1997) for the detection of
IgG levels against Pg. The Aa strains were grown for 18 h in
brain–heart-infusion (BHI) broth (Sigma Chemical Co, St. Louis,
MO, USA) aerobically at 37°C in humidified 5% CO2. The Pg
strains were grown anaerobically (80% N2, 10% H2, 10% CO2) at
37°C for 18 h in BHI broth supplemented with hemin (5 mg/l)
and menadione (1 mg/l) (Sigma). The bacteria were washed once
with phosphate-buffered saline (PBS; 10 mM phosphate, 150
mM NaCl, pH 7.4) and then fixed overnight at 4°C in 0.5%
paraformaldehyde–PBS. Further, the bacterial suspensions were
2BioRad, Hercules, California, United-States
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washed three times in PBS, sonicated and brought to an optical
density corresponding to an absorbance of 0.15 at 580 nm in
ELISA-buffer (PBS, 0.5% bovine serum albumin, 0.05% Tween-
20). For ELISA, 150 ml of the sonicated mixture from the five Aa
or from the eight Pg strains were used to coat Microlon ELISA
plates (Greiner Bio-One B.V., Alphen a/d Rijn, the Netherlands).
The unspecific bindings were blocked by 5% bovine serum
albumin (BSA) in PBS at room temperature for 30 min.
Diluted (1:1,500) serum samples were tested in duplicate. The
plates were incubated for 2 h at room temperature and washed
three times in ELISA buffer. Horse-radish peroxidase-
conjugated, goat anti-human IgG (Vector Laboratories Inc.,
Burlingame, CA, USA) diluted (1:2,000; 150 ml) were then
added and the plates were incubated for 2 h at room
temperature. Substrate was then added and absorbance values
were measured at 450 nm with a multilabel counter (Wallac
Victor 1420, Perkin-Elmer Life Sciences, Boston, MA, USA).

Endotoxin Detection Assay
A second tube of blood (10 ml EDTA plasma tube) was collected
for LPS analysis and immediately placed on ice. Plasma was
obtained by centrifugation at 2,000g at 4°C for 10 min. Aliquots
of plasma were stored at −80°C. The LPS analysis was performed
by using the EndoLISA kit according to the manufacturer’s
instructions (EndoLISA®, Hyglos GmbH, Biomérieux, Bernried
am Starnberger See, Germany). Briefly, all samples were
defrosted and vortexed to ensure homogeneity. CSE
(endotoxin standard Escherichia coli O55:B5) was diluted for
the standard curve with dilution factor 10× and dissolved in
endotoxin-free water. In total, 100 μl of each preparation was
added in duplicate into the respective wells. A blank control was
included as a negative control. Next, 20 μl of 6× Binding buffer
was added to each well and was covered in aluminum foil and
incubated at 37°C for 90 min at 450 rpm. Samples were washed
3× with 150 μl Wash Buffer before 100 μl of the EndoLISA assay
reagent was added to each well. Fluorescent signals were
measured at 37°C immediately and after 90 min.

CRP
A third blood sample (lithium-heparinate) was used for plasma
cell analysis and for high sensitivity CRP (hsCRP), using a
commercially available kit (Behring N latex C-reactive protein
mono Analyzer, Behring Diagnostic, Marburg, Germany). This
sample was analyzed within 3 h in a clinical chemistry
laboratory, by using standardized and automated procedures.

Statistical Methods
The power calculation of the larger study of which this one is a
post-hoc analysis showed that at least 30 patients had to be
included in both stable and unstable AAA groups. Results were
expressed as mean ± SD for quantitative variables and as
frequency tables (numbers and percentage) for categorical
variables. Non-normal distributed variables were log-
transformed to normalize their distribution. Comparisons
between stable and unstable AAA groups were done by
Student’s t-test or Kruskal–Wallis test for continuous variables
and by chi-square test or Fisher exact test for qualitative findings.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4181
Regression models were used to test the relationship between
study variables and results were expressed as regression
coefficients and their standard error (SE). A positive or
negative regression coefficient indicated respectively an
increasing and a decreasing relationship between the two
variables. All regressions were adjusted for AAA stability.
When the dependent variable Y was quantitative, classical
linear regression was applied. When Y was binary, the logistic
regression was used and when Y was ordinal then ordinal logistic
regression was applied. Results were considered significant at the
5% level (p <0.05). Calculations were done in SAS (SAS Institute,
Cary, NC) version 9.4.
RESULTS

The periodontal characteristics of study patients with stable (n =
30) or unstable (n = 31) AAA were previously described (Salhi
et al., 2020).

The correlation (in terms of regression coefficients) between
clinical periodontal parameters, CRP and LPS blood levels, and
antibodies concentrations (anti-Aa and anti-Pg) are presented in
Table 1No correlation was found neither with CRP nor with LPS
whereas a trend was found between BOP and anti-Aa antibodies
(p = 0.05).

The periodontitis-related blood biomarkers analysis
according to AAA stability are shown in Table 2. The CRP
levels were higher in patients with unstable AAA (p = 0.017)
while LPS levels did not differ between the groups. Anti-Aa and
anti-Pg antibodies were found in similar concentrations in all
blood samples of patients with stable and unstable AAA. The
relationship between periodontal-specific blood markers, AAA
diameters and volumes are shown in Table 3. No significant
associations were found.

The relationships between Aa and Pg in saliva, supra-gingival
plaque and subgingival plaque and the levels of CRP, LPS and
anti-Aa/anti-Pg antibodies in blood are shown in Table 4. The
presence of Pg in saliva and subgingival plaque was correlated to
the LPS blood levels (p <0.05). No other significant associations
were found between microbial profiles and blood biomarkers.
DISCUSSION

This post-hoc study of a cross-sectional, non-interventional,
study focused on the relationship between periodontitis-
specific blood biomarkers and the AAA stability.

Strikingly, all the included patients presented periodontitis
and periodontitis-specific blood markers (antibodies against the
periodontal pathogens Pg and Aa and also LPS and CRP)
although periodontitis was not an inclusion criterion of the
study. Additionally, the LPS in blood was associated with the
presence of Pg in saliva and subgingival plaque. Therefore, it
seems that periodontitis may have induced bacteremia,
endotoxemia and systemic inflammation which may eventually
have a role in the physiopathology of AAA (Mealey et al., 1999).
January 2022 | Volume 11 | Article 766462
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In a previous publication, the association between the severity
of the periodontal parameters, the quantity of periodontal
pathogens and the severity (or the extend) of AAA was
observed (Salhi et al., 2020) and the present serologic
immunological profiles support these findings. Although IgG
antibodies against Pg and Aa were detected in all patients, no
association was found with the concentration of bacteria in
subgingival plaque samples. The low levels of IgG measured in
the serum may reflect an altered immune response that may
contribute to the physiopathology of periodontitis and AAA
(Kuivaniemi et al., 2015; Sakalihasan et al., 2018). Therefore, the
quantification of seral anti-bacterial antibodies remains
controversial in the diagnosis of past or current periodontitis
exposure (Papapanou et al., 2000; Dye et al., 2009; Vlachojannis
et al., 2010; Pussinen et al., 2011), namely due to the possible
cross-reactions with other bacterial epitopes (Davison et al.,
2021). Thus, the antibody titers, at least as a single marker,
may not be sufficient to explore the potential association between
periodontitis and CVD.
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Hence, in addition to IgG detection in sera, further seral
investigations should be considered, as the use of bacteria
virulence (Amano, 2010b) factors. Indeed, as suggested by
some authors (Loos et al., 2000; Tonetti and Van Dyke, 2013),
the detection and quantification of additional markers such as
fimbriae, gingipains and hemagglutinin (Amano, 2010a) and also
bacteria toxins would be relevant to further understand the
systemic effect of periodontitis on chronic non-communicable
diseases as cardiovascular diseases (CVD) including AAA. In the
present study, antibodies against Pg tended to be slightly lower in
unstable AAA patients when compared to those of patients in
stable AAA (p = 0.08). It could be hypothesized that virulence
factors of Pg such as gingipains (Haruyama et al., 2009), fimbriae
(Fan et al., 2001), capsule (Laine et al., 1997), and LPS
(Bainbridge and Darveau, 2001) contribute to escape from the
host immune response, lowering IgG detection in serum and,
finally, contributing to periodontitis progression (Hajishengallis
et al., 2012). A second interpretation could be found in the high
number of tooth losses of the included patients suffering from
TABLE 2 | Blood markers analysis of study patients with stable or unstable AAA.

Variable Stable AAA Unstable AAA P-value
N = 30 N = 31

CRP (mg/ml) 5.71 ± 18.40 5.83 ± 6.20 0.02
LPS (pg/ml) 334 ± 1736 46.60 ± 111 0.44
Antibodies (OD450 nm)*
Anti-Aa 18.50 ± 9.89 14.90 ± 8.10 0.14
Anti-Pg 12.30 ± 7.00 9.07 ± 7.05 0.08
January 2022 | Volume 11 | Article
CRP, C-reactive protein; LPS, lipopolysaccharide; Aa, Aggregatibacter actinomycetemcomitans; Pg, Porphyromonas gingivalis.
TABLE 1 | Relationship between periodontal parameters and the blood concentrations of CRP and LPS, Aa, and Pg antibodies.

C-reactive protein(a) Lipopolysaccharide(a) anti-Aggregatibacter actinomycetemcomitans(a) anti-Porphyromonas gingivalis(a)

Coefficient ± SE(e) Coefficient ± SE(e) Coefficient ± SE(e) Coefficient ± SE(e)

PISA 0.64 ± 1.20 0.17 ± 0.23 0.17 ± 0.16 0.038 ± 0.21
PD mean −0.058 ± 0.088 −0.027 ± 0.017 0.013 ± 0.011 −0.0078 ± 0.015
PD max 0.026 ± 0.18 −0.040 ± 0.036 −0.022 ± 0.025 −0.021 ± 0.033
BOP −1.00 ± 3.66 0.89 ± 0.71 1.00 ± 0.47** 0.092 ± 0.65
%PD > 6 mm −0.21 ± 0.21 −0.034 ± 0.040 0.016 ± 0.028 −0.024 ± 0.036
Periodontitis(c)

Stage 0.032 ± 0.21 −0.080 ± 0.044* −0.0007 ± 0.028 0.028 ± 0.037
Extent M-I vs L 0.60 ± 0.51 0.19 ± 0.16 0.0031 ± 0.080 −0.16 ± 0.12
Extent G vs L 0.0002 ± 0.28 −0.086 ± 0.071 0.049 ± 0.038 −0.019 ± 0.048
Grade −0.20 ± 0.23 −0.074 ± 0.047 0.0050 ± 0.030 −0.016 ± 0.039

PIRI score −0.012 ± 0.29 −0.10 ± 0.057* −0.045 ± 0.040 0.021 ± 0.053
PIRI category 0.15 ± 0.22 −0.031 ± 0.043 −0.020 ± 0.030 0.064 ± 0.041
Furcation site(d) −0.066 ± 0.23 −0.11 ± 0.059* −0.059 ± 0.036 0.035 ± 0.043
Mobility site(d) −0.23 ± 0.22 −0.035 ± 0.041 −0.0013 ± 0.028 0.016 ± 0.037
Aa, Aggregatibacter actinomycetemcomitans; Pg, Porphyromonas gingivalis; CRP, C-reactive protein; LPS, lipopolysaccharide; PISA, periodontal inflamed surface area; PD, pocket
depth; BOP, bleeding on probing; PIRI, periodontal index for risk of infectiousness.
*Tendency (p < 0.10); **significant (p < 0.05).
(a)Log-transform applied to antibodies concentration, CRP and LPS.
PISA, periodontal inflamed surface area; PD, pocket depth; BOP, bleeding on probing; PIRI, periodontal index for risk of infectiousness.
(c)Ordinal logistic regression for stage and grade; multinomial logistic for extent.
(d)Ordinal logistic regression.
(e)All regression coefficients were adjusted for group (stable/unstable); a positive (negative) coefficient indicates an increasing (decreasing) relationship between antibodies, CRP or LPS and
periodontal clinical parameters.
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severe form of periodontitis. Indeed, as recently suggested, the
lower antibody titers against Pg were associated with an
increased number of tooth loss (Aoyama et al., 2018).
Therefore, tooth loss may reflect the end stage of periodontitis
(Caton et al., 2018) and has been often associated with
cardiovascular events (Liljestrand et al., 2015) such as
myocardial infarction and stroke (Lee et al., 2019).

Additionally, the study also showed that patients with
unstable AAA displayed higher CRP levels, a blood biomarker
usually associated with the progression of cardiovascular disease
(Loos, 2005). Although CRP is a non-specific biomarker, the
present findings suggest that periodontitis may contribute to the
elevated CRP concentrations and support the relationship
between periodontitis, inflammation, and AAA instability.
Indeed, the augmentation of systemic markers due to
periodontitis (D’Aiuto et al., 2007; Paraskevas et al., 2008;
Lima et al., 2011; Fedele et al., 2011; Nibali et al., 2013;
Shaddox et al., 2013; Balli et al., 2014; Keles et al., 2014; Finoti
et al., 2017; Chandy et al., 2017; Batschkus et al., 2017), such as
specific interleukins, fibrinogen, albumin, CRP, matrix
metalloproteinase-9 or tumor necrosis factor-a, participate to
the vascular endothelial weakening and its dysfunction (Tonetti
et al., 2007) and, therefore, can promote systemic diseases. Thus,
the presence of periodontitis may enhance systemic
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6183
inflammation which is involved in the AAA physiopathology
(Tambyraja et al., 2007; Wallinder et al., 2009; Courtois et al.,
2013; Martinez-Pinna et al., 2013; Morbelli et al., 2014).

This study suffers from some limitations, particularly because
of the post-hoc design and the small sample size. Including a
control group with healthy patient (without AAA), would also be
of interest in future research. Findings should therefore be
interpreted cautiously.

Conclusion
This post-hoc study emphasizes the presence of antibodies against
Pg and Aa, LPS and high CRP concentrations in all AAA patients.
However, among investigated blood biomarkers, only CRP was
associated with AAA stability. The presence of Pg in saliva and
subgingival plaque was significantly associated with the blood LPS
levels. For further studies investigating periodontitis and systemic
diseases, specific predictive blood biomarkers should be
considered instead of the use of antibodies alone.
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TABLE 4 | Relationship between periodontal pathogens in saliva, supragingival plaque, and subgingival plaque with the concentrations of the Aa and Pg antibodies,
CRP and LPS.

[CRP](b) [LPS](b) [anti-Aa] (b) [anti-Pg](b)

Sample (a) Pathogen Coefficient ± SE (c) Coefficient ± SE (c) Coefficient ± SE (c) Coefficient ± SE (c)

Saliva Aa −0.034 ± 0.13 −0.007 ± 0.028 −0.0095 ± 0.017 –

Pg −0.075 ± 0.15 0.076 ± 0.035* – 0.017 ± 0.026
Supragingival Aa 0.066 ± 0.10 −0.029 ± 0.027 −0.017 ± 0.015 –

Pg −0.084 ± 0.15 0.062 ± 0.033 – 0.030 ± 0.027
Subgingival Aa −0.17 ± 0.12 −0.035 ± 0.029 −0.0049 ± 0.017 –

Pg −0.18 ± 0.15 0.071 ± 0.034* – 0.014 ± 0.026
January 2022 | Volume
CRP, C-reactive protein; LPS, lipopolysaccharide; Aa, Aggregatibacter actinomycetemcomitans; Pg, Porphyromonas gingivalis.
Significant *(p < 0.05).
(a)All periodonpathogens amounts expressed in log10 of number of genome equivalents (Geq/ml).
(b)Log-transform applied to antibodies concentration, CRP and LPS.
(c)Regression coefficients derived by linear regression adjusted for group (stable/unstable); a positive (negative) coefficient indicates an increasing (decreasing) relationship between
pathogens and CRP, LPS and antibodies amount.
TABLE 3 | Relationship between the blood concentrations of CRP, LPS, Aa, and Pg antibodies, and the AAA diameters and volumes (N = 57).

AAA diameter (d) AAA volume (d)

Antero-posterior Cross-sectional Maximal Aneurysm Residual lumen Thrombus
Coefficient ± SE (e) Coefficient ± SE (e)

CRP (a) 0.41 ± 0.85 0.006 ± 0.82 0.78 ± 0.99 0.19 ± 0.30 −0.20 ± 0.30 0.27 ± 0.26
LPS (b) 0.16 ± 5.70 2.01 ± 5.22 −2.17 ± 5.88 1.12 ± 1.96 1.05 ± 1.45 −1.33 ± 1.70
Anti-Aa(c) 11.5 ± 7.99 9.81 ± 7.33 11.2 ± 8.46 4.27 ± 2.73 3.19 ± 2.62 1.10 ± 2.39
Anti-Pg(c) -3.52 ± 6.47 -5.39 ± 5.90 -4.28 ± 6.50 −2.04 ± 2.21 −3.30 ± 2.07 −1.60 ± 1.83
11 | A
Aa, Aggregatibacter actinomycetemcomitans; Pg, Porphyromonas gingivalis; CRP, C-reactive protein; LPS, lipopolysaccharide; AAA, abdominal aortic aneurysm.
(a)CRP level expressed in log10 of no. of proteins (mg/ml)
(b)LPS amount expressed in log10 of no. of endotoxin (LPS/ml).
(c)All antibodies amounts expressed in log10 of no. of genome equivalents (Geq/ml).
(d)AAA diameters and volumes log-transformed.
(e)Regression coefficients derived by linear regression adjusted for group (stable/unstable); a positive (negative) coefficient indicates an increasing (decreasing) relationship between
pathogens and diameters/volumes.
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More Than Just a Periodontal
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on Fusobacterium nucleatum
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Hongyu Liu1, Dirk Ziebolz2‡, Gerhard Schmalz2‡, Bo Jia1* and Jianjiang Zhao3*

1 Department of Oral Surgery, Stomatological Hospital, Southern Medical University, Guangzhou, China, 2 Department of
Cariology, Endodontology and Periodontology, University of Leipzig, Leipzig, Germany, 3 Shenzhen Stomatological Hospital,
Southern Medical University, Shenzhen, China

Fusobacterium nucleatum is a common oral opportunistic bacterium that can cause
different infections. In recent years, studies have shown that F. nucleatum is enriched in
lesions in periodontal diseases, halitosis, dental pulp infection, oral cancer, and systemic
diseases. Hence, it can promote the development and/or progression of these conditions.
The current study aimed to assess research progress in the epidemiological evidence,
possible pathogenic mechanisms, and treatment methods of F. nucleatum in oral and
systemic diseases. Novel viewpoints obtained in recent studies can provide knowledge
about the role of F. nucleatum in hosts and a basis for identifying new methods for the
diagnosis and treatment of F. nucleatum-related diseases.

Keywords: Fusobacterium nucleatum, periodontal disease, halitosis, dental pulp infection, oral cancer,
systemic diseases
1 INTRODUCTION

Fusobacterium nucleatum, which exists in the oral cavity and gastrointestinal tract of humans, is an
opportunistic pathogen causing different infectious diseases in the oropharynx and other parts of
the oral cavity. These include appendicitis (Swidsinski et al., 2011), pericarditis (Truant et al., 1983),
brain abscess (Han et al., 2003), osteomyelitis (Gregory et al., 2015), and chorioamnionitis
(Altshuler and Hyde, 1988). F. nucleatum was first discovered in periodontal diseases and
considered a potential periodontal pathogen (de Andrade et al., 2019). With improvements in
microbial detection technology, a higher number of previously neglected microorganisms were
found to play an important role in human diseases. Based on recent studies, F. nucleatum was
associated with extra-oral malignancies, including colorectal cancer, breast cancer, esophageal
squamous cell carcinoma, and gastric cancer (Kostic et al., 2012; Hsieh et al., 2018; Yamamura et al.,
2019; Parhi et al., 2020). Moreover, the mechanisms of F. nucleatum affecting colorectal cancer
(CRC) are important issues. Its role in extra-oral tumors suggests that it may also be important in
oral cancer, and this has aroused a significant interest among scholars. However, its specific
carcinogenic mechanisms in the oral field are unclear. Therefore, the role and specific mechanisms
of this bacterium in different oral and extraoral diseases were examined.
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This narrative review focused on the role of F. nucleatum
reported in the literature in recent years, which includes research
progress in periodontal diseases, halitosis, dental pulp infection,
oral cancer (Figure 1), and other related extraoral diseases.
2 F. nucleatum

F. nucleatum is an obligate anaerobic gram-negative bacillus
belonging to the genus Fusobacterium and is named based on
its slender shape and spindle-like tips at both ends (Bolstad et al.,
1996). It exists in the human oral cavity, gastrointestinal tract, and
other body parts. Moreover, it is a highly heterogenous species and
is classified into five subspecies based on several phenotypic
characteristics and DNA-DNA hybridization patterns, which are
as follows: F. nucleatum subsp. nucleatum, F. nucleatum subsp.
polymorphum, F. nucleatum subsp. fusiforme, F. nucleatum subsp.
vincentii, and F. nucleatum subsp. animalis (Kim et al., 2010). In
2013, F. nucleatum subsp. fusiforme and F. nucleatum subsp.
vincentii were classified into a single subspecies, F. nucleatum
subsp. fusiforme/vincentii according to the phylogenetic analysis of
16S rRNA, rpoB, zinc protease, and 22 other housekeeping genes
(Kook et al., 2013). Recently, the four F. nucleatum subspecies
were classified into four Fusobacterium species (Kook et al., 2017).
However, this notion has not been widely accepted in the
fusobacterial community.

F. nucleatum can participate in the formation of dental
plaques on human teeth and is correlated with the etiology of
periodontitis (Patini et al., 2018). F. nucleatum is an important
species in the physical interaction between gram-positive and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2188
gram-negative bacteria, which is a bridge between symbiotes and
true pathogens planted on the surface of the teeth and epithelium
(Kolenbrander, 2000). Adhesins which are found on the surface
of F. nucleatum can attach to other bacteria and cells and
contribute to bacterial pathogenicity. Fusobacterium adhesionA
(FadA) is an adhesion protein and is the most significant
virulence factor identified from F. nucleatum (Han, 2015). It
exists as the intact pre-FadA, which comprises 129 amino acid
residues, and the secreted mature FadA (mFadA), which
comprises 111 amino acid residues (Xu et al., 2007). Pre-FadA
and mFadA form FadAc, an active complex used for host cell
binding and invasion (Xu et al., 2007; Témoin et al., 2012). FadA
is highly conserved in oral Fusobacterium, such as F. nucleatum
and F. periodonticum, but not in non-oral Fusobacteria (Han
et al., 2005). Therefore, it can be a potential specific diagnostic
marker for F. nucleatum and F. periodonticum.

The pathogenicity of F. nucleatum is mainly correlated with
the following biological characteristics: First, several adhesins on
its surface, including RadD, Aid1, and FomA, can co-aggregate
bacteria to promote biofilm formation (Liu et al., 2010; Kaplan
et al., 2014; Guo et al., 2017). Second, it can invade different host
cells, such as epithelial cells, endothelial cells, and fibroblasts
(Han, 2015). Third, it can produce different metabolites such as
hydrogen sulfide, butyrate, and endotoxines released after cell
death (Vital et al., 2014; Basic et al., 2017). Fourth, similar to
other gram-negative bacteria, it can release extracellular vesicles
or outer membrane vesicles (Liu et al., 2019; Liu et al., 2021),
which contain several bioactive substances and participate in
bacteria-bacteria or bacteria-host cells communications (Macia
et al., 2019). Hence, due to the above-mentioned biological
FIGURE 1 | Oral Diseases Associated With F. nucleatum.
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characteristics, F. nucleatum can be closely correlated with
development of periodontal diseases, halitosis, dental pulp
infection, oral cancer and extraoral diseases.
3 ASSOCIATION BETWEEN F. nucleatum
AND PERIODONTAL DISEASE

Periodontal disease occurs in dental supporting tissues and
comprises gingivitis and periodontitis. Dental plaque is the
initiating and main pathogenic factor of periodontal disease. F.
nucleatum is the dominant microorganism in periodontal
tissues, and is associated with periodontitis etiology (Llama-
Palacios et al., 2020).

3.1 Relevant Epidemiological Evidence
He et al. (2012) showed that periodontally healthy individuals
and patients with chronic periodontitis commonly experience F.
nucleatum infection, F. nucleatum is more abundant in patients
with chronic periodontitis. Furthermore, the number of F.
nucleatum in the subgingival plaque is significantly higher than
that in the supragingival plaque and saliva. Wang et al. (2015)
analyzed subgingival plaques in 29 healthy participants and 25
patients with chronic periodontitis via real-time polymerase
chain reaction (PCR). Results showed that F. nucleatum could
be detected in all patients with chronic periodontitis, and the
detection rate in healthy participants was 86.21%. Moreover, it is
more abundant in patients with chronic periodontitis than in
healthy participants. The number of F. nucleatum increases with
the severity of periodontal disease, progression of inflammation,
and depth of periodontal pockets (Han, 2015). Rodrigues et al.
(Arenas Rodrigues et al., 2018) performed culture and PCR of the
subgingival biofilms of patients with gingivitis (n=70),
periodontitis (n=75), and healthy individuals (n=95). The
detection rates of F. nucleatum DNA were 57.1% and 68% in
patients with gingivitis and periodontitis, respectively, and 37.8%
in healthy individuals. Therefore, F. nucleatummay play a role in
periodontitis progression.

3.2 Role of F. nucleatum in Periodontitis
and Its Virulence Factors
F. nucleatum has a pathogenic role in periodontal infection. In an
experimental periodontitis mouse model, F. nucleatum infection
alone can cause alveolar bone loss or abscess (Chaushu et al.,
2012). Co-infection caused by F. nucleatum and Porphyromonas
gingivalis or Tannerella forsythus can stimulate host immune
response and induce alveolar bone loss (Polak et al., 2009; Settem
et al., 2012). The periodontal pathogenicity of F. nucleatum is
correlated with its virulence factors, epithelial-mesenchymal
transformation (EMT) of gingival epithelial cells, and the
immune environment created at the lesion site.

3.2.1 Virulence Factors
The virulence factors closely correlated with periodontitis in
F. nucleatum include outer membrane proteins RadD, CmpA,
Aid1, FomA, Fap2, and FadA; LPS; serine proteases; and
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butyric acid. The above-mentioned virulence factors can promote
the development of periodontitis via different mechanisms.

In the process of dental plaque formation, F. nucleatum can
co-aggregate with early and late dental plaque colonizers via
related proteins and receptors in its outer membrane, thereby
promoting the development of periodontal diseases (Kurgan et al.,
2017). In particular, F. nucleatum can attach to early colonizers of
dental plaques (including Streptococcus) via RadD (Guo et al.,
2017), CmpA (Guo et al., 2017), and Aid1 (Lima et al., 2017) on
its surface. After colonization in the biofilm, it can aggregate with
the late colonizers of dental plaque (such as P. gingivalis) via
FomA (Liu et al., 2010) and Fap2 (Coppenhagen-Glazer et al.,
2015). F. nucleatum can gather together with the representatives
of all oral bacterial species, thereby providing an important
scaffold for the symplastic growth, development, and prosperity
of these communities (Kabwe et al., 2019). Therefore, F.
nucleatum can co-aggregate with periodontal pathogens in large
quantities, thereby promoting the formation and maturation of
dental plaque, the initiating factor of periodontal disease.

Previous studies have shown that the periodontal
pathogenicity of F. nucleatum is correlated with its virulence
factor FadA, which is not only an adhesin but also an invasive
protein (Xu et al., 2007). By analyzing the whole genome of the
genus Fusobacterium, (Umana et al., 2019) compared active
invasive strains including F. nucleatum with passive invasive
strains. Results showed that F. nucleatum invasion to cells was
attributed to the synergistic action of FadA, RadD, and
membrane occupation and recognition nexus protein
(MORN2). Liu et al. (2014) revealed that the detection rate of
the FadA gene of F. nucleatum was positively correlated with the
gingival index. Hence, FadA may play an important role in
periodontal diseases. FadA can bind to epithelial cadherin,
invade host cells, and simultaneously affect the adhesion and
connection between the cells. Hence, other microorganisms can
invade the gingival epithelium. After invading epithelial cells, F.
nucleatum can interact with intracellular receptor retinoic
acidin-ducible gene I (RIG-I) via FadA to activate the nuclear
factor kappa-B (NF-kB) pathway and then activate inflammatory
response and can cause tissue destruction (Lee and Tan, 2014).
Meng et al. (2021) showed that F. nucleatum can produce
amyloid FadA under stress and disease, but not healthy,
conditions. It can act as a scaffold for biofilm formation,
endow acid tolerance and mediate the binding of F. nucleatum
to host cells (Meng et al., 2021). In addition, amyloid FadA can
induce periodontal bone loss in mice, and its toxicity can be
weakened by amyloid binding compounds (Meng et al., 2021).
Therefore, anti-amyloid therapies could be possible interventions
for F. nucleatum-mediated disease processes.

If F. nucleatum dies and dissolves, it can release endotoxines,
particularly lipopolysaccharide (LPS), which is recognized by
Toll-like receptors on the surface of gingival epithelial cells and
fibroblasts. Then intracellular danger signals are released, which
activate the NLRP3 inflammasome to promote the release of
mature cytokines such as interleukin-1b (IL-1b) (Hung et al.,
2018), thereby enhancing periodontal inflammation and bone
resorption. In addition, F. nucleatum can secrete a 65-kDa serine
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protease, which not only provides nutritional requirements for
its growth but also destructs host tissues. By contrast, serine
protease can degrade extracellular matrix proteins, leading
to the destruction of periodontal connective tissues and
immunoglobulins and complements in the host immune
system. That is, it digests the a chain of IgA, which helps
bacteria escape the host’s defense system (Bachrach et al.,
2004). Butyric acid, which is another metabolite of F.
nucleatum, may affect the destruction and healing of
periodontal tissues. A high butyric acid concentration can
promote the production of ROS in osteoblasts, thereby
stimulating the secretion of 8-isoprostaglandin and matrix-
metalloproteinase-2, which leads to bone destruction and
affects bone repair (Chang et al., 2018).

3.2.2 EMT
F. nucleatum can prompt the invasion of other periodontal
pathogens by promoting the EMT of gingival epithelial cells.
Abdulkareem et al. (2018) revealed that F. nucleatum and other
gram-negative periodontal pathogens can promote the EMT of
gingival epithelial cells, up-regulate the expression of Snail-1,
down-regulate the expression of E-cadherin, and destruct the
connection between epithelial cells. Then, the integrity of the
gingival epithelium is lost, thereby promoting the invasion of
pathogenic bacteria into the deep periodontal tissues.

3.2.3 Immune Microenvironment
F. nucleatum can create a local immune microenvironment
conducive for periodontal disease progression. Kurgan et al.
(2017) found that both F. nucleatum subsp. nucleatum and F.
nucleatum subsp. polymorphum can prevent the production of
superoxide in neutrophils to prevent the oxidative killing of
neutrophils. Simultaneously, all strains of F. nucleatum can
reduce the number of neutrophils at the site of infection via
both necrosis and apoptosis. Hence, F. nucleatum may promote
the aggregation of late plaque colonizers such as P. gingivalis to
the lesion by reducing the defensive function of neutrophils
in the early stage of periodontal disease, thereby enhancing the
development of periodontal diseases. Johnson et al. (2018)
revealed that F. nucleatum alone can immediately trigger
gingival inflammation, which is characterized by up-regulating
the expression of IL-1b, IL-6, tumor necrosis factor necrosis
factor-a (TNF-a), and HMGB1 and inducing macrophage
infiltration in BALB/c mice. Simultaneously, infection
contributes to the recruitment of osteoclasts. Meanwhile, IL-1
b and TNF- a can promote the development of osteoclasts
(Boyce et al., 2005; Gao et al., 2007; Zupan et al., 2013).
Therefore, the expression of pro-inflammatory cytokines
increased by F. nucleatum infection is correlated with
osteoclasts activation and further bone loss.

If F. nucleatum is recognized by Toll-like receptors TLR-2 and
TLR-4, it activates the myeloid differentiation factor 88
dependent pathway. Hence, NF-kB is also activated, which
may lead to the release of cytokines such as IL-6 and TNF-a
(Kurgan et al., 2017; Kang et al., 2019). In addition, F. nucleatum
can inhibit the proliferation of fibroblasts and promote their
apoptosis, ROS generation and inflammatory cytokine
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4190
production by activating the protein kinase B (PKB/AKT)/
MAPK and NF-kB signaling pathways (Kang et al., 2019),
thereby inhibiting tissue repair.

Moreover, F. nucleatum can work with other pathogenic
bacteria to prevent immune system destruction. Compared with
F. nucleatum infection alone, F. nucleatum and P. gingivalis co-
infection in macrophages can passivate the activation of
inflammasomes (Taxman et al., 2012). Moreover, F. nucleatum
can increase the invasive potential of P. gingivalis (Saito et al.,
2012). Hence, F. nucleatum can form an environment together
with other pathogens that promotes inflammation and
periodontal disease progression.

Although periodontitis is correlated with different
microorganisms, F. nucleatum plays a key role in the
development of periodontitis and the formation of dental
biofilms. Moreover, it can interact with other pathogenic
bacteria and create local inflammatory microenvironment,
thereby accelerating periodontitis progression. However,
the specific molecular mechanisms should be further evaluated.
The above-mentioned mechanisms indicate that targeting
F. nucleatum or its virulence factors may help enhance the effect
of periodontal therapy and/or increase the efficacy of preventive
strategies (Figure 2).
4 ASSOCIATION BETWEEN F. nucleatum
AND HALITOSIS

Halitosis is a common condition characterized by an unpleasant
and disgusting odor emanating from the mouth (Hampelska
et al., 2020). It can be classified into extra-oral halitosis and intra-
oral halitosis. The latter is mainly caused by volatile sulfur
compounds (VSCs). The most important VSCs are hydrogen
sulfide, dimethyl sulfide and methyl mercaptane, which are
mainly produced by anaerobic bacteria (Hampelska et al.,
2020). In recent years, studies have found that halitosis is
closely correlated with oral bacteria associated with periodontal
disease on tongue coating, and F. nucleatum is enriched in the
tongue coating of patients with halitosis.

4.1 Relevant Epidemiological Evidence
Amou et al. (2014) found that the tongue coating score was
positively correlated with sensory value, methyl mercaptane
concentration and VSC concentration in patients with bad breath.
Meanwhile, the above-mentioned clinical indices of halitosis were
positively correlated with the total number of oral bacteria and the
abundance of Prevotella intermedia, F. nucleatum and
Campylobacter rectus. In addition, the sensory value, VSC
concentration and Prevotella intermedia, F. nucleatum and
Campylobacter rectus concentrations of patients with bad breath
who clean their tongue were significantly lower than those of
patients without this habit (Amou et al., 2014). Adedapo et al.
(2020) showed that F. nucleatum, P. gingivalis and Prevotella
intermedius located on the back of the tongue are the main causes
for the increased production of VSCs in patients with halitosis.
Bernardi et al. (2019) revealed that the dorsal tongue biofilm of
patients with halitosis had a significantly higher proportion of
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F. nucleatum and Streptococcus. In addition, in recent years, studies
have revealed that psychological stress and anxiety can increase the
discharge of VSCs in the oral cavity, which may be correlated with
F. nucleatum (Nani et al., 2017; De Lima et al., 2020).

4.2 Treatment of F. nucleatum-Related
Halitosis
In most cases, bad breath can improve with adequate moisture,
proper dental care, oral hygiene, deep tongue cleaning, and, if
necessary, garglinge with an effective mouthwash (Krespi et al.,
2006). Since halitosis is closely associated with specific bacteria in
the oral cavity including F. nucleatum, researchers have
developed several treatments or related drugs for oral
microbiota. These include vaccines, antibodies, plant extracts,
chemical reagents, probiotics and photodynamic therapy to
achieve the effect of treating or managing halitosis.

4.2.1 Vaccines and Antibodies
Liu et al. (2010) revealed that the co-culture of P. gingivalis and
F. nucleatum treated with FomA serum antibody reduced the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5191
production of VSCs. FomA is a porin on the surface of F.
nucleatum, which has both adhesive and immunogenicity
properties. Moreover, it participates in the co-aggregation of F.
nucleatum and other oral microorganisms (Zhang et al., 2021).
Therefore, FomA vaccine can inhibit halitosis by suppressing
bacterial co-aggregation. In addition, mice immunized with the
FomA vaccine can produce neutralizing antibodies and can
effectively minimize the progression of gum abscesses caused
by F. nucleatum and P. gingivalis co-infection (Liu et al., 2010).
Moreover, an abscess in the gum pocket caused by bacterial
infection is a common source of chronic halitosis (Liu et al.,
2009). Compared with antimicrobial agents, vaccines are more
selective to pathogenic bacteria and can prevent accidental injury
of beneficial bacteria in the mouth due to the use of broad-
spectrum antimicrobials, thereby resulting in potential adverse
effects. Common antibacterial mouthwash can remove oral
bacteria with nitrate reductase and affect the synthesis of nitric
oxide via the nitrate–nitrite–nitric oxide pathway, resulting in
higher blood pressure (Senkus and Crowe-White, 2020). The
vaccine, which is more specific, can prevent similar problems.
A

B

FIGURE 2 | Possible Mechanisms of Periodontal Disease Promotion by F. nucleatum. (A) The role of F. nucleatum in the formation of dental plaque: F. nucleatum
can coaggregate with early colonizers (including Streptococcus) and late colonizers (including P. gingivalis) of dental plaques via its adhesins; (B) The role of F.
nucleatum in periodontal tissues: F. nucleatum can promote the development of periodontal disease by affecting epithelial cells, fibroblasts, and locally infiltrated
neutrophils and macrophages in periodontal tissues. FomA, Fap2, CmpA, RadD, Aid1, and FadA are the major adhesins in F. nucleatum.
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In recent years, Wang et al. (2019) revealed that the use of egg
yolk antibody IgY (obtained from the egg yolk of chickens
stimulated by F. nucleatum) can inhibit the growth of F.
nucleatum and significantly reduce the production of VSCs,
volatile organic compounds and ammonia. Egg yolk antibody
has a wide range of sources and is low cost. Considering the
complexity of the halitosis mechanism, it is important to target
specific pathogenic bacteria. Therefore, egg yolk antibody might
become an ideal antibacterial agent for bad breath.

4.2.2 Plant Extracts
Ben Lagha et al. (2020) found that three essential oils, specifically
Labrador tea, peppermint and winter savory, could inhibit the
growth and biofilm formation of F. nucleatum and reduce the
production of VSCs by F. nucleatum in a dose-dependent
manner. Therefore, these essential oils could not cause
cytotoxicity to human oral keratinocytes in effective
bactericidal concentration and action time. Higuchi et al.
(2019) revealed that epigallocatechin gallate, the main
component of green tea polyphenols, could inhibit the growth
of P. gingivalis, P. intermedia, and F. nucleatum at a dose of
2.5mg/mL. Sun et al. (2019) showed that alkali-transformed
saponin ATS-80 from quinoa husks separated by AB-2 resin
has evident inhibitory effects against F. nucleatum. Further, its
minimum inhibitory concentration at a dose of 31.3 mg/mL and
minimum bactericidal concentration at a dose of 125 mg/mL are
low. Hence, it can be used as an antibacterial agent for the
treatment of halitosis. Xue et al. (2017) revealed that less polar
ginsenosides obtained via thermal transformation have good
antibacterial activity against F. nucleatum, Clostridium
perfringens, and P. gingivalis. Ito et al. (2010) reported that
myrsinoic acid B purified from Myrsine seguinii can inhibit
the production of hydrogen sulfide and methyl mercaptane
by F. nucleatum, P. gingivalis, and Treponema denticola.
The above-mentioned plant extracts have a good inhibitory
effect against oral bacteria that cause bad breath. However,
due to their potential toxicity, oral microbiota dysbiosis and
other side effects, their long-term application may require
further evaluation.

4.2.3 Chemical Reagents
Suzuki et al. (2018) found that Zn2+ ions can inhibit the growth
of oral bacteria and the production of H2S, and its inhibition is
strain-dependent, among which F. nucleatum ATCC25586 is the
most sensitive. Kang et al. (2017) revealed that both ZnCl2 and
cetylpyridinium chloride (CPC) can effectively inhibit the growth
of F. nucleatum and directly reduce the production of VSCs. Via
randomized clinical trials, Shinada et al. (2010) revealed that
gargling with ClO2 for 7 days could effectively reduce healthy
subjects’ morning mouth odor, plaque, tongue coating, and the
number of F. nucleatum in the saliva among healthy individuals.
Similar to plant extracts, chemical reagents have a good
bacteriostatic effect. However, they can also kill symbiotic
bacteria in the oral cavity. Hence, this may lead to potential
adverse effects and limit the possibility of their long-
term application.
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4.2.4 Probiotics
Kang et al. (Shinada et al., 2010) isolated and identified three
types of Weissella cibaria producing hydrogen peroxides from
the saliva of children. These isolates can inhibit the production of
VSCs by F. nucleatum in vitro and in vivo. Fujiwara et al. (2017)
showed that Reuterin-related compounds can significantly
inhibit methyl mercaptane produced by F. nucleatum and P.
gingivalis. However, they have no cytotoxic effects on to human
oral keratinocytes. Suzuki et al. (2014) found that Lactobacillus
saliva WB21 buccal tablets can significantly reduce the number
of F. nucleatum in patients with oral odor. In the future, the use
of probiotics can be a promising method to control bad breath,
because they have not only antibacterial activity but also
potential benefits to other systems of the whole body including
the gastrointestinal tract.

4.2.5 Photodynamic Therapy
Rai et al. (2016) found that the combination of photoactivated
antibacterial methylene blue and 665nm laser can effectively kill
P. gingivalis , Prevotella intermedia, Peptostreptococcus
anaerobius, Solobacterium moorei, and F. nucleatum. Hence,
photodynamic therapy may be a feasible method for the
treatment of bad breath. Sigusch et al. (2010) showed that after
periodontal scaling and root planning, patients with localized
chronic periodontitis, in whom F. nucleatum could still be
detected were treated with photodynamic therapy. Compared
with the control group without photodynamic therapy, gingival
redness and inflammation, bleeding on probing, average probing
depth and clinical attachment level significantly decreased.
Furthermore, the concentration of F. nucleatum DNA
significantly reduced after 12 weeks of treatment. Antibacterial
photodynamic therapy can effectively kill F. nucleatum, thereby
indicating its potential role in the treatment of bad breath.

Considering that broad-spectrum antimicrobial agents can
lead to microbiota dysbiosis, bacterial antibiotic resistance and
other adverse consequences, researchers are committed to
developing targeted drugs to kill F. nucleatum more accurately.
These drugs include vaccines, antibodies, probiotics, and
bacteriophages. However, most drug experiments are still in
the in vitro test stage. Whether good antibacterial properties
in the in vitro model can be achieved in vivo remains unknown,
and the effective dose and safety must be further evaluated.
5 ASSOCIATION BETWEEN F. nucleatum
AND PULP INFECTION

At present, via the detection of bacteria in dental pulp infection
samples, several studies have found that F. nucleatum is
significantly abundant in respective samples. Thus, it may play
an important role in the development and progression of dental
pulp infection.

5.1 Relevant Epidemiological Evidence
In pulpitis samples, Sassone et al. (2008) used checkerboard
DNA–DNA hybridization to determine the composition of the
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microbiota of primary pulp infection. Several species such as F.
nucleatum ssp. vincentii, Veillonella parvula, Treponema
socranskii, Enterococcus faecalis, and Campylobacter gracilis
found in symptomatic cases and F. nucleatum ssp. vincentii, F.
nucleatum ssp. nucleatum, Enterococcus faecalis, Eubacterium
saburreum, and Neisseria mucosa in asymptomatic cases. In the
samples of periapical periodontitis, Bouillaguet et al. (2018)
analyzed the bacteria in the dentin and root canal samples of
teeth with primary periapical periodontitis and secondary apical
periodontitis via 16S rRNA gene amplification sequencing.
Results showed that F. nucleatum is the most common and
abundant operational taxonomic unit. Meanwhile, the
proportion of F. nucleatum in secondary root canal infection
was lower than that in primary root canal infection. Rôças et al.
(Rôças and Siqueira, 2012) showed that the most common taxa
detected in the microbiota of retreated root canals were
Propionibacterium species, F. nucleatum, streptococci, and
Pseudoramibacter alactolyticus . Pereira et al. (2017)
quantitatively detected bacteria in apical 3 mm and periapical
infection samples of teeth with failed pulp treatment. Results
showed that F. nucleatum, Dialister pneumosintes, and
Tannerella forsythia were the most common bacteria. Barbosa-
Ribeiro et al. (2021) detected the microbiota in the root canal of
teeth with failed pulp treatment via 16S rRNA gene sequencing
and PCR. Results showed that Enterococcus faecalis, F.
nucleatum, and P. gingivalis were associated with periapical
lesions measuring > 3 mm. Johnson et al. (2006) found that
Enterococcus faecalis and F. nucleatum can co-aggregate. Hence,
the combination of these two bacteria plays a potential role in
dental pulp infection. In addition to evidence obtained using
samples of pulpitis and periapical periodontitis, F. nucleatum
was found to be abundant in endo-periodontal lesions. Didilescu
et al. (2012) qualitatively and semi-quantitatively evaluated the
bacteria in the root canal system and periodontal pocket of 46
patients with endo-periodontal lesions via PCR and DNA–DNA
blotting. Parvimonas micra, F. nucleatum, and Capnocytophaga
sputigena were extremely abundant in dental pulp samples,
thereby showing that these bacteria may play a role in the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7193
pathogenesis of endo-periodontal lesions. Based on the
evidence obtained using the above–mentioned clinical samples,
F. nucleatummay play a role in dental pulp infection and disease
progression (Table 1).

5.2 Possible Mechanisms of F. nucleatum
in Dental Pulp Infection
The specific role and mechanisms of F. nucleatum in dental pulp
infection remain unclear. Current studies have shown that the
role of F. nucleatum in dental pulp infection may be correlated
with its alkali tolerance and endotoxines.

5.2.1 Alkali Tolerance
Lew et al. (2015) found that F. nucleatum could tolerate the root
canal environment with pH 9, and the alkali tolerance of F.
nucleatum in the biofilm was stronger than that of F. nucleatum
in the planktonic state (Chávez de Paz et al., 2007). It was
concluded that its strong alkali tolerance made it survive in the
root canal washed by alkaline disinfectant, allowing its existence
in all stages of dental pulp infection.

5.2.2 Endotoxines
Endotoxines on the surface of F. nucleatum may play an
important role in root canal infection. Gomes et al. (2012)
reported that in the teeth with primary dental pulp infection,
the root canals with clinical symptoms had higher endotoxin
content than asymptomatic teeth, and there was a positive
correlation between endotoxin content and larger X-ray
permeable areas (> 3 mm) (Barbosa-Ribeiro et al., 2021).
Enterococcus faecalis, F. nucleatum, and P. gingivalis are
associated with periapical lesions measuring > 3 mm. Thus, the
endotoxines of pathogenic bacteria may play a role in the
progression of root canal infection. Martinho et al. (2014)
found that P. micra, F. nucleatum, and P. gingivalis were the
most common bacteria in infected root canals. Meanwhile,
endotoxines in the root canals were positively correlated with
IL-6 and IL-10. After macrophage stimulation due to the
contents of infected root canals, the phosphorylation of p38
TABLE 1 | Alterations in Predominant Bacteria Identified in Dental Pulp Infection (Sassone et al., 2008; Didilescu et al., 2012; Rôças and Siqueira, 2012; Pereira et al.,
2017; Bouillaguet et al., 2018; Barbosa-Ribeiro et al., 2021).

Bacterial Phylum/Genus/Species Samples Testing methods

In symptomatic cases: F. nucleatum subsp. Vincentii, Veillonella parvula,
Treponema socranskii, Enterococcus faecalis, and Campylobacter gracilis

30 Symptomatic and 30 asymptomatic single-rooted teeth with
necrotic pulp

Checkerboard DNA-
DNA hybridization
methodIn asymptomatic cases: F. nucleatum subsp. Vincentii, F. nucleatum subsp.

nucleatum, E. faecalis, Eubacterium saburreum, and Neisseria mucosa
The most prevalent and abundant OUT: F. nucleatum 43 dental roots(21 primary apical periodontitis group and 22

secondary apical periodontitis group) and 21 dentin samples
16S rRNA gene
sequencingThe proportions of F. nucleatum: higher in primary infected root canals and

lower in secondary infected root canals
The most prevalent taxa: Propionibacterium species, F. nucleatum,
streptococci, and Pseudoramibacter alactolyticus

42 teeth undergoing root canal retreatment Quantitative real-time
PCR (qPCR) assay

The most prevalent species: F. nucleatum (71.6%), Dialister pneumosintes
(58.3%) and Tannerella forsythia (48.3%)

33 3 mm samples root ends and 30 samples of the
surrounding chronic periapical infection

Quantitative real-time
PCR (qPCR) assay

The most prevalent species: E. faecalis and Porphyromonas gingivalis 20 infected root canals of single-rooted teeth at the different
phases of the endodontic retreatment

16S rRNA gene
sequencing and PCR

Endodontic samples: P. micra, F. nucleatum and C. sputigena 46 patients presenting with different types of endo-periodontal
lesions

PCR and DNA–DNA
hybridizationPeriodontal samples: P. micra, F. nucleatum, C. sputigenaplus and C. rectus
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reached the peak at 60 min, and NF-kB was activated rapidly 10
min after stimulation. Hence, the pathogens in the root canal
may activate the TLR-4 of macrophages via endotoxines and can
promote the production of IL-6 and IL-10 via the p38 MAPK
and NF-kB signaling pathways, thereby leading to root canal
inflammation. Maciel et al. (2012) inoculated F. nucleatum into
the root canals of sterile mice. Then, F. nucleatum upregulated
the expression of IFN-g and TNF-a mRNA in periapical tissues
on the 7th (acute phase) and 14th (chronic phase) days of
infection. Notably, IFN-g may interact with TNF-a, induce
RANKL overexpression, and activate osteoclast bone
resorption (Fukada et al., 2009; Teixeira-Salum et al., 2010).
Under bacterial stimulation, RANKL and pro-inflammatory
cytokines induce a synergistic effect in the periapical area,
thereby promoting the expansion of periapical lesions
(Kawashima et al., 2007; De Rossi et al., 2008).

Based on the above-mentioned pathogenic mechanisms of
F. nucleatum, the use of conventional alkaline disinfectants
may not be effective in refractory dental pulp infections. After
relevant pathogenic bacteria are identified via bacterial culture,
better outcomes can be achieved using targeted drugs for
killing bacteria.
6 ASSOCIATION BETWEEN F. nucleatum
AND ORAL CANCER

Oral cancer is the 11th most common cancer worldwide, and
oral malignant tumors are oral squamous cell carcinoma (OSCC)
accounts for approximately 90% of all oral malignancies
(D’Souza and Addepalli, 2018). Surgical techniques, adjuvant
radiotherapy and chemotherapy have progressed in recent
decades. However, the incidence of OSCC may increase
worldwide, and the 5-year overall survival rate is extremely low
at approximately 50%–60% (Zhang et al., 2019). According to
the literature, approximately 15% of OSCC cases have an
unknown origin and can be attributed to viruses (such as
human papilloma virus and Epstein–Barr virus), fungi (such as
Candida albicans) and certain bacteria. Bacterial infection can
lead to chronic inflammation, and chronic inflammation caused
by infection is one of the most important causes of cancer (Kuper
et al., 2000). Therefore, in some cases of OSCC of unknown
origin, the biological role and related mechanisms of specific
microorganisms, which have scientific significance and clinical
application value for the prevention, early diagnosis and
treatment of OSCC, should be further explored.

6.1 Relevant Epidemiological Evidence
F. nucleatum, a common opportunistic bacterium in the oral
cavity, is closely correlated with oral cancer in recent years. Yang
et al. (2018) performed 16S rRNAV3V4 amplification sequencing
to determine the microbiota in the mouthwashes of 51 healthy
people and 197 patients with OSCC at different stages. Results
showed that the abundance of Fusobacteria increased significantly
with oral cancer progression among healthy controls (2.98%)
those with OSCC stage 1 (4.35%) to 4 (7.92%). Meanwhile, at the
genus level, the abundance of Fusobacterium increased with
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8194
cancer progression. Via 16S rRNA amplification sequence of
oral swabs, Su et al. (2021) analyzed the bacteria within the
lesion surface of OSCC and its contralateral normal tissues of
male patients with buccal mucosal cancer in the cohort of
discovery (n = 74) and subsequent validation cohort (n = 42).
Hence, the bacterial biomarkers were associated with OSCC,
among which the most different genera were Fusobacterium
(enriched in OSCC) and Streptococcus (reduced in OSCC).
Further functional prediction of the oral microbiome showed
that there was a differential enrichment of microbial genes
correlated with terpenoid and polyketide metabolism between
the control and tumor groups. Hence, oral microbiome played a
role in the formation of the tumor microenvironment by
inhibiting the biosynthesis of secondary metabolites with
anticancer effect (Su et al., 2021). At the species level, Chang
et al. (2019) detected the relative abundance of P. gingivalis, F.
nucleatum, and Streptococcus sanguis in 61 cancer tissues,
paracancerous tissues, subgingival plaque samples and 30
normal tissues via quantitative polymerase chain reaction
(qPCR). The numbers of P. gingivalis and F. nucleatum in
cancer tissues were higher than those in normal and
paracancerous tissues. Moreover, the number of Streptococcus
sanguis in normal tissues was higher than that in malignant and
paracancerous tissues. In addition, the relative abundance of P.
gingivalis and F. nucleatum in cancer tissues was positively
correlated with their relative abundance in subgingival plaque.
Al-Hebshi et al. (2017) sequenced the V1-V3 DNA of 20 fresh
OSCC biopsy and 20 deep epithelial swab samples. Results
showed that F. nucleatum subsp. polymorphum had the highest
proportion in oral cancers, followed by Pseudomonas aeruginosa
and Campylobacter. Zhang et al. (2019) performed 16S rDNA
sequencing to analyze the microbiota compositions of tumor sites
and opposite normal tissues in the buccal mucosal of 50 patients
with OSCC. Results showed that the richness and diversity of
bacteria were significantly higher in tumor sites than in controls.
The abundance of F. nucleatum, Prevotella intermedia,
Aggregatibacter segnis, Capnocytophaga leadbetteri, and
Peptostreptococcus stomatis increased significantly. In the above-
mentioned clinical samples, F. nucleatum was enriched in OSCC.
Therefore, it may have a certain effect on the development of
OSCC (Table 2).

6.2 Possible Role and Related
Mechanisms of F. nucleatum
in Oral Cancer
The enrichment of F. nucleatum in OSCC has attracted the
attention of scholars. However, its role in OSCC and specific
mechanisms are not completely elucidated. Zhang et al. (2021)
analyzed the differentially expressed mRNAs and lncRNAs caused
by human immortalized oral epithelial cells infected by
F. nucleatum with an MOI of 100 via high-throughput
sequencing. Results showed the top 10 HUB genes were
correlated with tumor progression. Moreover, some HUB genes
were abnormally expressed in the clinical samples of OSCC. Kang
et al. (2019) obtained the transcriptome map of gingival
mesenchymal stem cells stimulated by F. nucleatum via gene
chip significant map (maSigPro) analysis. After culture for 3, 7, 14
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and 21 days, 790 (9 clusters) differentially expressed genes were
found. These genes were significantly enriched in the cell
adhesion junction and tumor-related pathways. The above-
mentioned bioinformatics analysis showed that the infection of
F. nucleatum in the oral cavity has a potential tumor-promoting
effect. Harrandah et al. (2020) reported that compared uninfected
mice, those infected with F. nucleatum and P. gingivalis developed
significantly larger and numerous pathological changes in 4NQO-
induced oral carcinoma in situ. Kamarajan et al. (2020) have
found that the main periodontal pathogens (P. gingivalis, T.
denticola, and F. nucleatum) can promote cell migration,
invasion, tumorsphere formation, and OSCC tumorigenesis,
without significantly affecting cell proliferation or apoptosis.
Gallimidi et al. (Binder Gallimidi et al., 2015) reported that oral
epithelial cells exposed to P. gingivalis and F. nucleatum can
activate TLR signals, produce IL-6, activate STAT3, and induce
important effector molecules (such as cyclin D1, MMP9, and
heparanase) to drive the growth and invasion of OSCC. These
results support the role of F. nucleatum in promoting OSCC.
However, only few studies assessed the responsible mechanisms,
which are still not well defined.

6.2.1 Proliferation
In recent years, F. nucleatum have been found to promote the
proliferation of OSCC. Uitto et al. (2005) reported that the
upregulation of cyclin-dependent kinase (CDK) 7 and 9
mediated by F. nucleatum can enhance the proliferation of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9195
human immortalized keratinocytes. Geng et al. (2020) showed
that F. nucleatum infection can cause DNA damage in tongue
squamous cell carcinoma cell line Tca8113 via the Ku70/p53
pathway. This mechanism can then enhance proliferation ability
and accelerate the cell cycle of Tca8113 cells. Although Ku70
participates in non-homologous end-joining of DNA repair by
binding to the end of DNA double-strand breaks, the specific
mechanism between F. nucleatum infection and Ku70 is unclear.
Tumor suppressor protein p27 is a member of the CDK inhibitor
family, which blocks cells from entering the S phase by binding to
CDK and participates in cell cycle regulation. Geng et al. (2020)
reported that the p27 levels in tongue squamous cell carcinoma
cell lines infected by F. nucleatum decreased. Meanwhile, the
percentage of cells in the G1 phase decreased, and that of cells in
the S phase increased significantly. As previously mentioned, F.
nucleatum can produce hydrogen sulfide. In this context, Ma et al.
(2015) showed that hydrogen sulfide can accelerate the cell cycle
process of OSCC cell lines. Zhang et al. (2016) revealed that
hydrogen sulfide can promote the proliferation of oral cancer cells
by activating the COX2/AKT/ERK1/2 axis. Hence, F. nucleatum
may play a cancer-promoting role by producing hydrogen sulfide.

6.2.2 Migration and Invasion
In addition to promoting the proliferation of OSCC,
F. nucleatum may enhance its migration and invasion. Human
epithelial cells infected with F. nucleatum can increase the
production of MMP-9 and MMP-13 by activating mitogen-
TABLE 2 | Alterations in Predominant Bacteria Identified in Oral Cancer (Nagy et al., 1998; Al-Hebshi et al., 2017; Yang et al., 2018; Yost et al., 2018; Chang et al.,
2019; Zhang et al., 2019; Hosgood et al., 2021; Su et al., 2021).

Bacterial
Phylum/
Genus/
Species

Subjects Types of Samples Testing methods Association with Oral Cancer

Fusobacterium 20 male and 1 female Biofilm from the central
surface of the lesions and
from contiguous healthy
mucosa

ATB identification
procedures
(BioMerieux, Lyon,
France)

Increased at tumor sites

Fusobacterium 40 Chinese subjects Cancer lesion samples and
matched controls

16S rRNA gene
sequencing

Significantly enriched in OSCC samples; several operational
taxonomic units (OTUs) associated with Fusobacterium were
highly involved in OSCC and demonstrated good diagnostic
power

Fusobacteria 4 OSCC subjects and 7 healthy
subjects

Oral swab Metatranscriptomic
analysis

Fusobacteria virulence factors may be involved in the
pathogenesis of oral cancer

Fusobacterium 6 patients with OSCC The Cancer tissues,
paracancerous tissues and
subgingival plaque samples

16S rRNA gene
sequencing

Had significantly higher relative abundances in cancer tissues
than in paracancerous tissues

Fusobacterium 51 healthy individuals and 197
OSCC patients

Oral rinse from 51 healthy
individuals and 197 OSCC
patients at different stages

16S rRNA gene
sequencing

Increased with cancer progression

Fusobacterium Discovery (n=74) and validation
(n=42) cohorts of male patients
with cancers of the buccal
mucosa.

Buccal swab 16S rRNA gene
sequencing

Enriched in the tumor sites

F. nucleatum
subsp.
polymorphum

20 OSCC patients and 20 control
subjects

Fresh biopsies (cases) and
deep-epithelium swabs
(matched control subjects)

16S rRNA gene
sequencing

The most significantly overrepresented species in the tumors

F. nucleatum 50 patients with OSCC Tumor sites and opposite
normal tissues in buccal
mucosal

16S rDNA
sequencing

Significantly increased in the OSCC group
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activated protein kinase p38 (Uitto et al., 2005). Meanwhile,
MMP-9 and MMP-13 play an important role in tumor invasion
and metastasis. Zhang et al. (Uitto et al., 2005) revealed that F.
nucleatum can upregulate mesenchymal markers, including N-
cadherin, vimentin and SNAI1, via the lncRNAMIR4435-2HG/
miR-296-5p/Akt2/SNAI1 signal pathway in non-cancerous
human immortalized oral epithelial cells and OSCC cell lines
to promote the migration and epithelial-to-mesenchymal
transition (EMT) of these two types of cells. Moreover, the
promoting effect of F. nucleatum on EMT is not dependent on
the whole living bacterial cells, and FadA may be closely
correlated with this process. EMT refers to the biological
process in which epithelial cells are transformed into cells with
the interstitial phenotype via specific procedures. Epithelial-
derived malignant tumors should have the ability to migrate
and invade, which are important biological processes (Mittal,
2018). Kamarajan et al. (2020) reported that the migration of
OSCC cells enhanced by the main periodontal pathogens (P.
gingivalis, T. denticola, and F. nucleatum) is mediated by the
activation of integrin aV and FAK, because the effect can be
eliminated by the stable blocking of aV and FAK expression.
Harrandah et al. (2020) showed that oral cancer cell lines
infected with F. nucleatum upregulated the expression of
MMP1, MMP9, and IL-8; MYC, JAK1, and STAT3, which are
cell survival markers; and ZEB1 and TGF-b, which are EMT
markers. Moreover, the culture supernatant of F. nucleatum,
mainly LPS, was sufficient to induce IL-8 secretion, thereby
indicating that living F. nucleatum may not require direct
contact with cancer cells to change their behavior. Hence, the
presence of F. nucleatum in the oral tumor microenvironment
can potentially enhance the invasiveness, survival rate and EMT
of cancer cells. The inflammasome contains a CARD (ASC),
procaspase-1, and sensor protein, which is either a NOD-like
receptor (NLR) or an absent in melanoma 2 (AIM2)-like
receptor (Malik and Kanneganti, 2017). Furthermore, it can
mediate the process of IL-1b, and pro-IL-18, which are the two
most important inflammatory cytokines, to their active forms
(Malik and Kanneganti, 2017). Aral et al. (2020) revealed that
OSCC cell infection by F. nucleatum can enhance the expression
of IL-1b by increasing AIM2 and by down-regulating POP1,
which can control the activation of the NLRP3 inflammasome by
targeting ASC. IL-1 b can participate in the early and late stages
of oral carcinogenesis by promoting oral dysplastic cell
proliferation, carcinogenic cytokine production, and OSCC
invasiveness (Lee et al., 2015). Abdulkareem et al. (2018)
reported that F. nucleatum may induce OSCC cells to undergo
EMT by up-regulating TGF-b, TNF-a and EGF signals.
However, at present, the specific molecular mechanisms of F.
nucleatum promoting the migration and invasion of OSCC cells
are not extremely clear, and most studies remained at the stage of
in vitro experiments. Moreover, these findings have not been well
confirmed in animal experiments.

6.2.3 Change in the Local Tumor Microenvironment
F. nucleatum can change the local immune microenvironment of
the tumors it colonizes, and it plays a role in assisting tumor
immune evasion. Gur et al. (2015) confirmed that the outer
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10196
surface protein Fap2 of different F. nucleatum strains can bind
and activate the human inhibitory receptor TIGIT expressed by
T cells and natural killer cells (NK cells), thereby inhibiting anti-
tumor immunity. Based on subsequent experiments, F.
nucleatum was found to bind and activate the human
inhibitory receptor CEACAM1. Hence, the activity of T cells
and NK cells was inhibited (Gur et al., 2019). However, the
specific protein of F. nucleatum binding to CEACAM1 is
unknown. Therefore, F. nucleatum can promote the colonized
tumor by regulating the immune microenvironment, which is
beneficial to tumor development. In the future, drugs or
CEACAM1 and TIGIT inhibitors targeting the surface proteins
of F. nucleatum can be developed to eliminate bacterial-
dependent tumor immune evasion and to help in the
treatment of tumors colonized by F. nucleatum. In addition, F.
nucleatummay have an adverse effect on the treatment of OSCC.
Rui et al. (2021) found that Fusobacterium andMycoplasma were
more abundant in the nonresponsive group at the genus level via
16S rRNA gene sequencing and metagenomic analysis of oral
rinse samples obtained from patients with OSCC who received
docetaxel, cisplatin, and 5-fluorouracil (TPF) induction
chemotherapy. Meanwhile, Slackia was more enriched in the
responder group. Metagenomic shotgun sequencing analysis
revealed that F. nucleatum was more enriched in the
nonresponsive group (Rui et al., 2021). Therefore, F.
nucleatum abundance may be correlated with poor response to
chemotherapy in patients with OSCC. Da et al. (2021) showed
that F. nucleatummay down-regulate p53 and E-cadherin via the
Wnt/NFAT pathway, thereby promoting cisplatin resistance and
OSCC cell migration. However, the molecular mechanism of the
association between F. nucleatum and OSCC cells leading to
cisplatin resistance has not been validated yet (Figure 3).

6.3 Anti-Cancer Treatment for
F. nucleatum
Considering that bacterial infection may have a promoting effect
in oral cancer, its treatment has been assessed in recent years.
Kamarajan et al. (2015) found that Nisin can reduce the
development of oral tumors, and its long-term use can prolong
the life of tumor-bearing mice. Further, Nisin can eliminate cell
migration, invasion, tumorsphere formation, and OSCC
tumorigenesis promoted by F. nucleatum in vivo (Kamarajan
et al., 2020). Therefore, Nisin has a good therapeutic potential
and can be used as an anticancer agent and an inhibitor of
pathogen-mediated carcinogenesis. With higher global antibiotic
resistance rates, people are attempting to develop alternatives
such as bacteriophages to achieve targeted therapy that attacks
specific bacteria in biofilms and to prevent adverse consequences
such as microbiota dysbiosis and antimicrobial resistance. Kabwe
et al. (2019) identified a new type of bacteriophage FNUI against
F. nucleatum, which can effectively kill cells in the biofilm of F.
nucleatum and significantly reduce the number of F. nucleatum
biofilms. Bacteriophages can be prepared in buccal tablets or
pastes to kill potential bacteria when released in vitro (Brown
et al., 2018). However, their use in vivo for the treatment of
complex biofilms in periodontitis and as adjunctive therapy for
cancer treatment must be further evaluated.
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7 ASSOCIATION BETWEEN F. nucleatum
AND SYSTEMIC DISEASES

F. nucleatum is correlated with several diseases outside of the oral
cavity. In this chapter, we reviewed the research progress of F.
nucleatum in extra-oral diseases in recent years. Figure 4 depicts
the diseases in which F. nucleatum can be isolated from clinical
specimens. However, whether F. nucleatum contributes to the
development of these diseases must be validated. Therefore, this
study assessed diseases including CRC, in which F. nucleatum
has the most mechanistic supportive role, and adverse pregnancy
outcomes (Brennan and Garrett, 2019).

7.1 CRC
F. nucleatum can be enriched in CRC tissues (Kostic et al., 2012),
and patients with CRC had identical strains of F. nucleatum in
the CRC and oral cavity (Komiya et al., 2019). Therefore, F.
nucleatum in CRC may originate from the oral cavity.

F. nucleatum can affect the multiple stages of CRC
development via different mechanisms (Brennan and Garrett,
2019). First, in the initial stage of tumorigenesis, F. nucleatum
can activate the b-catenin and Wnt pathway via the binding of
adhesion protein FadA to E-cadherin on the surface of CRC cells
(Rubinstein et al., 2013). This phenomenon leads to the
activation of the NF-kB pathway via the combination of
virulence factor LPS and TLR-4 on the surface of CRC cells,
which results in a higher carcinogenic miR-21 expression (Yang
et al., 2017). The above-mentioned mechanisms can promote the
proliferation of cancer cells.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11197
Second, if a tumor develops, F. nucleatum can bind to
acetylgalactosamine (Gal-GalNAc) overexpressed on the
surface of CRC cells via fibroblast activation protein 2 (Fap2)
lectins on its surface, thereby resulting in the local enrichment of
F. nucleatum in cancer tissues (Yang et al., 2017). In addition, F.
nucleatum can bind to the colon epithelium via FadA and RadD
and invade the mucosa (Wu et al., 2019).

Third, in the process of tumor development, F. nucleatum can
induce a pro-inflammatory microenvironment and suppress host
immunity conducive to CRC progression (Wu et al., 2019). The
invasion of F. nucleatum increases the infiltration of
inflammatory cells and the release of cytokines, such as NF-kB,
IL-6, IL-8, IL-10, and IL-18, which promote cell proliferation
(Wu et al., 2019). Moreover, it can interact with the immune
cells, leading to a lower T cell density, greater M2 macrophage
polarization, NK cell activity inhibition, and higher number of
dendritic cells and tumor-associated neutrophils that diminish
anti-tumor immunity (Wu et al., 2019). Moreover, it can
selectively recruit tumor-infiltrating myeloid cells, which can
promote tumor progression (Kostic et al., 2013). In addition to
forming a local cancer-promoting immune microenvironment,
F. nucleatum can promote CRC metastasis. F. nucleatum
infection can upregulate caspase recruitment domain 3
(CARD3) expression by activating autophagy signaling (Chen
et al., 2020) and by upregulating KRT7-AS/KRT7 by activating
the NF-kB pathway (Chen et al., 2020), which promotes CRC
metastasis. Moreover, F. nucleatum infection can increase the
secretion of miR-1246/92b-3p/27a-3p and CXCL16/RhoA/IL-8-
enriched exosomes from CRC cells, which can enhance the cell
FIGURE 3 | Possible Mechanisms of Cancer Promotion by F. nucleatum.
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migration ability of non-infected CRC cells in vitro and promote
CRC metastasis in vivo (Guo et al., 2020).

Fourth, in the tumor treatment stage, F. nucleatum can
increase the risk of recurrence and chemotherapy resistance by
inhibiting the specific miRNAs involved in autophagy (Yu et al.,
2017). Moreover, it can migrate to the CRC locus, impair the
therapeutic efficacy of radiotherapy, and affect patient prognosis.
The use of metronidazole to kill F. nucleatum can reduce CRC
radiotherapy resistance induced by oral microbiota (Dong et al.,
2021). To enhance the chemotherapy effect of CRC, Zheng et al.
(2019) linked the F. nucleatum-specific phage with dextran
nanoparticles loaded with CRC chemotherapeutic drugs to
form phage-guided nanoparticles, which can effectively inhibit
the growth of F. nucleatum, significantly prolong the survival
time of CRC mice and reduce the number of adenomas in Apc
mice prone to intestinal adenomas. These results indicate that
phage-guided nanotechnology provides a new method for the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12198
future treatment of CRC. A recent study showed that in patients
with CRC, the abundance of F. nucleatum is positively correlated
with a high glucose metabolism of CRC cells. F. nucleatum
regulates the histone modification of ENO1 (a key component
of glycolysis pathway) gene by upregulating lncRNAENO1-IT1,
thereby promoting the glycolysis of CRC cells (which provide
energy for tumor cells) and cancer (Hong et al., 2021). Therefore,
targeting the ENO1 pathway can be a potential therapeutic
strategy in patients with CRC with a high abundance of
F. nucleatum.

Recent studies have shown that F. nucleatum can promote the
development of CRC via different mechanisms. However, at
present, whether F. nucleatum is a cause or result of CRC has
not been elucidated. Regardless, F. nucleatum should be
considered a risk factor for CRC, and targeting F. nucleatum in
the treatment of CRC may help improve the prognosis of
patients with CRC.
FIGURE 4 | Extraoral Diseases Associated With F. nucleatum. References are (Truant et al., 1983; Ford et al., 2005; De Socio et al., 2009; Swidsinski et al., 2011;
Lee et al., 2012; Mitsuhashi et al., 2015; Yamamura et al., 2016; Rodrıǵuez Duque et al., 2018; Vander Haar et al., 2018; Hashemi Goradel et al., 2019; Liu et al.,
2019; Abushamma et al., 2020; Barrera-López et al., 2020; Boehm et al., 2020; Cao et al., 2020; Huang et al., 2020; Kenig et al., 2020; Parhi et al., 2020;
Swaminathan and Aguilar, 2020; Hoffmeister et al., 2021).
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7.2 Adverse Pregnancy Outcomes
In recent years, using 16S rRNA-based culture-independent
methods, researchers have found F. nucleatum in placental and
fetal tissues (Cahill et al., 2005; Han et al., 2009; Gonzales-Marin
et al., 2013; Wang et al., 2013). Previous studies have shown that
F. nucleatum in the placenta may originate from subgingival
plaque in the oral cavity. Via the identification of clinical
samples, the strains of F. nucleatum found in the amniotic
fluid and placenta matched the strains in the maternal or
paternal’s subgingival regions, rather than in the lower genital
tract (Gauthier et al., 2011). Animal studies have revealed that
the injection of saliva or subgingival plaque samples into mice
can cause infection caused by oral symbiotic species, including F.
nucleatum, in the murine placenta. Therefore, oral bacteria can
translocate to the fetal-placental unit (Fardini et al., 2010).

Animal models have shown the pathogenic role of F. nucleatum
in adverse pregnancy outcomes. Han et al. (2004) found that the
injection of F. nucleatum into the tail vein of pregnant mice caused
preterm and term fetal loss within 72 h. Further, F. nucleatum was
restricted inside the uterus, without spreading systemically. Aother
study found that F. nucleatum induced fetal death in mice via the
stimulation of TLR4-mediated placental inflammatory response
(Liu et al., 2007). The ability of F. nucleatum to colonize the mouse
placenta is closely correlated with the adhesins on its surface (Han
et al., 2005; Kaplan et al., 2009; Kaplan et al., 2014; Coppenhagen-
Glazer et al., 2015). Among them, FadA plays a critical role in the
murine model of infection (Han, 2015). When FadA binds to
vascular endothelial cadherin (VE-cadherin), it causes VE-
cadherin to migrate away from the cell-cell junction, thereby
increasing endothelial permeability and allowing microorganisms
to penetrate the endothelium (Fardini et al., 2011). These
mechanisms can explain how F. nucleatum overcomes obstacles
including the placental barrier. Therefore, this finding supports the
importance of oral health and dental care among pregnant women.
8 SUMMARY AND CONCLUSIONS

F. nucleatum, which is one of the main pathogens associated with
periodontal diseases, not only causes periodontal disease and
halitosis, but also plays an important role in dental pulp
infection. In addition, a large body of epidemiological data
shows that it is also essential in promoting OSCC and is
considered a carcinogenic bacterium. Although periodontitis and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 13199
cancer are different diseases, their associated wounds do not heal
(Cugini et al., 2013). Periodontitis is an independent risk factor for
OSCC (Tezal et al., 2009). Moreover, they have potential
similarities in terms of the pathogenic mechanisms of F.
nucleatum in both diseases. F. nucleatum can play a role in these
two diseases by causing chronic inflammation, promoting EMT of
epithelial cells, and altering the local immune microenvironment.

In addition, the specific mechanisms of oral carcinogenic
bacteria including F. nucleatum in OSCC are still not completely
understood. It may be extremely early to consider eliminating
carcinogenic bacteria to prevent oral cancer. Drugs that can
effectively target pathogenic bacteria are still being investigated.
In the future, with further development of bacteria detection
technology and large data analysis, a spectrum of carcinogenic
bacteria in terms of different regions, races, ages, and stages of
tumor development can be established based on large population
data. Determining the diagnostic biomarkers for OSCC at an
early stage is extremely significant for the prevention and early
diagnosis and treatment of oral cancer and the identification of
prognosis. In the future, tumoral microorganisms can be used as
a basis for prognosis and treatment decision-makings, and
microbial profiling may soon become a routine test for OSCC.

F. nucleatum can be detected in different extra-oral diseases.
However, except in CRC and adverse pregnancy outcomes, its
role in other diseases and specific pathogenic mechanisms
remains unknown. With further research development, we can
have a better understanding of F. nucleatum, which lays the
foundation for the development of prevention and treatment
strategies for related diseases.
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Role of Oral Microbiota in Intra-Oral Halitosis. J. Clin. Med. 9 (8), 2484. doi:
10.3390/jcm9082484

Han, Y. W. (2015). Fusobacterium Nucleatum: A Commensal-Turned Pathogen.
Curr. Opin. Microbiol. 23, 141–147. doi: 10.1016/j.mib.2014.11.013

Han, Y. W., Ikegami, A., Rajanna, C., Kawsar, H. I., Zhou, Y., Li, M., et al. (2005).
Identification and Characterization of a Novel Adhesin Unique to Oral
Fusobacteria. J. Bacteriol. 187 (15), 5330–5340. doi: 10.1128/JB.187.15.5330-
5340.2005

Han, Y. W., Redline, R. W., Li, M., Yin, L., Hill, G. B., and McCormick, T. S.
(2004). Fusobacterium Nucleatum Induces Premature and Term Stillbirths in
Pregnant Mice: Implication of Oral Bacteria in Preterm Birth. Infect. Immun.
72 (4), 2272–2279. doi: 10.1128/IAI.72.4.2272-2279.2004

Han, Y. W., Shen, T., Chung, P., Buhimschi, I. A., and Buhimschi, C. S. (2009).
Uncultivated Bacteria as Etiologic Agents of Intra-Amniotic Inflammation
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 15201
Leading to Preterm Birth. J. Clin. Microbiol. 47 (1), 38–47. doi: 10.1128/
JCM.01206-08

Han, X. Y., Weinberg, J. S., Prabhu, S. S., Hassenbusch, S. J., Fuller, G. N., Tarrand,
J. J., et al. (2003). Fusobacterial Brain Abscess: A Review of Five Cases and an
Analysis of Possible Pathogenesis. J. Neurosurg. 99 (4), 693–700. doi: 10.3171/
jns.2003.99.4.0693

Harrandah, A. M., Chukkapalli, S. S., Bhattacharyya, I., Progulske-Fox, A., and
Chan, E. K. L. (2020). Fusobacteria Modulate Oral Carcinogenesis and
Promote Cancer Progression. J. Oral. Microbiol. 13 (1), 1849493. doi:
10.1080/20002297.2020.1849493

Hashemi Goradel, N., Heidarzadeh, S., Jahangiri, S., Farhood, B., Mortezaee, K.,
Khanlarkhani, N., et al. (2019). Fusobacterium Nucleatum and Colorectal
Cancer: A Mechanistic Overview. J. Cell Physiol. 234 (3), 2337–2344. doi:
10.1002/jcp.27250

He, J., Huang, W., Pan, Z., Cui, H., Qi, G., Zhou, X., et al. (2012). Quantitative
Analysis of Microbiota in Saliva, Supragingival, and Subgingival Plaque of
Chinese Adults With Chronic Periodontitis. Clin. Oral. Investig. 16 (6), 1579–
1588. doi: 10.1007/s00784-011-0654-4

Higuchi, T., Suzuki, N., Nakaya, S., Omagari, S., Yoneda, M., Hanioka, T., et al.
(2019). Effects of Lactobacillus Salivarius WB21 Combined With Green Tea
Catechins on Dental Caries, Periodontitis, and Oral Malodor. Arch. Oral. Biol.
98, 243–247. doi: 10.1016/j.archoralbio.2018.11.027
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Although clustering by operational taxonomic units (OTUs) is widely used in the oral
microbial literature, no research has specifically evaluated the extent of the limitations of
this sequence clustering-based method in the oral microbiome. Consequently, our
objectives were to: 1) evaluate in-silico the coverage of a set of previously selected
primer pairs to detect oral species having 16S rRNA sequence segments with ≥97%
similarity; 2) describe oral species with highly similar sequence segments and determine
whether they belong to distinct genera or other higher taxonomic ranks. Thirty-nine primer
pairs were employed to obtain the in-silico amplicons from the complete genomes of 186
bacterial and 135 archaeal species. Each fasta file for the same primer pair was inserted as
subject and query in BLASTN for obtaining the similarity percentage between amplicons
belonging to different oral species. Amplicons with 100% alignment coverage of the query
sequences and with an amplicon similarity value ≥97% (ASI97) were selected. For each
primer, the species coverage with no ASI97 (SC-NASI97) was calculated. Based on the
SC-NASI97 parameter, the best primer pairs were OP_F053-KP_R020 for bacteria
(region V1-V3; primer pair position for Escherichia coli J01859.1: 9-356); KP_F018-
KP_R002 for archaea (V4; undefined-532); and OP_F114-KP_R031 for both (V3-V5;
340-801). Around 80% of the oral-bacteria and oral-archaea species analyzed had an
ASI97 with at least one other species. These very similar species play different roles in the
oral microbiota and belong to bacterial genera such as Campylobacter, Rothia,
Streptococcus and Tannerella, and archaeal genera such as Halovivax, Methanosarcina
andMethanosalsum. Moreover, ~20% and ~30% of these two-by-two similarity relationships
were established between species from different bacterial and archaeal genera, respectively.
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Even taxa from distinct families, orders, and classes could be grouped in the same
possible OTU. Consequently, regardless of the primer pair used, sequence clustering
with a 97% similarity provides an inaccurate description of oral-bacterial and oral-
archaeal species, which can greatly affect microbial diversity parameters. As a result,
OTU clustering conditions the credibility of associations between some oral species and
certain health and disease conditions. This significantly limits the comparability of the
microbial diversity findings reported in oral microbiome literature.
Keywords: computational biology, DNA primers, genes, high-throughput nucleotide sequencing, mouth,
microbiota, 16S rRNA
INTRODUCTION

Since the introduction of the Sanger method in 1977, the
sequencing technologies have undergone substantial
improvements as the automatization and parallelization, which
have allowed the characterization of the microbiomes to
unprecedented depths rapidly and cost-effectively (Midha
et al., 2019). At present, the targeted amplicon sequencing of
the phylogenetic marker 16S ribosomal RNA (rRNA) gene is, by
far, one of the most commonly used techniques to determine the
structure and composition of the prokaryote communities
(Davidson and Epperson, 2018).

Studies published during the last decade have assessed the
mouth’s microbiome using high throughput 16S rRNA gene
sequencing (Zaura et al., 2021). To facilitate the analysis of
complex microbial communities like the oral environment,
amplicons derived from this technology are typically clustered
into operational taxonomic units (OTUs) that are intended to
correspond to taxonomic clades or monophyletic groups (Edgar,
2013). Specifically, sequences are clustered based on a given
similarity threshold, usually set at 97%, which has been
conventionally regarded as the species-level correspondent
(Stackebrandt and Goebel, 1994; Zaura et al., 2021).

Numerous OTU clustering algorithms have been integrated
into the popular sequence-analysis pipelines, such as QIIME2
(Bolyen et al., 2019), mothur (Schloss et al., 2009), and
USEARCH (Edgar, 2010). Overall, existing methods for
grouping 16S rRNA gene amplicons into OTUs can be
categorized in three ways: de novo, closed-reference, and open-
reference (Wei et al., 2021). While the first approach groups
amplicons based on pairwise sequence distances, the second
approach groups sequences that match a reference sequence
from a database in the same OTU. The open-reference represents
a combination of the two others, where sequences that do not
adequately match the reference are grouped using a de novo
method (Wei et al., 2021). However, none of these approaches
produce the same results in terms of obtaining OTUs, even when
using the same dataset (He et al., 2015; Westcott and Schloss,
2015). Moreover, even the same method can yield distinct results
after only a minor parameter change (Wei et al., 2021).

In addition, it has been reported that different species can
have very highly similar 16S rRNA gene sequences (Větrovský
and Baldrian, 2013; Schloss, 2021), which may lead to the
gy | www.frontiersin.org 2206
grouping of distinct taxa in the same OTU. In fact, around
25% of OTUs constructed using the widely adopted ≥97%
similarity threshold have been found to contain gene sequences
from multiple species (Větrovský and Baldrian, 2013; Schloss,
2021). These estimates were slightly different depending on the
gene region studied but reached up to 35% for variable regions
V4-V5 (Schloss, 2021). Consequently, the construction of an
OTU table can be affected, as can, by extension, taxonomic
assignments, and microbial diversity results.

Due to the limitations of OTU clustering, other analyses
based on establishing 100% sequence identity or single-
nucleotide resolution have been proposed, such as zero-radius
operational taxonomic units (Edgar, 2016), oligotypes, or
minimum entropy decomposition nodes (Eren et al., 2015),
amplicon sequence variants (Callahan et al., 2016) or
suboperational taxonomic units (Amir et al., 2017). The most
widely known pipelines based on the single-nucleotide resolution
are DADA2 (Callahan et al., 2016), Deblur (Amir et al., 2017),
and UNOISE (Edgar, 2016). These attempt to model the error of
the sequencer and to cluster reads in a way that their distribution
within clusters is consistent with such error (Caruso et al., 2019);
however, they differ in how this correction is done (Nearing
et al., 2018).

Several investigations have compared the two clustering
approaches (OTUs versus single-nucleotide resolution) to
discern which performs better (Nearing et al., 2018; Caruso
et al., 2019; Prodan et al., 2020; Abellan-Schneyder et al., 2021;
Garcıá-López et al., 2021; Schloss, 2021). In general, the pipelines
based on the single-nucleotide resolution have demonstrated
superior sensitivity, specificity, and precision, and lower spurious
sequence rates when compared to OTU algorithms (Caruso et al.,
2019; Prodan et al., 2020). They allow for easier inter-study
integration of biological features as amplicon sequence variants
have intrinsic meaning independent of the reference database
used, contrary to the study-specific nature of OTUs (Callahan
et al., 2017; Prodan et al., 2020). However, single-nucleotide
resolution algorithms, when analyzing 16S rRNA gene data, can
split a single genome into separate clusters (Schloss, 2021).
Furthermore, there is no consensus regarding the influence of
the method chosen on the diversity results obtained. Meanwhile,
some authors obtained minor differences between pipelines
using the two clustering methods, with comparable alpha- and
beta-diversity profiles (Abellan-Schneyder et al., 2021; Garcıá-
February 2022 | Volume 11 | Article 770668
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López et al., 2021); others evidenced distinct results even among
those from the same approach (Prodan et al., 2020).

Currently, more than 80% of recent studies on the oral
microbiome performed their analyses based on OTU
clustering. However, to our knowledge, no research has
specifically evaluated the extent of the limitations of these
sequence clustering-based methods by a similarity threshold in
the oral microbiome. Consequently, the objectives of the present
in-silico investigation were to: 1) evaluate the coverage of a set of
previously selected primer pairs to detect oral species having 16S
rRNA sequence segments with ≥97% similarity; 2) describe oral
species with highly similar sequence segments and determine
whether they belong to distinct genera or other higher
taxonomic ranks.
MATERIALS AND METHODS

The complete analysis protocol applied in the present study is
detailed in Figure 1.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3207
Obtaining Complete Genomes of Oral
Bacteria and Oral Archaea
The information on the bacterial taxa present in the oral cavity was
obtained from the eHOMD website (Escapa et al., 2018). Of the
2074 genomes availableon the site,weonly selected the 518 thathad
acomplete sequencing status foruse in the research.These complete
genomes have one ormore GenBank identifiers (Clark et al., 2016),
whichwere employed toaccess the complete sequences stored in the
NCBI database (NCBIResourceCoordinators, 2016).Additionally,
an initial list of 177 different oral archaea and their corresponding
GenBank identifiers (Clark et al., 2016), obtained as part of previous
research conducted by our group (Regueira-Iglesias et al., 2021a),
enabled us to access their complete sequences and annotations in
the NCBI database. Integrating the “Entrez Programming Utilities
(E-utilities)” tool (National Center for Biotechnology Information,
2010) in our Python script (Python Software Foundation, 2020)
allowedus toacquire theURLsneeded to retrieve the informationof
interest from various NCBI databases, including Taxonomy
(Schoch et al., 2020), RefSeq (O'Leary et al., 2016), and GenBank
(Clark et al., 2016).
FIGURE 1 | The complete analysis protocol applied in the present in-silico study.
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Therefore, a total of 709 complete prokaryotic genomes from
a total of 321 oral species were downloaded (more than one
complete genome was analyzed for several species). Finally, the
complete taxonomic hierarchy (from superkingdom to strain) of
all downloaded complete genomes was designated by the
taxonomic identifier included in the annotated information in
the NCBI database, all computationally performed with our
script above.

Selecting the Primer Pairs and
Obtaining the In-Silico Amplicons
of the 16S rRNA Gene
Thirty-three primer pairs with the best in-silico coverage, as
identified in earlier research by our group, were selected, along
with the six primer pairs used the most in the oral-microbiome
literature (Regueira-Iglesias et al., 2021a). These primer pairs
were classified according to the mean length of their amplicons:
short primer pairs (S, 100-300 base pairs), medium primer pairs
(M, 301-600 bps), and long primer pairs (L, >600 bps); and the
domain targeted (bacteria, archaea, or both) (Table 1).

Applying our script in combination with Python’s regex
module (Barnett, 2020), the direct and reverse sequences of
each primer pair were used to obtain in-silico sequence
segments of the whole genomes analyzed (hereafter referred to
as in-silico amplicons). An in-silico amplicon was considered for
subsequent analysis when the following conditions were present:
1) there is a zero mismatch of both primers (forward and reverse)
of each pair; 2) the distance between the starting position of the
forward primer and the ending position of the reverse primer is
less than 2300 and higher than 100 nucleotides; 3) the in-silico
amplicon does not repeat within the same species.

All in-silico amplicons from the same species, even if from
different strains, were considered for analysis. For each primer
pair, a fasta file was created where all in-silico amplicons found
were stored. The stored sequences were identified with the same
taxonomic hierarchy as the genomes from which they were
detected. As many in silico-amplicons were detected within the
same species (differing by at least 1 nucleotide), the sequence
variants were identified with correlative numbering at a new
hierarchical level below the species name.

In the fasta files, all sequences included a species identifier
(SPn) and a variant identifier (Vn) in their header, and then the
header of each sequence also included the taxonomic hierarchy
up to the variant level within each species. Finally, the in-silico
amplicons were obtained from 186 oral-bacterial and 135 oral-
archaeal species.

Determination of the Percentage of
Similarity Between In-Silico Amplicons of
Different Oral Species by MegaBLAST
A script with the NcbiblastnCommandline wrapper from
Biopython (Cock et al., 2009) was developed to manage
BLAST+ 2.11 (Camacho et al., 2009) in the local mode from
Biopython. This enabled the data obtained in the alignments to
be easily transferred for later analysis on Python. The alignment
parameters were configured to be the same as the default settings
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4208
in MegaBLAST (Altschul et al., 1990) since these settings were
appropriate for the alignment between sequences with a
similarity ≥95%.

All sequences belonging to the same fasta file for the same
primer pair were aligned against themselves; in order to do this,
each fasta file was inserted as subject and query in BLASTN
(Chen et al., 2015) for obtaining the percentage of similarity
between in-silico amplicons belonging to different oral species.

From the results obtained, in-silico amplicons with 100%
alignment coverage of the query sequences and with a
similarity value ≥97% were selected. That is, alignments with
the following BLAST+ estimates (Camacho et al., 2009): qcovs=
100%, qcovhsp= 100%, qcovus= 100%, and pident ≥97% were
selected. Of the above alignments obtained, the following were
discarded as they were not of interest: 1) in-silico amplicons with
the same unique identifier (SPn + Vn); 2) in-silico amplicons
with the same species identifier; and 3) duplicate alignments.

If two different species had more than one in-silico amplicon
similarity value ≥97% (ASI97) among them, one of the
alignments was chosen at random. The results of the highly
similar species pairs, including taxonomic hierarchy data for
both species, were then stored using the pandas (McKinney,
2010) and xlsxwriter (McNamara, 2013) Python modules.

Construction of a Matrix With Oral Species
Showing In-Silico Amplicon Similarity
Values ≥97% and Calculation of
Descriptive Statistical Estimators
A similarity matrix was created for each primer pair, where rows
and columns had the species identifiers, and cells indicated with a
number 1 the presence of an ASI97 between two different species.
We then developed a script in R (R Core Team, 2020) through
which we calculated the following estimates for each analyzed
primer pair: 1) the number of species with at least one ASI97
with other species; 2) the total number of ASI97 between different
species; 3) the mean and maximum numbers of ASI97 per species.
In addition, we estimated the percentage of detected species (species
coverage, SC) and the percentage of detected species without ASI97
for each primer pair (species coverage no ASI97, SC-NASI97). This
last parameter was then used as a criterion for selecting the primers
associated with a smaller number of oral species that may be
erroneously clustered. The SC-NASI97 parameter will be
influenced not only by the number of species with ASI, but also
by the coverage percentages of each primer pair.

Finally, the bacterial and archaeal species pairs that showed
an ASI97 were described and assessed whether they belonged to
different genera or higher taxonomic ranks.
RESULTS

Evaluation of the Primer Pairs for
Detecting Oral Species With In-Silico
Amplicon Similarity Values ≥97%
The primer pairs that targeted bacteria had a mean of 91.88
(49.40%) bacterial species with an ASI97 and an average of
February 2022 | Volume 11 | Article 770668
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TABLE 1 | Selected primer pairs with high in-silico coverage percentages targeting oral bacteria and/or archaea and those most used in the sequencing-based studies of the oral microbiome.

R First post R Last Post Length (bps) Region

514 529 187 V3-V4
A 787 805 288 V4-V5
TT 906 925 141 V5-V6
GAC 1060 1079 295 V5-V7

1099 1113 205 V6-V7
GAC 1060 1079 163 V6-V7

342 356 347 V1-V3
784 801 459 V3-V5
879 893 551 V3-V6
907 924 410 V4-V6

GAC 1060 1079 565 V4-V7
1390 1406 307 V7-V9

GAC 1060 1079 737 V3-V7
1390 1406 1064 V3-V9

A 1389 1406 834 V4-V9
R First post R Last Post Length (bps) Region

518 532 – - V4
C U U – V5-V6

784 801 – V3-V5
879 893 – V3-V5

C U U – V3-V6
1491 1506 – V5-V9

C U U – V3-V6
1491 1506 – V3-V9
U U – V5-V9

R First post R Last Post Length (bps) Region
518 532 192 V3-V4
784 801 283 V4-V5
879 893 109 V5-V6
784 801 461 V3-V5
879 893 553 V3-V6
879 893 375 V4-V6
1391 1405 1065 V3-V9
1391 1405 887 V4-V9
1391 1405 621 V5-V9

R First post R Last Post Length (bps) Region
AT 786 805 291 V4-V5
C 515 532 524 V1-V4
TCC 784 804 464 V3-V5
TC 1174 1193 409 V5-V8
T U U – V3-V6
ACTT 1491 1512 1504 V1-V9

021a). They were individually evaluated through regular expressions
uarantee. Gene regions were delimited as described by Baker et al.
ium mean amplicon length category, 301-600 base pairs; OP, oral
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Bacterial-specific
primer pair

ALC F identifier F Sequence 5-3 F First post F Last Post R identifier R Sequence 5-3

S KP_F048 TACGGRAGGCAGCAG 342 356 OP_R043 CCGCGRCTGCTGGCAC
OP_F098 CCAGCAGCYGCGGTAAN 517 533 OP_R119 GGACTACCRGGGTATCTA
OP_F066 GGMTTAGATACCC 784 796 KP_R040 CCGTCAATTCMTTTGAGT
OP_F009 GGATTAGATACCCBRGTAGTC 784 804 OP_R030 TCACRRCACGAGCTGWC
KP_F061 ACTCAAAKGAATWGACGG 908 925 KP_R074 GGGTYKCGCTCGTTR
OP_F101 GAATTGRCGGGGRCC 916 930 OP_R030 TCACRRCACGAGCTGWC

M OP_F053 GRGTTYGATYMTGGCTCAG 9 27 KP_R020 CTGCTGCCTYCCGTA
KP_F048 TACGGRAGGCAGCAG 342 356 KP_R031 TACHVGGGTATCTAAKCC
KP_F048 TACGGRAGGCAGCAG 342 356 OP_R073 CRTACTHCHCAGGYG
KP_F051 GTGCCAGCMGCNGCGG 514 529 KP_R041 CGTCAATTCMTTTGAGTT
KP_F051 GTGCCAGCMGCNGCGG 514 529 OP_R030 TCACRRCACGAGCTGWC
OP_F116 YAACGAGCGCAACCC 1099 1113 KP_R060 GACGGGCGGTGWGTRC

L KP_F048 TACGGRAGGCAGCAG 342 356 OP_R030 TCACRRCACGAGCTGWC
KP_F048 TACGGRAGGCAGCAG 342 356 KP_R060 GACGGGCGGTGWGTRC
KP_F056 AYTGGGYDTAAAGNG 572 576 KP_R077 GACGGGCGGTGTGTACA

Archaeal-specific
primer pair

ALC F identifier F Sequence 5-3 F First post F Last Post R identifier R Sequence 5-3
S KP_F018 GYGCASCAGKCGMGAAW U U KP_R002 TTACCGCGGCKGCTG

OP_F066 GGMTTAGATACCC 784 796 KP_R013 GGCCATGCACCWCCTCT
M KP_F018 GYGCASCAGKCGMGAAW U U KP_R032 TACNVGGGTATCTAATCC

KP_F018 GYGCASCAGKCGMGAAW U U OP_R073 CRTACTHCHCAGGYG
KP_F020 CAGCMGCCGCGGTAA 518 532 KP_R013 GGCCATGCACCWCCTCT
KP_F022 AGGAATTGGCGGGGGAGCA U U KP_R063 TACCTTGTTACGACTT

L OP_F114 CCTAYGGGRBGCASCAG 340 356 KP_R013 GGCCATGCACCWCCTCT
KP_F018 GYGCASCAGKCGMGAAW U U KP_R063 TACCTTGTTACGACTT
OP_F066 GGMTTAGATACCC 784 796 OP_R016 CGGTGTGTGCAAGGAG

Bacterial and
archaeal primer pair

ALC F identifier F Sequence 5-3 F First post F Last Post R identifier R Sequence 5-3
S OP_F114 CCTAYGGGRBGCASCAG 340 356 KP_R002 TTACCGCGGCKGCTG

KP_F020 CAGCMGCCGCGGTAA 518 532 KP_R032 TACNVGGGTATCTAATCC
OP_F066 GGMTTAGATACCC 784 796 OP_R073 CRTACTHCHCAGGYG

M OP_F114 CCTAYGGGRBGCASCAG 340 356 KP_R031 TACHVGGGTATCTAAKCC
OP_F114 CCTAYGGGRBGCASCAG 340 356 OP_R073 CRTACTHCHCAGGYG
KP_F020 CAGCMGCCGCGGTAA 518 532 OP_R073 CRTACTHCHCAGGYG

L OP_F114 CCTAYGGGRBGCASCAG 340 356 OP_R121 ACGGGCGGTGWGTRC
KP_F020 CAGCMGCCGCGGTAA 518 532 OP_R121 ACGGGCGGTGWGTRC
OP_F066 GGMTTAGATACCC 784 796 OP_R121 ACGGGCGGTGWGTRC

Most used primer
pair

ALC F identifier F Sequence 5-3 F First post F Last Post R identifier R Sequence 5-3
S KP_F078 GTGCCAGCMGCCGCGGTAA 514 532 OP_R010 GGACTACHVGGGTWTCT
M KP_F031 AGAGTTTGATCCTGGCTCAG 8 27 KP_R021 TTACCGCGGCTGCTGGC

KP_F047 CCTACGGGNGGCWGCAG 340 356 KP_R035 GACTACHVGGGTATCTAA
OP_F009 GGATTAGATACCCBRGTAGTC 784 868 OP_R029 ACGTCRTCCCCDCCTTCC

L KP_F014 TCCAGGCCCTACGGG U U KP_R011 YCCGGCGTTGAMTCCAA
KP_F034 AGAGTTTGATCMTGGCTCAG 8 27 KP_R065 TACGGYTACCTTGTTACG

Primer pairs were selected based on the species coverage values (number of species detected/total species evaluated) in a previous investigation (Regueira-Iglesias et al.,
against Escherichia coli J01859 to define their positions. The U values represent a mismatch on the assessment and, therefore, the position cannot be confirmed with a
(Baker et al. 2003). ALC, amplicon length category; bps, base pairs; F, forward; KP, Klindworth primer; L, long mean amplicon length category, >600 base pairs; M, me
primer; Post, position; R, reverse; S, short mean amplicon length category, 100-300 base pairs; U, unidentified.
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Regueira-Iglesias et al. Species With Highly Similar Amplicons
153.46 ASI97 containing distinct species. For those targeting
archaea, these numbers were 65.60 (48.59%) and 162.26,
respectively. If the primers used most in the oral microbiome
literature were excluded, those with short amplicon lengths
(unlike the SC percentages) had the lowest SC-NASI97 values
for both bacteria (S= 39.54%) and archaea (S= 40.44%)
compared to the medium length and long primers
(M= 45.82% and 46.35%, respectively; L= 48.39% and
44.32%, respectively).

Figures 2, 3 show the number of species with ASI97 and the
number of ASI97 with each primer pair evaluated against
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6210
bacteria and archaea, respectively; while Figures 4, 5 detail
the percentages of coverage and coverage considering the
presence or absence of ASI97 for both domains. Concerning
the bacteria-specific primer pairs, the number of bacterial species
with an ASI97 and the total number of ASI97 ranged from 37
and 32 with the most widely used primer, KP_F031-KP_R021
(M; SC-NASI97 = 54.30%), to 120 and 277 with OP_F066-
KP_R040 (S; SC-NASI97 = 24.19%), respectively. This latter
primer also had the lowest SC-NASI97 value, while OP_F053-
KP_R020 detected the highest number of species with no ASI97
(M; SC-NASI97 = 65.05%). In addition, except for OP_F053-
A

B

FIGURE 2 | Number of bacterial species with in-silico amplicon similarity values ≥97% and number of in-silico amplicon similarity values ≥97% with the primer pairs
evaluated against the oral bacteria genomes. (A) Estimates were obtained by the selected bacterial-specific primer pairs. (B) Estimates were obtained by the selected
bacterial and archaeal primer pairs and the primer pairs used the most in the oral microbiome literature. Among the most commonly used primer pairs in the literature, those
marked with an * are bacterial-specific and those with ** target both bacterial and archaea. ASI97, in-silico amplicon similarity values ≥97%; F, forward; KP, Klindworth
primer; No., number; OP, oral primer; R, reverse.
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Regueira-Iglesias et al. Species With Highly Similar Amplicons
KP_R020, all the bacteria-specific primers had a maximum
number of ASI97/species above five (range= 4-15 ASI97/species).

Concerning the archaea-specific primer pairs, the number of
archaeal species with an ASI97 and the total number of ASI97
ranged from 24 and 96 with the widely used KP_F014-KP_R011
(L; SC-NASI97 = 12.59%) to 89 and 240 with OP_F066-
KP_R013 (S; SC-NASI97 = 29.63%), respectively. The former
primer detected the lowest number of species without an ASI97,
and KP_F018-KP_R002 the highest (S; SC-NASI97 = 51.11%).
Moreover, all the archaea-specific primers had a maximum
number of ASI97/species ≥10 (range= 10-13 ASI97/species).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7211
Finally, using both the bacterial and archaeal primer pairs, the
number of bacterial and archaeal species with an ASI97 and the
total number of ASI97 ranged from 84 and 60 and 118 and 126,
respectively, with OP_F114-KP_R002 (S; SC-NASI≥97 = 47.31%
for bacteria and 54.81% for archaea) to 124 and 95 and 239 and
286, respectively, with OP_F066-OP_R073 (S; SC-NASI≥97 =
31.18% for bacteria and 22.96% for archaea). The latter primer
also detected the lowest number of species without an ASI97 and
OP_F114-KP_R031 the highest (M; SC-NASI97 = 51.08% for
bacteria and 53.33% for archaea) (Figures 2B–5B). Most
bacterial and archaeal primer combinations had maximum
A

B

FIGURE 3 | Number of archaeal species with in-silico amplicon similarity values ≥97% and number of in-silico amplicon similarity values ≥97% with the primer pairs
evaluated against the oral archaea genomes. (A) Estimates were obtained by the selected archaeal-specific primer pairs. (B) Estimates were obtained by the selected
bacterial and archaeal primer pairs and the primer pairs used the most in the oral microbiome literature. Among the most commonly used primer pairs in the literature,
those marked with an * are archaeal-specific and those with ** target both bacterial and archaea. ASI97, in-silico amplicon similarity values ≥97%; F, forward; KP,
Klindworth primer; No., number; OP, oral primer; R, reverse.
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Regueira-Iglesias et al. Species With Highly Similar Amplicons
numbers of ASI97/species ≥10 (range= 9-14 ASI/species and 11-
14 ASI/species for both domains, respectively).

Figures 6, 7 are networks showing the potential clusters
(hereinafter referred to as potential OTUs) with a ≥97%
similarity threshold obtained with the primer pairs that
presented the lowest SC-NASI97 values (F066-KP_R040 for
bacteria, OP_F066-KP_R013 for archaea, and OP_F066-
OP_R073 for bacteria and archaea), as well as one of the most
used primer pairs in the oral microbiome literature, KP_F078-
OP_R010. Thus, for example, for the primer pair F066-
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8212
KP_R040, focusing on the one indicated by a dashed dotted
line, 24 bacteria formed a potential OTU, in which 10 genera, five
families, and two orders were involved. As can be seen, there
were species such as Ligilactobacillus salivarius (spp. 162) that
presented high similarity only with two others, Lacticaseibacillus
paracasei (spp. 196) and Lacticaseibacillus rhamnosus (spp. 243);
while Staphylococcus cohnii (spp. 297) presented high similarity
with 11 species (among which, Enterococcus faecalis, spp. 155;
Staphylococcus aureus, spp. 163; Levilactobacillus brevis, spp.
181; Lentilactobacillus buchneri, spp. 237) belonging to four
A

B

FIGURE 4 | Percentages of coverage and coverage considering the species with in-silico amplicon similarity values ≥97% of the primer pairs evaluated against the
oral bacteria genomes. (A) Percentages were obtained by the selected bacterial-specific primer pairs. (B) Percentages were obtained by the selected bacterial and
archaeal primer pairs and the primer pairs used the most in the oral microbiome literature. Among the most commonly used primer pairs in the literature, those
marked with an * are bacterial-specific and those with ** target both bacterial and archaea. ASI97, in-silico amplicon similarity values ≥97%; F, forward; KP,
Klindworth primer; Non-SC, non-coverage of species; OP, oral primer; R, reverse; SC, species coverage; SC-ASI97, species coverage with in-silico amplicon
similarity values ≥97%; SC-NASI97, species coverage with no in-silico amplicon similarity values ≥97%.
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Regueira-Iglesias et al. Species With Highly Similar Amplicons
genera, three families and two orders. For the primer pair
OP_F066-KP_R013, the potential OTU indicated was formed
by nine archaea, involving seven genera and two families.
Thus, Desulfurococcus amylolyticus (spp. 37) showed high
similarity only with Desulfurococcus mucosus (spp. 68), while
Thermogladius caldera had high similarity with five species
(Hyperthermus butylicus, spp. 24; Staphylothermus marinus,
spp. 26; Staphylothermus hellenicus, spp. 57; Desulfurococcus
mucosus, spp. 68; Pyrolobus fumarii; sp. 82) belonging to four
genera and two families.
Description of the Distinct Pairs
of Oral-Bacteria Species and
Oral-Archaea Species With In-Silico
Amplicon Similarity Values ≥97%
One-hundred and forty-nine (80.11%) of the oral-bacteria
species and 108 (80.00%) of the oral-archaea species analyzed
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9213
had an ASI97 with at least one distinct species (Figures 8, 9 and
Supplementary Tables 1, 2). Among them, it is worth
mentioning because of their importance in both oral health
and disease, Aggregatibacter actinomycetemcomitans,
Campylobacter concisus, Campylobacter curvus, Fusobacterium
nucleatum, Rothia dentocariosa, Streptococcus mitis, Streptococcus
mutans, Streptococcus oralis, Tannerella forsythia, and Treponema
denticola; regarding archaea, Candidatus Nitrososphaera
evergladensis, Halovivax ruber, Methanobrevibacter smithii,
Methanococcus maripaludis, Methanosalsum zhiliniae,
Methanosarcina barkeri, Methanosarcina mazei, Methanosarcina
vacuolata, Methanosphaera stadtmanae and Natronococcus
occultus. There were 30 distinct bacterial and 27 distinct archaeal
species that could be clustered with a maximum of ≥10 different
species when all the analyzed primer pairs were used. Most of these
bacterial species belonged to genera Streptococcus and
Staphylococcus; as for archaeal species, to genera Methanosarcina,
Thermocococcus, and Pyrococcus (Supplementary Tables 1, 2).
A

B

FIGURE 5 | Percentages of coverage and coverage considering the species with in-silico amplicon similarity values ≥97% of the primer pairs evaluated against the
oral archaea genomes. (A) Percentages obtained by the selected archaeal-specific primer pairs. (B) Percentages obtained by the selected bacterial and archaeal
primer pairs and the primer pairs used the most in the oral-microbiome literature. Among the most commonly used primer pairs in the literature, those marked with
an * are archaeal-specific and those with ** target both bacterial and archaea. ASI97, in-silico amplicon similarity values ≥97%; F, forward; KP, Klindworth primer;
Non-SC, non-coverage of species; OP, oral primer; R, reverse; SC, species coverage; SC-ASI97, species coverage with in-silico amplicon similarity values ≥97%;
SC-NASI97, species coverage with no in-silico amplicon similarity values ≥97%.
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Conversely, 37 (19.89%) bacterial species and 27 (20.00%)
archaeal species, including Filifactor alocis, Porphyromonas
gingivalis, Prevotella intermedia, Treponema pallidum,
Veillonella parvula and Sulfolobus acidocaldarius did not have
ASI≥97% with other taxa.

All the primers targeting bacteria enabled us to detect 4450
two-on-two relationships between 408 distinct pairs of oral-
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10214
bacteria species with an ASI97. Eighteen of these different taxa
pairs were obtained with the 29 primer pairs analyzed
(frequency= 29, parameter defined as the number of times that
a pair of species had an ASI97 in the different primer pairs
evaluated), which belonged to the genera Actinomyces,
A

B

FIGURE 6 | Networks showing the potential OTUs with a ≥97% similarity
threshold obtained with the primer pairs. (A) OP_F066-KP_R040 for
bacteria (120 species with ASI97, 277 ASI97). (B) OP_F066-KP_R013 for
archaea (89 species with ASI97, 240 ASI97). In the graphs, each node
represents an oral species, the color indicates the genus and the number
refers to the species identifier, whose assigned species are detailed in the
Supplementary Tables 1, 2. Each edge represents the presence of a
≥97% similarity between different species. resulting in clusters of possible
OTUs. The graphs were made using the igraph package (version 1.2.6)
(Csardi and Nepusz, 2006).
A

B

FIGURE 7 | Networks showing the potential OTUs with a ≥97% similarity
threshold obtained with the primer pairs for bacteria and archaea. (A) OP_
F066-OP_R073 (219 species with ASI97, 525 ASI97). (B) KP_F078-
OP_R010 (primer pair widely used in the oral microbiome literature; 155
species with ASI97, 314 ASI97). In the graphs, each node represents an
oral species, the color indicates the genus and the number refers to the
species identifier, whose assigned species are detailed in the
Supplementary Tables 1, 2. Each edge represents the presence of a
≥97% similarity between different species. resulting in clusters of possible
OTUs. The graphs were made using the igraph package (version 1.2.6)
(Csardi and Nepusz, 2006).
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A

B

FIGURE 8 | Heat map showing the presence of in-silico amplicon similarity values ≥97% between pairs of different bacterial species. (A) Global perspective.
(B) Partial perspective, involving species belonging to genera Staphylococcus, Streptococcus, Tannerella, and Treponema. The intensity of the color indicates the
frequency, i.e. the number of times a species pair had an in-silico amplicon similarity value ≥97% in the different primer pairs evaluated.
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A

B

FIGURE 9 | Heat map showing the presence of in-silico amplicon similarity values ≥97% between pairs of different archaeal species. (A) Global perspective.
(B) Partial perspective, involving species belonging to genera Methanosarcina, Pyrococcus, Staphylothermus, Thermococcus, and Thermoproteus. The intensity of
the color indicates the frequency, i.e. the number of times a species pair had an in-silico amplicon similarity value ≥97% in the different primer pairs evaluated.
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Lactobacillus, Neisseria, Staphylococcus, and Streptococcus.
Conversely, 50 species pairs with an ASI97 were detected once
by only one primer pair (frequency= 1) (Supplementary
Table 3). Although the two-on-two relationships mostly
involved species from the same genera (3641; 81.82%), 809
relationships (18.18%) were constituted by taxa from different
genera. Thus, the combination of species from Klebsiella with
others from Cronobacter occurred most frequently (frequency=
99) followed by Klebsiella-Serratia, Escherichia-Klebsiella,
Cronobacter-Escherichia and Aggregatibacter-Haemophilus
(frequencies= 67-28). For higher taxonomic ranks, 293 (6.58%)
two-on-two relationships were between species pairs with an
ASI97 belonged to distinct families, with Enterobacteriaceae and
Yersiniaceae being the most frequently detected (frequency=
153); even, there were 26 (0.58%) relationships between species
pairs with an ASI97 from different orders, like Bacillales and
Lactobacillales or Enterobacterales and Pasteurellales
(frequencies= 10 and 10, respectively) (Supplementary Table 4).

The primers targeting archaea enabled us to detect 3232 two-
on-two relationships between 340 different pairs of archaeal
species with an ASI97. All primer pairs analyzed identified
seven pairs of species (frequency= 20), which belonged to the
generaMethanobrevibacter andMethanocaldococcus. There were
66 species pairs detected only once by only one primer pair
(frequency= 1) (Supplementary Table 5). Again, most of the
two-on-two relationships were between archaeal species from the
same genera (2359, 72.99%), but 873 (27.01%) relationships
involved taxa pairs with an ASI97 from distinct genera. The
combination of species from Pyrococcus and Thermococcus
occurred the most, by far, (frequency= 428), followed by
Palaeococcus and Thermococcus (frequency= 109). For higher
taxonomic ranks, 35 (1.08%) relationships were species pairs
with an ASI97 from distinct families, such as Desulfurococcaceae
and Pyrodictiaceae (frequency= 27), also belonged to distinct
orders (3 relationships; 0.09%), or even classes (1; 0.03%)
(Supplementary Table 6).
DISCUSSION

The high degree of similarity between full-length 16S rRNA
sequences from distinct species, or even genera, has been reported
in the literature (Větrovský and Baldrian, 2013; Schloss, 2021),
leading to questions about the reliability of diversity estimates
derived from sequence clustering methods based on a given
similarity threshold. Using full-length genes and a ≥97% similarity
threshold, some authors have detected that around a quarter of
constructed OTUs contain sequences from multiple species
(Větrovský and Baldrian, 2013; Schloss, 2021) and about a tenth
from distinct genera (Větrovský and Baldrian, 2013). These
estimates were obviously higher when gene regions were assessed
instead of full sequences. Schloss (2021) found that, with a ≥97%
similarity threshold and applying the OptiClust algorithm (Westcott
and Schloss, 2017), 31.7%, 34.3% and 34.8% of the OTUs assessed
had 16S rRNA amplicons from distinct species in the variable
regions V3-V4, V4, and V4-V5, respectively (Schloss, 2021).
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However, these investigations did not focus on taxa inhabiting a
specific environment, despite the importance of conducting 16S
rRNA gene-based research using habitat-specific databases (Escapa
et al., 2020). Consequently, we used primer pairs targeting several
variable regions of the 16S rRNA gene (Regueira-Iglesias et al.,
2021a) to determine the number of different oral-bacterial and oral-
archaeal species with in-silico amplicon similarity values ≥97%
(ASI97), as well as the potential OTUs that might contain distinct
species. Moreover, for the first time in this kind of analysis, we
described the specific taxa of the oral ecosystem with highly similar
sequence segments, specifying if they belong to different genera or
other higher taxonomic ranks.

In the present study, the primer pairs that targeted bacteria
had a mean of 91.88 (49.40%) bacterial species with an ASI97
and an average of 153.46 potential OTUs containing distinct
species. For those targeting archaea, these numbers were 65.60
(48.59%) and 162.26, respectively. Using the percentage species
coverage with no in-silico amplicons similarity ≥97% (SC-
NASI97) as a selection criterion, the optimum primer pair for
detecting oral bacteria was OP_F053-KP_R020. Although the
primer used most in the oral microbiome studies, KP_F031-
KP_R021 identified slightly fewer species with an ASI97 (37 vs.
58) and number of ASI97 (32 vs. 46); its SC-NASI97 was also
lower than that of OP_F053-KP_R020 (54.30% vs. 65.05%). The
primer pair producing the best estimates for detecting oral
archaea was KP_F018-KP_R002. Again, the widely used
primer KP_F014-KP_R011, although it only detected a few
species with an ASI97 (24 vs. 60) and number of ASI97 (96 vs.
125), however, also had a considerably lower SC-NASI97 than
that of KP_F018-KP_R002 (12.59% vs. 51.11%). Lastly, we
recommend the primer OP_F114-KP_R031 for detecting oral
bacteria and archaea simultaneously. OP_F114-KP_R002,
meanwhile, identified slightly fewer taxa with an ASI≥97% (for
bacteria= 84 and for archaea= 60 vs. 85 and 62) and number of
ASI97 (118 and 126 vs. 133 and 136) but had a lower SC-
NASI≥97% (47.31% and 54.81% vs. 51.08% and 53.33%). In
addition, as previously observed (Regueira-Iglesias et al., 2021a;
Regueira-Iglesias et al., 2021b), none of the primer combinations
that are most commonly employed in sequencing-based studies
of the oral microbiome were among the best. Specifically, the
species coverage of KP_F078-OP_R010, a primer described by
Caporaso (Caporaso et al., 2011), fell from 94.62% for bacteria
and 63.70% for archaea (Regueira-Iglesias et al., 2021b) to
34.95% and 31.11% when considering the species with an
ASI97, possibly generating as many as 215 and 99 potential
bacterial and archaeal OTUs, respectively; that contain
different species.

Around 80% of the oral-bacteria and oral-archaea species
analyzed had an ASI97 with at least another species. The widely-
known bacterial periodontopathogens Fusobacterium nucleatum
and Treponema denticola (Socransky et al., 1998; Teles
et al., 2013; Na et al., 2020) had similar in-silico amplicons to
Fusobacterium hwasookii and Treponema putidum, respectively,
which have also been detected in periodontal lesions (Wyss
et al., 2004; Cho et al., 2015). Interestingly, other bacteria with
high in-silico amplicon similarities had antagonistic roles in
February 2022 | Volume 11 | Article 770668
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oral health and disease. Examples are: the health-associated
Campylobacter concisus and the initially periodontitis-associated
Campylobacter curvus (Henne et al., 2014); the health-related
Rothia mucilaginosa (Zhang et al., 2018) and the decay-
abundant Rothia dentocariosa (Jiang et al., 2016; Inquimbert
et al., 2019); the commensal Streptococcus mitis, oralis, and
salivarius; the caries-associated Streptococcus mutans (Teles
et al., 2013; Abranches et al., 2018; Lemos et al., 2019); and the
periodontal health-related Tannerella sp. oral taxon HOT-286
(Vartoukian et al., 2016; Lenartova et al., 2021) and the
periodontitis-related Tannerella forsythia (Socransky et al., 1998;
Teles et al., 2013; Na et al., 2020). Furthermore, relevant
oral-disease associated species, such as Aggregatibacter
actinomycetemcomitans (Teles et al., 2013; Åberg et al., 2015)
and Rothia dentocariosa (Jiang et al., 2016; Inquimbert et al.,
2019), were among those that had an ASI97 with taxa from
distinct genera. Regarding the archaea, we found that four
Methanosarcina species found in healthy and periodontitis
pockets, namely barkeri, lacustris, mazeii, and vacuolata (Deng
et al., 2017), were highly similar. Moreover, Halovivax ruber,
Methanotorris igneus, Methanosalsum zhilinae, and Natronococcus
occultus, which are reported to be among the 10 most abundant
species in both healthy and periodontitis subjects (Deng et al., 2017),
had an ASI97 with several taxa from distinct genera.

Schloss (2021) has recently stated that the risks of artificially
splitting a genome into multiple amplicon sequence variants
(ASVs) are greater than those of clustering ASVs from different
species into the same OTU when using broad distance
thresholds. However, considering the results obtained in the
present study, our opinion is that the latter approach should be
avoided in the analysis of the oral microbiome if the aim is to
associate species with specific clinical conditions. In-silico
amplicons from species traditionally associated with contrary
health conditions, like those described above, can be grouped
with a ≥97% similarity threshold. This would result in both an
overabundance of the single species representing the OTU and
an underestimation of the diversity of the community, with other
species within the OTU overlooked. Consequently, it would be
better to use the lowest possible level of resolution, i.e., the
variant level (Callahan et al., 2017), and databases specifically
designed for taxonomic identifications of taxa at this level
(Escapa et al., 2020).

It has been demonstrated that distinct OTU clustering
approaches, or even the same method, can yield uneven results
for the same dataset (He et al., 2015; Westcott and Schloss, 2015;
Wei et al., 2021). Therefore, we decided to analyze the 97%
similarity relationships between oral species, without considering
the influence of any clustering algorithm. Consequently, the
results presented here are an approximation of the different
oral species that could be grouped in potential OTUs.

The main limitation of our study is that we have only
considered one, randomly selected, of all possible in-silico
amplicons with ASI97 between two different species to
establish the existence of a close relationship between the two.
Another consideration is that we were only able to evaluate 25%
of the oral microorganism genomes listed on the eHOMD
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website, as the remainder were not fully sequenced. This
absence of complete genomes reduced the number of species
investigated to 35% of those set out on the site. Although the
analysis could have been performed on annotations of the 16S
rRNA gene sequences from oral microbes, we preferred to use
complete genomes, thereby ensuring the high quality of the
sequences reviewed. The reasons why we adopted this
approach were: 1) Edgar (2018) estimated that the taxonomy
annotation error rate of the Ribosomal Database Project (RDP)
(Cole et al., 2014) database is ∼10%; on the other hand, he found
249,490 identical sequences with conflicting annotations in
SILVA v128 (Quast et al., 2013) and Greengenes v13.5
(DeSantis et al., 2006) at ranks up to phylum (7,804 conflicts),
indicating that the annotation error rate in these databases is
∼17%; 2) we have verified in previous research that a very high
percentage of 16S rRNA gene annotations present a loss of
information of up to 60-70 nucleotides in regions 1 and 9 of
the sequences, which invalidates their use (Regueira-Iglesias
et al., 2021a); 3) most of the complete genomes evaluated here
are isolates that were sequenced with Sanger technology or with
second-generation technology (shorter sequences than Sanger).
In both cases, contig scaffolding algorithms were used to
construct the complete genomes from the sequences with a
minimum coverage of 8x for Sanger sequences and 30x in the
case of second-generation technologies (Schatz et al., 2010). In
these types of assemblies, positions within the genome that did
not have high coverage included non-specific nucleotides. In the
present study, we discarded genomes that included more than 20
consecutive unspecific positions; 4) in addition, many genomes
were downloaded from the NCBI RefSef database (O'Leary et al.,
2016), where the annotations of the complete genomes were
manually curated or re-annotated concerning the information
provided by the original author, including their taxonomic
hierarchy. Thus, our results highlight only part of a much
more extensive problem.

In conclusion, the tested primer pairs targeting bacteria and/
or archaea detected an average of more than 150 potential OTUs
that might contain different species, when ≥97% similarity
threshold was used. According to the SC-NASI97 parameter,
the best primer pairs were: OP_F053-KP_R020 for bacteria
(variable region V1-V3; primer pair position for Escherichia
coli J01859.1: 9-356); KP_F018-KP_R002 for archaea (V4;
undefined-532); and OP_F114-KP_R031 for both (V3-V5; 340-
801). Around 80% of the oral-bacteria and oral-archaea species
analyzed had an ASI97 with at least one other species. These very
similar species play different roles in the oral microbiota and
belong to bacterial genera such as Campylobacter, Rothia,
Streptococcus and Tannerella, and archaeal genera such as
Halovivax, Methanosarcina and Methanosalsum. Moreover,
~20% and ~30% of these two-by-two similarity relationships
were established between species from different bacterial and
archaeal genera, respectively. Even taxa from distinct families,
orders, and classes could be grouped in the same potential OTU.
Consequently, regardless of the primer pair used, sequence-
clustering with ≥97% similarity provides an inaccurate
description of oral-bacterial and oral-archaeal species, which
February 2022 | Volume 11 | Article 770668
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can greatly affect microbial diversity parameters. As a result,
OTU clustering conditions the credibility of associations between
some oral species and certain health and disease conditions. This
significantly limits the comparability of the microbial diversity
findings reported in oral microbiome literature.
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Periodontal disease develops as a result of oral microbiota in dysbiosis, followed by the
growth of periodontal pathogens such as Porphyromonas gingivalis and Prevotella
intermedia. In case of acute symptoms, antibacterial agents and disinfectants are
administered, however the appearance of drug-resistant bacteria and allergies cause
problems. In recent years, studies on the effects of probiotics have been conducted as an
alternative therapy for periodontitis. However, the basic mechanism of the inhibitory effect
of probiotic bacteria on periodontal disease has not been clearly elucidated. To clarify the
antibacterial mechanism of probiotics against periodontal pathogens, we used
Limosilactobacillus (Lactobacillus) fermentum ALAL020, which showed the strongest
antibacterial activity against P. gingivalis and P. intermedia among 50 screened lactic acid
bacteria strains. The antibacterial substances produced were identified and structurally
analyzed. After neutralizing the MRS liquid culture supernatant of ALAL020 strain, the
molecular weight (m/z) of the main antibacterial substance separated by gel filtration
column chromatography and reverse phase HPLC was 226.131. This low molecular
weight compound was analyzed by LC-MS and disclosed the composition formula
C11H18O3N2, however the molecular structure remained unknown. Then, structural
analysis by NMR revealed C11H18O3N2 as the cyclic dipeptide, “hexahydro-7-hydroxy-
3- (2-methylpropyl) pyrrolo [1,2-a] pyrazine-1,4-dion cyclo (Hyp-Leu) “. Based on the
results of this analysis, cyclo (Hyp-Leu) was chemically synthesized and the antibacterial
activity against P. gingivalis and P. intermedia was measured. The minimum inhibitory
gy | www.frontiersin.org March 2022 | Volume 12 | Article 8043341222
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concentration (MIC) was 2.5 g/L and the minimum bactericidal concentration (MBC) was
shown to be less than 5 g/L. In addition, an in vitro epithelial tissue irritation test at 10 g/L
showed no tissue toxicity. So far there are no reports of this peptide being produced by
probiotic bacteria. Furthermore, antibacterial activity of this cyclic dipeptide against
periodontal disease bacteria has not been confirmed. The results of this study might
lead to a comprehensive understanding of the antibacterial mechanism against
periodontal disease bacteria in future, and are considered applicable for the prevention
of periodontal disease.
Keywords: antibacterial peptide, periodontal pathogen, cyclic dipeptide, probiotics, nuclear magnetic resonance
analysis, chemical synthesis
1 INTRODUCTION

Periodontitis is an infectious disease and one of the two major
dental diseases along with caries. It is caused by periodontal
bacteria, mostly specific gram-negative anaerobic bacteria, which
promote dysbiosis in the oral ecosystem (Houle and Grenier,
2003). Porphyromonas gingivalis and Prevotella intermedia are
two of the three major periodontal pathogens and species, which
were reclassified from the genus Bacteroides (Taniguchi et al.,
1998). P. gingivalis is considered to be the most important
periodontal pathogen. It is frequently isolated from patients
with chronic periodontitis and has the strongest periodontal
pathogenicity among oral bacteria (Bostanci and Belibasakis,
2012; Darveau et al., 2012). P. intermedia is not only a cause of
chronic periodontitis, but also of gestational gingival
inflammation, using female hormones as a growth factor
(Kornman & Loesche, 1982), and it is also a causative agent of
acute necrotizing ulcerative gingivitis (Bolivar et al., 2012).

Antibacterial agents and disinfectants are used for treatment,
but also to prevent the onset and recurrence of periodontal
disease. However, adverse events, such as the possibility of
developing allergies and the emergence of drug-resistant
bacteria are problematic (Watanabe, 1966; Pradier et al., 1997;
van Winkelhoff et al., 2000). In addition, periodontal pathogens
are present in plaque formed by indigenous bacteria in the oral
cavity, and removing all indigenous bacteria leads to the onset of
bacterial alternation, which in turn harms health. Therefore, the
best preventive method is to eliminate only harmful pathogens,
as well as dysbiosis, and to improve the microbiota.

In recent years, attention has been focused on the usefulness
of probiotics represented by lactic acid bacteria in the treatment
and prevention of periodontal disease (Gupta, 2011). According
to Fuller probiotics are defined as “living microbes that improve
the gut microbiota and have beneficial health effect to the host”.
(Fuller, 1989). Attempts have been made to prevent oral diseases
such as dental caries and periodontal disease by applying
probiotics directly into the oral cavity (Krasse et al., 2006;
Riccia et al., 2007; Vivekananda et al., 2010). For example,
Ishikawa et al. (2003) reported that 4-week oral administration
of the Ligilactobacillus (Lactobacillus) salivarius TI2711 strain
significantly reduced the major periodontopathic bacteria, P.
gingivalis and P. intermedia. Vivekananda et al. reported that
gy | www.frontiersin.org 2223
the viable strains of Limosilactobacillus (Lactobacillus) reuteri
DSM17938 and ATCC PTA5289 reduce the number of oral P.
gingivalis in patients with periodontal disease. However, there
are only few reports on the mechanism and substances of
probiotics against oral bacteria.

Organic acids such as lactic acid and acetic acid, hydrogen
peroxide, and bacteriocin have been reported as antibacterial
substances produced by lactic acid bacteria. Takahashi et al.
reported that P. gingivalis is highly acid-sensitive and growth is
suppressed below pH 6.5 (Takahashi et al., 1997). Matsuoka et al.
reported that the antibacterial activity of the Ligilactobacillus
salivarius TI2711 strain against P. gingivalis is due to lactic acid
(Matsuoka et al., 2004). However, maintaining a low pH state in
the oral cavity with acid is not favored because it may induce caries
and hyperesthesia. In order to solve this problem, it is preferred to
apply a different antibacterial substance produced by probiotic
bacteria for the treatment and prevention of periodontal disease.

In a previously reported study (Kawai et al., 2016), we selected
L. fermentumALAL020 from50Lactobacillus strains, which showed
strong antibacterial properties against P. gingivalis in a neutral
environment, and the active ingredient in the culture supernatant
was extracted. When the active ingredient was fractionated and
purified by high performance liquid chromatography (HPLC) using
a reverse phase column, a lowmolecular weight substance consisting
of two very adjacent peaks was obtained, which was analyzed using
LC-MS. However, both peaks were found to be antibacterial
substances with a molecular weight of 226.131 and a molecular
formula of C11H18O3N2 (Kawai et al., 2016). Since the kind of
molecular structure and properties were unclear in this study, we
conducted adetailed structural analysis of the antibacterial substance
C11H18O3N2, and confirmed the biological property of antibacterial
activity and safety for human tissues.
2 MATERIALS AND METHODS

2.1 Preparation of Analytical Samples
We used L. fermentumALAL020, a strain derived from fermented
soymilk and provided by the Research Institute for Fermentative
Microbes, A. L. A. Corporation. After suspending L. fermentum
ALAL020 in Man-Rogosa-Sharpe (MRS) broth (Difco, Becton
Dickinson and Company, Sparks, MD, USA), the bacteria were
March 2022 | Volume 12 | Article 804334
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cultured in an anaerobic incubator (BACTRON, Sheldon
Manufacturing Inc., Portland, OR, USA) in an environment of
80% N2, 10% CO2 and 10% H2 at 37°C for 24 hours.

The culture solution was centrifuged at 7000 x g for 20
minutes to prepare a culture supernatant sample. Four times
volume of acetone was added to the culture supernatant, and the
mixture was separated into supernatant and precipitate. The
acetone extract supernatant was used as a water-soluble fraction
and lyophilized. The total volume was dissolved in 150 ml of
water and 1/7 volume of 21 ml was placed on a Sephadex G-25
column and eluted with ion-exchange water. The obtained
fraction with antibacterial property was lyophilized and
dissolved to a concentration of 100 g/L. 1/63 amount was
applied to HPLC in 10 batches and analyzed by high
performance liquid chromatography (HPLC), using a Wakosil
II 5C18 AR Prep (20.0 mmj x 250 mm) column, with a flow
velocity of 5.0 ml/min and a concentration gradient of 10-50%
acetonitrile containing 0.05% trifluoroacetic acid. The gradient
was applied for 30 minutes and the elute was obtained in 11
fractions (H1-H11). Two fractions, H8-1 and H8-2 with adjacent
peaks and antibacterial properties were confirmed at an
absorbance of 210 nm (Kawai et al., 2016). H8 fraction was
lyophilized and then dissolved in 0.6 mL of de-ionized pure water.
After adjusting to 20 g/L, it was used for MS and NMR analysis.

2.2 Nuclear Magnetic Resonance
(NMR) Analysis
For the structural analysis of the purified product in H8 fraction,
an NMR device (AVANCE700, Bruker Biospin) was used with
resonance frequency of 700.333 MHz at a temperature of 10°C.
1H NMR and 13C NMR were measured in the first dimension,
and 1H-1H COSY (correlation spectroscopy), 1H-13C HSQC
(hetero nuclear single-quantum correlation), and 1H-13C
HMBC (hetero nuclear multiple bond correlation) were
measured in the second dimension. Heavy water or deuterated
acetone were used as solvent. A JNM-500A NMR spectrometer
(Japan Electron Optics Laboratory) was used as the measuring
instrument for the NMR analysis of chemically synthesized
peptides. Heavy water or deuterated chloroform was used as
the solvent, and the measurement was performed with resonance
frequency of 500.00 MHz at a temperature of 20 °C.

2.3 Synthesis of the Cyclic
DiPeptide (L-Hyp-L-Leu)
All chemicals, reagents and solvents were used without
further purification.

Condensation with COMU (El-Faham et al., 2009; El-Faham
and Albericio, 2010), removal of the Boc (t-butoxycarbonyl) group
(Lundt et al., 1978), intramolecular cyclization (Sollis, 2005)
and removal of the Bn (benzyl) group (Hawker et al., 1992)
were carried out in sequence. The details are as follows.
Dimethylaminomorpholino uronium hexafluorophosphate
(COMU) (1.028 g, 2.4 mmol) was added to a dimethylformamide
(super dehydrated) solution (10 mL) in a round bottom flask at
-10°C containing Boc-O-benzyl-L-hydroxyproline 2 (643 mg, 2.0
mmol), L-Leucine methyl ester hydrochloride 3 (727 mg, 4.0 mmol)
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3224
and diisopropylethylamine (1.7 mL, 9.8 mmol) 1-[(1-(Cyano-2-
ethoxy-2-oxoethylideneaminooxy). The mixture was stirred under
nitrogen at the same temperature for 30 minutes. Then the mixture
was continuously stirred at room temperature for 18 hours and
diluted with a hexane/ethyl acetate (7/3) solution. The resulting
mixture was washed with a saturated aq. NaHCO3, and the layers
were separated. The organic layer was dried over Na2SO4 and
concentrated via rotary evaporation. The residue was passed
through a short column (silica gel, hexane/ethyl acetate = 7/3) to
obtain the crude condensation product 4 (1.031 g) as a yellow oil.

To a dichloromethane solution (10 mL) in a round bottom
flask containing the crude condensation product 4 (1.031 g)
trifluoroacetic acid (1.5 mL, 20 mmol) was slowly added at
room temperature under air and the mixture was stirred for 4
hours. Thereafter, a saturated aq. NaHCO3 was poured into the
mixture. The layers were separated and extracted with chloroform.
The organic extract was dried over Na2SO4 and concentrated in
vacuo to obtain the deprotected product 5 (604 mg, 87% in 2
steps) as a yellow oil.

To a dimethylformamid solution (7 mL) in a round bottom
flask containing the deprotected product 5 (604 mg, 1.8 mmol)
piperidine (1.7 mL, 17 mmol) was added at room temperature
under air and the mixture was stirred at 70°C for 12 hours.
Thereafter, it was left at room temperature. Then, the mixture
was concentrated in vacuo to obtain the cyclic product 6 (511
mg, 92%) as a yellow solid.

To a tetrahydrofuran (super dehydrated, stabilizer free)
solution (16 mL) in a round bottom flask containing the cyclic
product 6 (511 mg, 1.6 mmol) 10 wt% palladium on carbon (511
mg, 100 wt%) was added at room temperature under air and the
flask was charged with hydrogen using a hydrogen filled balloon.
The mixture was stirred at 55 °C for 5 hours. The balloon was
removed, and the flask was left at room temperature. After
dilution with methanol, a suction filtration through filter paper
was carried out to eliminate the palladium carbon. The collected
solution was concentrated in vacuo, and then the obtained
powder was rinsed with diethyl ether to get cyclo (L-Hyp-L-
Leu) 1 (283 mg, 78%).

2.4 LC-MS Analysis
An HPLC-purified sample was analyzed using an Ultimate 3000
UHPLC System (Thermo Fisher Scientific, Inc., Waltham, MA,
USA), and a Shim-pack VP-ODS column (150 mm × j4.6 mm,
Shimadzu, Tokyo, Japan). Gradient elution was performed using
10-50% acetonitrile with 0.05% formic acid. An MS analysis was
performed with a Mass Spectrometry Q Exactive TM Quadrupole/
Orbitrap hybrid mass spectrometer (Thermo Fisher Scientific).
Ionization was performed using the ESI method and detection in
the positive mode.

2.5 Antimicrobial Test
The antibacterial test with the peak fractions was performed
according to the method described in a previous report (Kawai
et al., 2016) using P. gingivalis ATCC 33277 as the index bacterium.

The antibacterial activity of the synthetic dipeptide cyclo (Hyp-
Leu) against the P. gingivalis reference strain (ATCC 33277) and the
P. intermedia reference strain (ATCC 25611) was evaluated as the
March 2022 | Volume 12 | Article 804334
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minimum inhibitory concentration (MIC) and the minimum
bactericidal concentration (MBC, measuring colony forming
units CFU).

-80°C cryopreserved cells of P. gingivalis and P. intermedia
were thawed and suspended in brain heart infusion (BHI)
medium (Difco, Becton Dickinson, Maryland, USA),
supplemented with 5 mg/ml hemin, 1 mg/mL menadione, 0.5%
yeast extract and 0.05% cysteine hydrochloride (Wako Pure
Chemical Industries, Ltd., Osaka), and cultured in an
anaerobic incubator (BACTRON, Sheldon Manufacturing Inc.)
under the atmosphere of 80% N2, 10% CO2, 10% H2 at 37°C.
After culturing for 2 days, the bacteria were sub-cultured in fresh
medium for another 2 days to gain 107 CFU/ml each, which were
used as the test bacteria.

40 mL of BHI medium supplemented with 5 mg/mL hemin
and 1 mg/mL menadione were dispensed into a 96-well plate, and
5 mL of each 10 g/L, 5 g/L, and 2.5 g/L aqueous solution of the
synthetic peptide was added. 20 g/L, 10 g/L, 5 g/L and 2.5 g/L
sodium lactate (Lactate Na) were used as control series. 5 mL of
the two test bacterium culture solutions were inoculated and
cultured for 2 days under anaerobic conditions at 37 °C. The
turbidity was measured at 650 nm, and a value of 0.15 or less
corresponds to MIC. After MIC determination, the culture
medium was inoculated on Brucella HK agar medium
(KYOKUTO PHARMACEUTICAL INDUSTRIAL CO.,
Tokyo, Japan) supplemented with 5% sheep de-fibered blood
by plating, and then anaerobically cultured at 37 °C for 5 days.
MBC was determined by measuring CFU.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4225
2.6 Epithelial Tissue Irritation Test
Epithelial stimulation tests were performed according to the
standard protocol (OECD TG 439) using in vitro reconstructed
human epidermal models (EPI-200SIT, KURABO, Osaka,
Japan). A 10 g/L cyclo (Hyp-Leu) dipeptide aqueous solution
was used as the test solution, PBS (phosphate buffered saline) as a
negative control and 5% SDS (sodium dodecyl sulfate) as a
positive control. The metabolic activity of the treated tissue
was measured by the manufacturer specified MTT assay and
compared to the described criteria.

The obtained data were statistically analyzed using IBN SPSS
Statistics version 19 (IBM, Armonk, NY, USA). Comparisons
between the three groups were analyzed by the Kruskal-Wallis
test, and data on synthetic dipeptides compared to the positive
controls were analyzed by the Mann-Whitney U test.
3 RESULTS

3.1 Physicochemical Property Analysis of
the Compound and Synthesis
3.1.1 NMR Analysis
As in the previous report (Kawai et al., 2016), each peak was divided
into 11 fractions, with H8-1 and H8-2 very adjacent (Figure 1).
According to the results of the antibacterial tests against P. gingivalis,
fraction H8-1 had the highest antibacterial activity, followed by
H8-2. The active fractions (H8-1 and H8-2) corresponded to 9.7%
of the eluted fraction and a concentration of 0.47 g/L.
FIGURE 1 | HPLC fractions of L. fermentum ALAL020 culture supernatant. The culture supernatant was fractionated with reverse-phase chromatography by HPLC
on an ODS (C18) column.
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It has also been confirmed that the molecular weights and
formulas of the fractions H8-1 and H8-2 were both 226.131 Da
and C11H18N2O3 respectively (Kawai et al., 2016).

The NMR spectra obtained for the antibacterial substance of
H8-1 are shown in Table 1. The 1H NMR spectrum showed one
NH resonance (dH: 7.49 (1H, s)), two methyl signals (dH: 0.92
(3H, d, J = 6.6Hz), 0.96 (3H, d, J = 6.7)), six methylene resonances
(dH: 2.22-2.27 (1H, m), 2.38-2.42 (1H, m), 1.65-1.69 (1H, m),
1.53-1.57 (1H, m), 3.37 (1H, dd, J = 11.9, 5.4Hz), 3.65 (1H, ddd,
J = 11.9, 3.7, 0.8Hz)) and four methine signals (dH: 1.75-1.82
(1H, m), 3.81-3.84 (1H, m), 4.28 (1H, dd, J = 8.6, 7.1Hz), 4.42-4.45
(1H, m)) (Figure 2A). The 13C NMR spectrum showed 11 C
atoms and carbon signals (dC: 21.83, 23.17, 25.01, 37.61, 43.09,
53.90, 56.46, 56.91, 68.46, 167.28, 169.29) (Figure 2B).
Comprehensive analysis results of 1H-1H COSY, 1H-13C HSQC
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5226
and 1H-13C HMBC by two-dimensional NMR analysis (SF-
A, B, C) revealed two amino acids, hydroxyproline and
leucine (Figure 2C).

The NMR spectra obtained for the antibacterial substance
H8-2 are shown in Table 2. The 1H NMR spectrum showed one
NH resonance (dH ): two methyl signals (dH: 0.75 (6H, d, J =
6.4Hz)), six methylene resonances (dH: 2.15 (1H, dd, J = 13.5,
6.4 Hz)), 1.98-2.02 (1H, m), 1.64-1.69 (1H, m), 1.43-1.47 (1H, m),
3.57 (1H, dd, J = 13.2, 4.4Hz), 3.31 (1H, d, J = 13.2Hz)) and four
methine signals (dH: 1.60-1.65 (1H, m), 4.15-4.16 (1H, m), 4.41-
4.42 (1H, m), 4.43 (1H, t, J = 4.5Hz)) (Figure 2D).

The 13C NMR spectrum showed 11 C atoms and carbon
signals (dC: 20.61, 21.99, 23.72, 35.92, 37.22, 53.23, 53.61, 57.04,
67.68, 168.58, 172.23) (Figure 2E). The result of comprehensive
two-dimensional NMR analysis 1H-1H COSY, 1H-13C HSQC
A

B

D

E

FC

FIGURE 2 | Structure determination by NMR. (A)1H-NMR of H8-1, (B)13C-NMR of H8-1, (C) COSY and HMBC correlations of H8-1, (D) 1H-NMR of H8-2, (E)13C-
NMR of H8-2, (F) COSY and HMBC correlations of H8-2.
TABLE 1 | Chemical shifts and 2D correlations of NMR spectra in H8-1.

# Atom# C Shift XHn H Shift H Multiplicity COSY H HMBC C HMBC

1 1 21.83 CH3 0.92 d 6 2, 4, 4, 6 2, 6, 4
2 2 23.17 CH3 0.96 d 6 1, 4, 4 1, 6, 4
3 6 25.01 CH 1.79 m 1, 2, 4 1, 2, 4, 4 1
4 3 37.61 CH2 2.22-2.27 m 3, 8, 9 5, 8 8, 9, 11
5 3 37.61 CH2 2.38-2.42 m 3, 8, 9 5, 8 5, 8, 9, 11
6 4 43.09 CH2 1.65-1.69 m 4, 6, 7 1, 2, 7 1, 2, 6, 7, 10
7 4 43.09 CH2 1.53-1.57 m 4, 6, 7 1, 2, 7 1, 2, 6, 7, 10
8 5 53.90 CH2 3.37 dd 5, 9 3 3, 10
9 5 53.90 CH2 3.65 ddd 5, 9 3 8, 9
10 7 56.46 CH 3.81-3.84 m 4, 4, 13 4, 4 4, 10, 11
11 8 56.91 CH 4.28 dd 3, 3 3, 3, 5 3, 11
12 9 68.46 CH 4.42-4.45 m 3, 3, 5, 5 3, 3, 5
13 10 167.28 C 4, 4, 5, 7
14 11 169.29 C 3, 3, 7, 8
15 13 NH 7.49 s 7
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and 1H-13C HMBC showed two amino acids, hydroxyproline
and leucine, similar to H8-1 (Figure 2F).

As a result of the above, the antibacterial substances
corresponding to fractions H8-1 and H8-2 are both
hexahydro-7-hydroxy-3- (2-metylpropyl) pyrrolo [1,2- a]
pyrazine-1,4-dion as illustrated in the structural formula of
Figure 3. That means, it is a cyclic dipeptide of hydroxyproline
and leucine, abbreviated as “cyclo (Hyp-Leu)” (Figure 3).

3.1.2 Synthesis and Structural Analysis of
Cyclo (L-Hyp-L-Leu)
Composition and structure of the cyclic dipeptide Hyp-Leu
(hexahydro-7-hydroxy-3- (2-metylpropyl) pyrrolo [1,2-a]
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6227
pyrazine-1,4-dion) were clarified followed by chemical synthesis.
According to the scheme in Figure 4, the condensation of
commercially available Boc-O-benzyl-L-hydroxyproline (2 in
Figure 4) and L-leucine methyl ester hydrochloride (3 in
Figure 4) was carried out with COMU as a condensing agent.
The Boc group of the condensation product (4 in Figure 4) was
then removed by treatment with trifluoroacetic acid, and 5 of
Figure 4 was obtained. The structure was confirmed by NMR
analysis (SF-D). 1H NMR (CDCl3) d7.94 (1H, d, J = 8.5 Hz), 7.34-
7.25 (5H, m), 4.57-4.52 (1H, m), 4.51-4.41 (2H, m), 4.08 (1H, s), 4.00
(1H, t, J = 7.7 Hz), 3.70 (3H, s), 3.19 (1H, d, J = 12.5 Hz), 2.74 (1H,
dd, J = 12.5, 3.6 Hz), 2.48-2.43 (1H, m), 1.92-1.86 (1H, m), 1.67-1.43
(4H, m), 0.90 (6H, t, J = 5.8 Hz).
FIGURE 3 | Structure of cyclo (Hyp-Leu). From the result of NMR analysis, the molecule of C11H18O3N2 was revealed to form a cyclic di-peptide of hydroxyproline and leucine.
TABLE 2 | Chemical shifts and 2D correlations of NMR spectra in H8-2.

# Atom# C Shift XHn H Shift H Multiplicity COSY H HMBC C HMBC

1 1 20.61 CH3 0.75 d 6 2, 4, 4, 6 2, 6, 4
2 2 21.99 CH3 0.75 d 6 1, 4, 4, 6 1, 6, 4
3 6 23.72 CH 1.60-1.65 m 1, 2 1, 2, 4, 4, 7 1, 2, 4, 7
4 3 35.92 CH2 2.15 dd 3, 8, 9 5, 5, 8 8, 9, 11
5 3 35.92 CH2 1.98-2.02 m 3, 8, 9 5, 5, 8 5, 9
6 4 37.22 CH2 1.64-1.69 m 4, 7 1, 2, 6, 7 1, 2, 6, 7, 10
7 4 37.22 CH2 1.43-1.47 m 4, 7 1, 2, 6, 7 1, 2, 6, 7, 10
8 7 53.23 CH 4.15-4.16 m 4, 4 4, 4, 6 6, 4, 10
9 5 53.61 CH2 3.57 dd 5, 9 3, 8, 9 3, 8, 9, 10
10 5 53.61 CH2 3.31 d 5 3, 8, 9 3, 8, 10
11 8 57.04 CH 4.41-4.42 m 3, 3 3, 5, 5, 9 3, 5, 11
12 9 67.68 CH 4.43 t 3, 3, 5 3, 3, 5 3, 5, 8, 11
13 10 168.58 C 4, 4, 5, 5, 7
14 11 172.23 C 3, 8, 9
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The intramolecular cyclization of the amino group and ester
group in 5 was carried out under basic condition to form 2, 5-
diketopiperazine. The structure was confirmed by NMR analysis
(SF-E). 1H NMR (CDCl3) d 7.45-7.26 (5H, m), 5.66 (1H, s), 4.52
(2H, s), 4.43 (1H, dd, J = 10.8, 6.3 Hz), 4.22-4.20 (1H, m), 4.03-
4.01 (1H, m), 3.72 (1H, d, J = 13.1 Hz), 3.66 (1H, dd, J = 13.1, 4.6
Hz), 2.57 (1H, dd, J = 13.5, 6.3 Hz), 2.11-2.01 (2H, m), 1.75-1.46
(2H, m), 0.98 (3H, d, J = 6.4 Hz), 0.93 (3H, d, J = 6.7 Hz).

Finally, the benzyl group included in 6 was removed by
hydrogenolysis to obtain the targeted compound, Cyclo
(L-Hyp-L-Leu) (1 in Figure 4). The analyzed structure by
NMR was as follows: 1H NMR (D2O) d 4.42-4.39 (2H, m),
4.13 (1H, s), 3.56 (1H, dd, J = 13.1, 4.6 Hz), 3.30 (1H, d, J = 13.1
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7228
Hz), 2.14 (1H, dd, J = 13.5, 6.4 Hz), 2.01-1.95 (1H, m), 1.70-1.55
(2H, m), 1.46-1.40 (1H, m), 0.73 (6H, d, J = 6.4 Hz).

13C NMR (D2O) d173.00, 169.33, 68.47, 57.83, 54.41, 54.05,
38.08, 36.74, 24.54, 22.78, 21.46.

When these NMR spectra were compared with the spectra of
H8-1 and H8-2 derived from natural products, both 1H NMR
and 13C NMR of H8-2 were in agreement (Figure 5). From this
result, H8-2 is considered to be cyclo (L-Hyp-L-Leu) or cyclo (D-
Hyp-D-Leu).

MS analysis for C11H19N2O
+
3 ½M + H�+ was performed and the

monoisotopic mass of the protonated molecule was estimated
227.1405. Furthermore, from the results of mass spectrometry, it
was found that the synthetic product was also C11H18N2O3, 226.131.
A B

FIGURE 5 | Structure confirmation by NMR. (A) 1H-NMR spectrum of synthesized cyclo (Hyp-Leu) was matched to that of H8-1, (B)13C-NMR spectrum of
synthesized cyclo (Hyp-Leu) was matched to H8-1 13C NMR.
FIGURE 4 | Scheme: Synthetic pathway of cyclo L-Hyp-L-Leu.
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3.2 Biological Effect of the Compound
3.2.1 Antibacterial Test of Synthetic Cyclo (Hyp-Leu)
Against Periodontal Disease Bacteria
Antibacterial tests were conducted against P. gingivalis and P.
intermedia. Synthetic cyclo (Hyp-Leu) showed concentration-
dependent antibacterial activity against both bacteria, with a
MIC of 2.5 g/L or less (Figures 5A, B). Sodium lactate used as a
control, is a product of the fermentation process of lactic acid
bacteria and a component widely known for its antibacterial
properties, however the MIC was 20 g/L (Figures 6A, B).
Furthermore, examining the MBC of synthetic cyclo (Hyp-
Leu), resulted in 5 g/L or less for P. gingivalis and 2.5 g/L or
less for P. intermedia (Figures 6C, D).

3.2.2 In Vitro Tissue Safety of Synthetic
Cyclo (Hyp-Leu)
The results of the epithelial tissue irritation test are shown in
Figure 7. The result of the MTT assay was 2.024 ± 0.091 for PBS
used as a negative toxicity control. On the other hand, the value
of 5.0% SDS used as a positive control indicated a cytotoxic level.
The value of the 10 g/L synthetic cyclo (Hyp-Leu) solution was
1.964 ± 0.108, which was an equivalent level to PBS and
significantly different from the 5.0% SDS of the positive
control (Mann-Whitney U test p> 0.01). Therefore, no toxicity
to the epithelial tissue model was observed.
4 DISCUSSION

Generally, organic acids such as lactic acid and acetic acid,
hydrogen peroxide, and bacteriocin are widely known as
bactericidal or antibacterial substances produced by lactic acid
bacteria. In addition, several cyclic dipeptides (also known as 2,5-
diketopiperazine) have been reported (Klaenhammer, 1988;
Piard and Desmazeaud, 1991; Taniguchi et al., 1998; Graz
et al., 1999). Cyclic dipeptides are low molecular weight
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8229
substances obtained by condensing two amino acids. They are
expected to be antifungal and antibacterial (Graz et al., 1999).
Cyclic dipeptides have been identified in cultures fermented with
lactic acid bacteria used in food fermentation (Niku-Paavola
et al., 1999; Strom et al., 2002; Magnusson et al., 2003; Ryan et al.,
2011). Further, proline-based and leucine-based cyclic dipeptides
have been isolated from cultures of multiple lactobacilli. For
example, cyclo (L-Pro-L-Pro), cyclo (L-Leu-L-Pro), cyclo
(L-Tyr-L-pro), cyclo (L-Met-L-Pro), cyclo (L-His-L-Pro) were
identified from L. amylovorus, (Ryan et al., 2011), and cyclo
(Gly-L-Leu), cyclo (L-Phe-L-Pro) and cyclo (L-Phe-trans-4-OH-
L-Pro) have been identified from L. plantarum (Niku-Paavola
et al., 1999; Strom et al., 2002). Above reports have confirmed
that these cyclic dipeptides in lactobacilli cultures have
antifungal activity.

The substance hexahydro-7-hydroxy-3- (2-metylpropyl)
pyrrolo [1,2-a] pyrazine-1,4-dion was reported by Zhang and
Lei (2015), and is a cyclic dipeptide produced by microorganisms
of the genus Streptomyces classified as soil-derived
actinomycetes. It was the same substance as identified in this
study. However, as far as we know, the cyclic dipeptides
identified in this study have not been reported as substances
produced by lactic acid bacteria. This hydrophilic cyclic
dipeptide was included in the acetone fraction of the culture
supernatant of the L. fermentum ALAL020 strain. In a
preliminary study, the acetone fraction did not show
antibacterial properties against the caries-causing bacterium
Streptococcus mutans or the oral fungus Candida albicans (data
not shown), whereas it had excellent antibacterial properties
against P. gingivalis and P. intermedia (Figure 6). Since the MIC
of cyclo (Hyp-Leu) against P. gingivalis and P. intermedia was 2.5
mg/mL, the content in the supernatant was about 20% of the
MIC. 2014 literature indicates the concentration of a L. brevis-
produced cyclic dipeptide (Axel et al., 2014) as 10-50 ug/mL, in
contrary to L. fermentum ALAL020 with 470 mg/mL, which is a
production amount 5-10 times higher.
A B

DC

FIGURE 6 | Antibacterial activity of synthesized cyclo (Hyp-Leu). (A, B) Show the results of the turbidity assay. BL is medium only. (C, D) Show the result of the CFU assay.
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L. fermentum ALAL020 is derived from fermented food and
expected to be effective when used as regular food. This strain is
contained in fermented soymilk and shows an immune-
stimulatory effect in an in vitro assay (unpublished data) as
well as an effect of improving liver and kidney disorders in
animal model experiments (Shin et al., 2009). Therefore, it can be
called a probiotic candidate strain. Clinical efficacy data in
humans has to be accumulated in future. In this case, if it
exhibits strong bactericidal activity such as antibiotic reagents,
it is possible that the bacterial microbiota might be disturbed or a
bacterial replacement phenomenon might occur. Therefore, it
seems appropriate to compare the antibacterial di-peptide with
known antibacterial food substances. For example, the MIC of
EGCG (epigallocatechin gallate), a green tea main component,
against P. gingivalis has been reported to be 0.125-1.0 g/L (0.27-
2.2 mM) (Sakanaka et al., 1996; Fournier-Larente et al., 2016).
Since MIC of cyclo (Hyp-Leu) was 2.5 g/L (11.1 mM), it is
considered the same grade as the green tea component, although
the activity is slightly weaker. However, examination with
multiple P. gingivalis clinical isolates, as shown in the
Supplementary File (E), indicate large individual differences in
susceptibility, so comparison of the MIC value of single strains is
not accurate. Since we have succeeded in peptide synthesis, it
seems possible to adjust the activity in future.

Probiotic L. reuteri produce reutericyclin with antibacterial
property, however this substance tends to be resistant to half of
the E. coli tested by Gänzle et al. (2004), confirming antibacterial
activity only against Gram-positive bacteria. Therefore,
reutericyclin is expected to have low activity against
periodontopathic bacteria.

MIC of reuterin was reported as 7.5 to 15 mM (5.5-11.1 g/L)
in Escherichia coli and that of Bacteroides 1.9 to 7.5 mM (Cleusix
et al., 2007), which means that the anti-bacterial effect is almost
at the same level as cyclo (Hyp-Leu) (MIC: 11.1mM) against P.
gingivalis and P. prevotella. In their report, periodontal disease
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9230
bacteria have not been investigated, but they might have a
tendency similar to the closely related genus Bacteroides. It was
reported that chemically synthesis of reuterin is very difficult
because reuterin is an intermediate metabolite and degrades
rap id ly to var ious other components such as 3-
Hydroxypropionaldehyde (3-HPA) hydrate, HPA dimer, and
acrolein (Kang, 2014; Fujiwara et al., 2017). With this unstable
property, the clinical application of reuterin seems difficult.
Fujiwara et al. synthesized structural derivatives and obtained
highly active and stable ones against periodontal bacteria
(Fujiwara et al., 2017). The significance of our structural
analysis of cyclo (Hyp-Leu) is not only to clarify the
mechanism of action in the future, but also to obtain
derivatives showing even better activity.

Although the effects of P. gingivalis on cell adhesion and
invasion have not been investigated, it seems that bactericidal
action is effective before adhesion and invasion. Further, it has
been confirmed that the trypsin-like enzyme (Gingipain) activity
produced by P. gingivalis, is not inhibited (data not shown),
however it can be said that this is not a necessary effect if a
bactericidal effect occurs.

In order to analyze the mechanism of antibacterial activity
against periodontal disease bacteria, we decided to prepare a
synthetic cyclo (Hyp-Leu) (Figure 4). The characteristic
structure of cyclo (L-Hyp-L-Leu) 1 (Figure 4) is its 2,5-
diketopiperazine skeleton within the molecule. It has been
reported that the 2,5-diketopiperazine skeleton forms by
condensation of 2 amino acid derivatives followed by
intramolecular cyclization of the dipeptide (Wang et al., 2002).
Based on this method, we attempted the synthesis of cyclo
(L-Hyp-L-Leu) 1. We consider that racemization hardly occurs
during condensation or intramolecular cyclization, because cyclo
(L-Hyp-D-Leu) (or cyclo (D-Hyp-L-Leu)) could not be detected.
A cyclic dipeptide is stereospecifically synthesized and effectively
forms cyclo (L-Hyp-D-Leu) from L-Hyp and D-Leu derivatives.
FIGURE 7 | Epithelial tissue toxicity of cyclo (Hyp-Leu). The vertical axis shows the tissue activity level deduced form the result of the MTT assay. NC (negative
control, PBS) showed no irritation, and PC (positive control, 5%SDS) showed toxicity. The level of the experimental cyclo (Hyp-Leu) group was almost the same as
the NC group and significantly different from the PC group.
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This time, we could confirm a diastereomer equivalent to H8-2
(Figure 5). Since antibacterial properties against periodontal
disease bacteria were also confirmed (Figure 6), it is possible
that this feature could be used to elucidate the mechanism of
activity in future.

Furthermore, while considering future clinical applications,
safety for mucosal epithelial tissues is an important aspect. In
particular, for many dipeptides reports exist, which show the
effects of anticancer cells, so there is concern about toxicity to
eukaryotic cells. The irritation evaluation model system
performed this time is widely used to evaluate short-term
toxicity for drugs and cosmetics as an alternative technology to
animal experiments. Since the synthetic cyclo (Hyp-Leu) seems
to have low toxicity in the stimulation test using this epithelial
tissue model, it might be put into practical use from the
viewpoint of safety.

In conclusion, the substances isolated from fractions H8-1
and H8-2 of L. fermentum ALAL020 culture have antibacterial
activity against periodontopathic bacteria P. gingivalis and P.
intermedia, and were both identified as hexahydro-7-hydroxy-3-
(2-metylpropyl) pyrrolo [1,2-a] pyrazine-1,4-dion. It is most
likely that the slight difference in the fraction peaks of H8-1
and H8-2 was observed because they are steric isomers. Among
the previously reported antibacterial substances produced by L.
fermentum, no report indicates production of this substance,
which is a novel finding obtained from this study. We believe
that the results of this analysis will be useful for elucidating the
production mechanism of this substance and the antibacterial
mechanism against periodontal disease bacteria. Further studies
are necessary on the mechanism of production and action, as
well as the potential for clinical application.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10231
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