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Abstract
Aim: Periodontitis and caries are two of the most prevalent diseases to affect humans,
however; the individual susceptibility to these diseases varies significantly in the
population. The aim of this investigation, therefore, was to examine the influence of host
genotype on the composition of health-associated supragingival and subgingival
microbiomes.

Materials and methods: Subgingival and supragingival plaque was collected from
orally and systemically healthy adult monozygotic and dizygotic twin pairs. Zygosity was
determined by multiplexed PCR amplification of 13 short tandem repeats. Terminal
restriction fragment length polymorphism was used for bacterial community profiling.
The number of species shared by the twin pairs as well as the similarity of the microbial
communities between the twins was computed and compared using two-sample t-test

Results: There was no difference in the number of species shared by the twin pairs as
well as the similarity of the microbial communities between the twin dyads. Age was
not a modifier of genetic influence on these microbial parameters. There was no
difference between monozygotic and dizygotic twin pairs in the correlation between
supragingival and subgingival community similarity.

Conclusion: The contributory role of host genotype, if any, is not apparent on an
established, health-associated oral microbial community.
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Bacteria in dental plaque play an impor-
tant role in the aetiology of periodontal
diseases and caries. Although both

diseases are highly prevalent, suscept-
ibility to these diseases is extremely
variable among individuals. It is known
that genetic factors are critical determi-
nants of disease susceptibility (Tatakis
& Kumar 2005); however, the exact
mechanisms by which host genotype
contributes to caries and periodontal
disease are not well elucidated. Bacteria
colonize the supragingival and subgin-
gival biofilms soon after tooth eruption
and form complex yet stable commu-
nities associated with periodontal and
dental health. Evidence from other host-
associated ecosystems indicates that the

host genotype significantly influences
the composition of the microbial com-
munity qualitatively (Stewart et al.
2005) as well as quantitatively (McCart-
ney et al. 1996, Kimura et al. 1997). It
has been shown that bacterial acquisi-
tion and colonization in dental plaque is
influenced by several host-associated
colonization factors, for example, tooth
structure, pH and host immune media-
tors (Quirynen et al. 1991, Quirynen
1994, Skopek & Liljemark 1994). As
the host genotype is a critical determi-
nant of these colonization factors, it
is important to examine its potential
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contribution to the composition of the
health-associated subgingival and supra-
gingival microbial communities.

A twin study is a simple but powerful
way to examine the contributions of
genetics to a certain trait or disease. The
twin model is based on the principle that
monozygotic twins have identical gen-
omes, whereas dizygotic twins share only
half of their genes (Petronis 2006). Thus,
differences in the traits between dizygotic
twins can be attributed to both environ-
mental and genetic differences, whereas
differences between monozygotic twins
are necessarily attributable to environ-
mental factors alone (Kinane & Hart
2003). In the oral cavity, the twin model
has been used to study the effects of
genetics on several phenotypic traits, for
example, sucrose tolerance, second pre-
molar morphology, occlusion, and tooth
morphology (Wood & Green 1969, Bor-
aas et al. 1988, Bretz et al. 2006).

Previous investigations on the influ-
ence of host genotype on oral bacterial
colonization have used the twin model to
examine the microbiota associated with
gingivitis and periodontitis (Moore et al.
1993, Michalowicz et al. 1999) and
caries (Corby et al. 2005a, b, 2007). The
evidence is inconclusive, especially in the
case of periodontal diseases, as these
studies were limited to examining
selected species, most of which have
been cultivated and characterized pre-
viously. Oral microbial communities are
complex, with several uncultivated mem-
bers. In order to examine the contribu-
tions of host genotype to bacterial
composition, it is important to use a
comprehensive, quantitative molecular
approach that is capable of enumerating
all species within a community, including
as yet uncultivated organisms and pre-
viously unknown and unsuspected spe-
cies. Terminal restriction fragment length
polymorphism (t-RFLP) of the 16S rRNA
gene is a molecular approach that has
been used to examine the profiles of
several naturally occurring, complex
microbial communities (Liu et al. 1997,
Sakamoto et al. 2004, Smith et al. 2007,
Dicksved et al. 2009, Fullmer et al.
2009). t-RFLP generates a unique ‘‘fin-
gerprint’’ of each microbial community
by exploiting the variations that exist
within the 16S gene sequence between
different bacterial species, providing
quantitative information on the composi-
tional differences between communities.

The purpose of the present investiga-
tion was to examine the contributions of
host genotype to the composition of

health-associated supragingival and sub-
gingival microbiomes using t-RFLP for
bacterial community profiling.

Material and Methods

Subject selection and study design

Approval for this study was obtained
from the Office of Responsible Research
Practices at The Ohio State University.
Ninety-five pairs of periodontally and
systemically healthy twins were re-
cruited from The Ohio State University
and the Twins Days Festival in Twins-
burg, Ohio. Informed consent was
obtained from all subjects in accordance
with the procedures established by The
Ohio State University Review Board.
Demographic information and zygosity
were assessed using a questionnaire. All
subjects were examined by two exam-
iners calibrated to a ‘‘gold standard’’.

Exclusion criteria included pregnancy,
diabetes, HIV infection, use of immuno-
suppressant medications, bisphosphonates
or steroids, antibiotic therapy or oral
prophylactic procedures within the last 3
months and o20 teeth in the dentition.
Exclusion criteria also included Loe and
Silness gingival index 41 (Silness & Loe
1964) and probe depths 43 mm.

Sample collection

Sites selected for sampling were isolated
with cotton rolls and gently dried. Supra-
gingival plaque was collected and pooled
from 15 randomly selected mesial inter-
proximal spaces in the anterior dentition
(mesial of the first right premolar to mesial
of the first left premolar), using sterile
microbrushes (DENTSPLY-Caulk, Mil-
ford, DE, USA). Following supragingival
plaque removal, subgingival plaque sam-
ples were collected and pooled from the
same mesial sulci by inserting one sterile
endodontic paper point (DENTSPLY-
Caulk) into each sulcus for 10 s. Paper
points and brushes were separately stored
in microcentrifuge tubes at � 201C until
further analysis. Unstimulated saliva was
collected by continuously expectorating
into a tube for 1 min.

DNA Isolation and Molecular
Analysis

Supragingival plaque

Bacteria were separated from the micro-
brushes by adding 200ml of phosphate-
buffered saline (PBS) to the tubes and

vortexing. The sampling device was
removed; the solution was transferred
into a tube with 0.25 g of glass beads
and homogenized in a bead beater for
60 s at 5000 rpm. Vials were centrifuged
for 2 min. and the liquid was carefully
aspirated without pulling off the beads.
DNA was isolated using a Qiagen DNA
MiniAmp kit (Qiagen, Valencia, CA,
USA) using the tissue protocol accord-
ing to the manufacturer’s instructions.

Subgingival plaque

Bacteria were separated from the paper
points by adding 200ml of PBS to the
tubes and vortexing. The points were
then removed and DNA was isolated as
described above.

t-RFLP analysis

t-RFLP analysis was carried out as
described earlier (Fullmer et al. 2009).
Briefly, bacterial 16S rRNA genes were
amplified by PCR with fluorescent-
labelled broad-range bacterial primers.
The cycling conditions included dena-
turation at 941C for 1 min., annealing at
421C for 2 min. and elongation at 721C
for 3 min. A final, 10-min. elongation at
721C followed 22 cycles of amplifica-
tion. The amplicons were purified using a
Qiaquick kit (Qiagen). Restriction diges-
tion was carried out with 10ml of purified
PCR product and 10 U of MspI or HhaI
in a total volume of 20ml at 371C for 3 h.
Ten microlitre of the restriction digestion
product was purified by AMPure beads
(Agencourt Bioscience Corporation,
Beverly, MA, USA) according to the
manufacturer’s protocol. Five microlitre
of the purified product was denatured
with 10ml of deionized formamide and
mixed with 0.2ml GeneScan 1200 LIZ
size standard (Applied Biosystems, Fos-
ter City, CA, USA). Fragment lengths
were determined on an AB 3730 DNA
Analyzer (Applied Biosystems) in the
GeneScan mode. The number of peaks
as well as the height and area of each
peak, reflecting the sizes and intensities
of the terminal fragments, were deter-
mined using the GeneMapper 4.0 soft-
ware. All reactions were duplicated.

Zygosity assessment

Zygosity was assessed both by question-
naire and by genotyping. Zygosity
determination was made based on
responses to questions relating to eye
and hair colour as well as similarity and
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confusion during childhood as described
in the Danish Twin Registry (Kaprio et
al. 1978). Genotyping was performed by
PCR amplification of 13 short tandem
repeats using a commercially available
kit (AmpFISTR Profiler Plus, Applied
Biosystems, Carlsbad, CA, USA).
Briefly, DNA was isolated from 50ml
of saliva using a QiaAmp kit (Qiagen).
PCR was performed using 2ml of DNA
as a template and fluorescently labelled
primers for each of the 13 loci in a 50ml
reaction. Amplicon size was determined
on a 3730 DNA analyzer in the GeneS-
can mode. The presence of a peak
was recorded as positive for the marker
on each allele. Twins dyads were con-
sidered monozygotic when they were
concordant for the presence of at least
12 markers.

Data analysis

Terminal fragments (t-RFs) with a peak
height of o50 fluorescence units were
excluded from analysis. Peak areas were
standardized by converting the raw
values to a proportion of the total area
as described previously (Fullmer et al.
2009). Peaks representing o1% of the
total area were assigned a value of 0 and
the areas of the remaining peaks were
recalculated as a proportion of the new
total peak area.

Peak data from the two fluorophores
(FAM and HEX) were averaged and the
total number of peaks, as well as the
number of shared peaks, was compared
between each twin pair. The total num-
ber of t-RFs as well as the area of each t-
RF was used to compute the Bray Curtis
similarity index. EstimateS (version 7.5,
R. K. Colwell, http://purl.oclc.org/esti
mates) was used to compute the simi-
larity index. Statistical analyses were
carried out using JMP (SAS Institute
Inc., Cary, NC, USA). A two-sample
t-test was used to compare the total
and shared peaks as well as the commu-
nity similarity index between monozy-
gotic and dizygotic twins. Regression
analysis with interaction term was used
to examine the effect of age on shared
species and community similarity.
Reported p-values correspond to two-
tailed tests. Regression analysis was
also used to examine the effect of zygo-
sity on similarity and shared species
between supragingival and subgingi-
val plaque. Demographic variables (in
Table 1) were compared using two-
sample t-tests, the Fisher exact test or
the w2-test as appropriate.

Results

Study population

A total of 95 twin pairs were sampled
for this study. DNA zygosity revealed
61 pairs to be monozygotic and 34 to be

dizygotic. The DNA-based and ques-
tionnaire-derived zygosities were con-
cordant in 70 out of the 95 dyads, with
a k-statistic of 0.44 � 0.09 (standard
error) for the degree of agreement. Ten
pairs of monozygotic twins and 15 pairs

Table 1. Demographic data of study population

Monozygotic
(n 5 61)

Dizygotic
(n 5 34)

p-value

Mean age (years) 26.0 � 5.1 25.5 � 3.5 0.20
Gender – female (per cent) 87.5 56.4 0.18
Race (per cent) 0.09

Caucasian 88.5 76.5
African-American 6.6 5.9
Asian 3.3 17.7
Other 1.7 0.0

Education (average years/individual) 13 � 3 14 � 2 0.25
Dental prophylaxis (number of annual visits/individual) 0.96 0.97 0.23
Brushing frequency (times per day/individual) 1.87 1.78 0.23
Frequency of flossing (times per day) 1.0 1.0 0.23
Tobacco exposure (per cent) 0.15

Current 13.1 23.5
Former 0.0 2.9
Never 86.9 73.5

Fig. 1. Percentage of species shared by 61 monozygotic and 34 dizygotic twin pairs in
supragingival plaque (a) and subgingival plaque (b). Group means (central lines), standard
deviation (small lines) and 95% confidence intervals (height of diamonds) are shown. There
were no differences in the percentage of species shared by monozygotic and dizygotic twin
pairs (p40.05, two-sample t-test).
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of dizygotic twins were misclassified
using the questionnaire-derived zygosity
assessment. Therefore, all analyses were
carried out using the DNA-based zygo-
sity assessment.

The demographic characteristics of the
sample population are shown in Table 1.
There were no differences in gender, race,
tobacco exposure or oral hygiene para-
meters between the two groups (p40.05,
w2-test, two-sample t-test).

Microbial profiles

In supragingival plaque, an average of
30 and 20 species were detected using
MspI and HhaI, respectively. In subgin-
gival plaque, an average of 49 and 57
species were detected using the same
restriction enzymes. Figure 1 shows the
mean percentage of species that were
shared by each monozygotic and dizy-
gotic twin pair along with 95% confi-
dence intervals. Supragingival samples
are shown in Fig. 1a and subgingival in
Fig. 1b. Monozygotic twins shared
(mean � SD) 21.7 � 10% of species in
supragingival plaque and 18.7 � 7.3%
of species in subgingival plaque. The
corresponding values for dizygotic dyads
were 22.9 � 9.0% and 17.5 � 7.3%,
respectively. The differences were not
statistically significant (p40.05, two-
sample t-test).

Figure 2 shows the similarity of the
supragingival and subgingival microbial
communities between monozygotic and
dizygotic twin pairs. The supragingi-
val microbial communities exhibited a
mean � SD similarity of 42.4 � 22.5%
in monozygotic twins and 45.6 � 23.5%
in dizygotic twins. The subgingival
communities demonstrated a mean simi-
larity of 36.7 � 17.4% between mono-
zygotic twin pairs and 32.2 � 11.6%
between dizygotic twins. These differ-
ences were not statistically significant
(p40.05, two-sample t-test).

Figure 3 shows the effect of age as a
modifier of microbial similarity. In the
supragingival microbiome, younger
individuals shared a higher percentage
of species (Fig. 3a) and demonstrated
greater similarity in microbial profiles
(Fig. 3b) when compared with older
individuals (p 5 0.003 and p 5 0.04,
respectively, regression analysis). How-
ever, there was no difference between
monozygotic and dizygotic twin pairs
(p40.05). The effect of age was not
evident in the subgingival microbial
community (Fig. 3c and 3d).

Figure 4 shows the effect of zygosity
on the correlations between supragingi-
val and subgingival plaque. The correla-
tion coefficient between supragingival
and subgingival plaque was 0.07 for
microbial similarity and 0.12 for shared
species. There was no difference in the
correlation coefficients between mono-
zygotic and dizygotic twins (p40.05,
regression analysis).

Discussion

In contrast to previous investigations of
subgingival bacteria in twins (Berg-
strom & Floderus-Myrhed 1983, Moore
et al. 1993, Michalowicz et al. 1999),
the present investigation examined the
influence of host genotype on the com-
position of health-compatible oral bac-
terial communities. It is known that
bacteria form complex, yet stable,
health-associated communities in the

supragingival and subgingival biofilms
(Aas et al. 2005, Kumar et al. 2006).
Evidence from host-associated micro-
bial ecosystems in the body suggests
that genetics influences the composition
of these communities both qualitatively
and quantitatively (Stewart et al. 2005,
Dicksved et al. 2008, Turnbaugh et al.
2009, Willing et al. 2009). Therefore,
the present investigation used an open-
ended, quantitative molecular approach
to comprehensively examine the supra-
gingival and subgingival microbial com-
munities in periodontally healthy twin
pairs. This allowed us to identify a
unique microbial profile for each indi-
vidual that included both cultivated and
as-yet-uncultivated organisms in the
health-associated oral microbiome, and
the results suggest that the contributions
of host genotype to the composition of
this community are not significant.

Sequence-specific digestion of the
16S rRNA gene results in terminal frag-
ments of varying sizes, as the location of

Fig. 2. Per cent similarity of the microbial community between 61 monozygotic and 34 dizygotic
twin pairs. The supragingival community is shown in (a) and the subgingival community in (b).
Group means (central lines), standard deviation (small lines) and 95% confidence intervals
(height of diamonds) are shown. There were no differences in the community similarity between
monozygotic and dizygotic twin pairs (p40.05, two-sample t-test).
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the restriction site is dictated by the
nucleotide sequence of the gene for
each species. Thus, the total number of
t-RFs represents the number of unique
species in a community, while the area
of a terminal fragment measures the
level of each species in the community.
The average number of species in supra-
gingival and subgingival plaque ranged
from 27 to 60 in each individual. This is
in concordance with previous investiga-
tions on health-associated oral microbial
communities (Kroes et al. 1999, Paster
et al. 2001, Kumar et al. 2006). An
average of 32% of species were shared
among all related as well as unrelated
individuals (data not shown), indicating
that, in a state of health, a core micro-

biome exists in all individuals. This
finding corroborates a previous investi-
gation indicating the presence of a
health-associated core microbiome
(Zaura et al. 2009). There were no
differences in the total number of spe-
cies shared by monozygotic and dizy-
gotic twins in either supragingival or
subgingival plaque (Fig. 1), suggesting
that the effect of genetics on the type of
bacteria that colonize dental plaque is
not evident in a mature, stable bacterial
community. Further, age did not appear
to modify the effect of genetics on the
number of species shared (Fig. 3), and
correlations between shared species in
supragingival and subgingival plaque
were not different between the twin

dyads (Fig. 4). However, age was con-
sistently associated with a decrease in
the number of shared supragingival spe-
cies, suggesting that with increasing
age, each individual may acquire a
more unique supragingival flora, a find-
ing that is congruent with reported age-
related differences in the health-asso-
ciated supragingival oral flora (Percival
et al. 1991). Further studies are war-
ranted to corroborate this finding. Envir-
onmental factors such as smoking also
did not play a modifying role in the
genetic influence (data not shown).
Taken together, the data indicate that
the qualitative effects of host genotype
on supragingival and subgingival micro-
bial communities cannot be discerned

p=0.003

Dizygotic twins
Monozygotic

p=0.04

a

b d

c

Fig. 3. Age as a modifier of shared species and community similarity. For supragingival plaque, shared species are shown in (a) and
community similarity in (b). For subgingival plaque, shared species are shown in (c) and community similarity in (d). Both twin groups
exhibited similar changes in shared species and community similarity with age (p40.05, regression analysis with the interaction term).
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following the formation of a climax
community.

A recent evaluation of existing genet-
ic studies in the periodontal literature
concluded that the main drawbacks of
these studies were small sample sizes,
as well as examinations of selected
response variables, for example, single
genetic variants or haplotype blocks
(Schafer et al. 2011). Therefore, the
goal of the present study was to inves-
tigate the influence of host genotype
on health-compatible supragingival and
subgingival communities as a whole
without an emphasis on selected micro-

bial species. t-RFLP has been used to
examine the microbial profiles of com-
plex communities, however, underesti-
mation of the number of species is
possible by fragment analysis, as closely
related species may share common
restriction sites (Liu et al. 1997).
Further, species of low abundance may
not be consistently represented in the t-
RF profile (Liu et al. 1997). Thus, any
possible effect of genetics on coloniza-
tion by numerically minor species may
have been masked using this approach.
Therefore, it is important to corroborate
these results using an open-ended mole-

cular approach to characterize and quan-
tify numerically dominant and minor
species in the community.

The Bray–Curtis similarity index esti-
mates both the number of species as
well as the levels of species common to
two communities, thereby providing a
composite similarity profile based on
species evenness and richness. The
supragingival and subgingival microbial
communities were equally similar
between monozygotic and dizygotic
twin pairs, indicating little or no role
for genetics in the composition of the
apex community. Again, age did not
appear to modify the effect of genetics
and the correlation between microbial
similarities in the two microbiomes was
not influenced by zygosity. A similar
lack of genetic influence on selected
bacterial species in subgingival plaque
has been reported in adolescent and
adult twins with periodontal disease
(Moore et al. 1993, Michalowicz et al.
1999). However, previous investigations
on the supragingival microbiome in
children have indicated that the levels
of certain bacteria are heritable (Bretz
et al. 2005, 2006, Corby et al. 2007). It
has been shown that inter-bacterial
interactions play a critical role in the
development and formation of a stable
biofilm community (Kolenbrander et al.
1989, Kolenbrander & Palmer 2004).
While it is possible that genetics med-
iates early plaque colonization, this
effect may be superceded by bacterial
and environmental factors as the biofilm
community matures. Further studies are
warranted to examine the extent of
genetic influence on bacterial acquisi-
tion during early plaque formation.

Questionnaire-based zygosity assess-
ments have been extensively used since
the inception of the Danish twin registry
in the 1970s and it has been reported
that these assessments have a validity of
95% or greater (Kaprio et al. 1978, Chen
et al. 1999, Jackson et al. 2001, Chris-
tiansen et al. 2003). However, our
results reveal approximately 75% agree-
ment between the questionnaire and the
DNA-based zygosity assessments, with
the greatest misclassification occurring
for dizygotic twins. This suggests that
DNA-based zygosity assessments are
important for accurate classification,
and forms the rationale for using this
assessment in the present study.

In summary, a cross-sectional open-
ended molecular analysis of the subgin-
gival and supragingival microbiomes of
periodontally healthy twins reveals no

Dizygotic twins
Monozygotic twins

a

b

Fig. 4. Correlation between supragingival and subgingival microbial profiles in 95 twin pairs.
Correlations between shared species in supragingival and subgingival plaque are shown in (a)
and community similarity in (b). There were no differences between the twin groups in
correlations between supragingival and subgingival microbial profiles (p40.05, regression
analysis with the interaction term).
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evidence of a genetic contribution to the
composition of these communities.
Further studies are indicated to examine
the effect of genetics on bacterial acqui-
sition during early plaque colonization
as well as during the development of the
microbiome in early childhood.
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Clinical Relevance

Scientific rationale for the study: It is
known that the host genotype con-
tributes to susceptibility to perio-
dontal diseases and caries; however,
the extent to which genetics influ-
ences colonization by oral bacteria,
which are the primary aetiological

agents of these diseases, is not well
understood.
Principal Findings: The profiles of
the supragingival and subgingival
microbiomes were similar between
monozygotic and dizygotic twin
pairs.
Practical implications: Host geno-
type does not appear to influence

the composition of health-associated
supragingival and subgingival micro-
biomes in a qualitative or a quantita-
tive manner, suggesting that
environmental factors play a greater
role in determining the composition
of these bacterial communities.
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