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Abstract

Background Peri-implantitis is a polybacterial infection that can lead to the failure of dental implant rehabilitation.
This study aimed to profile the microbiome of the peri-implant plaque and estimate the effect of periodontitis on

it among 40 Chinese participants with dental implant prostheses and presenting with varying peri-implant and
periodontal health states.

Methods Submucosal plaque samples were collected from four distinct clinical categories based on both their
implant and periodontal health status at sampling point. Clinical examinations of dental implant and remaining teeth
were carried out. Metagenomic analysis was then performed.

Results The microbiome of the peri-implantitis sites differed from that of healthy implant sites, both taxonomically
and functionally. Moreover, the predominant species in peri-implantitis sites were slightly affected by the presence

of periodontitis. T. forsythia, P gingivalis, T. denticola, and P endodontalis were consistently associated with peri-
implantitis and inflammatory clinical parameters regardless of the presence of periodontitis. Prevotella spp. and P
endodontalis showed significant differences in the peri-implantitis cohorts under different periodontal conditions. The
most distinguishing function between diseased and healthy implants is related to flagellar assembly, which plays an
important role in epithelial cell invasion.

Conclusions The composition of the peri-implant microbiome varied in the diseased and healthy states of implants
and is affected by individual periodontal conditions. Based on their correlations with clinical parameters, certain
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species are associated with disease and healthy implants. Flagellar assembly may play a vital role in the process of

peri-implantitis.
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Background

The application of dental implants to support fixed or
removable prostheses is widely accepted as a treatment
with high success rate and predictability [1, 2]. Techno-
logical innovations, including morphological design,
surface modification, and special coatings, continue to
improve the success rate of implant restoration [3-8].
However, several problems associated with the wide-
spread use of implants have arisen over the years. Peri-
implantitis is a significant cause of implant prosthesis
failure [9-12]. Peri-implantitis is defined as an inflamma-
tory reaction that affects both the soft and hard tissues
surrounding the dental implant, which eventually results
in loss of osseointegration [13, 14]. A history of peri-
odontitis may be the main risk factor for the occurrence
of peri-implantitis [15-19].

Similar to periodontitis, the occurrence of peri-implan-
titis is also related to bacterial biofilms [20, 21]. Regard-
ing the composition of peri-implantitis-related biofilms,
many key pathogens have so far been closely associated
with peri-implant inflammation. However, there is still
some controversy as to whether the submucosal biofilm
composition around the implant is different from the one
at the infected site of periodontitis, or even from around
healthy dental implants [22]. Throughout the years, dif-
ferent techniques have been used to identify the micro-
organisms associated with peri-implantitis, including
PCR-based assessment, hybridization, 16 S ribosomal
RNA clonal analysis, and transcriptomic analysis [23].
However, comprehensive study of the subgingival micro-
biome around implants were incomplete until culture-
independent techniques were widely adopted. Previous
studies using conventional DNA probe and cultural
analyses failed to discover the differences in the distri-
bution of species between healthy and diseased implant
sites [24, 25]. In currently available studies using cul-
ture-independent techniques, some taxa associated with
periodontitis, such as Porphyromonas gingivalis, Tanner-
ella forsythia, Aggregatibacter actinomycetemcomitans,
Treponema spp. were described to be strongly related to
peri-implantitis [26—29] and that the microbial composi-
tion of healthy and diseased implants differs [25, 26, 30—
39]. The high-throughput DNA sequence analysis of 16 S
rRNA is inadequate for the identification at the species
level. Metagenomic sequencing makes up for this defi-
ciency and provides further functionally relevant infor-
mation [40-42]. The presence of residual periodontal
pockets has been revealed as a risk factor for the infec-
tion around implants [15, 43]. While current studies of

microorganism in submucosal plaque were more focused
on differences between diseased and healthy implant
plaque, instead of considering the influence of periodon-
titis on it.

In this work, we focused on the differences in the bac-
terial flora between peri-implantitis and healthy states
and aimed to evaluate the effect of different periodontal
health conditions on the peri-implant microbiota with
the same health status of implants. By applying metage-
nomic sequencing to analyze the samples obtained from
40 Chinese participants who had received dental implant
prostheses, we aimed to characterize the taxonomic com-
position and the functional features of the peri-implant
microbiome. Differences in taxonomic and functional
aspect were observed between the diseased and healthy
implant sites, and their microbiota were affected by peri-
odontal conditions.

Methods

Subject recruitment and sampling

The medical records of patients who had received dental
implant surgery and visited the Department of Stomatol-
ogy from January 2020 to February 2022, were reviewed.
This study was composed of 40 randomly selected partic-
ipants (18 men and 22 women of 50—80 years of age) who
were systemically healthy and had at least one implant
restored with crowns or prostheses for at least 1 year
were included in this study. Participants were excluded if
they were fully edentulous, had been using any medica-
tion known to affect periodontal health during the pre-
vious 2 weeks, had used systemic antibiotics in the past
3 months, were receiving prophylactic antibiotics or ste-
roid medications or had a habit of heavy smoking (>20
cigarettes/day). This study was conducted in accordance
with the ethical standards of the institutional and/or
national research committee and with the 1964 Helsinki
Declaration and its later amendments or comparable
ethical standards, and was approved by the Ethics Com-
mittee at Shanghai Fifth People’s Hospital affiliated with
Fudan University [(2019) 101]. All participants enrolled
in this study signed informed consent forms.

Before the survey, two authors received a standard con-
sistency test of clinical parameter measurement. Clini-
cal examinations of the sampling sites were performed
independently by these two examiners. The kappa coeffi-
cient value greater than or equal to 0.90 is used, for which
intra-examiner and inter-examiner reproducibility was
determined, with high consistency. The following clini-
cal parameters were recorded to evaluate the status of
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the peri-implant site: probing pocket depth (PPD) [44],
radiographic peri-implant bone loss (RBL), bleeding on
probing (BOP) scores [45], and the presence of suppura-
tion (SUP). Clinical examinations were also performed on
the remaining teeth to identify the periodontitis cohort
with the following clinical parameters: PPD, BOP scores,
and clinical attachment loss (CAL). The peri-implantitis
lesions (peri-implantitis sites in oral cavity with estab-
lished periodontitis [PD] and peri-implantitis sites in
periodontally healthy oral cavity [PH]) were defined
as PPD>6 mm and/or RBL23 mm, with BOP and/or
SUP [46]. The clinically healthy implant sites (clinically
healthy peri-implant sites in oral cavity with established
periodontitis [ND] and clinically healthy implant sites in
periodontally healthy oral cavity [NH]) were restricted
to PPD<4 mm and the absence of BOP, with no detect-
able evidence of radiographic bone loss [36]. The cohort
identified as having established periodontitis (PD and
ND) included participants who had been diagnosed with
chronic periodontitis and had received periodontal treat-
ment before implant surgery, and at enrollment examina-
tion, were detected to have more than two non-adjacent
with BOP, PPD>4 mm, and CAL>3 mm present at the
same time [47]. The cohort identified as having a clini-
cally healthy periodontal condition (PH and NH) was
based on the absence of BOP, PPD<3 mm, and no evi-
dence of CAL in the remaining teeth at enrollment.

In total, we enrolled 40 patients for this study (PD:10,
PH:10, ND:10, NH:10; 18 males, 22 females; mean age
65.816.8 years), with one implant per patient. The study
groups consisted of participants with a diseased implant
and the presence of established periodontitis (PD,
N=10), a healthy implant with the presence of estab-
lished periodontitis (ND, N=10), and a diseased implant
without periodontitis (PH, N=10), a healthy implant
without periodontitis (NH, N=10) were compared for
demographic and clinical features (Table 1).

Table 1 Demographic and clinical features of the study cohort
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In patients with peri-implantitis (PD and PH), submu-
cosal biofilm samples were collected from the deepest
PPD point in the sampling implant, whereas a random
healthy peri-implant site (ND and NH) was selected for
sampling in participants retaining successful implants. If
more than one implant was assigned to the same clini-
cal condition based on examination in the same patient,
we randomly selected one of them as a sample site except
those adjacent to a periodontitis site with PPD>6 mm.
Before sampling, the implant sites were isolated using
cotton rolls and air-dried. Sterile cotton pellets were
used to remove the supramucosal biofilms. Submucosal
samples were collected by inserting three sterile paper
points (25#) into the base of the deepest probing depth
and maintaining for 10 s. The samples were immediately
placed in labeled Eppendorf tubes (Eppendorf, Hamburg,
Germany) containing sterile PBS solution (Thermo Fisher
Scientific, Waltham, MA, USA) and stored at —80 °C
for transportation to the laboratory for the subsequent
extraction of DNA.

Metagenome DNA extraction and lllumina shotgun
sequencing

Total microbial genomic DNA samples were isolated
using the E.ZZN.A Soil DNA kit (Omega Bio-tek, Nor-
cross, GA, USA) (D5625-01), according to the manu-
facturer’s protocol. The isolated DNA was stored at -20
° C. The prepared sample buffer was also subjected to
laboratory-controlled extraction to identify any potential
contaminants. The quantity and quality of the extracted
DNAs were measured using a Nanodrop ND-1000 spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) and agarose gel electrophoresis, respectively. The
extracted microbial DNA was processed using the Illu-
mina TruSeq Nano DNA LT Library Preparation Kit to
construct metagenome shotgun sequencing libraries
with insert sizes of 400 bp. Each library was sequenced

PD(n=10) ND(n=10) PH(n=10) NH(n=10) p-value
Patient age 643£7.5 65.1£6.7 694+£5.9 64.4+2.1 0.28
(years£SD)
Gender(M/F) 4/6 5/5 5/5 4/6
Implant wear 6.3+£26 58+22 59+22 64£19 0.91
(years+SD)
RBL 58+12 02+02 57+14 02+0.2 <0.001*
(in mm, mean +SD)
PPD 72+1.7 26+08 70+18 25408 <0.001*
(in mm, mean +SD)
BOP proportion of sites per subject 100 0 100 0 <0.001*
Suppuration proportion of sites per subject 30 0 20 0 <0.001*

Note: PD: Peri-implantitis sites within periodontitis affected oral cavity; ND: clinically healthy implant sites within periodontitis affected oral cavity; PH: peri-implantitis
sites within periodontally healthy oral cavity; NH: clinically healthy implant sites within periodontally healthy oral cavity. M: male; F: female. RBL: radiographic bone

loss; PPD: pocket probing depth; BOP: bleeding on probing
* Statistically significant
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using the Illumina NovaSeq platform (Illumina, USA)
with PE150 strategy at Personal Biotechnology Co. Ltd.
(Shanghai, China).

Metagenomic analysis

The raw sequencing reads were processed to obtain qual-
ity-filtered reads for further analysis. Cutadapt was used
to remove the sequencing adapters from the sequencing
reads (v1.2.1) [48]. A sliding-window algorithm in fastp
was adopted to trim the low-quality reads [49]. BMTag-
ger was used to detect the reads aligned with the human
host genome, and they were excluded to remove host
contamination. After obtaining quality-filtered reads,
taxonomic classifications of the metagenomic sequencing
reads from each sample were conducted using Kraken2
[50] against a RefSeq-derived database, and their rela-
tive abundances within each sample were determined
using QIIME [51]. Alpha diversities were calculated and
presented using the Shannon index and Chao-1 index in
the base R package [52], and beta diversities over taxo-
nomic profiles were calculated based on the Bray-Curtis
distance to describe the structural distribution of the
samples through a two-dimensional ordination map in
the Vegan R package [53]. Heatmaps were plotted using
heatmap tools in a free online platform for data analysis
named genescloud (https://www.genescloud.cn). This
tool was developed from pheatmap package (V1.0.8) in
R. The data was normalised by z-scores. The package uses
popular clustering distances and methods implemented
in dist and hclust functions in R. In this study we adopted
the euclidean clustering distance and the complete clus-
tering methods.

The core microbiome of the study groups was defined
based on the taxa present with a mean relative abun-
dance of 20.1% in each of the individual groups and a
prevalence of >290% in all samples. Significant differ-
ences in the “core species” between the healthy implant
and peri-implantitis groups with the same periodontal
condition were determined by the Kruskal-Wallis rank
sum test (p<0.05) [34]. The effects of inflammation on
the peri-implant microbiome under different periodontal
conditions were examined using nonmetric multidimen-
sional scaling (NMDS). The significance of the dissimilar-
ity between the groups was evaluated using an analysis of
similarity (ANOSIM) by applying the read abundance. A
permutation test was performed in ANOSIM to provide
a p-value, and the R-values were also calculated to reveal
the statistical significance. The taxonomic profiles were
compared using linear discriminant analysis combined
with effect size analysis (LEfSe) in addition to Kruskal—
Wallis and Wilcoxon tests to determine the differences
and discover the potential biomarkers in the study groups
based on the taxonomic abundance profiles [54]. The
logarithmic linear discriminant analysis score was set to a
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threshold of 3.5 in the taxonomic analysis between peri-
implantitis sites and healthy implant sites.

The functional profiles were acquired by annotating
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database [55]. Functional annotation of genes was per-
formed with KOBAS (KEGG orthology-based annota-
tion system) [56]. Principal coordinate analysis (PCoA)
was used to characterize the differences in the functional
profiles among the study groups. LEfSe analysis was per-
formed to detect the differences in all functional groups
based on the KEGG analysis. The logarithmic linear dis-
criminant analysis score was set to a threshold of 3 in the
functional analysis. Sequences from the metagenomic
shotgun sequencing data were assigned to certain KEGG
orthologous groups as well as to certain species based on
the functional genes.

The correlations between the clinical parameters and
the discriminating species in the peri-implant plaque
were evaluated using Spearman’s rank correlation coeffi-
cient test by calculating the correlation coefficient value
with the taxonomic relative abundances and clinical fea-
tures in the periodontitis cohort (PD vs. ND) and peri-
odontally healthy cohort (PH vs. NH). Those species with
all correlation coefficients (R-value) less than 0.6 were
not tested for statistical significance.

The demographic and clinical characteristics of the
study population, including age, sex, implant wearing
time, PPD, RBL, BOP, and SUP, were compared using
the Kruskal-Wallis rank sum test. Statistical significance
was set at p<0.05. Benjamin and Hochberg’s false dis-
covery rate was applied for multiple testing, and adjusted
p<0.05 was considered statistically significant.

Results

Clinical characteristics and summary of sequence

Forty partially edentulous Chinese participants with one
dental implant per patient (18 males, 22 females; mean
age 65.816.8 years) were included in this study. There
were no significant differences in age and gender, implant
functioning time and implant location among the four
groups. The details regarding the clinical examinations
of each subject are available in Additional Table 1. Based
on the analysis of clinical data from the sampled popula-
tion, the healthy implant sites showed a lower PPD, BOP
rate and peri-implant bone loss than the diseased sites.
(Table 1).

The submucosal plaque samples were collected follow-
ing the same validated and standardized protocol using
sterilized paper points from the chosen implant sites in
each subject. We subsequently performed whole genome
shotgun sequencing of the plaque microbiome via Illu-
mina NovaSeq to assess the role of the plaque microbi-
ome in peri-implantitis and the effect of periodontitis
on it. We noticed that the dominator in the microbiome
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we studied was bacteria, which is quantitatively over
archaea; thus, we only performed the analysis on the bac-
terial microbiome.

As we mainly aimed to determine the differences in the
microbiomes of peri-implantitis and clinically healthy
implants, as well as the effect of a periodontitis condi-
tion on the peri-implant plaque, we only compared the
implant sites with at least one similar environment,
that is, we compared PD with ND and PH, and we also
compared NH with PH and ND, but the differences
between PD and NH will not be reported in the following
description.

Overall microbiome composition and biodiversity in peri-
implant plaque based on metagenome

Eleven phyla were identified from all the samples col-
lected. These were then further classified hierarchically
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into 20 classes, 33 orders, 53 families, 87 genera, and
335 species. A complete list of the species detected in all
samples is shown in Additional Table 2. All 11 phyla were
detected in each of the four clinically distinct groups.
Over 96% of the total bacterial taxa identified within each
group belonged to the top six phyla, composed of Actino-
bacteria, Bacteroidetes, Firmicutes, Proteobacteria, Spiro-
chaetes, Fusobacteria, and their respective distributions
are presented in a chord diagram (Fig. 1a).

The four different types of peri-implant niches had a
reasonably different overall community composition at
the phylum level. The differences in the relative abun-
dance of Bacteroidetes and Spirochaetes between the
groups were statistically significant (Kruskal-Wallis rank
sum test, p<0.05), with Spirochaetes being more abun-
dant in both PD and PH than in ND and NH, and Bacte-
roidetes being more abundant in PH than in NH.

Fig.1 (a) The overall taxonomic composition of the four study groups and the correspondence between the taxa and sample groups at the phylum level
shows different predominant taxa across groups. (b) The overall taxonomic composition of the four combined groups and the correspondence between
the taxa and combined sample groups at the phylum level shows different predominant taxa across the combined groups. (c) NMDS plot of the four
categories based on the Bray-Curtis distance indicates a clear distinction in clustering between the diseased and healthy implant sites. (d) Venn diagram

shows that most species were detected in all four clinical categories
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To determine whether the distributions of phyla pre-
sented remarkable differences between the healthy and
diseased implant sites, and between study groups with
or without periodontitis, the original grouping was
combined into four new subgroups based on the health
condition of peri-implant and periodontal tissue. The
respective phyla between the four new subgroups were
analogously analyzed and presented in another chord
diagram (Fig. 1b). The overall compositions of the peri-
implantitis subgroup and the periodontitis one were
reasonably similar at phylum level. The microbiota of
the peri-implantitis cohort (combined PD and PH sites;
n=20) was dominated by Bacteroidetes (37.7%), Acti-
nobacteria (19.8%), Firmicutes (18.3%), Proteobacteria
(10.6%), Spirochaetes (7.4%), and Fusobacteria (4.0%).
Similarly, the cohort with periodontitis (combined PD
and ND; n=20) comprised Bacteroidetes (33.0%), Acti-
nobacteria (23.4%), Firmicutes (23.0%), Proteobacteria
(8.9%), Spirochaetes (5.2%), and Fusobacteria (4.5%).
The microbiota from the cohort with healthy implants
(combined ND+NH sites; #=20) was dominated by
Actinobacteria (38.1%), Firmicutes (29.4%), Bacteroide-
tes (15.8%), Proteobacteria (11.5%), Fusobacteria (3.5%),
and Spirochaetes (1.2%). The cohort without periodonti-
tis (combined PH and NH; n=20) comprised Actinobac-
teria (34.5%), Firmicutes (24.7%), Bacteroidetes (20.5%),
Proteobacteria (13.1%), Spirochaetes (3.4%), and Fusobac-
teria (3.0%). Qualitatively, the relative abundance of Bac-
teroidetes and Spirochaetes was significantly higher in the
peri-implantitis sites (PD+PH sites) than that in clini-
cally healthy peri-implant sites (ND+NH sites) (Kruskal—
Wallis rank sum test, p<0.05). In contrast, Actinobacteria
were more abundant in the clinically healthy peri-implant
sites than that in the peri-implantitis sites. In sites with
established periodontitis (PD+ND), Bacteroidetes were
significantly more abundant.

Non-parametric comparisons of the microbiota
detected within each of the four clinical sites were pro-
cessed with Kruskal-Wallis tests on the alpha diversity
using.

the Chaol index and Shannon index. Qualitatively, in
the cohort with established periodontitis, submucosal
plaque from the participants with peri-implantitis tended
to have lower Chaol richness and Shannon diversity
index compared with the ones from participants who had
clinically healthy implants, although neither of the differ-
ences reached statistical significance (Additional Fig. 1).

To further assess the differences in the composition of
bacterial community between the samples, beta diver-
sity analyses based on the weighted Bray-Curtis distance
were computed, which considered the existence and
abundance of the species in the community. NMDS anal-
ysis was performed with distance matrices and re-ordina-
tions to intuitively present the distribution characteristics
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of the samples at the distance scale, and the results are
shown in Fig. 1c. NMDS and ANOSIM revealed distinct
microbiome profiles across the four groups. (R=0.3227,
p=0.001).

Bacterial associated with peri-implant health and disease
in different periodontal conditions

Analysis of the quantitative taxonomic composition of
the plaque microbiome via the QIIME2 pipeline high-
lighted a clear distinction between the microbiome of
peri-implantitis and healthy implants, and also reflected
the variations in the presence or absence of periodontitis.

Since the bacterial communities from the four clini-
cal sites had similar levels of taxonomic diversity and
292 shared species (Fig. 1d), which accounted for 87.5%
of the total species identified, we attempted to profile
the “core species” that were present within the majority
of samples. By setting the prevalence cutoff at 90% and
the mean relative abundance within each group at >0.1%,
28 “core species” were detected. The details of these spe-
cies are described in Additional Table 3, and their dis-
tribution within the respective sites is represented in a
heatmap (Fig. 2). In these “core species’, four were sig-
nificantly more abundant (Kruskal-Wallis rank sum test,
p<0.05) in peri-implantitis sites despite the presence of
periodontitis. These “peri-implantitis-associated” taxa
were composed of the most widely acknowledged peri-
odontopathogens: Porphyromonas gingivalis, Tannerella
forsythia, Treponema denticola, commonly known as the
“red complex,” and Porphyromonas endodontalis, another
typical periodontal pathogen. Other significant differ-
ences were detected between the PH and NH groups
in terms of Filifactor alocis, a newly putative periodon-
tal pathogen, and Parvimonas micra, a member of the
orange complex. They were also more abundant in PD
than that in ND; however, the difference was not signifi-
cant (Kruskal-Wallis rank sum test, p=0.89 and p=0.86,
respectively). Some species were consistently more abun-
dant in clinically healthy implant sites in the periodonti-
tis environment, such as Actinomyces oris, Streptococcus
sanguinis, and Schaalia odontolytica. Although they were
also more abundant in NH than that in PH, the difference
was not significant.

LEfSe analysis was conducted to analyze the differen-
tial abundance across the four groups at the hierarchi-
cal taxonomic levels (Additional Table 4). At the species
level, there was an overlap of “peri-implantitis-associ-
ated” taxa, between cohort with and without periodon-
titis, including P. gingivalis, T. forsythia, P. endodontalis,
T. denticola, and Campylobacter rectus (Fig. 3a and b).
Interestingly, an unclassified Prevotella spp., namely Pre-
votella sp. HMSCO077EQ9, along with P. endodontalis, was
detected to have a significantly higher abundance in PD
than that in both ND and PH (Fig. 3a and c), suggesting
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that these two species may be strongly related to peri-
implantitis with the presence of periodontitis. Actino-
myces naeslundii had a significantly high effect size in
the healthy implant sites, and was more abundant even
in NH over ND (Fig. 3d). Actinomyces oris was signifi-
cantly more abundant in ND compared with PD, whereas
Corynebacterium matruchotii was significantly more
abundant in NH comparing with PH. In clinically healthy
peri-implant plaque, the periodontitis pathogens Fuso-
bacterium nucleatum and Prevotella nigrescens, both
members of “the orange complex,” were significantly
more abundant in ND compared with NH, indicating
that the microbial community of a healthy peri-implant
plaque may differ between the environment with the
presence or the absence of periodontitis.

Functional profile of microbiome in peri-implant plaque

Dissimilarities in the functional composition across the
distinct clinical statuses were revealed by examining
the CDS profiles. The KEGG database was used in our
functional analysis to analyze the metabolic pathways
hierarchically [55]. At KEGG Level 1, “metabolism” was

predominant in all samples, followed by “genetic infor-
mation processing” (Fig. 4a). At KEGG Level 2, “carbo-
hydrate metabolism” was predominant in all samples,
followed by “amino acid metabolism” and “replica-
tion and repair” (Additional Fig. 2). The composition
of KEGG Levels 1 and 2 was similar among the sample
groups. However, the CDS profiles assigned by the
KEGG database indicated that the functional composi-
tion of the four groups was distinct based on the PCoA
plots (Fig. 4b), which was supported by ANOSIM (PD
vs. ND: R=0.198 and p=0.001, PH vs. NH: R=0.130 and
p=0.005). The LEfSe analysis revealed an overlap of dif-
ferences between PD vs. ND and PH vs. NH in KEGG
Level 3 (Additional Table 5), which included bacterial
chemotaxis (ko02030) and flagellar assembly (ko02040)
(Fig. 4c and d). Both were more abundant in the peri-
implantitis sites despite the presence of periodontitis.
Meanwhile, in the samples from participants without
periodontitis, several other pathways were significantly
more abundant in peri-implantitis sites, including carbon
fixation in photosynthetic organisms (ko00710), cell cycle
- Caulobacter (ko04112), lipopolysaccharide biosynthesis
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Fig. 3 The LDA scores from the LEfSe analysis of the distinct species in the two specific groups: (@) PD vs. ND, (b) PH vs. NH, (c) PD vs. PH, and (d) ND vs. NH

(ko00540), and fatty acid degradation (ko00071). This
suggests that the presence of periodontitis may lead to
a decrease in the advantageous variety in the functional
structure of the peri-implant plaque.

Kruskal-Wallis rank sum tests revealed differences
in the read abundance of the CDS clusters of 37 func-
tion units in KEGG Level 4 between the peri-implantitis
sites and the clinically healthy sites in the cohort with
periodontitis (Kruskal-Wallis rank sum test with FDR-
adjusted p-value <0.05) (Fig. 5). No significant differences
were observed in the read abundance of the CDS clusters

of the two groups without periodontitis. Only two func-
tional units were more abundant in the peri-implantitis
sites in the periodontitis cohort, phosphoenolpyruvate
phosphomutase (pepM, K01841), which belongs to the
biosynthesis pathway of various antibiotics (ko00998),
and flagellar basal-body rod modification protein (FlgD,
K02389), which belongs to the flagellar assembly path-
way (ko02040). We sought to determine the taxonomic
origin of these two differential function units through the
taxonomic assignment of the CDS clusters. Sixty-seven
species were assigned (Additional Table 6), and 49.25%
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of them were species from the genera Treponema, Sele-
nomonas, and Campylobacter, including some acknowl-
edged and putative periodontal pathogens such as
Treponema denticola, Treponema socranskii, Treponema
vincentii, Selenomonas noxia, and Campylobacter rectus,
suggesting that these three genera might be strongly rel-
evant to the emergence of peri-implantitis in the cohort
with periodontitis.

Correlation of microbials species to the clinical parameter

With the hypothesis that some species might be corre-
lated with the clinical features of peri-implantitis, we per-
formed Spearman’s correlation analysis to examine the
correlation between the species and clinical parameters
in the subject group. To exclude species that are rare and
with low abundance so that significant correlations may
be demonstrated, we set the prevalence cutoff in all sam-
ples at 50% and the overall abundance cutoff at 0.01%.
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Fig. 5 Heatmap of the 37 differential function units shows distribution within the samples based on their relative abundance. Peri-implantitis-associated

function units are marked with asterisks

The details of the results are shown in Additional Table 7.
The four typical disease-associated species, P. gingivalis,
T. forsythia, T. denticola, and P. endodontalis, along with
three other Treponema species (1. socranskii, T. medium,
and T. maltophilum), were significantly positively cor-
related with the clinical parameters of peri-implantitis
(PPD, RBL, and BOP), despite the presence of periodon-
titis (Fig. 3). Regarding the species negatively correlated
with the clinical parameters, some aerobic/facultative
bacteria were detected, including species from the phy-
lum Actinobacteria, such as A. oris, Pseudopropionibac-
terium propionicum, and Schaalia odontolytica along
with Streptococcus sanguinis and Streptococcus oralis in
the cohort affected by periodontitis (Fig. 6a). In contrast,

only A. naeslundii was significantly negatively corre-
lated with these parameters in the periodontally healthy
cohort. Conversely, more anaerobic bacteria, such as Fili-
factor alocis and Campylobacter rectus, were positively
associated with the clinical parameters of peri-implantitis
in the periodontally healthy groups than that in those
with periodontitis (Fig. 6b).

Discussion

In this study, we systematically compared the taxonomic
and functional composition of the submucosal plaque
microbiome of clinically healthy and diseased peri-
implant sites within a group of individuals with or with-
out established periodontitis via metagenomic analysis
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Fig. 6 Correlation between the taxa and clinical parameters based on Spearman's rank correlation coefficient test. In the cohorts with periodontitis (a)
and without periodontitis (b). Heatmap of the 44 species with sufficiently high prevalence and abundance shows positive or negative correlations. The
species showing significant correlation are marked with asterisks by their p-value

to characterize the microbiome of peri-implantitis and
to assess the effect of periodontitis on the microbiome of
the submucosal plaque. We observed evident differences
in both taxonomic and functional composition of the
submucosal microbiome associated with distinct health
conditions of dental implants. Here, the core microbi-
ome of peri-implant plaque was delineated, which is con-
siderably in accordance with previous findings in other
high-throughput sequencing studies [34, 35, 38, 39].
This suggests that these species constitute a fundamental
structure of the peri-implant submucosal microbiofilm.

It has been speculated that peri-implantitis is also a
biofilm-induced infection, such as periodontitis, and the
etiology of peri-implant inflammation should be associ-
ated with multi-bacterial interactions within the bio-
film community, instead of one exact pathogen. In 1998,
Socransky et al. proposed the “complex theory” based on
certain associations between the severity of periodontitis
and some particular species [57]. Our data also revealed
that a group of specific species in the microbial com-
munity of the peri-implant plaque, with their remark-
ably high relative abundance, and their correlation with
clinical parameters, may be positively associated with

the disease state of the implants [26-29, 35, 58, 59]. In
general, the predominant species of the peri-implantitis
microbiome usually consists of aerobic gram-negative
bacilli, facultative anaerobic, and anaerobic species [60].
Interestingly, some of the species suspectedly associ-
ated with peri-implantitis shared considerable over-
lap with classic periodontal pathogens, including those
described in this study: the red complex (P gingivalis,
T. forsythia, and T. denticola) and FE nucleatum from the
orange complex [28, 35, 36, 58, 59, 61]. Results from pre-
vious observations have validated that pathogenic taxa
from periodontitis may be shared between teeth and
implants [62—64]. New putative periodontal pathogenic
taxa such as P endodontalis, Filifactor alocis, and Par-
vimonas micra [65, 66] were observed to have increased
abundance and prevalence in the peri-implantitis micro-
biome, as demonstrated in other observations [22, 27, 35,
36, 58, 67]. Correlations between particular taxa pres-
ent in peri-implantitis lesions and the disease clinical
parameters corroborate the speculation. As P. gingivalis
and E alocis were observably more abundant in sites with
severe periodontitis and deeper pocket depths compared
with healthy periodontal sites [68], we found that they
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were both positively correlated with PPD, RBL, BOP, and
SUP in peri-implant sites. In addition, Treponema spp.
was positively associated with the clinical parameters
in previous studies on peri-implantitis [28, 34], which
was identified at the species level, namely, T. socranskii,
1. medium, and T. maltophilum in this study. They were
revealed to be relevant to the inflammatory state of the
dental implant [35, 38, 58, 59]. Notably, the peri-implan-
titis-associated species mentioned above were signifi-
cantly more abundant in diseased implant sites even in
the cohort without periodontitis, implying their prosper-
ity would have a profound and steady influence on the
emergence and progression of the peri-implantitis [35,
36, 69].

We also noted a higher incidence of P endodontalis
in sites with periodontal disease than in periodontally
healthy sites. P endodontalis was identified as a novel
putative periodontal pathogen [67, 70] and has been
reported to cause osteoclastogenesis [71]. The pathogen-
esis of periodontal disease associated with P. endodontalis
may be dependent on NOD?2 as it has the highest NOD2
stimulatory activity in a study conducted by Marche-
san et al. [72]. The genus Prevotella has been frequently
associated with peri-implantitis in previous studies [26,
28, 34, 58, 59, 73]; although the genus Prevotella did not
show a significantly higher abundance in peri-implantitis
than that in healthy implant sites in the current study, one
of its unclassified species, Prevotella sp. HMSC077EQ9,
together with P endodontalis, was remarkably abundant
in the peri-implantitis sites with established periodonti-
tis, compared with the healthy implant sites in the peri-
odontitis cohort and the peri-implantitis sites in the
unaffected periodontal environment in our study group.
Therefore, our results may provide a novel insight regard-
ing the special role it plays in the disease process of peri-
implantitis with the presence of periodontitis.

Concerning species associated with the clinically
healthy condition of a dental implant, previous stud-
ies have presumed that particular taxa from genera
Actinomyces, Corynebacterium, Rothia, Streptococcus,
Neisseria, and Kingella [22, 34—36, 38, 73] may play con-
structive roles in preventing dysbiotic states of the
implant plaque; we similarly identified species belong-
ing to genera Actinomyces, Corynebacterium, and Strep-
tococcus, for example, A. naeslundii, C. matruchotii,
and Streptococcus sanguinis. These facultative anaero-
bic gram-positive bacteria are also usually related to the
periodontally healthy condition [74-76],which aligned
with the results of previous studies on clinically healthy
implants [34-36, 73, 77, 78]. Schaalia odontolytica and
Pseudopropionibacterium propionicum were the other
species associated with healthy peri-implant sites and
clinical parameters in the present study. Interestingly,
they were both potential hosts of Candidate Phylum
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Saccharibacteria [79, 80]. Saccharibacteria (TM7) sur-
vives as an obligate epibiotic symbiosis on the surface
of their host. It is considered a putative pathogen that is
strongly associated with dysbiotic microbiota [28, 34, 74]
and is positively correlated with inflammatory param-
eters [73]. However, one of the latest findings in mice
reported that the TM7 species remodulated and down-
regulated host bacterial pathogenicity, thereby reducing
inflammation and bone loss, which would be a protection
to the periodontal tissues [81]. Further details regarding
this symbiotic taxon and its biological regulation mecha-
nism are necessary to understand the specific role it plays
in microbial communities.

Here, we observed evidently higher level of both E
nucleatum and P. nigrescens in unaffected peri-implant
plaque from subjects with periodontitis, comparing to
periodontally healthy subjects. As putative pathogens
may be present in healthy periodontal sites, but at lower
levels than in diseased sites, these taxa were reported to
function as a “bridging species” to link early colonizers
with later ones [82]. A recently published paper showed
that F nucleatum colonization occurs at the stage of peri-
implant mucositis, which is prior to the occurrence of
peri-implantitis [36]. Another study reported no signifi-
cant difference in the relative abundance of E nucleatum
between periodontal disease and healthy status and spec-
ulated that it may play a structural role in the microbial
community [74]. The subgingival microbiota in patients
with periodontitis can also survive in the peri-implant
submucosal communities [78]. It has been reported that
submucosal microbiofilms from healthy implants tend to
harbor a higher number of pathogenic taxa in periodon-
titis subjects [83]. Other observations have implied that
submucosal plaque harboring putative pathogens does
not necessarily lead to peri-implantitis [16, 84], even
though the presence of periodontal disease is one of the
two known risk factors for peri-implantitis [18, 85]. It
has also been proposed that more than a few clinically
healthy peri-implant sulci present a microbial commu-
nity structure that is “pre-dysbiotic’, where the number
of health-associated taxa is not necessarily reduced, but
the proportion of disease-associated taxa may gradually
increase. This may develop into a disease state of peri-
implant tissues [86].

Our results on functional assignment revealed that the
microbial functional profiles of the peri-implantitis sites
were distinct from that of those healthy sites. An analysis
based on the KEGG database indicated that two typical
functional units were enriched in peri-implantitis sites in
the periodontitis cohort. These included genes encoding
flagellar basal-body rod modification protein (FlgD) and
phosphoenolpyruvate phosphomutase (pepM). These
findings suggest that these two functional units may
play a special role in the occurrence and development
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of peri-implant diseases. Studies have shown that FlgD
is closely related to the invasion of epithelial cells as its
expression is related to flagella, which is required in host
cell invasion [87]. FlgD is a scaffolding protein needed
for the pathway of flagellar assembly [88]. There is a link
between it and the pathway of bacterial chemotaxis, the
activity of which is reported to be upregulated in partici-
pants with chronic periodontitis [35, 89] and they were
both considered as virulence factors in periodontitis
[90, 91]. It has also been reported that the genes encod-
ing flagellar assembly and bacterial chemotaxis-related
proteins are enriched in periodontitis [92]. Functional
analysis using KEGG in Shiba’s study showed that fliC, a
function unit from flagellar assembly pathway, was one of
the three functional units that are most abundant in both
peri-implantitis and periodontitis [58]. All these findings
support the notion that the function of flagellar assembly
plays a vital role in the process of peri-implant disease.
However, little is known about the role of pepM in the
progression of peri-implant inflammation. Hidaka et al.
[93] reported that some C-P compound-producing acti-
nomycetes exhibit pepM activity and that pepM catalyzes
the first C-P bond formation in the bialaphos biosyn-
thetic pathway. Actinomycetes are commonly associated
with a healthy periodontal or peri-implant state. There-
fore, the effect of pepM and the C-P bond on the devel-
opment of the disease needs to be further examined.

Since the quantitatively dominant species are not
always the functionally dominant species [58], we also
assigned the species with typical function to peri-implan-
titis sites. According to the assignments made with the
KEGG database, the two distinguishing functional units
highly abundant in peri-implantitis sites with periodon-
titis were mainly derived from flagellated motile species,
including Treponema, Selenomonas, and Campylobacter,
which is consistent with previous observations that these
species were associated with periodontitis [31, 74, 94].
Research has also shown that Treponema vincentii, Sele-
nomonas noxia, and Campylobacter concisus were only
observed in sites with peri-implantitis but not periodon-
titis [95, 96]. However, these species were not identified
as the most taxonomically abundant species in this study,
emphasizing that these flagella-related gene-expressing
bacteria may be essential to the pathogenesis of peri-
implant diseases. In contrast, the “keystone pathogen”
hypothesis highlighted that the potential importance
of the low-abundance species should not be underrated
and that particular low-abundance pathogen taxa can
transform the bacterial community structure and behav-
ior characteristics and may serve as an indicator of the
microbiome shift from symbiosis to dysbiosis, as well as a
potential biomarker of pathogenesis [97].

The results and conclusions drawn from this study
should be considered cautiously as only a limited number
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of participants were recruited in the present metage-
nomic analysis (n=40), which affects the generalizabil-
ity of results. The widely adopted standardized protocol
of sampling may have restricted the ability to harvest a
completely comprehensive microbial biofilm with paper
points from the peri-implant sulcus. There may exist
some species that had been underestimated but are cru-
cial in the disease process of peri-implantitis; thus, fur-
ther studies with larger sample sizes are necessary to
assess the pathogenic potential of these disease-associ-
ated species and their particular effect on peri-implant
biofilms during the course of peri-implantitis. It’s worth
noticing that there exist many factors that contribute to
confounding in results of culture-independent microbi-
ome studies throughout the process, from determining
the homogeneity of the subject population, to the sample
collection, handling and preservation of biological speci-
mens, and to evolving approaches in laboratory process
with elevated potential for batch effects. Therefore, it’s
advisable to be more cautious at experiment design and
results interpretation. Participant with different oral
hygiene conditions, socioeconomic status and genetic
predispositions may also lead to differences in results.
Host-associated microbial communities are influenced by
both host genetics and environmental factors. It has been
reported that 5-45% of inter-individual variation can be
explained by genetics [98], and oral microbiome is herita-
ble, indicating by a large twin oral microbiome study [99].
The genetic variant may alter the microbiome directly,
which can result in the disease phenotype. Although
twin pair analysis on peri-implant submucosal plaque
to explore the influence of genetic predisposition has
not been conducted, we should not neglect its potential
effect in the development of peri-implant inflammation.
Batch effect is the systematic, non-biological differences
between batches, it’s ubiquitous in genomics experi-
ment and may mislead the conclusion. To minimize the
impact of it, sound experiment designs and statistical
analysis methods are necessary. A software named OSAT
is designed to assign collected samples across batches in
an appropriate way to handle batch effects [100].Future
study should take sample-to-batch allocation into con-
cern to reduce the confounding or correlation between
batches and the biological variables of interest. Apart
from this, contamination involving high-throughput
sequencing can originate from environmental sources,
such as extraction kits, plastic consumables and reagents,
and also cross-contamination from other samples, which
is beyond the control of the researchers, and can bias
results of metagenomic studies [101, 102]. A standard
checklist and strict decontamination protocols are sug-
gested to prevent contamination, and contaminated data
can be cleaned up with certain tools [103-105]. Future
high-throughput sequencing experiment should also
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address the bias from contaminations to their conclu-
sions. As the design of this study is set to be cross-sec-
tional, data collection was performed at a single point in
different individuals, which makes it inadequate to pro-
vide account for long-term implant health consequences
compared to longitudinal study design with follow-up.
Further studies on long-term dental implant outcome are
preferable to be designed as longitudinal.

Conclusion

The data from the present study indicated that the sub-
mucosal microbial compositions of peri-implantitis and
healthy implant sites are distinct and are affected by the
periodontal environment in which the implant is located.
P endodontalis and Prevotella sp. HMSCO077EQ09 were
found to be more abundant in periodontitis-affected
peri-implantitis sites than in periodontally healthy ones.
Red complex species and P endodontalis were consis-
tently associated with peri-implantitis regardless of peri-
odontal condition, and were affirmed by their positive
correlation with diseased clinical parameters. Conversely,
in periodontitis affected cohort, A. oris, S. sanguinis, P
propionicum and S. odontolytica were associated with
successful implant and aligned with their negative cor-
relation with diseased clinical parameters. On the other
hand, in the subjects unaffected by periodontitis, A. naes-
lundii was associated with clinically healthy implant by
its taxonomic abundance and the negative correlation
with clinical features. Function relevant to epithelial cell
invasion, such as flagellar assembly, was detected to be
enriched at peri-implantitis sites. This was interrelated
to species from Treponema, Selenomonas, and Campy-
lobacter genus that were not taxonomically thriving but
may act as a fundamental trigger in the generation of
peri-implant disease.

Abbreviations
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