
Pyrosequencing reveals unique microbial signatures associated
with healthy and failing dental implants

PS Kumar, MR Mason, MR Brooker, and K O’Brien
Division of Periodontology, College of Dentistry, The Ohio State University, Columbus Ohio

Abstract
Aim—Although it is established that peri-implantitis is a bacterially induced disease, little is
known about the bacterial profile of peri-implant communities in health and disease. The purpose
of the present investigation was to examine the microbial signatures of the peri-implant
microbiome in health and disease.

Materials and methods—Subgingival and submucosal plaque samples were collected from
forty subjects with periodontitis, peri-implantitis, periodontal and peri-implant health and analyzed
using 16S pyrosequencing.

Results—Peri-implant biofilms demonstrated significantly lower diversity than subgingival
biofilms in both health and disease, however, several species, including previously unsuspected
and unknown organisms, were unique to this niche. The predominant species in peri-implant
communities belonged to the genera Butyrivibrio, Campylobacter, Eubacterium, Prevotella,
Selenomonas, Streptococcus, Actinomyces, Leptotrichia, Propionibacterium, Peptococcus,
Lactococcus and Treponema. Peri-implant disease was associated with lower levels of Prevotella
and Leptotrichia and higher levels of Actinomyces, Peptococcus, Campylobacter, non-mutans
Streptococcus, Butyrivibrio, and Streptococcus mutans than healthy implants. These communities
also demonstrated lower levels of Prevotella, non-mutans Streptococcus, Lactobacillus,
Selenomonas, Leptotrichia, Actinomyces and higher levels of Peptococcus, Mycoplasma,
Eubacterium, Campylobacter, Butyrivibrio, Streptococcus mutans, and Treponema when
compared to periodontitis-associated biofilms.

Conclusion—The peri-implant microbiome differs significantly from the periodontal
community in both health and disease. Peri-implantitis is a microbially heterogeneous infection
with predominantly gram-negative species, and is less complex than periodontitis.
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Introduction
Endosseous implants have become widely accepted treatment options for the replacement of
missing teeth, with over a million implants being placed each year in the USA alone(2000).
Although dental implants have a high survival rate, infections in the peri-implant crevice
have been widely reported(Jepsen et al., 1996, Lindhe and Meyle, 2008, Renvert et al.,
2007). Peri-implantitis is a bacterially induced inflammatory reaction that results in loss of
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supporting bone around an implant in function, which may eventually lead to loss of the
implant fixture (implant failure). Recent evidence indicates that this condition is
significantly prevalent; occurring in 56% of subjects and 12–46% of implant sites(Lindhe
and Meyle, 2008).

It is known that bacteria colonize the peri-implant crevice soon after implant placement to
establish polymicrobial communities in this space(Quirynen et al., 2006, Sanz et al., 1990),
and that the biofilm associated with failing implants is significantly different from that of
healthy implants(Botero et al., 2005, Hultin et al., 2002, Leonhardt et al., 1999, Mombelli
and Mericske-Stern, 1990, Quirynen et al., 2006, Renvert et al., 2007, Sanz et al., 1990,
Shibli et al., 2008). These microbial events mimic those occurring in the subgingival
crevice; and previous investigations suggested that the peri-implant biofilm does not differ
significantly from the subgingival biofilm, either in health or in disease(Botero et al., 2005,
Hultin et al., 2002, Leonhardt et al., 1999, Mombelli and Mericske-Stern, 1990, Sanz et al.,
1990, Shibli et al., 2008). Current treatment protocols of non-surgical debridement and
antibiotic therapy have been based on this paradigm of microbial similarity, yet have
demonstrated modest outcomes(Esposito et al., 2008, Renvert et al., 2009). Meanwhile, in
vitro investigations have revealed that peri-implant community profiles are significantly
influenced by the texture and composition of implant surfaces(Grimm et al., 2000, Grossner-
Schreiber et al., 2009). Therefore, it is reasonable to expect that structural and topographical
differences between implants and teeth will influence the composition of their respective
microbiomes. In fact, emerging evidence indicates that periodontitis and peri-implantitis
diverge significantly in their histopathological presentations; since the host response is
dictated by these structural differences(Berglundh et al.). Thus, in order to advance our
understanding of peri-implant and periodontal disease it is necessary to identify differences
between implant and tooth-associated microbial communities.

Sequence analysis of the 16S ribosomal gene has provided new insights into the composition
of the oral microbiome in health and disease, creating a paradigm shift in our understanding
of these microbial communities(Li et al., Shchipkova et al., 2010). Pyrosequencing of PCR-
amplified 16S rDNA (‘16S pyrotags’) is a next-generation sequencing methodology that
generates thousands of sequences from several samples simultaneously. This unprecedented
depth of coverage allows a more comprehensive examination of taxonomically
heterogeneous community than was previously possible and has revealed a significantly
greater level of microbial diversity than was previously apparent with Sanger
sequencing(Charlson et al., 2010, Keijser et al., 2008, Li et al.). The purpose of the present
investigation, therefore, was to examine microbial signatures associated with peri-implant
health and disease and to identify differences between peri-implant and subgingival bacterial
communities using 16S pyrotag sequencing and computational phylogenetics for bacterial
identification.

Methods
Subject selection

Approval for this study was obtained from the Office of Responsible Research Practices at
The Ohio State University. Ten subjects were identified in each of the following groups
following clinical and radiographic examination: peri-implantitis, chronic periodontitis,
periodontal and peri-implant health; and informed consent was obtained. Subjects were
selected based on the criteria delineated by the Classification of Periodontal
Diseases(Armitage, 1999) and the Consensus Report on Peri-implant Diseases(Lindhe and
Meyle, 2008). Briefly, peri-implantitis was diagnosed when the implant demonstrated
clinical signs of inflammation along with radiographic evidence of bone loss after at least
one year in function, while implants not demonstrating bleeding on probing or suppuration
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with no radiographic evidence of marginal bone loss were classified as healthy. Similarly,
subjects with probing depths ≤ 3mm and attachment loss ≤1mm were classified as healthy,
while those exhibiting more than 30% of sites with attachment loss ≥ 4mm and were
diagnosed with chronic periodontitis. Exclusion criteria for all groups included diabetes,
pregnancy, HIV infection, use of immunosuppressant medications, bisphosphonates or
steroids, antibiotic therapy or oral prophylactic procedures within the last three months and
less than 20 teeth in the dentition. Inclusion criteria for the implant group were subjects with
a single functioning implant bounded by teeth on either side.

Data collection
All subjects were examined by one and the same periodontist. Probing pocket depths (PPD)
and clinical attachment levels (CAL) were recorded throughout the mouth on 6 sites per
tooth using a PCP-UNC 15 probe. Bleeding on probing and plaque levels were recorded on
a binary scale (presence/absence) for each surface.

Sample collection and DNA isolation
Samples were collected from each subject by inserting a total of 15 sterile endodontic paper
points (Caulk-Dentsply) into the pockets, sulci or peri-implant crevice for 10 seconds,
following isolation and supragingival plaque removal. From subjects with periodontitis,
subgingival plaque samples were collected and pooled from four non-adjacent proximal sites
demonstrating at least 6mm of clinical attachment loss and 5mm of probing pocket depths.
From subjects with healthy or diseased implants, samples were collected from the selected
peri-implant crevice. From periodontally healthy teeth, samples were collected and pooled
from mesial sulci of 15 randomly selected teeth. Samples were placed in 1.5 ml
microcentrifuge tubes and frozen at −80°C until further analysis. Bacteria were separated
from the paper points by adding 200μl of phosphate buffered saline (PBS) to the tubes and
vortexing. The points were then removed, and DNA was isolated with a Qiagen DNA
MiniAmp kit (Qiagen, Valencia, CA) using the tissue protocol according to the
manufacturer’s instructions.

Pyrosequencing
Multiplexed bacterial tag-encoded FLX amplicon pyrosequencing (bTEFAP) was performed
using the Titanium platform (Roche Applied Science, Indianapolis, IN) as previously
described(Dowd et al., 2008) in a commercial facility (Research and Testing Laboratories,
Lubbock, TX). Briefly, a single step PCR with broad-range universal primers and 22 cycles
of amplification was used to amplify the 16S rRNA genes as well as to introduce adaptor
sequences and sample-specific bar-code oligonucleotide tags into the DNA. Two regions of
the 16S rRNA genes were sequenced: V1–V3 and V7–V9. The primers used for sequencing
have been previously described (Kumar et al, submitted PlosONE). Adaptor sequences were
trimmed from raw data with 98% or more of bases demonstrating a quality control of 30 and
sequences binned into individual sample collections based on bar-code sequence tags, which
were then trimmed. The resulting files were denoised with Pyronoise(Quince et al.) and
depleted of chimeras using B2C2 (http://www.researchandtesting.com/B2C2.html).
Sequences <300bp were discarded and the rest were clustered into species-level operational
taxonomic units (s-OTUs) at 97% sequence similarity and assigned a taxonomic identity by
alignment to locally hosted version of the Greengenes database(DeSantis et al., 2006) using
the Blastn algorithm. Phylogenetic trees were generated and visualized using FastTree(Price
et al., 2009). Unifrac and community diversity metrics were computed as previously
described(Lozupone et al.). All analysis were conducted using the QIIME pipeline(Caporaso
et al.).
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Statistical analysis
Similarities between the 4 communities were quantified by computing weighted UniFrac
distances, which were used for principal coordinate analysis (PCoA). Shannon diversity
index was computed using s-OTU data(Shannon, 1997). A variance stabilizing
transformation was used to create normal distribution of the data(Shchipkova et al., 2010).
The proportion (p) of each s-OTU in the community of each subject was expressed as X =
sin −1(√p) and ANOVA and 2-sample t-tests were used to compare the means of this
transformed variable X across groups. Statistical analysis was carried out with JMP (SAS
Institute Inc., Cary, NC) and graphics created using R (http://www.r-project.org/).

Results
Subgingival and submcosal samples were collected from 10 subjects in each group. Seven of
the twenty subjects with implants had lost the tooth due to periodontitis and 5 due to root
fractures or non-restorable coronal structure. The remaining presented with a long-standing
edentulous space and the etiology of tooth loss was unknown. The groups were matched for
age, gender, ethnicity and periodontal and peri-implant health status and hence, no
differences were apparent between these two groups (Table 1). The clinical status of
periodontally healthy subjects was significantly different from those with periodontitis;
similarly, sites with peri-implantitis differed clinically from those with healthy implants.

A total of 397,286 chimera-depleted, denoised sequences were used for analysis. Overall,
these sequences represented the phyla Firmicutes, Proteobacteria, Actinobacteria,
Bacteroidetes, Spirochaetes, TM7, OP11 and Synergistes; with Firmicutes accounting for
53.4% of all sequences. These sequences represented 84 genus level operational taxonomic
units (OTUs) and 370 species-level OTUs. 3.2% of sequences were not classifiable at the
genus level and were placed in higher order classifications. Uncultivated phylotypes
accounted for an average of 52.6 ± 5.3% (mean±standard error) of the healthy subgingival
biofilm and 44.6 ± 3.5%, 77.8 ± 3.9% and 48.4 ± 7.7% of the biofilms associated with
periodontitis, healthy implants and peri-implantitis respectively.

Principal component analysis of weighted Unifrac distances revealed a distinct partitioning
of the bacterial communities associated with healthy teeth and implants (p< 0.01,
PERMANOVA, Figure 1A). A similarly high level of partitioning was observed between
the microbial profiles of periodontitis and peri-implantitis. A greater degree of similarity
was observed between healthy and diseased implants than between healthy and diseased
teeth. Both healthy and disease-associated subgingival microbial communities demonstrated
significantly greater diversity than peri-implant communities (p<0.01, ANOVA, Figure 1B),
however, the microbial profile of healthy implants was significantly more diverse than that
of peri-implantitis (p<0.05, 2-sample t-test). The biofilm associated with peri-implantitis
demonstrated significantly lower species richness when compared to healthy implants or
diseased teeth (p<0.01, 2-sample t-test, Figure 1C). Species belonging to an average of 3
genera comprised 75% of the microbial community in each individual with peri-implantitis,
while an average of 10 genera comprised the same proportion of the periodontitis-associated
community in each individual (data not shown).

The gram status of the peri-implant and subgingival communities is shown in Figure 2. As a
whole, peri-implant communities contained significantly greater abundance of gram-
negative bacteria than subgingival communities (p<0.01, ANOVA). Furthermore, healthy
implants demonstrated the highest levels of gram-negative anaerobes and lowest abundance
of gram-positive aerobes when compared to the other communities (p<0.01, ANOVA). The
proportion of gram-negative anaerobes was also significantly different between peri-
implantitis and periodontitis (p<0.01, 2-sample t-test).

Kumar et al. Page 4

J Clin Periodontol. Author manuscript; available in PMC 2013 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.r-project.org/


Peri-implantitis associated communities demonstrated significantly lower levels of the
genera Leptotrichia, Propionibacter and Prevotella and higher levels of Actinomyces,
Peptococcus, Campylobacter, non-mutans Streptococcus, Butyrivibrio, and Streptococcus
mutans than healthy implants (p<0.05, 2-sample t-test on transformed variable, Figure 3A).
These communities also demonstrated lower levels of Prevotella, non-mutans
Streptococcus, Lactobacillus, Selenomonas, Leptotrichia, Actinomyces and higher levels of
Peptococcus, Mycoplasma, Eubacterium, Campylobacter, Butyrivibrio, Streptococcus
mutans, and Treponema when compared to periodontitis-associated biofilms (p<0.05, 2-
sample t-test on transformed variable, Figure 3B). The greatest differences were observed
between healthy implants and teeth (Figure 3C). Healthy implants demonstrated higher
levels of Prevotella, Treponema, Leptotrichia, Streptococcus mutans, Butyrivibrio,
Catonella, Propionibacter and Lactococcus and lower levels of Arthrobacter, Synergistes,
Corynebacterium, Neisseria, Veillonella, Dialister, Granulicatella, Actinomyces,
Fusobacterium and non-mutans Streptococcus when compared to teeth (p<0.05, 2-sample t-
test on transformed variable).

Several genera, e.g., Pseudoramibacter, Enterococcus, Moraxella, Desulfobulbus,
Xanthomonas, Arthrobacter, Anaerococcus, Anaerovorax, Butyrivibrio, Exiguobacterium,
Kingella, Fusobacterium, Pseudomonas, Burkholderia, Bifidobacterium, Clostridium and
Johnsonella demonstrated significantly different detection frequencies between the groups
(p<0.05, Fisher’s exact test). Certain genera, for example, Escherichia, Achromobacter,
Peptoniphilus, Chloroflexi, Kingella and Johnsonella were detected only in the subgingival
sulcus while the genera Anaerococcus, Anaerovorax, Anaerofilum, Exiguobacterium and
Burkholderia were detected only in the peri-implant crevice (Figure 4).

Discussion
Explorations of the peri-implant microbial community using cultivation and targeted
molecular approaches have promulgated a paradigm of microbial similarity between
subgingival and peri-implant communities. The present study harnessed the phylogenetic
resolution of 16S deep sequencing and computational phylogenetics; which allowed a
quantitative exploration of the peri-implant microbiome. Using this approach, we present the
first comprehensive exploration of peri-implant microbial communities in health and disease
and reveal a surprising picture of the peri-implant microbiome.

The main findings of the present investigation focus on the compositional differences
between peri-implant and subgingival communities. Previous investigations sought to
determine the extent of susceptibility conferred by pre-existing periodontitis to implant
failure and therefore, compared the levels of known periodontal pathogens between teeth
and implants(Botero et al., 2005, Hultin et al., 2002, Leonhardt et al., 1999, Mombelli and
Mericske-Stern, 1990, Renvert et al., 2007, Sanz et al., 1990, Shibli et al., 2008). However,
employing an open-ended, global approach to examining peri-implant and subgingival
microbial communities revealed a significant partitioning between bacterial communities
associated with teeth and implants (Figure 1A), suggesting that different bacterial lineages
contributed to the composition of these communities. This is in contrast to the findings of
previous investigations and may be attributed to differences in methodologies of plaque
sampling and bacterial identification. In the present study, in an effort to obtain
representative samples of disease and health, plaque samples were collected and pooled
from sites with periodontitis or health in each subject, however implant samples were
derived from a single implant. It is possible that this may have contributed to the differences
observed between these samples and warrants further investigation. Unlike the
aforementioned studies which were primarily focused on translocation of bacteria within
intra-oral sites, the objective of the present study was an in-depth characterization of peri-
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implant communities and therefore, different subjects contributed subgingival and peri-
implant samples. This was done for several reasons, the most important of which is that
control of periodontal disease and successful maintenance of periodontal health is necessary
before implant placement; making it difficult to collect samples of periodontitis-associated
and peri-implantitis associated biofilms from the same subject. A more significant difference
between the previous investigations and the present study is the different methodologies
used for bacteria identification (anaerobic culturing and DNA-DNA checkerboard versus
pyrosequencing). The limitations of using cultivation to identify organisms is well
established, however, the drawbacks of directed DNA techniques in explorations of novel
ecosystems is not as widely appreciated. These techniques employ primers and probes
targeted to selected organisms; and therefore are not designed to detect unknown or
unsuspected species in an ecosystem. Thus, this study underscores the importance of using a
quantitative open-ended approach to comprehensively examine complex microbiomes.

The Shannon Diversity index provides a composite value that measures both the number of
species (species richness) as well as the proportion of each species (species evenness)
(Shannon, 1997). In an effort to minimize heterogeneity arising from number of sequences
in each sample, all samples were analyzed by rarefaction and diversity estimated at a
common sampling depth (9,000 sequences). Periodontitis-associated communities
demonstrated greater diversity and richness when compared to healthy teeth (Figures 2B and
2C). This finding corroborates previously available evidence(Hutter et al., 2003, Kumar et
al., 2005, Paster et al., 2001). By contrast, peri-implantitis associated communities
demonstrated the least amount of diversity, with the fewest number of species, suggesting
that peri-implantitis is a simple infection. This is further reinforced by the finding that in
each individual, species belonging to no more than four genera comprised the majority
(75%) of the flora. However, these dominant species were not the same in all individuals,
suggesting that the disease is microbially heterogeneous.

The data suggest that peri-implantitis is similar to periodontitis in being a predominantly
gram-negative infection, a finding that corroborates previous evidence(Shibli et al., 2008,
Sanz et al., 1990, Leonhardt et al., 1999). However, a surprising finding was the large
abundance of gram-negative anaerobes associated with healthy implants. This in
contradistinction to prior investigations(Sanz et al., 1990, Apse et al., 1989, Mombelli and
Mericske-Stern, 1990); nevertheless, taken together with the fact that a large fraction (77%)
of the microbiome associated with peri-implant health is uncultivated, it is likely that, by
circumventing the need for cultivation, the deep sequencing methodology provided a more
representative picture than was previously possible using culturing.

Certain genera important in the etiology of periodontitis, namely, Treponema, Prevotella,
Campylobacter and Eubacterium were also dominant members of the peri-implantitis
associated flora (Figure 3). This is similar to earlier reports on abundances of some of these
periodontopathogens in the peri-implant crevice(Leonhardt et al., 1999, Sanz et al., 1990,
Shibli et al., 2008). However, the levels of Treponema, Campylobacter and Eubacterium
were significantly higher in both peri-implant health and disease than in periodontitis.
Additionally, some unusual lineages, for example, Butryvibrio fibrisolvens and
Streptococcus mutans, were found in high abundance in the peri-implant crevice, as well as
less numerous species belonging to the genera Peptococcus, Mycoplasma, Anaerococcus,
Anaerovorax, Anaerofilum, Burkholderia and Exiguobacterium. B.fibrisolvens is a butyrate
producer in the human gastrointestinal tract(Brown and Moore, 1960); however, its presence
in the oral cavity has not been previously reported. This species was detected in every peri-
implant crevice and in none of the subgingival sulci. The levels of these species were higher
in peri-implantitis compared to healthy implants (Figure 2A). Further, a strong correlation
was observed between levels of this organism and Treponema (r=0.69) irrespective of
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implant health status, suggesting a possible metabolic co-operation, since isobutyric acid is
an important growth requirement for the treponemes(Hardy and Munro, 1966). A very
interesting finding is that the organisms found only in the peri-implant crevice (Butyrivibrio,
Anaerovorax, Anaerococcus, Anaerofilum, Exiguobacterium and Burkholderia) are known
fermenters and of these, Butyrivibrio, Anaerovorax, Anaerococcus and Burkholderia are
prolific butyrate producers(Matthies et al., 2000, Wang et al., 2003, Ezaki et al., 2001). The
significance of this finding and its impact on therapy cannot be addressed by this study and
an in-depth examination of butyrate-producers in the peri-implant crevice is warranted.
Members of the genus Streptococcus have an interesting association with oral health; while
most Streptococci are early colonizers of both supragingival and subgingival
biofilms(Kolenbrander and Palmer, 2004), S.mutans has a strong association with dental
caries(Gross et al., 2010). The present investigation identified high levels of S.mutans in
peri-implant, but not periodontal, communities. S. mutans has been previously detected in
sites with peri-implantitis; with a decrease in levels following therapy(Persson et al., 2010,
Renvert et al., 2007), suggesting that this organism is important in peri-implant disease.
Thus, the data suggest that while implant surfaces are colonized by periodontal bacteria,
certain previously unknown and unsuspected bacterial species preferentially colonize this
niche.

In summary, the data indicate that although certain periodontal bacteria can be found in the
peri-implant crevice, the microbial fingerprint of peri-implant communities differ from
subgingival profiles in several ways. Peri-implant biofilms demonstrate significantly lower
diversity than subgingival biofilms in both health and disease; and several species, including
previously unsuspected and unknown organisms, are unique to this niche. Further, peri-
implantitis appears to be a simple, yet microbially heterogeneous infection, which is
predominantly gram-negative.
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Clinical relevance

Scientific rationale

It is known that peri-implantitis is a bacterially induced disease, however, the
composition of peri-implant microbial communities in health and disease is not well
understood.

Findings

The profiles of the peri-implant and subgingival microbiomes were distinct and
significantly different, with several previously unsuspected organisms detected around
implants.

Clinical implications

Current protocols for treatment of peri-implantitis have been based on a paradigm of
microbial similarity between implants and teeth and have demonstrated modest
outcomes. The present study demonstrates critical differences between these
communities, suggesting a probably different mechanism for the pathogenesis for peri-
implantitis.
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Figure 1.
Community characteristics of the peri-implant and subgingival microbiomes in health and
disease. Panel A shows the Principal Co-ordinate Analysis of UniFrac distances, Panel B
shows the Shannon diversity index for the 40 samples and Panel C shows the species
richness of each sample.
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Figure 2.
Gram staining characteristics of peri-implant and subgingival communities in health and
disease. The gram characteristics of the uncultivated organisms was inferred from their
nearest cultivated phylogenetic neighbor. (* p<0.05, ** p<0.01, ***p<0.001, ANOVA and
2-sample t-test on transformed variables).
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Figure 3.
Distribution of sequences by genus. Comparisons between peri-implant communities in
health and disease are shown in 3A, between peri-implantitis and periodontitis associated
communities in #B and between healthy peri-implant and subgingival communities in 3C.
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Figure 4.
Detection frequency and overall abundances of genera in the four groups of samples. The
phylogenetic tree was created using the Interactive Tree of Life (ITOL). (* p<0.05, **
p<0.01, ***p<0.001, Fisher’s exact test).
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