Oral biofilm dysbiosis during experimental periodontitis
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H
Abstract

Objectives: Weriously characterized the main osteoimmunological events that occur
during ligatur@ pEA@@Bhtitis. This study aims to determine the polymicrobial community shifts that

occur during dis velopment.

Methods: Perlom was induced in C57BL/6 mice using the ligature-induced periodontitis
model. Healthy ucosa swabs and ligatures were collected every 3-days from 0 to 18 days
post-ligature plm Biofilm samples were evaluated by 16SrRNA gene sequencing (lllumina
MiSeq) and Qll |

rank analyses (PERM OVA, Bonferroni-adjusted).

Results: Mlcro!&rences between health and periodontal inflammation were observed at all

mecourse changes were determined by relative abundance, diversity, and

phylogenic lev An evident microbial community shift occurred in 25 genera during the

advancement of 2 itis” (3-6d) to periodontitis (9-18d). From day 0-18, dramatic changes were
identified Streptm levels, with an overall decrease (54.04-0.02%) as well an overall increase
of Enterococ actobacillus (23.7-73.1% and 10.1%-70.2%, respectively). Alpha-diversity
decreased to its at 3d, followed by an increase in diversity as disease advancement. Beta-
diversity incr r ligature placement, indicating that bone loss develops in response to a

greater microbial variability (p=0.001). Levels of facultative and strict anaerobic bacteria
augmented oveMurse of disease progression, with a total of 8 species significantly different
during the 18-daygeesiod

Conclusion: Thpports that murine gingival inflammation and alveolar bone loss develop in

response to mi ioge shifts. Bacterial diversity increased during progression to bone loss.
These findin support the utilization of the periodontitis ligature model for microbial shift

analysis undem experimental conditions.
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|NTRODUCT|Q.|_J

Periodontitis is Q’natory disease caused by a dysbiotic microbiota (Abe, Hajishengallis,
2013). The (ﬂ/ s characterized by the microbial shift that occurs in the biofilm with a

decrease in the r of beneficial symbionts and/ or an increase in the number of pathobionts,
as microorgani@ome pathogenic when host-microbe homeostasis breaks down (Jiao et al
2013, Hajishenga amont 2016). The polymicrobial community shift induces a host response
that results in twuctlon of the connective tissue and alveolar bone supporting the tooth. In
the clinical setti viduals with periodontal disease consistently demonstrate a shift in biofilm
microbial comp(ﬁompared to healthy individuals, including increased abundances of certain
phylotypes (Pas
2016).

To better underme microbial changes and inflammatory host-response to these changes, it

is important to

2001, Griffen et al 2012, Paes Batista da Silva et al 2016, Marchesan et al

the etiology of periodontitis to improve its treatment. Many host and

environment are associated with an oral microbiota dysbiosis, including increased

microbial challenge
al 2018, No

difference between healthy and disease states, dynamic microbial shifts cannot be fully

. biofilm load), smoking and systemic diseases (Teles et al 2021, Sanz et

015). Although human biofilm samples can be used to characterize the

investigated in wcal setting. Moreover, neither the direct cause nor effect of different host
and environmemors that can directly induce a microbial shift related to disease can be

explored in h Therefore, experimental animal models are a powerful platform to

complementmved from clinical studies (Hajishengallis et al 2015, Wu et al. 2016).

Different mo een used to study periodontal disease in mice, including the oral gavage,
chamber modMature models (Graves et al. 2018). Ligature-induced periodontitis in mice
have long serverm animal model for periodontitis. We previously demonstrated that there are

distinct osteo-i ogical events that developed from health to gingival inflammation and

transition to peri is at 18 days post-ligature placement (Marchesan et al. 2018). While it is

known that b s in this model develops in response to bacterial presence, information on the
composition and microbial shifts of their oral microbiota is limited. Therefore, the purpose of this
study was to expand on our previous immune findings (Marchesan et al. 2018) and characterize
microbiota changes that occur during periodontitis development in a time-dependent manner. We
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hypothesized that the ligature placement would be accompanied by time-dependent shift of

microorganisms, that can be associated with inflammation and periodontal disease development.

T

METHODS

Periodontitis- m% model

The protocol Wi approved by the by University of North Carolina-Chapel Hill Institutional Animal
Care & Use Compittge and can be observed in Figure 1. Twenty-eight C57BL/6 wild-type, specific
pathogen-free (@male mice aged 8-10 weeks were purchased from Taconic Biosciences.
Mice were acclimati to the animal facility (under pathogen-free conditions) for a period of 7 days
upon arrival, armce were randomly assigned to one of the groups associated by the time-
course of the s riod. Experimental periodontitis was induced using the ligature model as
previously descm our group (Marchesan et al 2018). Briefly, sterile silk sutures (5-0, SUT-15-
1, Roboz Sunﬁtrument, Gaithersburg, MD, USA) knotted ~2.5mm apart were placed

between the fir econd maxillary molars using a ligature holder while the mouse was under

sedation with is . Mice were evaluated every 3 days from health (baseline) to 18 days post-
ligature placemefit. Wi@ature and plaque samples were collected for further analysis in accordance
with previou ications (Marchesan et al 2012, Marchesan et al 2013, Jiao et al 2013). For
baseline collﬁerile swab was placed in the oral cavity of mice and swirled for 15s before
being placed PBS (Thermo Fisher Scientific, cat. no. 14190144). Tubes were centrifuge

for 5 minutes at! 13,000 RPM at 4°C. After centrifugation, PBS was discarded, and samples were
stored at -80°C

with the usage Ie fine-point forceps (Fisher, cat. no. 16-100-113). Collected ligatures were
(JE O

tube and stored at —80°C. Samples were excluded from the analysis if a

alysis. At the additional experimental timepoints, ligatures were collected

placed in an Ep

ligature was on:erore the end point of the experiment. If lost, no ligature was replaced in the

mouse to all velopment of a microbial shift. Microbiota analysis was conducted after

confirmation of Bone destruction by uCT and histological analysis, which was previously conducted

and published (Marcthan et al 2018).

DNA isolati 6s rRNA amplicon library preparation and sequencing
DNA isolation, p tion of sequencing libraries and sequencing were done in the UNC
Microbiome Core Facility as described (Jones et al. 2018). Briefly, bacterial DNA extraction was

performed using QIAmp DNA extraction kit (QIAGEN). A step of pre-incubation with lysozyme for

30 min was introduced to the protocol to ensure optimal DNA yield from Gram-positive bacteria.
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For generation of sequencing libraries, 12.5ng of total DNA from each sample was amplified using
the 2x KAPA HiFi HotStart ReadyMix (KAPA Biosystems, Wilmington, MA). Primers targeting the
V3-Vv4 regionMS rRNA gene (Edwards et al. 1989; Thompson et al. 2015) were designed
to incorporate |l compatible sequencing adaptors. The complete sequences of the primers
were: Q 515 F - 5
TCGTCGGCRCEBTEAGCATGTGTATAAGAGACAGGTGCCAGCMGCCGCGGTAA 3; 806 R -
5’GTCTCGTGGﬁ%GAGATGTGTATAAGAGACAGGGACTACHVGGGTWTCTAAT 3. PCR
conditions cons@ an initial denaturing step at 95" for 3 min, 25 cycles of 95°C for 30 sec,
55°C for 30 sec

4°C. lllumina seguencifg adapters and dual index barcodes (lllumina, San Diego, CA) were added

2°C for 30 sec, followed by extension at 72°C for 5 min and a final hold at

using one more_round of PCR amplification consisting of 8 cycles. PCR products were purified
using AMPure XP reagent (Beckman Coulter, Indianapolis, IN), quantified by Quanti-IT Picogreen

dsDNA 1 kit (Inyi n) and pooled in equimolar amounts. Sequencing was performed on a
MiSeq instrumefqt (lllumina) operating Real Time Analysis software version 1.17.28. Paired-end

manufacturer i

sequencing use om primers and a 500-cycle sequencing kit (version 3) according to
tr ns. Amplicon sequencing was carried out in the presence of 7% PhiX

control (lllumi w proper focusing and matrix calculations.

Bioinformati ine and statistical analysis

Raw sequencing data files were processed using the open-source software pipeline Quantitative
Insights into Migtobial Ecology (QIIME) version 1.8 (Caporaso et al. 2010). Barcode and primer
trimming and e quality filtering was performed using QIIME's default script settings.

Operational ta ¢ units (OTUs) were clustered using QIIME implementation of UCLUST.

database. A ining read counts, rarefaction analysis was performed a sampling depth of

Taxonomic m& OTUs was performed using BLAST against the Greengenes 16S rRNA
10,000 sequeM rarefaction curves were plotted. Summary of taxonomic assignments were
plotted as bar ing QIIME. Observed species richness, as well as phylogenetic and non-
phylogenetic al iwersity metrics (Chao1 and Shannon's index, respectively) were recorded

and compared at 0,000 rarefaction depth. Phylogenetic and non-phylogenetic beta diversity

matrices we ulated by Three-dimensional Principal Coordinate Analysis (PCoA) plots,

calculated within Qll using weighted and unweighted UniFrac distances between samples.
Statistical analysis was performed with SAS 9.4 software after correction (Bonferoni-adjusted

0.006). The sequencing data will be made available when requested.
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Paired t-test (within-tooth analysis) was performed to compare alpha diversity. Finally, Benjamini—
Hochberg procedure for false discovery rate (Benjamini, Hochberg, 1995) and family-wise error
rate (FWER; w Benjamini, 1990) methods were applied to the p-values of the stratified
MH mean scor tics for exploratory and confirmatory testing, respectively, to identify any
statistically signmarences among genera. An overall error rate of 0.05 was used in each

procedure., N E———

RESULTS Q
After the study p , one sample from time 0 was not included due to low DNA yield, leading to a
total of 27 biofil

course). A total of 2,856,260 sequences were generated from the 27 biofilm samples, and

les (3 samples from baseline and 4 samples from each group in the time

LS

matched 141 unique gpecies. Amplicon reads with relative abundances higher than 0.01% were

assigned to 7 b | phyla, 19 classes, 33 orders, 45 families, and 113 genera. The most
frequent phyla Were Bacillota (formerly Firmicutes, relative abundance ranging between 59.7%
and 99.8%) and
40.2% and 0.05%)

distribution,

i

omonadota (formerly Proteobacteria, relative abundance ranging between

ure 2A shows the 20 most abundant bacterial genera and species profile

d

o time points, representing between 89% and 99% of the total community.

The full list of bac amples and its OTUs can be verified in Supplemental Table 1.

W

Bacterial microbiome composition shifts according to time.

Bacillota encomipassed the majority of sequences throughout all time courses, although an

[

increase in Pseud@monadota was observed after 9 days (Supplemental figure 1). Among the top

O

10 most abundag ra, Lactobacillus, Streptococcus, and Enterococcus presented the greatest
shifts in abund ring the time course and disease development (Figure 2B). Tanerella
initially colonj with 0.8% of total bacteria, and colonization fell over the 18d (Figure 2B).
The 18d tim

(Figure 2C). Coeii rium acnes, Bacteroides sp., B. heparinolyticus, Corynebacterium sp.,

E

ignificantly changed the community profile abundances among 8 species

t

U

Lysinibacillus fysi s, Acinetobacter Iwoffii and Prevotella sp. significantly decreased in
abundance asso over the 18d time course, while Staphylococcus sp. became highly

abundant by , when compared with the baseline and with the other time points. Alpha

A

diversity was highest at health (0d, pre-ligature), and decreased to its lowest level at the initial
phase of disease of 3d post-ligature placement. This indicates that the microbiome becomes less

diverse and, therefore, more specific to the development of periodontal inflammation (Shannon

6
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index, Paired t-test, Figure 3A). The decrease in species diversity within the ligature samples
never returned to the baseline levels. Principal Coordinate Analysis (PCoA) of unweighted UniFrac
showed that Mrom baseline represented a very distinct community when compared with
the other sampl ing a well-defined cluster (Figure 3B), with overall statistically significant

&icrobiome communities (Pairwise PERMANOVA, p=0.001; Figure 3C).
Biofilm comnf@nf§®&@&mMposition from baseline was significantly different when compared to 3 days
(p=0.04), 6 day 5), 12 days (p=0.03) and 15 days (p=0.02). Other significant differences in
bacterial beta d@were found between 3 and 12 days (p=0.01), and between 9 and 12 days
(p=0.02).

differences bet

Community shif;s associated with disease development.
In our previous study the transition from health to gingival inflammation and no bone loss occurred
during the perio -6 days, which was dominated by innate immune events (Marchesan et al

2017). Development of gingival inflammation was followed by the progression to periodontal bone

loss, which was ipated by an adaptive immune response and bone loss (Marchesan et al
2017). Conside time course, the microbiome data analysis was stratified from days 3 and
6 were combij early lesion of gingival inflammation, while the data from days 9 to 18 were
combined as peri itis.

The experim el showed differences in bacterial genera and species abundances from

biofiims associated with ligature placement during gingival inflammation and periodontitis
development, agl can be observed in Figure 4A. Comparison of samples between experimental
timelines showedgdifiat biofilms harvested at the gingival inflammation stage (3 and 6 days) had
lower Shannon indices than the baseline, indicating a decrease in bacterial community

diversity within ples (Figure 4B). This shift was followed by an increased diversity from
gingival infla i

o periodontitis (9 to 18 days). Principal Coordinate Analysis (PCoA) of
unweighted Wowed that samples from baseline (Day 0) represented a very distinct
community wh ared with samples from gingival inflammation and periodontitis stages,
which also form defined clusters associated with periodontal clinical diagnosis (Figure 4C).

Biofilm communit diversity from day O was significantly different when compared to the

community es with gingival inflammation and periodontitis (Pairwise PERMANOVA,
p=0.02 and p=0.00, réspectively; Figure 4D). Biofilm community from “gingivitis” samples were

also significantly diverse from periodontitis samples (Pairwise PERMANOVA, p=0.02 Figure 4D).
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Figure 5A shows a clear distinction among the 20 top ranked species across all clinical diagnosis.
Significant species associated with a healthy periodontium were Cutibacterium acnes, Bacteroides
sp., B. hepM, Acinetobacter Iwoffii, Lysinibacillus fusiformis, Rhizobiales sp. and

Prevotella sp. my, the last three species were completely absent in both “gingivitis” and

periodontitis st phylococcus sp. was significantly associates with gingival inflammation

with no boneg®oSS™aR/e Lrysipelotrichaceae was associated with both diseased stages, gingival

inflammation anhiontitis (Figure 5B).

Discussion O

This is the first mat reports the oral microbiota shift that occurs during the development and
progression of ligature-induced periodontitis. Using a high throughput method, we found that there
were multiple changesin the colonization of the ligature that included anaerobic species. Similar to
human diseasi&s, we identified an increased microbiota diversity during the transition from

gingival inflamm@tion to periodontal bone destruction. These results further support the utilization

of the ligature m microbial shift analysis under different experimental conditions.

Previous studie§ u variety of murine models to explore the mechanism of periodontitis and
the effective ew treatments. Among these models, the ligature-induced periodontitis
model shows host® eria interactions, acute alveolar bone loss and gingival tissue inflammation
by 7-9 days t al. 2008, Marchesan et al 2018, Abe, Hajishengallis, 2013, Jiao et al.

2013). However, no study has reported a detailed analysis of oral microbiota shifts from health to a
dysbiotic state iwre periodontitis. In this study, we used 16S rRNA gene sequencing of the
biofilm microbiotagaitached to ligatures and identified the presence of 7 microbial phyla, with the
majority of the tion encompassed by Bacillota and Pseudomonadota. These findings are
consistent with iterature reports that have utilized pyrosequencing (Chun et al. 2010) and
DGGE (Jiao ﬁ

PseudomonaWed by periodontitis. Previous studies investigated the microbiome shift

associated withmes in pathogenicity, using diabetic mice, and verified that higher levels of

3). In relation to bacterial shift in the biofilm, we identified an increase in

Pseudomonado erobacteriaceae) and Bacillota (Enterococcus, Staphylococcus, and
Aerococcus) were ciated with infectious processes, periodontitis, and delayed wound healing
(Grice et al., outo and Colombo, 2008; Colombo et al., 2016, Demmer et al., 2017). Recent

studies show an InCrease in oral Enterobacteriaceae with ligature-induced periodontitis

development, which also agrees with our findings (Kitamoto et al 2020). Overall, our current study
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further demonstrated that the Pseudomonadota phylum is positively associated with murine
periodontitis progression.

Among the sWrom the microbiome shift time course during biofilm development stages,
our data reveal ersely proportional relationship between a high abundance of Streptococci
in the early staﬂ the progressive increase of Enterococci and Lactobacilli towards the
biofilm maturatis = ®agreement with previous findings (Sato et al 2021), we found that some
species are a iaied with gingival health, including Staphylocccus and Corybacterium.
Interestingly, C@rium is also associated with a healthy oral microbiome in humans (Paster
et al 2001). As e

composition wawied in our data corroborates with previous murine studies (Hasegawa et al
2006, 2010, Jiao et a

colonizer and early dental biofilm colonizer in the oral cavity, possibly due to its adhesion

developed in mice, the higher Streptococcus prevalence on plaque outset
2013). These findings show the importance of this bacteria as a commensal
properties to the emento-enamel structures through the secretion of glycoproteins (Teles et

al. 2012, Socrangky et al., 1977). These findings are translationally consistent with in vivo previous

results from oum/here non mature ligature-induced biofilm in an experimental murine model

presented enhahc bundance for Streptococcus gordonii. In fact, a recent human study
revealed tha ccus sp. presence during early onset periodontal disease is consistent
among individua has the potential to be considered as an early-stage microbial biomarker
(Palmer et We identified an increase in levels of Enterococcus in the presence of

ligature-induced periodontitis, which agrees with previous reports (Sato et al 2021). The inter-
relationship befveen dysbiosis of the subgingival microbiome and periodontitis has been
investigated by tudies in humans (Deng et al. 2017, Szafranski et al. 2015) and postulated

the role of the ® Blome on the onset and progression of periodontitis in humans. The red

complex pathog ingivalis was identified as the best marker for periodontitis, followed by
Tannerella sﬂnema spp., Fusobacterium nucleatum_ss_vincentii HOT 200 V1-2_3,
and Eubactew-6]_sp_v1-2_55. Among the species that showed significant shifts during
the time cours acterium acnes (formerly known as Propionibacterium acnes) are gram-
positive anaeromlli that are considered commensal bacteria on the skin and, in the oral

cavity, has been li to apical periodontitis in teeth with an existing root canal treatment (Niazi et

es heparinolyticus is a Gram-negative anaerobic rod isolated from humans
with periodontitis (Okuda et al. 1985). Corynebacterium dentalis sp. nov. are Gram-positive rods
that has been isolated from the dental plaque sample from periodontitis (Benabdelkader et al.

2019). Lysinibacillus fusiformis is a gram-positive, rod-shaped bacterium detected for the first time

9
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in the root canals. This specie produces EPS (extracellular polysaccharides) in response to
environmental factors (Mahendran et al. 2013). Acinetobacter Iwoffii, formerly known as Mima
polymorpha Mbacter calcoaceticus var. Iwoffii, is a non-fermentative Gram-negative
bacillus freque ociated with respiratory diseases and nosocomial infections due to their
rapid developn\ulti-drug resistance, surviving desiccation and persistence in the
environment For®@A@Beriods of time. This pathogen have also been associated with treatment
failure in patien i fractory periodontitis (Colombo et al. 1998, 2009, Souto et al. 2014).

Our study ident@t ligature-induced periodontitis is associated with microbial dysbiosis, with
shifts occurring

strengthens theWnce of further understanding the microbiota changes that occur with the
development of murine periodontitis, which may impact systemic diseases. Murine studies have
shown that P. @is-induced periodontitis increases both the development and severity of

collagen-induced

health to inflammation, and inflammation to bone destruction. These

itis (Marchesan et al 2013). Recent data indicates that this is mediated by
the oral-gut midgobiome (Sato et al. 2017). Importantly, it shows that the oral microbiome has
significant impacti gut microbial composition (Sato et al. 2017). Enterobacteriaceae, a family
that we founwsed with ligature-periodontitis development, was recently shown to
accumulate i
2020). Therefore,

improve both

and lead to colitis after murine periodontitis development (Kitamoto et al

nding our understanding of the oral microbiome composition is crucial to
eneral health.

In conclusion, this is the first study that reports the shift in microbiome community during
periodontitis de!eloement, using a combination of the ligature model and “high throughput
method”. Theses support the utilization of the ligature model for microbial shift analysis

under different ental conditions. Future investigation building on our current study may

assist to explore derlying mechanism between host or environmental factors and microbial
dysbiosis in vj

-
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FIGURE LEGENDS

ligature model

Figure 1: Stud’ f!ffchart of the murine experimental periodontitis induced using the
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Figure 2: BacterialL microbiome composition shifts according to time. (A) Stacked plot
for samples’ di )n according to time. For illustrations purposes, only the top 20
genera and spet shown in the plot. The community is represented as 99.2% at day
0, 97.9% at day % at day 6, 93.9% at day 9, 89.8% at day 12, 92% at day 15, and
82.3% at day B) Relative abundances (%) of Lactobacillus, Streptococcus, and
Enterococcusmé e time course. (C) Species abundance that significantly changed
during the time FurSgMantel-Haensel test, p<0.05, Bonferroni corrected).
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Figure 3: Ecologicashifts in the microbiome community associated with the length
of the ligatu e. (A) Alpha diversity. (B) Unweighted UniFrac Principal Coordinate
Analysis (beta diversity) based on time course. (C) Box-plot showing differences between
the microbiome iommunities composition (PERMANOVA, p=0.001).
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Figure 4: Shm bacterial microbiome community at genera level, associated

with disease d ent. (A) Stacked plot for samples’ distribution according to clinical
diagnosis. (B) S Index: bacterial diversity decreased within samples during disease
development. (C) U ighted UniFrac Principal Coordinate Analysis (Beta diversity) based
on periodon us. (D) Box-plot showing differences between the microbiome
communities ition associated with disease development (PERMANOVA, p=0.001).
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Summary
Gingivitis and Es;'odontitis are inflammatory diseases associated with oral biofilm dysbiosis. In this
study, we d i he polymicrobial community shifts that occur during the development
inflammatory b , by using a murine model of experimental periodontitis induced in C57BL/6
mice and ligatur

16SrRNA gene seg

inflammation "’-ﬂ observed at all phylogenic levels. An evident microbial community shift

ment. Healthy oral mucosa and ligature biofilm samples were evaluated by

ing (Ilumina MiSeq). Microbial differences between health and periodontal

occurred in 25 generaduring the development of gingival inflammation (3-6d) to periodontal bone
loss (9-18d). From day 0-18, dramatic changes were identified in levels of Streptococcus, with an
overall decrease (54.04-0.02%) as well as levels of Enterococcus and Lactobacillus, with an
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overall increase (23.7-73.1% and 10.1%-70.2%, respectively). Alpha diversity was highest at
health (0d) and decreased to its lowest levels at 3d. Beta-diversity increased after ligature
placement, iWhat bone loss develops in response to a greater microbial variability
(p=0.001). Leve cultative and strict anaerobic bacteria augmented over the course of the
18d of disease ﬂn. The data suggests that gingival inflammation and bone loss in murine
periodontitis e VEISE"A response to microbiome shifts. Gingival inflammation is orchestrated by a
specific microbi ha diversity was highest at health and decreased to its lowest level at the
initial phase of @ indicating that the microbiome becomes less diverse and, therefore, more
specific to the d ment of periodontal inflammation. These findings support the utilization of

the ligature model f8r microbial shift analysis under different experimental conditions.
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