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The goals of this study were to better understand the ecology of oral subgingival communities in
health and periodontitis and elucidate the relationship between inflammation and the subgingival
microbiome. Accordingly, we used 454-pyrosequencing of 16S rRNA gene libraries and quantitative
PCR to characterize the subgingival microbiome of 22 subjects with chronic periodontitis.
Each subject was sampled at two sites with similar periodontal destruction but differing in the
presence of bleeding, a clinical indicator of increased inflammation. Communities in periodontitis
were also compared with those from 10 healthy individuals. In periodontitis, presence of bleeding
was not associated with different a-diversity or with a distinct microbiome, however, bleeding sites
showed higher total bacterial load. In contrast, communities in health and periodontitis largely
differed, with higher diversity and biomass in periodontitis. Shifts in community structure from
health to periodontitis resembled ecological succession, with emergence of newly dominant taxa in
periodontitis without replacement of primary health-associated species. That is, periodontitis
communities had higher proportions of Spirochetes, Synergistetes, Firmicutes and Chloroflexi,
among other taxa, while the proportions of Actinobacteria, particularly Actinomyces, were higher in
health. Total Actinomyces load, however, remained constant from health to periodontitis. Moreover,
an association existed between biomass and community structure in periodontitis, with the
proportion of specific taxa correlating with bacterial load. Our study provides a global-scale
framework for the ecological events in subgingival communities that underline the development of
periodontitis. The association, in periodontitis, between inflammation, community biomass and
community structure and their role in disease progression warrant further investigation.

The ISME Journal (2013) 7, 1016—1025; doi:10.1038/ismej.2012.174; published online 10 January 2013
Subject Category: Microbe-microbe and microbe-host interactions

Keywords: bacterial load; community structure; inflammation; periodontitis; subgingival microbiome

Introduction

Caries and periodontitis, the main oral diseases of
humans are a consequence of alterations in the
ecology of resident microbial communities. The oral
cavity represents an easily accessible niche to study
such community dynamics and the community-host
interactions that result in dysbiosis. Periodontitis
affects the supporting structures of teeth and it is
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characterized by accumulation of bacterial deposits
at the gingival margin with formation of an inflam-
matory infiltrate resulting in destruction of connec-
tive tissue attachment to the tooth, alveolar bone
resorption and tooth loss (Hernandez et al., 2011).
Periodontitis is diagnosed clinically by measuring
the level of attachment of periodontal tissues to the
tooth root, together with radiographic evidence of
bone loss (Armitage, 1995). Apart from determining
the depth of periodontal pockets to measure period-
ontal destruction, clinicians also evaluate whether a
pocket bleeds upon probing as this parameter is
considered the main clinical indicator of period-
ontal inflammation. Presence of bleeding on probing
(BoP) positively correlates with the size of the
inflammatory infiltrate in adjacent gingival tissues
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(Greenstein et al., 1981), with risk for periodontitis
progression (Tanner et al., 2007) and with levels in
gingival exudates of proinflammatory mediators
such as interleukin-1p, interleukin-8 and destruc-
tion markers such as matrix metalloproteinase-8
(Teles et al., 2010).

Decades of investigations have demonstrated that
the microbial communities associated with period-
ontitis differ from those in health (Socransky and
Haffajee, 2005). Studies using DNA-DNA hybridiza-
tion techniques showed that microbial counts for
14 species were generally higher in disease than in
health, with species proportions also differing
between conditions (Socransky et al., 1991).
Culture-based studies and molecular surveys target-
ing specific species, however, offered limited infor-
mation on the total diversity present in the
subgingival environment. A recent molecular survey
performed via pyrosequencing of 16S rRNA gene
amplicons provided a much broader picture of
overall differences in relative abundances of ~700
subgingival species-level taxa, confirming the asso-
ciation of Porphyromonas gingivalis, Treponema
denticola and Tannerella forsythia with period-
ontitis, and revealing new species, among them
Filifactor alocis, strongly associated with disease
(Griffen et al., 2011). This study was conducted in a
USA cohort, with inclusion of smokers in the
periodontitis group. As smoking has been shown
to influence microbiome composition (Shchipkova
et al., 2010), further investigation of differences in
health and periodontitis is necessary in a homo-
geneous population. Moreover, although geography
does not determine overall structure of oral micro-
bial communities, differences in relative abun-
dances of individual taxa exist among locations
around the globe (Nasidze et al., 2009). Further
study of the subgingival microbiome in health and
periodontitis in populations at geographic locations
other than the USA could reveal whether reported
shifts in community structure in periodontitis are
generalizable at a global scale.

Although it is clear that sites with periodontal
destruction harbor a microbiome of distinct struc-
ture, the relationship between the subgingival
microbiome and clinical inflammation is less under-
stood. Previous studies have reported an association
between BoP and certain taxa. For example,
Armitage et al. (1982) detected a positive correlation
between the percentage of Spirochetes and bleeding
tendency, while Socransky et al. (1991) found that
the relative proportion of Prevotella intermedia
positively correlated with BoP. Furthermore, a
comparison of a large number of samples showed
the levels of 15 out of 40 bacterial species to be
higher in sites with BoP (Socransky and Haffajee,
2005). These findings, however, are confounded by
the fact that sites with different degrees of period-
ontal destruction were compared. This is proble-
matic as it is known that the composition of the
subgingival microbiome varies according to probing
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depths possibly because of dissimilar ecological
parameters such as oxygen tension (Loesche et al.,
1983). Therefore, associations between inflamma-
tion and the subgingival microbiome need to be
investigated at ecologically similar niches, that
is, sites with similar amounts of periodontal
destruction.

This study aimed to clarify the relationship
between the subgingival microbiome and clinical
inflammation in periodontitis by comparing the
microbiome composition and microbial load of sites
with a similar amount of periodontal destruction but
differing in the presence of BoP. The subgingival
microbiome of subjects with periodontitis was also
compared with that of healthy subjects to gain a
better in-depth understanding of the ecological
events leading to periodontitis.

Methods

Sample collection from human subjects

Twenty-two subjects with chronic periodontitis and
10 periodontally healthy individuals participated in
this study. Subjects were recruited from the dental
clinic of the School of Dentistry at University
of Chile under an approved protocol. All subjects
were non-smokers. Subjects with periodontitis were
sampled at two non-adjacent tooth sites with a
similar amount of periodontal destruction (probing
depths of 5mm), but differing in the presence of
BoP. Two subgingival plaque samples from sites
without BoP were also collected from healthy
subjects.

DNA isolation, 16S rRNA gene library preparation and
sequencing

DNA was isolated and amplicon libraries of the
16S rRNA gene V1-V2 hypervariable regions
were sequenced using 454 titanium chemistry, as
previously described (Diaz et al., 2012). Sequences
are available at the Short Reads Archive (Accession
number SRA051864).

Quantification of total load for specific genera and
total bacterial load

Total bacterial load was determined via real-time
PCR using universal primers and Fusobacterium
nucleatum ATCC 10953 genomic DNA as a standard.
The total load of Actinomyces, Streptococcus and
Veillonella was determined using genus-specific
primers.

Sequencing data processing

Sequencing data were processed using MOTHUR
(Schloss et al., 2009) and the pipeline of Schloss
et al. (2011), as previously described (Diaz et al.,
2012). Template taxonomies included the RDP
reference dataset and the Human Oral Microbiome
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Database, a curated dataset for oral taxa (Dewhirst
et al., 2010).

Statistical analysis
Clinical and demographic data were compared via
t-tests. Differences in o-diversity were evaluated
using paired t-test for bleeding and non-bleeding
and unpaired t-test for healthy and periodontitis
groups. Significant separation of clusters after
principal coordinate analysis was evaluated via
analysis of molecular variance (Amova) (Excoffier
et al., 1992). Differences in relative abundances of
individual operational taxonomic units (OTUs),
genera and phyla were determined with LEfSe
(Segata et al., 2011), using an alpha value of 0.01
for the Kruskal — Wallis test and a threshold of 2.0
for logarithmic linear discriminant analysis scores.
Differences in taxon prevalence between bleeding
and non-bleeding sites were tested via McNemar
and between health and periodontitis via y*. For
comparison of taxa between health and period-
ontitis, samples originating from the same subject
were averaged and the subject was used as the unit
of analysis. Real-time data were compared between
bleeding and non-bleeding sites using Wilcoxon
Signed Rank test and between healthy and period-
ontitis groups with the Mann — Whitney test. Corre-
lations between relative abundance of taxa and total
bacterial load were calculated by Pearson correla-
tion coefficients after data transformation using the
inverse hyperbolic sine method (Burbidge et al.,
1988). The significance threshold for statistical tests
when comparing individual taxa (McNemar, y” and
Pearson) was adjusted using the Benjamini—
Hochberg false discovery rate method.

Detailed methods appear as Supplementary
material.

Results

Presence of periodontal destruction, but not increased
inflammation (BoP), is associated with higher
a-diversity of subgingival bacterial communities

The demographic and clinical characteristics
of subjects are depicted in Table 1. We used
454-pyrosequencing to analyze 44 samples from
subjects with periodontitis and 17 samples from
healthy individuals. Three samples from the healthy
group did not yield a PCR product. After processing,
our dataset included 179239 sequences with an
average of 3110+ 2279 (range 796—11 224) sequences
per sample and an average sequence length of 263 nt.
We found a total of 750 OTUs across all samples with
a range of 30-194 OTUs present at individual sites.
Richness coverage in individual samples according to
CatchAll ranged from 32.2% — 79.8%.

First, we investigated whether periodontal health
status or increased inflammation at sites with
periodontitis were related to diversity metrics.
A comparison of subgingival communities from
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Table 1 Demographic and clinical characteristics of studied
subjects

Characteristics Periodontitis Health
(n=22) (n=10)
Women (%) 54.5 80.0
Age (years £s.d.) 42.5+3.3 34.1%+5.5
PD (mean *s.d.) 3.0+0.7 1.5+0.1*%
CAL (mean +s.d.) 3.9+£0.9 1.4%0.2%
% sites with BoP (mean +s.d.) 44.5+18.6 4.4+4.3*%
% surfaces with plaque (mean *s.d.) 82.4+9.6 16.1+13.4%
Periodontal diagnosis Chronic severe Periodontal
periodontitis® health

Abbreviations: BoP, bleeding on probing; CAL, clinical attachment
levels; PD, probing depths. CAL and PD were measured in mm and
represent the mean for all sites in the oral cavity of studied subjects.
*P<0.001, YP<0.0001.

“Based on criteria defined by Page and Eke (2007).
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Figure 1 Periodontal destruction, but not increased periodontal
inflammation, is associated with greater a-diversity. (a) shows
community richness (observed and estimated) for subjects with
periodontitis (P) in sites with bleeding (PB) and those without
bleeding (PnB) and for communities from healthy subjects (H). In
(b) evenness of communities was compared, while (c) shows
comparisons of diversity. *indicates a P<0.05. To compare P and
H, communities from bleeding and non-bleeding sites were
combined. a-diversity metrics were calculated after subsampling
to obtain equal number of sequences per library.

bleeding and non-bleeding sites revealed no differ-
ences in o-diversity, while communities from sub-
jects with periodontitis showed higher a-diversity
than those in health (Figure 1).

Presence of periodontal destruction, but not increased
inflammation (BoP), is associated with a shift in the
composition of subgingival communities

Principal coordinate analysis plots depicting dis-
tances among communities based on qualitative
community metrics showed that increased



inflammation at periodontitis sites was not a strong
driver of community composition (Figure 2a and b).
However, healthy communities tended to cluster
apart from periodontitis communities (Amova
P<0.001). Community distance metrics that take
into account structure vyielded similar results
(Amova P<0.001) (Figure 2c and d).

Next, we compared relative abundances and
prevalence of individual taxa between bleeding
and non-bleeding sites of subjects with periodontitis
to investigate whether increased inflammation is
associated with specific changes in the microbiome.
OTU-level analysis showed no statistically signifi-
cant differences in relative abundances and
prevalence of OTUs between bleeding and non-
bleeding sites. Similar analyses performed with
sequence data binned at genus or phylum levels
also revealed no differences. Taken together, these
results confirm that increased inflammation at sites
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with periodontitis is not associated with a distinct
microbiome.

We then investigated, which taxa were responsi-
ble for overall community differences between
health and disease. Analysis of relative abundances
showed 60 significantly different OTUs, 14 of which
were increased in health and 46 in periodontitis
(Supplementary Figure S1). Supplementary Figure
S2 shows the 40 most abundant OTUs in period-
ontitis (A) and health (B). Among the most abundant
OTUs in periodontitis and over-represented with
respect to health were bacterial species classically
associated with this disease such as Treponema
denticola, Tannerella forsythia and Porphyromonas
gingivalis (Socransky et al., 1998). However, a broad
range of taxa beyond these three species are
associated with periodontitis.

Differences in prevalence of individual OTUs
between health and periodontitis were also explored.
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Figure 2 Communities from periodontitis cluster apart from those in health, while bleeding does not drive community clustering.
Graphs are principal coordinate analysis plots based on community membership metrics [(a) is based on unweighted UNIFRAC and
(b) on the Jaccard Index] or community structure metrics [(c) is based on weighted UNIFRAC, while (d) is based on the 0y¢ distance].
Communities from healthy subjects appear in green. For the periodontitis group, communities from sites with BoP appear in red, while

communities from sites without BoP appear in blue.
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We found 102 OTUs with significantly different
prevalence, 41 of which were more frequently detected
in health and 61 in periodontitis (Supplementary
Figure S3). Supplementary Figure S4 shows the most
prevalent OTUs under each condition.

Analyses at the genus level showed four genera
with increased relative abundance in health and 25
with higher relative abundance in periodontitis
(Supplementary Figure S5). These results largely
agreed with OTU analysis, showing Treponema as
the genus over-represented in periodontitis with the
highest linear discriminant analysis score, while
Rothia showed the highest effect size from the
genera over-represented in health, closely followed
by Actinomyces. Supplementary Figure S6 depicts
the most abundant genera in periodontitis and
health, illustrating the change in Treponema from
a mean relative abundance of ~1% in health to
~20% of sequence reads in periodontitis, becoming
the most abundant genus. Rothia and Actinomyces
displayed an opposite behavior dominating commu-
nities in health and dramatically decreasing their
abundance in periodontitis.

Prevalence analysis at the genus level showed 36
genera as significant, with 32 genera more fre-
quently detected in periodontitis and 4 in health
(Supplementary Figure S7). Most genera, however,
were detected under both conditions, with the
exception of Eubacterium (11)(G-5), Peptostrepto-
coccaceae(13)(G-1), Bacteroidetes (G-6), Bacteroi-
detes (G-5) and Sneathia, which were only
detected in periodontitis. Supplementary Figure S8
shows the most prevalent genera in health and
disease, indicating that the shift in communities is
mainly due to an increase in frequency of detection
of genera in periodontitis.

Supplementary Figure S9 shows phylum level
results. Periodontitis communities were character-
ized by increased relative abundance of Firmicutes,
Spirochetes, Synergistetes and Chloroflexi, while
healthy communities were characterized by
increased relative abundance of Actinobacteria.
Spirochetes, Synergistetes and Chloroflexi were also
more prevalent in periodontitis.

Quantification of total load for specific genera in
health and periodontitis

As 454-pyrosequencing only reveals relative propor-
tions of species, we also used quantitative real-time
PCR to investigate total load for selected, highly
prevalent genera to better understand changes in the
subgingival microbiome from health to disease.
Supplementary Figure S10 shows that although the
relative abundance of Actinomyces decreased from
health to disease (Supplementary Figures S5 and
S6), its total load did not change between the two
states. This finding suggests that, changes in relative
abundance of this genus in periodontitis are due to
an increase in biomass of other community members
rather than a loss of Actinomyces total biomass. In
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contrast, genera with equal relative abundance in
health and disease, such as Streptococcus and
Veillonella (Supplementary Figures S5 and S6),
showed an increase in total abundance from health
to periodontitis (Supplementary Figure S10), which
confirms that although these genera are not specifi-
cally associated with periodontitis, their load
increases as the disease develops.

Defining the core subgingival microbiome in health and
periodontitis

Our next goal was to develop a model framework for
changes in the subgingival microbiome from health
to disease. Despite high inter-individual variability,
we found some OTUs present in most subjects,
representing the core subgingival microbiome, that
is, taxa best adapted to the living conditions of the
subgingival environment. Some of these highly
prevalent OTUs were preferentially associated with
health or periodontitis, while some others were
equally prevalent and abundant under both condi-
tions (Figure 3). The core subgingival OTUs were
defined as those present in a majority of subjects,
with equal prevalence and relative abundance in
health or disease (Figure 3, gray shapes). Two OTUs
closely related to F. nucleatum were the most
abundant core members, while 11 other OTUs were
less abundant but present in most subjects regard-
less of the health status of the site. We then
identified those OTUs present in the majority of
subjects in health and appearing at increased
prevalence and relative abundance compared with
disease (Figure 3, green shapes). The health-asso-
ciated OTUs included five Actinomyces spp., a
Streptococcus spp. closely related to Streptococcus
sanguinis, two Proteobacteria and a Porphyromonas
spp. closely related to Porphyromonas catoniae.
Thus, the core subgingival microbiome in health are
the health-associated OTUs (green shapes) and the
core subgingival OTUs (gray shapes). It is worth
noting that an OTU closely related to Rothia
dentocariosa was found to numerically dominate
the  health-associated communities showing
increased abundance in health and therefore it is
depicted in the inner green shape in Figure 3. This
OTU, however, could also be considered a subgingi-
val core species as its prevalence was similar in
health and disease.

Red shapes in Figure 3 show OTUs that appeared
in a majority of samples from periodontitis subjects
and had higher prevalence and abundance than in
health. Among these, three Treponema spp. and an
OTU from the phylum TM7 numerically dominated
the communities. However, a phylogenetically
diverse range of taxa were also associated with
periodontitis and present in most subjects, includ-
ing other Treponema spp., TM7 spp., several
Bacteroidetes, Synergistetes, one Chloroflexi and a
great number of OTUs from the Clostridia class of
the phylum Firmicutes. The core subgingival
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Figure 3 The core subgingival microbiome in health and periodontitis. OTUs that are part of the core microbiome were first defined as
those present in at least 50% of subjects in both the healthy and periodontitis groups (gray), in at least 50% of healthy subjects (green) or
in at least 50% of subjects with periodontitis (red). Prevalence and relative abundance data were used for further filtering. OTUs in gray
represent the core subgingval OTUs, present at equal prevalence and relative abundance in health and periodontitis. OTUs in green
represent the core health-associated species, appearing at increased prevalence and relative abundance in health compared to disease.
OTUs in red represent the core periodontitis-associated species, present at increased prevalence and relative abundance in periodontitis
compared to health. Inner circles labeled with 1, contain highly prevalent and highly abundant OTUs, that is, present in at least 2/3 of
samples from each group (core, health or periodontitis) and numerically dominant with a mean relative abundance of >2% of total
sequences. Middle circles labeled with 2 contain OTUs highly prevalent but present in low abundance, that is present in at least 2/3 of
samples from the specific group but with a mean relative abundance of <2% of total sequences. Outer circles labeled with 3 contain
OTUs moderately prevalent and present in low abundance, that is OTUs present in 1/2 to 2/3 of samples from each group and with a

mean relative abundance of <2% of total sequences.

microbiome in periodontitis are thus the OTUs in
red shapes plus the core OTUs appearing in gray
shapes in Figure 3.

Core species could be considered those capable of
a cosmopolitan lifestyle in the subgingival environ-
ment. However, we also observed endemic OTUs
appearing in only a few samples, some of which
numerically dominated a particular community
(at least 5% of sequence reads). These endemic
but locally abundant OTUs are depicted in
Supplementary Figure S11. Although these OTUs
were not widespread (present in less than 25% of
samples), particular assembly rules may have
allowed them to thrive locally.

Increased inflammation at sites with periodontal
destruction is associated with higher bacterial load
Next, the relationship between increased inflamma-
tion in periodontitis, as evidenced by BoP, and
subgingival bacterial load was investigated.
We found higher number of 16S rRNA gene copies
in bleeding than in non-bleeding sites (Figure 4a).
Additionally, as expected from previous reports

(Moore and Moore, 1994; Socransky and Haffajee,
2005), communities in periodontitis had higher
bacterial load than those in health.

Possible correlations between bacterial load and
relative abundance of individual taxa within period-
ontitis samples were then evaluated to understand
differences in structure of communities with high or
low biomass. This analysis showed that the relative
abundance of Actinomyces, a health-associated
genus, and that of the periodontitis-associated
genera Tannerella and Johnsonella negatively corre-
lated with bacterial load (Figure 4b). These findings
were also consistent at an OTU-level, where we
found a negative correlation between bacterial load
and the relative abundance of the known period-
ontal pathogen Tannerella forsythia and that
of an uncultured Jonhsonella spp. (Figure 4b), both
previously shown to be periodontitis-associated
(Supplementary Figure S1). Interestingly, other
genera associated with periodontitis such as
Filifactor, Porphyromonas, Synergistetes (G-3) and
Peptostreptococcaceae (11)(G-4) also showed a
trend for a negative correlation with total bacterial
load in periodontitis samples (data not shown).
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Figure 4c shows taxa that positively correlated with
bacterial load, which included the periodontitis-
associated genus TM7(G-5) and Atopobium, a genus
that did not differ between health and disease.
These data suggest that the productivity of sub-
gingival communities is related to community

structure. Moreover, high levels of some
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periodontitis-associated microorganisms are not
necessarily an indication of greater community
biomass, which suggests that their presence in low
abundance may actually ensure higher community
productivity than when they are dominant commu-
nity members.

Discussion

Periodontitis is caused by ecological disturbances in
subgingival communities (Marsh et al., 2011; Diaz,
2012). In this study, we confirmed previous reports
finding higher total bacterial load and richness
in periodontitis (Socransky et al., 1991; Griffen
et al., 2011). Moreover, periodontitis is also asso-
ciated with increased evenness and thus contrasts
with other mucosal diseases of the gastrointestinal
tract, such as inflammatory bowel disease, in which
dysbiosis is associated with a decrease in bacterial
diversity (Walker et al., 2011).

Our findings suggest that periodontitis commu-
nities result mostly from ecological shifts in com-
munity structure, rather than shifts in membership.
Despite differences in frequency of detection of taxa
between health and periodontitis, most disease-
associated taxa were also present in health, albeit
detected in a small number of samples and in
low proportion. Conversely, most health-associated
taxa were commonly seen in periodontitis (Supple-
mentary Figures S3, S4, S7 and S8). As detection of
a taxon is dependent on its abundance and sampling
effort, it is likely that deeper sampling would have
increased the membership resemblance of health
and periodontitis communities. However, a great
number of sequences (~100-fold more than those
obtained) would have been necessary to cover all
richness, particularly in the unevenly distributed
health-associated communities (Diaz et al., 2012). It
is then likely that the ecological shifts from health to
periodontitis are a consequence of the rise of low-
abundance community members as dominant spe-
cies, rather than a result of the disappearance of
health-associated species. Measurements of total
load for specific genera also support this concept.
For example, the load of health-associated

<

Figure 4 Bacterial load is higher in periodontitis than in health,
is also higher in bleeding than in non-bleeding sites and
correlates with the relative abundance of specific taxa within
periodontitis samples. (a) shows bacterial load measurements in
periodontitis (P) in sites with bleeding (PB) or without bleeding
(PnB) and in health (H). *indicates a P<0.05. To compare P and
H, communities from bleeding and non-bleeding sites were
combined. (b) shows taxa from periodontitis communities that
showed a significant negative correlation between their relative
abundance and bacterial load, while (c) shows taxa from period-
ontitis communities with a significant positive correlation
between their relative abundance and bacterial load. Relative
abundance (%) and bacterial load (number of 16S rRNA copies)
data were transformed (see methods).




Actinomyces did not change from health to disease,
while that of Streptococcus and Veillonella, neither
health- nor disease-associated, increased in unison
with overall community biomass. These findings are
consistent with the concept of microbial succession
events as drivers of the maturation of communities
with pathogenic potential. Ecological succession,
however, is not experienced as replacement
of primary species, but rather as the emergence of
newly dominant community members as biomass
accumulates.

This study revealed a broad range of taxa present
in health and disease providing a global-scale view
of subgingival microbial communities. Some of our
results agree with Griffen et al. (2011), the only
published study to date comparing the subgingival
microbiome in health and disease using 454-pyr-
osequencing. For example, both studies found
similar number of species/OTUs in the subgingival
environment, despite different methods used for
classification and clustering of sequences. More-
over, in both studies, Fusobacterium and Treponema
were among the most abundant subgingival genera
and the phyla Spirochetes and Synergistetes were
increased in periodontitis. Griffen et al. (2011),
however, found Bacteroidetes at increased abun-
dance in periodontitis, reporting high proportions of
periodontitis-associated Prevotella, while we found
lower Prevotella abundance, unchanged between
groups. This discrepancy could be explained by
geographic variability (Chile vs USA) or by differ-
ences in the depths of the pockets sampled, as the
proportion of certain Prevotella spp. has been shown
to increase in deeper pockets (with probing depths
>6mm), which were not part of our sampling
strategy (Socransky et al., 1991). We also evaluated
if variability in Prevotella detection could be due to
primer bias as our reverse primer differed from that
used by Griffen et al. (2011). This is unlikely,
however, as Prevotella denticola, the most abundant
periodontitis-associated Prevotella in Griffen et al.
(2011), does not have any mismatches with our
reverse primer. Discrepancies in relative abundance
of other phyla between the two studies were also
observed. For instance, contrary to Griffen et al.
(2011), we observed Firmicutes as increased in
periodontitis, finding Clostridia increased in period-
ontitis, but the class Bacilli unchanged between
groups, with the genus Streptococcus, the most
abundant Bacilli, equally represented in health
and disease. Interestingly, in our study, some
Streptococcus OTUs such as Streptococcus
sanguinis were increased in health, sequences
related to Streptococcus mitis remained unchanged,
whereas Streptococcus constellatus and an uncul-
tured Streptococcus sp. (OT 071) were associated
with disease. Physiologic differences that could
explain such heterogeneity in niches occupied by
streptococci are not currently known. Major differ-
ences between Griffen et al. (2011) and our study
were also observed for health-associated phyla.
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Although our study shows Actinobacteria strongly
associated with health, Griffen et al. (2011) reports
Proteobacteria as the only health-associated phy-
lum. These discrepancies could be explained by
increased detection in our study of Actinomyces and
Rothia, possibly due to the use of curettes as a
sampling method, while Griffen et al. (2011) utilized
paper points, which only allow passive transloca-
tion of plaque material and fluid into the sampling
device. The paper point sampling method is thus
likely to represent only the outer biofilm micro-
organisms, undersampling initial colonizers present
in the inner biofilm mass attached to the root surface
(Zijnge et al., 2010). Moreover, our study did not
find Proteobacteria to differ between health and
disease and we did not obtain any sequences from
Proteobacteria such as Moraxella, found in great
abundance in health by Griffen et al. (2011).
Variability in detection of Moraxella could be
explained by population differences, as a recent
study that sequenced the V3-V5 region of the 16S
rRNA gene in a large North American cohort also
found it to be abundant in subgingival plaque of
healthy subjects (The Human Microbiome Project
(HMP) Consortium, 2012). In conclusion, a distinct
microbiome was shown to exist in periodontitis by
both Griffen et al. (2011) and our study. Future
studies, however should reconcile differences by
evaluating the subgingival microbiome at locations
around the globe using comparable sampling and
sequencing methods.

This study also defined the core microbiome
associated with periodontal health and disease.
Despite the small size of the control group, this
initial characterization provides a starting point for
future comparisons and will facilitate investigations
into the function of subgingival communities,
allowing researchers to focus on the microorganisms
most commonly found in human hosts. Further-
more, we highlight abundant OTUs that do not
change from health to disease (core sp. in Figure 3).
These OTUs may have important roles in subgingi-
val communities providing structural support,
as suggested for Fusobacterium nucleatum
(Kolenbrander et al., 2006), serving as metabolic
cornestones or perhaps directing health to disease
transitions. Among the species associated with
periodontitis, the dominance of Spirochetes requires
further attention. Spirochetes may benefit from
interactions with other community members and
thus autogenic succession may be responsible for
their dominance. Indeed, Treponema denticola
benefits from succinate produced by Porphyromo-
nas gingivalis (Grenier, 1992), however the nutri-
tional requirements of other Treponema spp.
remain for the most part uncharacterized. Our
study also highlights the urgency to develop
appropriate cultivation technologies for core dis-
ease-associated taxa from the phylum TM7, which
are understudied due to unrecognized metabolic
requirements.
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This study also demonstrates that in periodontitis,
clinical evidence of increased inflammation is
not associated with a distinct microbiome, but
rather corresponds with higher community biomass.
Thus, our data do not support previous studies
indicating that specific microorganisms are asso-
ciated with bleeding in established periodontal
lesions (Armitage et al., 1982; Socransky et al.,
1991). Increased inflammation associated with dis-
ease progression may then be the result of disrup-
tion of host homeostasis due to an overall greater
bacterial challenge. We acknowledge, however, that
the cross-sectional nature of this study does not
allow the conclusion that increased inflammation is
the result of higher bacterial load. Indeed, the
relationship between these two factors may be
dynamic and reciprocal. Higher microbial load
may represent a greater challenge to the host, which
responds with increased inflammation, which in
turn results in increased biomass via greater supply
of host-derived nutrients. Future investigations
using in vivo and in vitro models should therefore
evaluate the role of inflammation and specific host-
derived molecules as modulators of community
biomass and conversely, the role of increased
biomass, rather than levels of specific microorgan-
isms, in the pathophysiology of periodontitis pro-
gression. Moreover, when interpreting these results
it is important to take into account that although
sampling via curettes is the best available method to
obtain subgingival plaque, it is not completely
standardized. The large differences in biomass
observed between health and periodontitis are
consistent with previous findings (Moore and
Moore, 1994; Socransky and Haffajee, 2005), how-
ever, confirmation of the smaller differences
observed in bacterial load between bleeding and
non-bleeding sites in a larger cohort could further
support our results.

Despite the above-mentioned limitations, we
found interesting that in periodontitis-associated
communities, the relative abundance of certain taxa
correlated with community biomass. Although it
appeared logical that Actinomyces, a prominent
genus in health, negatively correlated with micro-
bial load in periodontitis, it was unexpected to find
lower proportions of periodontitis-associated taxa
when microbial load was high. Recent studies in
mice demonstrated that, low-levels of colonization
by periodontitis-associated microorganisms such as
Porphyromonas gingivalis are sufficient to dysregu-
late innate immunity pathways, facilitate an
increase in overall community biomass and trigger
periodontal destruction (Hajishengallis et al., 2011).
Indeed, in the current study, Porphyromonas
was among the genera showing a trend negative
correlation with bacterial load in periodontitis.
Therefore, it seems possible that certain period-
ontitis-associated microorganisms may contribute
more effectively to an overall increase in community
biomass by existing in low abundance, as the growth
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capacity of the community may be the result of a
delicate ecological balance between mutualistic and
antagonistic interactions among its members.

In conclusion, we characterized the subgingival
microbiome in health and periodontitis providing a
comprehensive view of the ecological shifts asso-
ciated with this disease. Our study suggests that
periodontitis communities are the result of micro-
bial succession characterized by emergence of newly
abundant taxa concurrent with an increase in
bacterial biomass. Furthermore, we demonstrate
that in periodontitis, a distinct microbiome signa-
ture does not exist for sites with BoP, a sign of
increased inflammation. Despite limitations in
obtaining fully standardized subgingival samples,
we observed that communities from bleeding sites
exhibited higher bacterial load than communities
from non-bleeding sites and we found a possible
relationship between community productivity and
microbiome structure, as bacterial load in period-
ontitis communities correlated with the relative
proportion of certain taxa. Our results warrant
further investigations regarding the role of increased
overall community biomass as the possible trigger
for increased periodontal inflammation and the
relationship between biomass, community produc-
tivity and the proportion of taxa within the highly
diverse bacterial communities associated with
periodontitis.
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