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Periodontitis is a chronic inflammatory disease associated with the presence of dys-
biotic microbial communities. Several studies interrogating periodontitis pathogenesis
have utilized the murine ligature-induced periodontitis (LIP) model and have further
examined the ligature-associated microbiome relying on 16S rRNA-based sequencing
techniques. However, it is often very challenging to compare microbial profiles across
studies due to important differences in bioinformatic processing and databases used
for taxonomic assignment. Thus, our study aim was to reanalyze microbiome sequenc-
ing datasets from studies utilizing the LIP model through a standardized bioinformatic
analysis pipeline, generating a comprehensive overview of microbial dysbiosis during
experimental periodontitisWe conducted a reanalysis of 16S rDNA gene sequenc-
ing datasets from nine published studies utilizing the LIP model. Reads were grouped
according to the hypervariable region of the 16S rDNA gene amplified (V1-V3 and
V4), preprocessed, binned into operational taxonomic units and classified utilizing rele-
vant databases. Alpha- and beta-diversity analyses were conducted, along with relative
abundance profiling of microbial communities.

Our findings revealed similar microbial richness and diversity across studies and deter-
mined shifts in microbial community structure determined by periodontitis induction
and study of origin. Clear variations in the relative abundance of bacterial taxa were
observed starting on day 5 after ligation and onward, consistent with a distinct micro-
bial composition during health and experimental periodontitis. We also uncovered
differentially represented bacterial taxa across studies, dominating periodontal health
and LIP-associated communities.

Collectively, this reanalysis provides a unified overview of microbial dysbiosis during
the LIP model, providing new insights that aim to inform further studies dedicated to
unraveling oral host-microbial interactions.
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1 | INTRODUCTION

Periodontitis is a chronic inflammatory disease associated with the
presence of dysbiotic microbial communities, and it is characterized
by the destruction of tooth-supporting structures, which may lead
to tooth loss (Papapanou et al., 2018). The polymicrobial nature of
the microbiome instigating periodontitis is now widely accepted, con-
tributing to the paradigm shift proposed for periodontitis etiology,
currently understood as a dysbiotic condition rather than a classical
infection (Curtis et al., 2020). The concept of dysbiosis refers to an
altered state of the microbial community in terms of compositional
and functional changes triggered by host-related and environmen-
tal factors that surpass the capacity of these communities to adapt,
leading to an established microbial shift (Levy et al., 2017; Tiffany &
Baumler, 2019). A series of clinical studies have revealed the profound
microbiome alterations that underlie human periodontitis, including
distinct shifts in microbial composition and structure, gene expres-
sion, metabolic and proteomic features, which have been analyzed
in detail through the lens of next-generation sequencing approaches
(Abusleme et al., 2013; Bao et al., 2020; Duran-Pinedo et al., 2014;
Griffen et al., 2012). To provide more mechanistic insights into the role
of these dysbiotic microbial communities during periodontitis, animal
models, especially the mouse as a model organism, have made a crit-
ical contribution (Hajishengallis et al., 2015). In particular, the murine
ligature-induced periodontitis (LIP) model has been widely utilized, and
it consists of the placement of a silk ligature around the second max-
illary molar, allowing the accumulation of native oral communities to
occur on the ligature, which then triggers inflammatory alveolar bone
loss within days (Abe & Hajishengallis, 2013). One of the most impor-
tant features of this model is the opportunity to examine dysbiosis of
an indigenous oral microbiome that has coevolved with the murine host
without any manipulation other than placing the ligature. The recog-
nition of the importance of these microbiome shifts in the context of
various research questions that utilize the LIP model has prompted
several studies to analyze in detail these microbial communities, rely-
ing mostly on 16S rRNA-based sequencing techniques (Dutzan et al.,
2018; Hoare et al., 2021; Johnstone et al., 2021; Kitamoto et al., 2020;
Kittaka et al., 2020, 2019; Tsukasaki et al., 2018; Williams et al., 2020;
Zheng et al., 2019). However, to further dissect critical aspects of the
microbial communities instigating inflammatory bone loss in the LIP
model, it is crucial to better understand whether there is a conserved
microbiome signature underlying inflammatory bone loss or perhaps
there are different kinds of dysbiotic communities able to exacerbate
inflammatory responses and trigger bone loss in this setting.

Similar to clinical human microbiome studies, the direct compar-
ison of the microbiome profiles during LIP across studies is often
very challenging, mainly due to significant dissimilarities in bioinfor-
matic pipelines and databases utilized for analyses and taxonomic
identification of 16S rDNA gene-based datasets, which have a known
influence on the microbial signatures observed in these types of anal-
yses (Abellan-Schneyder et al., 2021). In the present study, attempting
to overcome these limitations, we conducted a reanalysis of 16S rDNA

gene datasets from several published studies utilizing the LIP model.

Then, these datasets were unified according to the hypervariable
region of the 16S rDNA gene utilized for microbiome characterization
(V4 or V1-V3) and subjected to the same bioinformatic preprocessing
and reclassification, allowing for a direct comparison among stud-
ies. We analyzed microbial richness and diversity across studies and
compared their microbial structure and relative abundance, focusing
on taxonomic assignments with relevant databases. We believe this
reanalysis provides an integrated vision of microbial dysbiosis dur-
ing LIP and might serve as a valuable resource to further interrogate

host-microbial interactions during periodontitis.

2 | MATERIALS AND METHODS

2.1 | Study selection and obtaining the sequencing
datasets

We screened the current literature that analyzed the murine oral
microbiome by 16S rDNA gene sequencing and selected studies that
employed the ligature-induced periodontitis model. From the initially
chosen studies, we kept those that performed the LIP model in non-
genetically modified mouse strains, housed animals under specific
pathogen-free conditions, did not test special diets, and that used the
ligature as a microbial sample. Then, we finally selected nine studies;
seven of them utilized primers amplifying the V4 hypervariable region
of the 16S rRNA gene; one study focused on the V1-V2 hypervariable
regions, and the other focused on the V1-V3 hypervariable regions
(Table 1). Some of these studies had their raw datasets publicly avail-
able in different databases, such as the National Center Biotechnology
Information (NCBI) and European Nucleotide Archive. When studies
did not have their sequencing data publicly available, we requested it
directly from the authors.

2.2 |
reads

Bioinformatic reprocessing of sequencing

Sequencing data from the nine studies available were separated and
grouped for analysis into two sets according to the hypervariable
regions of the 16S rDNA gene analyzed: V4 and V1-V3. We preferred
to keep these two separate datasets (V4 and V1-V3), as it is well recog-
nized that the hypervariable region of the 16S rDNA gene caninfluence
microbial composition (Abellan-Schneyder et al., 2021). Sequencing
reads were processed using mothur (Schloss et al., 2009) following
a standard pipeline. Reads were quality filtered, assembled into con-
tigs (if necessary), and filtered by size, keeping those of 200-520 bp
in length in both groups. Reads were aligned to the 16S rRNA SILVA
database (release 132) (Quast et al., 2013), and chimeric sequences
were removed using VSEARCH (Rognes et al., 2016). Sequences
were classified using the Ribosomal Database Project (RDP) classifier
trainset v.18 (Wang et al., 2007), as implemented in mothur, with a cut-
off = 80, followed by removal of all sequences mapping to chloroplasts,

mitochondria, unknown, archaea, and eukaryota lineages. We defined
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operational taxonomic units (OTUs) at 97% similarity and classified
them up to the genus level when possible. Additionally, we further
informed our taxonomical classification down to the species level by
blasting the reference sequence of the OTUs against the NCBI 16S
rRNA database (accessed in March 2022) using BLAST, and the top
match with at least 97% similarity and coverage reported in parenthe-
sis as part of the OTU name, as previously described (Abusleme et al.,
2017, 2020; Dutzan et al., 2017). When a representative sequence
matched multiple species, we selected the most likely oral species
based on the literature (when possible). Our species level classifica-
tion is reported in parentheses because it is an approximation and is
not definitive. To explore other relevant databases for taxonomic clas-
sification, we also employed the Mouse Oral Microbiome Database
(MOMD) (Joseph et al., 2021), a publicly available curated mouse oral
microbiome database.

2.3 | Microbiome data analysis, statistics, and
visualization

For the analysis of alpha-diversity, we used the number of observed
QOTUs as a richness estimator and the nonparametric version of the
Shannon index and inverse Simpson index as diversity indexes, which
were calculated in mothur. Principal coordinate analyses (PCoAs) of
community structure were generated using mothur based on Yue-
Clayton theta distances (6YC). Analysis of molecular variance was uti-
lized to test for differences in community structure, as implemented in
mothur. Differences in relative abundance between experimental time-
points were evaluated using LEfSe (Segata et al., 2011), considering
0.01 as the a value for statistical testing.

All graphs were generated using R (version 4.1.2, https://www.r-
project.org) and RStudio (Build 382, http://www.rstudio.com/). For
data visualization, the R packages “ggplot2,” version 3.3.5 (http:/
ggplot2.org), “reshape” version 0.8.8 (http://had.co.nz/reshape/),
“ggh4x,” (https://github.com/teunbrand/ggh4x),
and “RColorBrewer” version 1.1-2 (https://CRAN.R-project.org/
package = RColorBrewer) were used. For the statistical analyses of

version 0.2.1

alpha-diversity estimates between the same experimental time points,
we utilized the Kruskal-Wallis test and Dunn’s multiple comparisons.
These analyses were generated using GraphPad Prism 9 (GraphPad

Software, San Diego, California, USA).

3 | RESULTS

3.1 | Selecting and merging the LIP microbiome
datasets

To evaluate oral microbiome profiles associated with dysbiosis in the
periodontal environment, we combined and reanalyzed the sequencing
data (obtained by high-throughput 16S rDNA gene sequencing) from
nine studies performing experimental periodontitis employing the LIP

model. A total of 91 microbial samples were included in this reanalysis.

Seven of them used primers targeting the V4 hypervariable region of
the 16S rRNA gene (Dutzan et al., 2018; Johnstone et al., 2021; Kita-
moto et al., 2020; Kittaka et al., 2020, 2019; Tsukasaki et al., 2018;
Williams et al., 2020) and were merged for microbiome reanalyses.
Additionally, two studies focused on the first hypervariable regions
of the 16S rRNA gene; one targeted the V1-V2 regions (Hoare et al.,
2021) and the other targeted the V1-V3 regions (Zheng et al., 2019).
The sequencing data from both studies were merged for reprocess-
ing. A summary of all studies included in this reanalysis is reviewed in
Table 1. The microbiome analyses across studies presented important
differences in their experimental design, as some collected samples
ranging from days O (control) to 21, with only two studies including
control or baseline samples (Table 1) (Dutzan et al., 2018; Kitamoto
et al., 2020). Regarding the animals in each study, the C57BL7/6 mouse
strain is utilized across all studies, and The Jackson Laboratories is the
source for most studies (seven out of nine). All animal facilities where
the animals were housed were different among studies, except for both
studies authored by Kittaka et al. (2020, 2019). The DNA extraction
method also differed in the majority of studies, but the most common
method utilized was the DNeasy Blood & Tissue Kit (Qiagen) in five
studies (Dutzan et al., 2018; Hoare et al., 2021; Johnstone et al., 2021;
Kitamoto et al., 2020; Williams et al., 2020). Primer sequences and
the exact location they span within the 16S rDNA gene were unspec-
ified for four studies targeting the V4 region (Johnstone et al., 2021;
Kitamoto et al., 2020; Kittaka et al., 2020, 2019), and the other three
studies amplified the V4 region between positions 515F and 806R
(Dutzan et al.,, 2018; Tsukasaki et al., 2018; Williams et al., 2020). For
both studies targeting the first hypervariable regions of the 16S rDNA
gene, the primer sets were provided. All the studies employed lllumina
MiSeq as a platform for sequencing.

3.2 | Comparable microbial richness and diversity
across studies and time points

First, we analyzed alpha-diversity measures across all studies, per-
forming direct statistical comparisons only among studies presenting
microbiome data at the same experimental time points defined as days
after ligature placement.

For microbial richness within studies that analyzed the V4 hyper-
variable region, all samples displayed similar richness (depicted as the
number of observed OTUs), except for the study by Kitamoto et al.
(2020), in which microbial communities displayed a significantly higher
richness at baseline (compared to controls from Dutzan et al.) and at
days 3 and 7 after ligature placement when compared to microbial
communities belonging to the Tsukasaki study (Tsukasaki et al., 2018)
(Figure 1a).

Interestingly, on day 5 after ligature placement, which was the time
point most commonly analyzed across all studies (five out of seven), all
studies exhibited comparable microbiome richness, and there were no
significant differences observed (Figure 1a).

In the studies analyzing the V1-V3 region, microbial richness was

similar to that described for the studies based on the V4 region at both
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time points analyzed (5 and 7 days after ligature placement), as shown
in Figure 1a.

In terms of microbial diversity (Figure 1b, Figure S1) , similar
results to those of microbial richness were found. The Shannon and
inverse Simpson diversity indexes did not reveal significant differ-
ences among studies except for Kitamoto et al. (2020), which displayed
the highest diversity in their control samples, and this difference was
significant when compared to control samples from Dutzan et al.
(2018).

3.3 | Changes in community structure are
influenced by periodontitis induction and study of
origin

To evaluate the differences in global community structure among
microbiome communities and thereby explore the relationships among
datasets, PCoAs were performed (Figure 2a,b). These data showed that
the study from which samples originated is a significant determinant

of community structure (p < 0.001, Table S1), and this was true for
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(AMOVA).

both the V4 and V1-V3 datasets. When comparing the similarity in
microbiome structure among the samples by experimental time point
in the V4 group (Figure 2c, Table S2), we also observed a significant
separation of data clouds according to days after ligature placement
(p < 0.001, Table S2). Interestingly, control samples were grouped as a
distinct cluster of microbial samples, and there was a significant micro-
bial shift of microbial structure from baseline to after periodontitis

induction at all time points compared (Figure 2c-d, Tables S2 and S3).

Since day 5 after ligature placement was the time point most frequently
included across the V4 studies (five of them), we decided to compare
microbial structure among all microbial communities collected at this
time point compared to controls (Figure 2d and Table S3). Despite
homogenizing the day of sample collection, we still observed significant
clustering according to the study of origin, reinforcing our previous
findings. We also analyzed the differences in global community struc-

ture among microbiome communities selected from the three studies
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FIGURE 3 Overview of the most abundant bacterial operational taxonomic units (OTUs) in the ligature-induced periodontitis (LIP)
microbiome of studies utilizing the V4 hypervariable region of the 16S rRNA gene. Relative abundance plot showing OTUs across communities
from studies targeting the V4 region, separated by experimental time-point (in days after LIP induction). Species-level taxonomy is reported in
parentheses when >97% similarity was achieved in National Center for Biotechnology Information (NCBI) BLAST. Each bar represents one sample.

performing longitudinal sampling (Dutzan et al., 2018; Kitamoto et al.,
2020; Tsukasaki et al., 2018). We observed that control samples from
Dutzan et al. (Figure S2a) and Kitamoto et al. (Figure S2b) and samples
for days 3 and 5 (which were taken as “control samples,” Figure S2c)
in Tsukasaki et al. were all grouped into a distinct cluster of microbial
samples, and then there was a significant microbial shift of microbial

structure from baseline to after periodontitis induction (Figure S2a-c).
3.4 | Diverse microbiome profiles feature
conserved microbial signatures across studies

Next, we sought to analyze the relative abundance of the most dom-

inant taxa in each study, and marked differences in microbial profiles

among studies emerged, again reinforcing the influence of the study
of origin on microbial composition (Figures 3 and 4). Interestingly, the
microbial profile observed in those studies that performed longitudinal
sampling (Dutzan et al., 2018; Kitamoto et al., 2020; Tsukasaki et al.,
2018) depicts a clear microbial transition in the relative abundance of
bacterial taxa as days progress and dysbiosis ensues.

Despite the differences mentioned across studies, abundant and
shared genera, such as Streptococcus and Enterococcus, were present in
all periodontal microbial communities. For instance, an OTU identified
as Streptococcus sp. (Streptococcus danieliae) constitutes a major propor-
tion of relative abundance in control samples from Dutzan et al. (2018),
Kitamoto et al. (2020), and day 3 samples from Tsukasaki et al. (2018),
being significantly overrepresented when compared to LIP samples

and decreasing as the days go by and dysbiosis evolves (Figure 3).
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FIGURE 4 Overview of the most abundant bacterial operational taxonomic units (OTUs) in the ligature-induced periodontitis (LIP)

microbiome of studies utilizing the V1-V3 hypervariable region of the 16S rRNA gene. Relative abundance plot showing OTUs across communities
from studies targeting the V1-V3 regions, separated by experimental time point (in days after LIP induction). Species-level taxonomy is reported in
parentheses when >97% similarity was achieved in National Center for Biotechnology Information (NCBI) BLAST. Each bar represents one sample.

Additionally, another conserved microbial signature between control
samples was a consistent representation of OTUs belonging to the
phyla Firmicutes and Bacteroidetes (Figure S3). An OTU affiliated with
Enterococcus sp. (Enterococcus faecalis) showed the highest proportion
in Williams et al. (2020) 21 days after LIP and in Dutzan et al. (2018)
5 days after LIP, and in the latter study, it was significantly increased
from control to day 5 after ligature placement. Another shared bacte-
rial taxon across studies was an OTU identified as Ligalactobacillus sp.
(Ligalactobacillus murinus), which was present in all microbiome sam-
ples except for those belonging to Williams et al. (2020). Another
QTU affiliated with a Streptococcus sp. (Streptococcus acidominimus) was
mainly present in the study of Tsukasaki et al. (2018), increasing its
relative abundance starting from day 7 until day 14 after ligature
placement, and predominated at all later time points. Interestingly,
this OTU identified as Streptococcus sp. (S. acidominimus) was also
detected in both studies by Kittaka et al. (2020, 2019), being the sec-
ond most abundant bacterial member of these communities, and was
also detected in the V1-V3 studies of Hoare et al. (2021) and Zheng
et al. (2019) (Figure 4), albeit at much lower abundance. The last dom-
inant community member across studies was an OTU identified as
Rodentibacter sp. (Rodentibacter ratii/heylii), which formerly belonged
to the genus Pasteurella, predominated in the microbial communities
of both studies of Kittaka et al. (2020, 2019) and Zheng et al. (2019)
(Figures 3 and 4).

We also aimed to complement the taxonomic identities obtained
in our datasets by utilizing a recently published and manually curated
MOMD (Joseph et al., 2021) as an alternative to the RDP database
(Wang et al., 2007). The RDP database was used in this study in

conjunction with NCBI, the nucleotide database as previously
described (Abusleme et al., 2020; Dutzan et al., 2017). As shown in
Figure S4, the taxonomic resolution utilizing MOMD for the V4 region
studies yields several OTUs as unclassified or at a higher taxonomic
level than the taxonomic information obtained with the combination
of RDP/NCBI nucleotide databases for the same dataset. However,
there was an improvement in taxonomic assignment to OTUs for the
V1-V3 studies, reaching genus-level identifications and species-level
suggestions more often than with RDP/NCBI.

3.5 | The relationship of microbiome profiles
during LIP with periodontitis progression

Importantly, we document that different profiles of dysbiotic microbial
communities across studies are linked with periodontitis progression,
traditionally measured as alveolar bone loss. We observed that in
the three studies that included longitudinal sampling (Dutzan et al.,
2018; Kitamoto et al., 2020; Tsukasaki et al., 2018), the microbial
accumulation elicited by the ligature induced significant alveolar bone
loss of 0.4 mm after 5 days of placement (Dutzan et al., 2018) and
1.5 mm after the same 5 days of LIP induction and nearly 3 mm at 14
days after ligature placement (Tsukasaki et al., 2018). Additionally, the
study by Kitamoto et al. (2020) also reports visible bone loss at day
14 after ligature placement, albeit without providing specific values.
Taken together, these observations suggest that different kinds of
dysbiosis induced by the LIP model in the periodontal environment

are able to trigger alveolar bone loss in a comparable manner; despite
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exhibiting some variations in magnitude, bone resorption is significant
when compared with the baseline bone levels within each study.

3.6 | Distinct overrepresented bacterial taxa
characterize periodontal health and LIP-associated
communities

To better define differentially represented taxa in control samples and
LIP-associated communities, we further analyzed the three studies
that included a longitudinal sampling strategy (Dutzan et al., 2018;
Kitamoto et al., 2020; Tsukasaki et al., 2018). To this end, we per-
formed statistical analyses to define which taxa, at the OTU, genus
and phylum levels, were significantly associated with each condition
(Figures 5-7 and Figures S5-S7). As representative of periodontal
health, we included the control samples for both Dutzan et al. (2018)
and Kitamoto et al. (2020) and considered the samples from days 3 and
5 as controls for the study of Tsukasaki et al. (2018). In these control
samples, Streptococcus sp. (S. danieliae) was the top differentially repre-
sented OTU, strongly associated with periodontal health (Figures 5-7).
Additionally, other OTUs belonging to the Muribaculaceae family were
consistently overrepresented in health as well across the three studies
(Figures 5-7).

In LIP-associated samples, Enterococcus sp. (E. faecalis) was the top
differentially represented OTU in the study of Dutzan et al. (2018)
and the second differentially represented OTU in the study of Kita-
moto et al. (2020) (Figures 5 and 6). For the study of Tsukasaki et al.
(2018), Streptococcus sp. (S. acidominimus) was the top overrepresented
community OTU member (Figure 7). Interestingly, Faecalibaculum sp.
(Faecalibaculum rodentium) was differentially represented across the
three studies in periodontitis samples (Figures 5-7).

At the genus level, Streptococcus was the most abundant taxa in con-
trol samples for Dutzan and Kitamoto (Dutzan et al., 2018; Kitamoto
etal., 2020) (Figures S5a and Séa, respectively), and for days 3/5 for the
study of Tsukasaki et al. (2018), Ligalactobacillus was the top differen-
tially represented genus (Figure S7a). For LIP-associated taxa, the top
overrepresented genus was Enterococcus for the study of Dutzan et al.
(2018), Klebsiella for the study of Kitamoto et al. (2020), and Duncaniella
for the study of Tsukasaki et al. (2018) (Figures S5a, Séa, and S7a).

At the phylum level, the top differentially represented phylum
in health-associated communities was Firmicutes for the studies of
Dutzan et al. (2018) and Kitamoto et al. (2020) (Figures S5b and
Séb), and no taxa were significantly overrepresented in the study of
Tsukasaki et al. (2018) (Figure S7b). For the LIP-associated commu-
nities, the differentially represented phyla were Proteobacteria and
Actinobacteria for the microbial communities from the studies of
Dutzan et al. (2018) and Kitamoto et al. (2020) (Figures S5b and Séb).
Actinobacteria was also overrepresented in the microbiome samples of
the study of Tsukasaki et al. (2018) along with Verrucomicrobia (Figure
S7b).

Finally, we provide an overview of the differentially represented
taxa associated with periodontal health and the LIP model in the

murine setting. To accomplish this, we analyzed the bacterial OTUs

enriched in healthy or LIP-associated communities obtained from
differential abundance analyses and established specific significance
cutoffs for OTUs, which should have an LDA value >3 and were
detected in at least two studies, to ensure their strong association with
each periodontal condition. We found that an OTU identified as Strep-
tococcus sp. (S. danieliae) and an OTU belonging to the Muribaculaceae
family defined periodontal health, while OTUs affiliated with Faecal-
ibaculum sp. (F. rodentium), Enterococcus sp. (E. faecalis), Bifidobacterium
sp. (B. pseudolongum), and Adlercreutzia sp. were the most abundant and
represented during LIP across studies (Figure 8).

4 | DISCUSSION

Our study reveals important insights regarding the microbial dysbio-
sis underlying the LIP model across several studies. In an attempt to
unify and homogenize the microbiome analyses available to date dur-
ing LIP, we combined and reanalyzed the murine oral microbiome data
from nine comparable studies employing this animal model with stan-
dardized parameters (Dutzanet al.,2018; Hoare et al., 2021; Johnstone
et al,, 2021; Kitamoto et al., 2020; Kittaka et al., 2020, 2019; Tsukasaki
etal., 2018; Williams et al., 2020; Zheng et al., 2019).

The advent of next-generation sequencing techniques for micro-
biome characterization and the widespread use of animal models
to study periodontitis pathogenesis have allowed us to considerably
expand our understanding of the role of microbial communities as
instigators of alveolar bone loss. Among the strategies that have been
utilized to induce experimental periodontitis in mice, the LIP method
has become a widely adopted murine model, as it is capable of inducing
alveolar bone loss within a few days, accompanied by a microbial shift
that constitutes a significant driver for this process (Abe & Hajishen-
gallis, 2013; Dutzan et al., 2018; Kitamoto et al., 2020; Tsukasaki et al.,
2018). Hence, the LIP model is characterized by the establishment of
microbial dysbiosis without further manipulation, providing a relevant
experimental setting for the study of these communities in the con-
text of our current understanding of the polymicrobial oral dysbiosis
associated with periodontitis pathogenesis (Hajishengallis & Lamont,
2021). Therefore, in this study, we aimed to synthesize and reanalyze
the microbiome signatures that characterize LIP. Nonetheless, we fully
recognize several experimental differences among studies as an impor-
tant limitation when comparing these data, influencing this current
reanalysis.

We document that all studies presented some dissimilarities in
their methodology, such as the different DNA extraction methods
across studies (only five out of nine employed the same protocol),
which is a known factor that might influence oral microbial profiles
(Abusleme et al., 2014). On the other hand, all animals belonged to
the same isogenic lineage (C57BL/6), but some of them were obtained
from different vendors (Williams et al., 2020; Zheng et al., 2019). It
has been previously shown that mice from different vendors exhibit
distinct oral, gut, and fecal microbial communities (Abusleme et al.,
2020; Dutzan et al., 2017; Ivanov et al., 2009; Rausch et al., 2016). The

animal facility is also a critical factor that influences the composition
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FIGURE 5 Differentially represented operational taxonomic units (OTUs) in ligature-induced periodontitis (LIP) and control samples from
Dutzan et al. (2018). The graph shows taxa differentially represented according to LEfSe analyses comparing control and day 5 samples after LIP
classified at the OTU/species level. Bars represent linear discriminant analysis (LDA) scores.

ranging from the flaking of the skin or dust particles coming from
caretakers and scientists who constantly handle the mice to the pH of
the water and the treatment and kind of food provided are key factors
that might be constantly shaping microbial colonization in laboratory
mice (Long et al., 2021; Rausch et al., 2016). These variables are likely

affecting the early microbial assembly of the oral microbiome, ulti-

of the microbiome profile in mice, as it has been recently shown for gut
microbial communities, which undergo microbial shifts while acclimat-
ing to a new vivarium regardless of the vendor of origin; however, there
is an important fraction of shared OTUs that is still retained (Long et al.,
2021). We recognize that there are several environmental aspects
related to animal facility practices and inherent differences within
each vivarium that can dramatically impact the overall microbiome

of laboratory mice. For instance, extrinsic factors of the environment

mately influencing the microbial communities at the time of assessing

microbial composition and structure (Abusleme et al., 2020).
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FIGURE 6 Differentially represented operational taxonomic units (OTUs) in ligature-induced periodontitis (LIP) and control samples from
Kitamoto et al. (2020). The graph shows taxa differentially represented according to LEfSe analyses comparing control and day 14 samples after

LIP, classified at the OTU/species level. Bars represent linear discriminant analysis (LDA) scores

Our findings revealed similar richness and diversity across studies,
as we observed that on day 5 after ligature placement, all studies
that evaluated microbial communities at this time-point exhibited
comparable microbiome richness and diversity (Dutzan et al., 2018;
Kitamoto et al., 2020; Kittaka et al., 2020, 2019; Tsukasaki et al., 2018).
The only exception was the study of Kitamoto et al. (2020), which
exhibited increased richness and diversity compared with all other
studies included at similar time points. This might be due to inherent

experimental and/or methodological differences in that particular
study (Kitamoto et al., 2020), as we can affirm that these differences
were not related to a higher sequencing depth because libraries were
normalized to the exact read count to obtain alpha-diversity estimates
from all studies.
We found that community structure, independent of the 16S rDNA
gene region analyzed, is largely defined by periodontitis induction
and the study from which samples originated. These findings raise an
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FIGURE 7 Differentially represented operational taxonomic units (OTUs) ligature-induced periodontitis (LIP) and control samples from
Tsukasaki et al. (2018). The graph shows taxa differentially represented according to LEfSe analyses comparing day 3/5 (considered “controls”) and
day 10 samples after LIP, classified at the OTU/species level. Bars represent linear discriminant analysis (LDA) scores.

interesting aspect regarding the conserved ability of the LIP model
to trigger shifts in periodontal microbial structure across studies, an
aspect we could infer from the literature but, due to important differ-
ences in bioinformatic analyses, was difficult to ascertain and visualize.
Relevant studies reanalyzing murine gut microbiome datasets have
also described consistent microbial structure alterations in the set-
ting of a known mouse model that induces obesity and metabolic
alterations (the “high-fat diet” model) (Bisanz et al., 2019) and during
aging (You et al., 2022). These meta-analyses have also revealed that
each study has a marked influence on the microbial structure, but this
did not seem to alter the reproducibility of the microbial alterations
observed with the experimental model or variable of interest.

We observed a clear microbial shift in the relative abundance of
bacterial taxa as days progressed in the studies that included longitu-
dinal sampling (Dutzan et al., 2018; Kitamoto et al., 2020; Tsukasaki

et al., 2018). The characterization of the microbial communities accu-
mulating in the ligature has revealed that these communities undergo
extensive changes in microbial structure and composition, leading to
microbial dysbiosis. This process of microbial accumulation and marked
shifts in community dynamics seem to recapitulate the microbial tran-
sition that occurs in humans from periodontal health to disease, albeit
atamuch faster pace and with different dominant taxa (Abusleme et al.,
2021) (Hajishengallis & Lamont, 2021). Indeed, our findings revealed
markedly different profiles of dysbiotic microbial communities across
studies. We acknowledge that experimental aspects inherent to each
study and interindividual sample variation may account in part for
these distinct microbial signatures. However, different subgingival
community types can also be recognized during human periodontitis
(Beyer et al., 2018; Hong et al., 2015); hence, this microbiome vari-

ation associated with LIP may reflect that heterogeneity as well. On
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FIGURE 8 Summary of differentially represented operational taxonomic units (OTUs) in periodontal health and during ligature-induced
periodontitis (LIP). The figure depicts OTUs that were significantly overrepresented in healthy individuals or LIPs across three studies with
longitudinal sampling. OTUs depicted were selected based on linear discriminant analysis (LDA) values (higher than 3) and were detected in at

least two out of the three studies included for these comparisons.

the other hand, even though in general microbial communities from all
studies exhibit a conserved microbial signature upon LIP to a certain
extent, there were some exceptions. For instance, the studies of Kittaka
et al. (2019, 2020) clearly cluster away in terms of microbial structure
from all studies and exhibit a unique microbial taxonomical profile, indi-
cating that they are different from what is observed throughout the
rest of the microbial communities upon LIP. A possible reason for this is
the use of a different DNA isolation method than most studies or per-
haps the performance of the primers utilized in this study, allowing the
capture of slightly different microbial profiles.

Despite bacterial community variation across studies, we document
conserved bacterial species taking part in ligature-associated microbial
communities at baseline and during periodontitis induction. An OTU
identified as Streptococcus sp. (S. danieliae) significantly dominates peri-
odontal communities during health and was also consistently detected,
albeit at much lower abundance, from microbiome samples after 5 or
more days of ligation. This finding indicates that Streptococcus sp. (S.
danieliae) may well be a core bacterial species of murine oral commu-
nities that particularly thrives during health, as has been consistently
described in other studies (Abusleme et al., 2020; Benga et al., 2014;
Hernandez-Arriagaetal., 2019; Josephetal.,2021). Regarding the bac-
terial species that were abundant and prevalent in the LIP-associated
community, an OTU affiliated with Enterococcus sp. (E. faecalis) was the
most abundant across studies and differentially represented in lon-
gitudinal studies, followed by an OTU identified as Ligalactobacillus
sp. (L. murinus). Enterococcus sp. (E. faecalis) seems to thrive in dif-
ferent settings of oral immune dysregulation in mice in addition to
ligature-induced periodontitis, such as a model of candidiasis during
corticoid-immunosuppression (Bertolini et al., 2021). Ligalactobacillus
sp. (L. murinus) has been widely detected across studies assessing the
mucosal and periodontitis-associated microbiome in mice (Abusleme
et al.,, 2020; Dutzan et al., 2017; Payne et al., 2019). Other bacte-
rial taxa frequently associated with LIP across studies were OTUs
identified as Streptococcus sp. (S. acidominimus) and Rodentibacter sp.
(R. ratti/heylii) microorganisms that have been described as commen-

sals on mucosal surfaces (Benga et al., 2018). Last, OTUs affiliated

with Proteus sp. (Proteus mirabilis) was also abundant and prevalent in
the reanalyzed dataset of LIP samples. Interestingly, other members
of the Enterobacteriaceae family (Klebsiella sp.) have been reported to
dominate the communities associated with experimental periodontitis
during LIP, promoting colitis and driving the differentiation of specific
Th17 cells at the oral mucosa that can migrate to the gut (Kitamoto
et al,, 2020). However, the precise mechanisms by which the majority
of the oral pathobionts flourishing in experimental periodontitis con-
tribute to disease pathogenesis remain largely unexplored. Unraveling
these mechanisms might shed light on important aspects related to
host-microbial interactions during periodontitis.

In an effort to improve the taxonomic resolution in our reanalysis,
we included the recently developed MOMD database (Joseph et al.,
2021), which had a better performance with the V1-V3 datasets than
V4. It has been recognized that the first 500 bp of the 16S rRNA gene
(which spans the V1-V3 hypervariable regions) allows for improved
taxonomic discrimination of human oral bacteria (Diaz et al., 2012).
Our results suggest that this may also be the case for the murine oral
microbiota, although future studies are required to investigate this
possibility.

Taken together, this study offers a unified overview of micro-
bial shifts associated with experimental periodontitis (LIP model)
across different studies, obtained utilizing the same bioinformatic and
taxonomic identification approaches, facilitating the analysis of the
dysbiotic communities associated with periodontitis, providing new
insights to expand the knowledge of host-microbial interactions at the

periodontal interface.
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