
The oral cavity is a highly diverse ecosys-
tem with up to 600 different microbial
species colonizing the many different
habitats. Colonization of the oral cavity
begins as early as birth during the passage
of the newborn through the birthing canal.
Initially the oral microbiota is relatively
simple in composition. However, a major
ecological differentiation of the microbiota
occurs with the eruption of the teeth,
which present non-shedding surfaces onto
which bacteria can adhere, leading to the
formation of the dental plaque biofilm. The
presence of the teeth differentiates the oral
cavity from other sites of the body. Dental
plaque is a complex and organized

community of microorganisms that can
potentially cooperate and communicate
with each other leading to the creation of
conditions conducive to the survival of
more fastidious bacterial species. More-
over, it has been demonstrated that the
bacteria colonizing one oral habitat can
‘translocate’ to other habitats of the oral
cavity (25, 29).
Bacteria found in plaque biofilms are

responsible for the aetiology of the two
major oral diseases that can ultimately lead
to tooth loss: caries and periodontitis. The
association of specific pathogenic species
with these diseases is the cornerstone of
the specific plaque theory. Streptococcus

mutans, Streptococcus sobrinus and Lac-
tobacillus acidophilus among others, have
been associated with the initiation of
dental caries whereas suspected periodon-
tal pathogens include Aggregatibacter
actinomycetemcomitans, Porphyromonas
gingivalis, Tannerella forsythia and Trep-
onema denticola. These species are, for the
most part, indigenous to the oral cavity,
but when these pathogens initially colonize
the oral cavity is unclear. Knowledge of
the early oral colonization patterns could
provide a better understanding of oral
biofilm development and disease initiation,
which in turn could be the basis for early
preventive programmes.
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Introduction: Knowledge of the early oral colonization patterns could provide
a better understanding of oral biofilm development and disease initiation that in turn
could be the basis for early preventive programmes.
Methods: Microbial samples were collected from five different oral habitats from a
total of 93 children (age 3–12 years), attending the Dental School of the University
of Athens, who were split into three age groups. A total of 38 microbial species were
sought out by the checkerboard DNA–DNA hybridization technique.
Results: All of the test species, except Parvimonas micra and Porphyromonas
gingivalis, differed significantly among sample locations providing quite distinct
microbial profiles for the different oral surfaces. Supragingival and subgingival plaque
had similar profiles and exhibited higher proportions of Actinomyces species and Green
complex while soft tissue samples were dominated by streptococci of the Yellow
complex. The profiles of the tongue dorsum and saliva were also similar. Many of the
species were in similar proportions in all three age groups for a given location.
Periodontal pathogens showed increases in proportions with increasing age. Specifically,
the Red complex species (Tannerella forsythia, P. gingivalis, Treponema denticola)
showed a significant increase in proportion with age (P < 0.05) in all sample locations.
Conclusions: The results showed a pattern of colonization in children similar to that
previously found in adults. Differences in the profile between age groups suggest a
gradual maturation of the oral microbiota, with it being made up of an increasing number
of Orange and Red complex species.
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The purpose of the present study was to
examine the bacterial composition of oral
plaque biofilms sampled from five differ-
ent oral habitats in three different age
groups of Greek schoolchildren using
checkerboard DNA–DNA hybridization
(38).

Materials and methods

Study population

A total of 93 children (age 3–12 years),
attending the Dental School of the Uni-
versity of Athens, were selected for the
present study. Subjects were in good
general health and were not undergoing
treatment for systemic or oral diseases
(including antibiotic use or prophylactic
dental cleaning in the previous 3 months)
that may alter the oral microbiota or
immune response. Additionally, the chil-
dren showed no clinical signs of periodon-
titis as determined by no pockets or
attachment loss > 3 mm. Subjects were
recruited consecutively and divided into
three groups based on age and dentition,
with each group comprising 31 children
(Table 1). Approval for the study was
given by the Committee for Ethics and
Research of the Athens Dental School, in
accordance with the Helsinki Declaration.
Parental informed consent was obtained
for all children included in the study.

Clinical examination

The children were clinically examined in
the dental clinic by one investigator.
Measurements included the simplified
Plaque Index (23), where the presence of
plaque was assessed on all tooth surfaces
to determine the level of oral hygiene, and
the Gingival Index simplified (14), to
determine gingival inflammation. Microbi-
ological sampling was performed after the
Plaque Index measurements and before the
Gingival Index measurements.

Microbial sampling

Saliva sample

Each child expectorated whole unstimu-
lated saliva into a sterile Petri dish. A 0.2-
ml aliquot of the saliva was vortexed with
0.15 ml sterile, filtered Tris–HCl/ethylen-
ediaminetetraacetic acid (EDTA) buffer
(TE: 10 mm Tris–HCl, 1 mm EDTA, pH
7.6). A 0.2-ml sample of this mixture was
then taken and placed into an Eppendorf
tube and 0.1 ml of 0.5 m NaOH was
added.

Subgingival plaque sample

Samples of the subgingival plaque were
collected separately from either one of the
second primary molars of the younger
patients, or from one of the first permanent
molars of the children older than 5 years
with a mixed dentition. After removal of
supragingival plaque, the sample teeth
were isolated, dried and subgingival pla-
que samples were taken from the mesial–
buccal aspect using sterile curettes. Each
sample was placed into an individual
Eppendorf tube containing 0.15 ml TE
buffer to which 0.1 ml of 0.5 m NaOH
was then added.

Tongue sample

Samples were taken from the tongue
dorsum using a MasterAmpTM buccal
swab brush (Epicentre Technologies, Mad-
ison, WI). One square centimetre of the
centre of the dorsum of the tongue was
brushed for 5 s for each child. The brush
was swirled, to remove adhering bacteria,
in an individual Eppendorf tube containing
0.15 ml TE buffer; 0.1 ml of 0.5 m NaOH
was added to the solution.

Soft tissue sample

Samples from the soft tissues were
obtained using a MasterAmp buccal swab
brush. The areas that were swabbed were
the buccal mucosa, the hard palate, the
anterior vestibule and the mucosa of the
maxillary and mandibular lips (17). The
pooled sample was placed into an individ-
ual Eppendorf tube containing 0.15 ml TE
buffer to which 0.1 ml of 0.5 m NaOH
was then added.

Total supragingival plaque sample

Supragingival plaque was collected by
swabbing all the erupted teeth with a
MasterAmp buccal swab brush. The pla-
que from the swab brush was removed by

washing, and diluting, in a tube with
1.5 ml TE buffer. From this, 0.2 ml of
the solution was removed and placed into
an individual Eppendorf tube and 0.1 ml
of 0.5 m NaOH was added.
All samples were stored at )60�C until

transportation to The Forsyth Institute
(Boston, MA) for microbiological assess-
ment using a modification of the checker-
board DNA–DNA hybridization technique
(6). Thirty-eight microbial species were
sought in each sample.

Microbiological assessment

Briefly, the samples were lysed and the
DNA was placed in lanes on a nylon
membrane using a Minislot device (Im-
munetics, Cambridge, MA). After fixation
of the DNA to the membrane, the mem-
brane was placed in a Miniblotter 45
(Immunetics) with the lanes of DNA at
90� to the lanes of the device. Digoxige-
nin-labelled whole genomic DNA probes
to 38 bacterial species were hybridized in
individual lanes of the Miniblotter. After
hybridization, the DNA probes presented
the target DNA using chemifluorescence
detection. A computer-linked instrument
read the intensity of the fluorescent signals
resulting from the probe–target hybridiza-
tion. Two lanes in each run contained
standards at concentrations of 105 and 106

cells of each species. The sensitivity of the
assay was adjusted to permit the detection
of 104 cells of a given species by adjusting
the concentration of each DNA probe.
Signals evaluated were converted to abso-
lute counts by comparison with the stan-
dards on the same membrane. Failure to
detect a signal was recorded as zero (6).

Statistical analysis

Data available for all subjects were the
counts of 38 bacterial species from five
different oral habitats in each of 93
children. In addition, the mean proportion
(percentage of the DNA probe count) that
each species comprised of the total DNA
probe count at each sample location was
computed. The significance of differences
among mean counts and proportions for
each species among sample locations was
determined using the Kruskal–Wallis test
and adjusted for multiple comparisons
(37). Subjects were subset into three age
groups: 3–6, >6–9 and >9–12 years. The
significance of differences in the propor-
tions of the test species among the three
age groups was determined using the
Kruskal–Wallis test. Cluster analysis was
performed using the species proportions at

Table 1. Characteristics of the three groups of
children

Age group (yrs)
Range (yrs)
Mean age (yrs)

Type of
dentition

Number
(boys/girls)

GR1 3–6
2.83–6.24
5.07

Primary 31 (18/13)

GR2 >6–9
6.50–9.00
7.80

Early
mixed

31 (20/11)

GR3 >9–12
9.25–12.43
10.68

Mixed 31 (18/13)
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the different sample locations in the 93
subjects. Similarities were computed using
the minimum similarity coefficient (36)
and sorted using an average unweighted
linkage sort (35). The Kruskal–Wallis test
was performed to examine the differences
among the three age groups for the clinical
data (the simplified Plaque and Gingival
Indices). Level of significance was set at
P = 0.05.

Results

Clinical findings

There was a significant reduction
(P = 0.002) in oral cleanliness, as deter-
mined by the simplified plaque index, with
increasing age (Fig. 1) that was accompa-
nied by a significant increase (P < 0.001)
in gingival inflammation (Fig. 2).

Bacterial profile of oral habitats

Overall, mean total DNA probe counts
differed significantly among sample loca-
tions. The highest mean counts of bacteria
were detected in samples from supragin-
gival plaque (mean ± SD · 105: 220.6 ±
107.7) and the tongue dorsum
(mean ± SD · 105: 216.8 ± 76.7) and the
lowest counts were found on the soft
tissues (mean ± SD · 105: 61.7 ± 40.0).
Furthermore, each of the test species
examined differed significantly among
sample locations (data not shown). Fig. 3
presents the mean proportions of each of
the test species at the five different sample
locations. All of the test species, with the
exception of Parvimonas micra (previ-
ously Peptostreptococcus micros) and
P. gingivalis differed significantly among
sample locations providing quite distinct
microbial profiles for the different oral
surfaces. Supragingival and subgingival
plaque, derived from the non-shedding
teeth, had similar profiles and exhibited
higher proportions of Actinomyces species
and Green complex species compared with

the other sample locations. The soft tissue
samples were dominated by streptococci of
the Yellow complex, particularly Strepto-
coccus mitis (18.7%) and Streptococcus
oralis (9.5%) as well as Streptococcus
salivarius (9.5%). The profiles of the
tongue dorsum and saliva were also similar
and were characterized by high propor-
tions of Prevotella melaninogenica (5.7%
and 5.6%, respectively) and S. salivarius
(10.9% and 10.7%, respectively). Not
surprisingly, the periodontal pathogens of
the Red complex were found at very low
counts and proportions at all sample
locations. The presence of A. actinomyce-
temcomitans in all children, albeit in low
numbers and proportions, was noteworthy.
Cluster analysis of the species proportions
confirmed the similarity between certain
microbial profiles as indicated above
(Fig. 4). The supragingival and subgingi-
val profiles clustered with >80% similarity
and the tongue and saliva profiles clustered
with >90% similarily. The soft tissue
profile appeared to be distinct from the
teeth, tongue and saliva profiles.

Effect of age on bacterial profiles

Fig. 5 presents the proportion of the test
species at each sample location in children
subset into the three age/dentition groups.
Many of the species were in similar
proportions in all three age groups for a
given location. However, several species
showed changes in proportions with age
(Fig. 5). The Actinomyces species, partic-
ularly Actinomyces israelii and Actinomy-
ces naeslundii genospecies 1, showed
increased proportions with age at the
supragingival, saliva and tongue locations.
For example, the proportions of A. israelii
in the three age groups were 1.4%, 1.9%
and 2.2%, respectively, with the overall
difference among groups being significant
as well as between age groups 1 and 2
using a protected least squares significant
difference (LSD). The streptococci also

increased in proportion with age at most
sample locations, particularly Streptococ-
cus gordonii and Streptococcus sanguinis.
Suspected periodontal pathogens also

showed increases in proportions with
increasing age. Campylobacter showae, a
member of the Orange complex showed a
significant increase with age both supra-
gingivally and subgingivally, particularly
between age groups 2 and 3. Overall,
across all sample locations, the Red com-
plex species (T. forsythia, P. gingivalis,
T. denticola) as a group showed a signif-
icant increase in proportion with age
(P < 0.05). Specifically, P. gingivalis and
T. denticola demonstrated a clear tendency
for an increase in proportions for the five
habitats, although these increases were not
significant except for P. gingivalis in the
tongue samples (Fig. 6). T. forsythia
showed less change among the three age
groups, and its levels remained around 1%
of the total microbiota.
Table 2 presents the detection frequen-

cies of putative periodontopathic species in
the different age groups. P. gingivalis
showed a higher dissemination in the oral
cavity (i.e. more positive habitats) in the
older age groups. However, the percent-
ages and numbers of several of the other
bacteria remained low, although there was
a tendency for an increase with age.

Discussion

The aim of this study was to examine the
oral microbiota at five distinct oral loca-
tions in healthy Greek children in different
age groups. The samples examined
included those from the gingival crevice,
supragingival plaque, the tongue dorsum,
other soft tissue surfaces and saliva. The
microbial composition of the microbiota in
the biofilm samples from these locations
was examined using whole genomic
probes to 38 species and the checkerboard
DNA–DNA hybridization technique. The
composition of the oral microbiota was
determined for three different age groups
to examine the effect of age and changes in
the dental condition on the selected group
of microorganisms.
The healthy children of the current

investigation present an interesting group
of subjects in whom to examine the
composition of the oral microbiota because
they had not experienced significant levels
of oral diseases. However, the age groups
examined in the present study have had
time to develop a stable oral ecosystem.
The subjects showed a decline in the level
of oral hygiene as age increased with
a concomitant increase in gingival
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Fig. 1. Mean simplified Plaque Index (s-PlI)
according to age group. Differences among the
three groups were found to be significant at
P = 0.002 (Kruskal–Wallis test).
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found the differences over the three groups to be
significant (P < 0.001).
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inflammation, both of which were found to
be significant. However, this increase in
plaque levels and inflammation did not
lead to any significant periodontal disease.
The microbiological results showed that

there were major differences in the com-
position of the microbiota on the different
surfaces sampled. The soft tissue samples
were dominated by streptococci. These
species were also found at higher concen-
trations in the saliva and tongue samples
compared to the tooth-associated samples.
These findings are in agreement with
previous studies that also found S. mitis,
S. oralis and S. salivarius as the predom-
inant species in saliva and soft tissue
samples from children (16, 34). Moreover,

S. salivarius has been found to be one of
the primary early colonizers of the oral
cavity (5, 34).
Unlike the soft tissues, which are con-

stantly shedding the superficial cell layers,
the hard tissues offer non-shedding sur-
faces that allow the development of more
complex and mature biofilms. Actinomyces
species were found in higher concentra-
tions in both supragingival and subgingi-
val samples compared to the soft tissues
and saliva. This is in agreement with
results from adult subjects (17). It was
generally seen that there was an increase in
species that form a bridge between the
initial, or early, colonizers and the late
colonizers. Early colonizers are primarily
the streptococci that are unique in their
abilities to coaggregate bacteria of the
same genus as well as species of other
genera (9, 10). Species in the genus
Fusobacterium, which were found com-
monly in both supragingival and subgin-
gival samples, act as bridging species
between early and late colonizers (9–11,
44). Moreover, Fusobacterium nucleatum
subspecies have an ability to adhere to
mammalian cells, such as fibroblasts and
epithelial cells, which can explain their
presence in higher numbers on the tongue.
F. nucleatum has been found in the oral
cavities of infants during their first year of
life, even before the eruption of teeth (12).

Although it is present in periodontally
healthy subjects, its presence in higher
numbers has been associated with peri-
odontal disease (19). In the current study,
levels of Red complex pathogens, P. gin-
givalis, T. forsythia and T. denticola,
remained very low, with values around or
lower than 1% of the total microbiota, for
all age groups and all habitats. Neverthe-
less, a slight shift towards the more
pathogenic complexes in the subgingival
region, especially in the older children,
was observed especially for P. gingivalis
and T. denticola, although these differ-
ences did not reach significant levels
(Fig. 6).
Cluster analysis of species proportions

revealed similarities between the microbial
profiles of supragingival and subgingival
biofilms at >80%, and between the tongue
dorsum and saliva samples at >90%. This
is in agreement with the results from adults
(17). However, the level of similarity
between the hard tissue profiles and those
of the tongue dorsum and saliva was
relatively high at over 75%. This would
seem to support the use of samples from
saliva or the tongue as being fairly repre-
sentative of the oral microbiota. Indeed,
saliva has been used to detect and estimate
the oral levels of both periodontopathic
(18, 24, 42) as well as cariogenic bacteria
(15). The importance of the tongue as a
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reservoir of microorganisms, especially
periodontopathic bacteria, should not be
overlooked when attempting to reduce the
oral bacterial load (4). Moreover, during

the last decade the importance of the
tongue and its complex microbiota in the
aetiology and treatment of halitosis has
generated great interest (30, 31).

The detection frequencies of the perio-
dontopathogens in the children in the
current study were high in the majority
of the oral habitats. This is not a common
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Table 2. Percentage of patients, according to total number of sites (five habitats sampled), positive for specific putative periodontopathogens in each age
group (n = 31 per group)

Habitats

Age group 1 (3–6) Age group 2 (>6–9) Age group 3 (>9–12)

Number of positive habitats Number of positive habitats Number of positive habitats

5 4 3 2 5 4 3 2 5 4 3 2 1

Aggregatibacter
actinomycetemcomitans

87.1 12.9 – – 93.5 6.5 – – 90.3 6.5 3.2 – –

Tannerella forsythia 58.1 22.6 12.9 6.5 51.6 38.7 9.7 – 45.2 25.8 22.6 6.5 –
Porphyromonas gingivalis 48.4 25.8 19.4 6.5 61.3 22.6 12.9 3.2 67.7 12.9 19.4 – –
Treponema denticola 71.0 19.4 6.5 3.2 74.2 22.6 3.2 – 64.5 19.4 16.1 – –
Prevotella intermedia 93.6 6.5 – – 96.8 3.2 – – 77.4 226 – – –
Parvimonas micra 96.8 3.2 – – 87.1 12.9 – – 93.5 6.5 – – –
Campylobacter rectus 51.6 22.6 12.9 12.9 48.4 25.8 22.6 3.2 45.2 25.8 16.1 12.9 3.2
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finding in the literature. One explanation
for these high detection frequencies is the
microbiological technique employed in
this study. Studies comparing the detection
sensitivity and specificity of checkerboard
DNA–DNA hybridization with culture
techniques and polymerase chain reaction
(PCR) (27, 32, 33, 40, 43) reported a
clearly higher detection frequency for
P. gingivalis and A. actinomycetemcomi-
tans for the two molecular tests, compared
with culture. Another possibility is that
false positives may have occurred because
of binding of DNA probe or antibody
conjugate to protein or other substances in
large biofilm samples such as those for the
supragingival and tongue samples. How-
ever, the detection frequencies in the
present study were high even when small
samples, such as those from the gingival
crevice area, were examined.
Studies of the periodontal pathogen

A. actinomycetemcomitans found low
numbers of healthy young subjects posi-
tive for the presence of this organism using
primarily cultural methods. For example,
Ashley et al. (3) found only 18 of 89
subjects (20%), aged 14–15 years of age,
positive for A. actinomycetemcomitans.
Similar findings were reported by Alaluu-
sua and Asikainen (2) for even the younger
children, where 13% of a group of 55
Finnish children 4–7 years old were sam-
pled. With more specific tests such as slot
immunoblotting the prevalence of this
bacterium was found to reach 75% (20).
Studies using more sensitive PCR tech-
niques gave results that ranged from
around 5% up to and exceeding 50%
depending on the sampling method and
study population (8, 13, 22). In the current
investigation, A. actinomycetemcomitans
was found in at least one of the sample
locations in all children.
T. forsythia, P. gingivalis and T. denti-

cola are species of interest because of their
association with periodontitis. Relatively
high detection levels have been reported
with molecular methods for P. gingivalis
in even very young healthy children. One
study reported around 40% of 6- to 36-
month-old children (13) and another study
reported 68.8% of children 18–48 months
old harboured this species (45). Umeda
et al. (42) examined Japanese children of
an older age (mean age 8.3 years) and
reported a detection level of 8.9% for
P. gingivalis, while detection levels for
T. forsythia and T. denticola were 42.9%
and 48.2%, respectively.
It was believed that pathogenic micro-

organisms are detected infrequently in
periodontally healthy subjects. The find-

ings of the present study, however, show
that ‘pathogenic’ species are more com-
mon in the oral cavity of young people,
which is in agreement with a growing
number of studies examining young peo-
ple (13, 26, 41, 42, 45). There are indica-
tions that the presence of certain oral
pathogens may be transient in nature for
healthy children. Indeed, Ooshima et al.
(24) using PCR concluded that pathogens
such as P. gingivalis, P. intermedia and
T. denticola appear to be transient oral
colonizers. Lamell et al. (13) concluded
the same for A. actinomycetemcomitans
and P. gingivalis, although colonization by
the latter was more stable in the later
teenage years.
The present study found a significant

effect of age on the proportions of the Red
complex species as a whole, but not for the
Orange complex. Tanner et al. (41) exam-
ined the microbiota of children aged
6–36 months and reported the detection
of periodontopathic bacteria, such as
P. gingivalis, T. forsythia and A. actino-
mycetemcomitans, in even the youngest
children of their study and with a tendency
for higher detection in the older children.
The increase in the proportions of P. gin-
givalis with age seen in the present study
could possibly be linked with the increase
in plaque and gingival inflammation lev-
els. Nakagawa et al. (21) reported a
positive correlation of increase in age,
until puberty, and an increase in serum
immunoglobulin G antibody levels against
P. gingivalis, which in turn were correlated
with oral levels of the organism. Similar
findings were also reported by Morinushi
et al. (20). In addition, a significant con-
nection between clinical signs and inflam-
mation and the levels of spirochaetes is
known to exist (3). This in turn may
explain the increase in the levels of
T. denticola, especially in the subgingival
habitat.
What is known about the microbiota in

periodontal health and periodontitis has
been derived principally from studies in
adults, and these have focused on the
biofilms that form on the teeth (1, 7, 26,
28). Mager et al. (17) examined the com-
position of the microbiota of the teeth, soft
tissues and saliva in a large group of
systemically healthy adults. However, to
our knowledge, the current investigation is
the first study to examine five different oral
habitats for the levels and proportions of
38 bacterial species in a relatively large
group of children using the checkerboard
DNA–DNA hybridization technique.
Other studies in children using similar
microbiological techniques focused on

tooth and tongue samples (41, 45) or
examined a smaller number of bacterial
species, limited primarily to periodonto-
pathogens (18, 22, 42). The current study
should provide information on the oral
bacterial colonization pattern(s) of children
that can have an impact on disease
prevention strategies. Although coloniza-
tion patterns of S. mutans, a major caries
pathogen, have been mapped to a certain
degree (39), our knowledge regarding the
colonization patterns of periodontopatho-
gens and the risk of future periodontal
disease development is limited. This study
may add to this knowledge by delineating
the normal situations in a highly specific
manner. Moreover, this would be the first
study of its kind to examine a population
of Greek children and it can lay the
foundation for comparative studies with
other groups of children that comprise the
ever diversifying population of Greece,
and specifically Athens.
The majority of the test species were

found to be present from even an early age.
Specifically, periodontal pathogens were
present in almost all healthy children with
high detection frequencies in all sites sam-
pled. Although differences were found in
the proportions of the bacteria colonizing
the different habitats, certain locations
showed greater similarities in their micro-
bial profiles than others. Differences in the
profile between age groups suggest a grad-
ual maturation of the oral microbiota, but
total proportions of the pathogenic species
remained low. These findings would sug-
gest that children from the age of 3 years
already have an (early) acquired microbial
community and that the oral microbiota is
made up of an increasing number of Orange
and Red complex species, with increasing
age. To promote oral health, maintenance of
a health-related oral microbiota is essential.
Preventive efforts should therefore focus on
preventing changes in the parameters
responsible for the overgrowth of patho-
genic bacteria, including oral hygiene, diet
and host-related factors. Furthermore, the
tongue and soft tissues may act as a
reservoir for tooth-borne pathogens and
require attention in therapeutic and preven-
tive interventions.
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