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Abstract

Background: Adhesion and successful colonization of bacteria onto solid surfaces play a key role in biofilm
formation. The initial adhesion and the colonization of bacteria may differ between the various types of surfaces
found in oral cavity. Therefore, it is conceivable that diverse biofilms are developed on those various surfaces. The
aim of the study was to investigate the molecular modifications occurring during in vitro biofilm development of
Streptococcus mutans UA159 on several different dental surfaces.

Results: Growth analysis of the immobilized bacterial populations generated on the different surfaces shows that
the bacteria constructed a more confluent and thick biofilms on a hydroxyapatite surface compared to the other
tested surfaces. Using DNA-microarray technology we identified the differentially expressed genes of S. mutans,
reflecting the physiological state of biofilms formed on the different biomaterials tested. Eight selected genes were
further analyzed by real time RT-PCR. To further determine the impact of the tested material surfaces on the
physiology of the bacteria, we tested the secretion of AI-2 signal by S. mutans embedded on those biofilms.
Comparative transcriptome analyses indicated on changes in the S. mutans genome in biofilms formed onto
different types of surfaces and enabled us to identify genes most differentially expressed on those surfaces. In
addition, the levels of autoinducer-2 in biofilms from the various tested surfaces were different.

Conclusions: Our results demonstrate that gene expression of S. mutans differs in biofilms formed on tested
surfaces, which manifest the physiological state of bacteria influenced by the type of surface material they
accumulate onto. Moreover, the stressful circumstances of adjustment to the surface may persist in the bacteria
enhancing intercellular signaling and surface dependent biofilm formation.

Background
Microbial adhesion onto surfaces and the subsequent
formation of biofilms are critical concerns for many bio-
medical and dental applications. The initial adhesion
and the successful colonization of bacteria onto solid
surfaces play a key role in biofilm formation and the
pathogenesis of infections related to biomaterials [1-4].
Many bacteria prefer to exist predominantly attached to
surfaces in contact with liquids [5]. The advantages
gained by the bacteria immobilized on surfaces are
thought to include increased protection from the host’s
immune system, higher protection against antimicrobial
agents, higher concentration of nutrients close to a

surface, and easier inter cellular genetic and signal
exchange [6].
The oral cavity is a unique environment, as different

types of surfaces (hard, soft, natural and artificial)
share the same ecological niche. In order to survive
within this ‘open growth system’ and to resist shear
forces, bacteria need to adhere either to soft or hard
tissues [7,8]. Adhesion of oral bacteria to acquired
enamel pellicle (AEP) leads to the development of the
dental plaque biofilm. AEP is a-cellular film which
results from selective adsorption of bacterial and host
constituents such as salivary components. Among the
artificial surfaces in the mouth one can find various
types of restorative materials, which differ in chemical
and physical properties. Although these surfaces occur
in the same ecological niche, the attached biofilms are
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probably substantially different from one another, and
each of these biofilms represents a unique micro-envir-
onment [9].
Potentially, each type of surface, such as implant,

restorative material, or enamel, can be associated with
the formation of different type of a biofilm. Clearly, con-
trolling the initial adhesion into a biofilm depends
mainly on the surface properties. While several dental
materials promote selective adherence during early den-
tal biofilm formation [10,11], other modified biomater-
ials may provide resistance to bacterial adhesion and
biofilm formation [12,13]. Therefore, it is expected that
diverse biofilms are developed on various surfaces. Pre-
vious studies have demonstrated that streptococci,
including mutans streptococci, are the predominant
colonizing microorganisms of oral surfaces. S. mutans is
considered to be a most important etiological agent of
diseases associated with dental caries. On teeth, it is one
of the species which form biofilm causing dissolution of
enamel by acid end-products resulting from carbohy-
drate metabolism [14-16].
In nature, acclimation of bacteria to any type of bio-

film environment is probably associated with a change
in gene expression [17-19]. However, in contrast to
other areas, less is known about the gene expression of
bacteria immobilized on different dental surfaces. It is
compelling that adaptation of oral bacteria to the differ-
ent types of dental surfaces may also be associated with
different patterns of gene expression, especially those
genes associated with biofilm regulation, formation and
bacterial physiology. The aim of this study was to iden-
tify transcriptional modifications that accompany the
formation of in vitro biofilms by S. mutans on a variety
of dental surfaces.

Methods
The tested surfaces
Dental restorative material - composite Filtek Z250 (60%
zirconia/silica, average particle size 0.01-3.5 microns;
BIS-GMA, UDMA and BIS-EMA resins (3 M Dental
Products, St Paul, MN, USA)).
Ti disks tested in this study were Ti alloy (TiAl(6)V(4))

disks (6 mm diameter) with machined type of surface
modifications manufactured by Alpha-Bio implant com-
pany (Petach Tikva, Israel).
Hydroxyapatite (HA) tablets were prepared by the fol-

lowing procedure: 340 mg of HA beads (Bio-Rad
Laboratories, Hercules, CA, USA) of particle size dia-
meter 80 μm, surface area 40 m2/g, were pressed at a
pressure of 8 tons for 20 sec by a single-punch machine
(Erweka, Frankfurt, Germany). The punch diameter was
1.2 cm. Before every preparation of tablets the punch
(all the surface and inside) was cleaned with ethanol
(70%) and stearic acid (5%).

Following the sterilization the Ti, HA, and the compo-
site materials were placed into the 20-mm diameter and
15-mm deep polystyrene multidishes (NUNCLON-
143982, Roskilde, Denmark); consequently, the polystyr-
ene multidishes were used as a non-dental reference
surface.

Bacterial strains and culture conditions
S. mutans UA159, a serotype c strain, was obtained
from Robert Burne (University of Florida, Gainesville).
The planktonic S. mutans UA159 was grown in Brain
Heart Infusion Broth (BHI, Difco Labs, Detroit, USA) at
37°C in 95% air/5% CO2 (v/v) in polystyrene tubes for
24 h. For biofilm generation, S. mutans culture was
seeded in 20-mm diameter, 15-mm deep sterile polystyr-
ene multidishes (NUNCLON-143982, Roskilde, Den-
mark), and cultivated with fresh BHI medium at 37°C in
95% air/5% CO2 (v/v) for 18 h. For generation of the
biofilm on different surfaces, we placed the Ti, HA, or
the composite into the polystyrene multidishes. Each
experiment was performed in three independent biologi-
cal repetitions in duplicates.

Analysis of biofilm construction
The 18 h grown biofilms developed on the different sur-
faces were analyzed for depth and bacterial vitality using
a confocal laser scanning microscope (CLSM). The bio-
film was stained with LIVE/DEAD BacLight fluorescent
dye (Molecular Probes, OR) (1:100) for 10 min. Fluores-
cence emission of the PBS washed samples was mea-
sured using a CLSM (Zeiss LSM 510, Carl Zeiss
Microscopy, Jena, Germany). In each experiment, excit-
ing laser intensity, background level, contrast and elec-
tronic zoom size were maintained at the same level. At
least three random fields were analyzed in each experi-
ment. A series of optical cross-sectional images was
acquired at 6.9- μm depth intervals from the surface
through the vertical axis of the specimen, using a com-
puter-controlled motor drive. 3-D confocal images were
reconstituted and processed for display using Adobe
Photoshop ver. 7.0 software (Shemesh et al., 2007).

RNA extraction
Extraction of total RNA from S. mutans cells was
performed as described previously [20]. In brief, biofilm-
grown cells were suspended in TRI Reagent (Sigma-
Aldrich, St. Louis, MO, USA) and dislodged by scraping
into a 2-ml microcentrifuge tube containing 0.4 ml
1-mm-diameter glass beads (Sigma-Aldrich). The cells
were disrupted with the aid of a Fast Prep Cell Disrup-
ter (Bio 101, Savant Instruments, Inc., NY, USA), centri-
fuged and the RNA containing supernatant was
supplemented with 1-Bromo-3-Chloropropane (BCP)
(Molecular Research Center, Cincinnati, OH, USA). The
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upper aqueous phase was precipitated with isopropanol.
After centrifugation, the resulting RNA pellet was
washed with ethanol and resuspended in diethyl pyro-
carbonate (DEPC)-treated water.
Because of the sensitivity of the PCR, residual contam-

inatingDNA was eliminated by incubation of the sample
with RNase-free DNase (Promega, Madison, WI, USA).
The DNase was then inactivated by incubation at 65°C
for 10 min, and the RNA was precipitated with ethanol
and suspended in diethyl pyrocarbonate (DEPC)-treated
water. The RNA concentration was determined spectro-
photometricallyusing the Nanodrop Instrument (ND-
1000, Nanodrop Technologies, Wilmington, DE, USA).
The integrity of the RNA was examined by agarose-gel
electrophoresis (data not shown).

Microarrays design, cDNA labeling and hybridization
Figure S1 shows schematically the construction of DNA-
microarray experiments for gene expression studies of
biofilm on representative surfaces. The arrays consisted
of 1948 70-mer oligonucleotides representing 1960 open
reading frames (ORF) of S. mutans UA159 and addi-
tional control sequences. The probe labeling, hybridiza-
tion and array data normalization were carried out as
previously described [21]. In brief, cDNA was generated
with random primers from total RNA and labeled indir-
ectly with cy3 or cy5 dye. Hybridizations were per-
formed against the samples from the polystyrene and
composite surfaces in a reference design manner (Addi-
tional file 1, Figure S1). Slides were scanned using a
Genepix 4000B scanner (Axon Ltd). Fluorescence inten-
sities were quantitatively analyzed using GenePix Pro
4.1 software (Axon). The result files (gpr) produced by
GenePix were analyzed utilizing the LIMMA [22] soft-
ware package, available from the CRAN site http://www.
r-project.org. Spots flagged as not found or absent in
GenePix were removed by filtering. Another filter was
applied for saturated spots. After filtering, the data
within the same slide were normalized using global
loess normalization with the default smoothing span of
0.3 [23]. To identify differentially expressed genes, a
parametric empirical Bayesian approach implemented in
LIMMA was used [24]. According to this approach, data
from all the genes in a replicate set of experiments are
combined into estimates of parameters of a priori distri-
bution. These parameter estimates are then combined at
the gene level with means and standard deviations to
form a statistic B that is a Bayes log posterior odds [24].
B can then be used to determine whether differential
expression has occurred. A moderated t test was per-
formed in parallel, with the use of a false discovery rate
[25] correction for multiple testing. TIGR arrays
included four replicates for each gene. Instead of taking
the average of replicate spots, we used the duplicate

correlation function [26] available in LIMMA to acquire
an approximation of gene-by-gene variance. This
method greatly improves the precision with which the
gene-wise variances are estimated and thereby maxi-
mizes inference methods designed to identify differen-
tially expressed genes. A P value < 0.05 confidence level
was used to pinpoint significantly differentiated genes.
Genes had to have an A-value (A = log2 [Cy3 × Cy5]/2),
the average expression level for the gene across all
arrays and channels) of more than 8.5, thus omitting
genes with an average intensity in both channels of less
than 256.

Reverse transcription and real-time quantitative PCR
The quantitative SYBR green PCR assays employing an
ABI-Prism 7000 Light Cycler System (Applied Biosys-
tems, Foster City, CA, USA) was performed as described
previously [14]. The corresponding oligonucleotide pri-
mers were designed using the algorithms provided by
Primer Express (Applied Biosystems) for uniformity in
size (≈ 90 bp) and melting temperature. For each set of
primers, a standard amplification curve was plotted (cri-
tical threshold cycle against log of concentration) and
only those with slope ≈ -3 were considered reliable pri-
mers. The expression levels of all the tested genes for
real-time RT-PCR were normalized using the 16S rRNA
gene of S. mutans (Acc. No. X58303) as an internal
standard (Additional file 2, Table S1). Each assay was
performed with at least two independent RNA samples
in duplicate.

Autoinducer-2 (AI-2) assay
It has been suggested [27,28] that AI-2 signaling may
play an important role in the biofilm formation of
S. mutans. It is conceivable that, the challenge of stress-
ful condition during the transition to a new surface may
alter the quorum sensing (QS) process in the bacteria.
Consequently, we tested the secretion of AI-2 signal
molecule by S. mutans immobilized in biofilms formed
on the different surfaces to determine the impact of the
tested material surfaces on the physiology of the
attached bacteria. The AI-2 luminescence reporter assay
was performed [29] to detect AI-2 secretion levels, in
cell-free conditioned medium of S. mutans biofilms
formed on the four tested surfaces. At the end of the
biofilm incubation period, a supernatant fluid was col-
lected and filtered through a 0.22 μm-pore size filter
(Millipore). The cell-free conditioned medium was
either used immediately or stored at -20°C. To deter-
mine the amount of AI-2, an overnight culture of Vibrio
harveyi MM77, a mutant strain which does not produce
either AI-1 nor AI-2, was diluted 1:5,000 in a mixture of
90% (v/v) fresh AB medium and 10% (v/v) conditioned
medium to a total volume of 200 μl per well. The
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negative control contained bacteria in fresh AB medium
alone and the positive control contained bacteria, fresh
AB medium and 10% v/v spent medium containing AI-2
of V. harveyi BB152 (AI-1-, AI-2+). Readings were per-
formed in triplicate in white 96-well plates with an optic
bottom (NUNC) in a GENios reader (TECAN) at 30°C.
Luminescence measurements were recorded every 30
min in parallel with optical density absorbance (A595)
readings. The value of each reading (biofilm on various
materials) was divided by the absorbance values to nor-
malize the luminescence value of each sample to its cell
density and to avoid dissimilarities caused by differences
in growth rates. Fold induction above the non-specific
luminescence background of the negative control was
determined at the end of bacterial growth after approxi-
mately 15 hrs of growth. Fold induction in luminescence
of each sample was normalized by the value of total
fluorescence of live bacteria within the relevant biofilm
as detected by CLSM.

Results
Using DNA-microarray technology we identified the dif-
ferentially expressed genes of S. mutans (Figure 1),
reflecting the physiological state of biofilms formed on
the different biomaterials tested. An empirical Bayesian
method (B-test) was applied to test for differential
expression in biofilms on various surfaces. Analysis of
the microarray images revealed a total of 116, 93 and 44
genes on HA, composite, and Ti, respectively, in com-
parison with polystyrene surfaces, were differentially

transcribed at a confidence level of P < 0.05 (Additional
file 2, Tables S2-S4). For simplicity, the mostly differen-
tially expressed genes were grouped into functional cate-
gories (Figure 2), (i.e., fulfilling the criteria B > 0 by B-
test and more than 1.5-fold change), in biofilms formed
on hydroxyapatite, titanium and composite vs. polystyr-
ene surfaces. Eight selected genes were further analyzed
by real time RT-PCR (Figure 3). Criteria for gene selec-
tion were either highly up-regulated or highly down-
regulated genes, associated with virulence, and of known
function rather than hypothetical genes. Among the
most regulated ones were genes associated with stressful
environmental conditions andsynthesis of molecular
chaperones, in addition to cell wall associated proteins
and adhesion-promoting genes. The real-time RT-PCR
analysis confirmed only partially the expression ratios
determined by microarray technique.
To evaluate the physiological state of the immobilized

bacterial populations generated on the different tested
surfaces, the biofilms were characterized by using
CLSM. Biofilm depth analysis showed that the bacteria
were able to construct more confluent and profound
biofilms on HA surface compared to other tested sur-
faces (Figure 4). According to the CLSM images, rela-
tively little biofilm growth of about 62-micron depth
was observed on the polystyrene surface (Figure 4c),
whereas the biofilm formed on the HA surface was
notably deeper, up to 173-micron depth (Figure 4b).
Moreover, the vitality of the bacteria grown on the HA
surface was much greater than those cultured on the
polystyrene surface (Figure 4).
To further determine the impact of the tested material

surfaces on the physiology of the bacteria, we tested the
secretion of AI-2 signal by S. mutans biofilms. As AI-2
reporter strain we used V. harveyi MM77, which does
not produce endogenous AI-1 or AI-2. Thus, any
increase of its luminescence above background level is
due to exogenous AI present in the growth medium.
The highest effect on the luminescence of the reporter
strain was of the conditioned medium taken from bio-
films grown on HA with normalized fold induction of
~100 per 10 million cells. Conditioned media from bio-
films grown on composite and polystyrene had a similar
effect on the luminescence resulting in normalized fold
induction of ~40. The lowest effect on the reporter
strain was of the conditioned medium taken from bio-
film grown on titanium with normalized fold induction
of only ~10 (Figure 5).

Discussion
Mechanisms governing biofilm formation have gener-
ated considerable interest in the general biofilm field
and also in dental-related biofilms [30-35]. Oral biofilms
vary in both structure and function but share general

Figure 1 Differentially expressed genes in biofilms formed on
different surfaces. Alignments of differentially expressed genes (P
< 0.05) of S. mutans biofilms formed on hydroxyapatite, titanuim
and composite (vs. polystyrene surfaces), showing the number of
overlapping genes between the biofilms on different surfaces. Gene
annotations are based on the genome information of S. mutans
provided by TIGR.
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Figure 2 functional categories of most differentially expressed genes. Most significant (B* > 0) differentially expressed genes of S. mutans,
grouped in functional categories, in biofilms formed on hydroxyapatite (A), titanium (B) and composite (C) vs. polystyrene surfaces. Gene
annotations are based on information provided by TIGR. *Bayesian test value, i.e. the probability for a gene to be really differentially expressed.
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Figure 3 Expression of selected genes analyzed by RT-PCR. Comparison of RT-PCR expression values for selected genes of S. mutans, grown
on different surfaces. SMU.81, SMU.82 (dnaK) and SMU.1954 (groEL) are stress-related genes; SMU.574c, SMU.609, and SMU.987 are associated
with cell wall proteins. SMU.744 codes for FtsY, while SMU.618 codes for a hypothetical protein. The data are expressed as the means of at least
two biologically independent experiments.

Figure 4 Biofilms of S. mutans formed on different surfaces. Biofilms of S. mutans UA159 were grown on different surfaces in BHI, stained
with LIVE/DEAD BacLight fluorescent dye and analyzed with CLSM. The panels show cross-section images of biofilms from polystyrene (A), Ti
(B), HA (C) and composite (D) materials. Dead cells were stained red, and live cells were stained green.
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characteristics. In order to persist within the oral eco-
system, the bacteria need to adhere to either soft or
hard tissues and to overcome local shear forces.
Although it is well documented that saliva constituents
coat biological surfaces in the oral cavity, the principal
aim of this study was to examine a genetic adaptation of
bacteria upon immobilization on non-biological surfaces.
Our results indicate that bacteria can sense their non-
biological substrate and express different genes accord-
ingly, probably as part of the adjustment to a new
micro-environment. It is likely that the stressful situa-
tion conducts the bacteria to enhance the factors of suc-
cessful adjustment to certain surface by activation of
expression of certain combination of genes. This could
explain the fact that bacteria are able to adjust to any
surface by manipulating their gene expression pattern.
Differences in formed biofilm depths and viabilities
among the different materials might be due to their sur-
face properties. Therefore, it is reasonable to assume
that bacterial profile of gene expression differs on var-
ious surfaces, allowing the species to adapt to the differ-
ent types of micro-environment.
Most recent global transcription and proteomic profil-

ing has revealed several aspects of the physiological
adaptations that S. mutans undergoes following attach-
ment to and growth on surfaces [21,36-38]. Neverthe-
less, only a few comprehensive studies have compared
the influence of surface materials on the gene expression
of immobilized bacteria adhering to different dental

biomaterials. It is conceivable that the chemistry of the
surface on which the biofilm is formed would affect the
properties of the biofilm. Recent gene expression profil-
ing showed marked differences in gene responses of
bone cells on smooth and rough titanium surfaces [39].
Additional studies demonstrated that the biodegradation
of composite resins differentially impacts the growth
and gene expression of S. mutans [40]. In addition, bio-
material surface chemistry affected biofilm formation,
and polyethylene oxide significantly inhibited S. epider-
midis biofilm formation in vitro [41]. In the current
study, we have shown that gene expression differs in
S. mutans biofilms formed on different surfaces, there-
fore likely changing the physiology and virulence of the
immobilized bacteria. Our CLSM biofilm depth analysis
shows that the bacteria were able to construct more
confluent and thick biofilms on a hydroxyapatite surface
compared to the other surfaces tested.
AI-2 is a furanone borate diester that is synthesized in

many bacteria by the LuxS protein and detected in
Vibrio harveyi by a periplasmic protein called LuxP. It
was proposed to function as a universal quorum-sensing
signal for interaction between different bacterial species
[42]. It has been previously shown that the AI-2 level
decreased in chemostat-grown E. coli cultures exposed
to different stresses [43]. In addition, QS is likely
involved in stress gene regulation in Porphyromonas gin-
givalis [44]. The consequences of these data may pro-
vide the potential link between the type of surface, QS

Figure 5 AI-2 signal secretion by S. mutans biofilms on different surfaces. Biofilms were grown on each material and the resulting
conditioned media were exposed to V. harveyi MM77 for AI-2 bioassay. Fold induction in luminescence of each sample was calculated above
background luminescence of the negative control (sample without addition of any conditioned medium) and was normalized by the value of
total fluorescence of live bacteria within the relevant biofilm detected by CLSM.
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and stress regulation in biofilm-grown bacteria. This
might suggest that the attachment of bacteria to a parti-
cular surface may have altered the level of AI-2 signal-
ing in the generated biofilm to overcome stressful
conditions. Consistent with this hypothesis is that the
levels of AI-2 in biofilms from various tested surfaces
were found to be different (Figure 5). The stressful
situation during the transition to a new surface appar-
ently induces the bacteria to enhance the QS process to
overcome the challenge by activating stress-related as
well as biofilm-associated genes at the same time.
Although small peptides termed competence stimulating
peptides (CSP) are the main QS signaling molecules in
S. mutans [45], It was shown that AI-2produced by
S. mutans play a role in biofilm formation [27] and ana-
logues of the AI-2 may affect biofilm formation of
S. mutans [46]. Moreover, secretion of AI-2 of
S. mutans is related to protein synthesis, stress, and cell
division [28]. Accordingly, production of different
amounts of AI-2 by S. mutans on the different surfaces
could contribute to adaptation of the immobilized bac-
teria and their acclimation to the new micro-environ-
ment. The highest level of AI-2 was detected in the
conditioned medium taken from biofilms grown on HA.
This result is in consistence with the biofilm depth ana-
lysis showing that the bacteria were able to construct
more confluent and profound biofilms on HA surface.
However, the lowest amount of AI-2 was found in Ti
biofilms, while bacteria still formed relatively confluent
biofilm on this substrate. The differences between the
AI-2 levels and biofilm thickness could be explained by
alternative mechanisms of biofilm development which
enable the bacteria to bypath AI-2 requirement to form
confluent biofilm. It is apparent that AI-2, especially in
gram positive bacteria, is not solely responsible for bio-
film control and it may have other physiological effects
on the immobilized bacteria.
The use of the array-based approach enabled us to

study the complex interplay of the entire S. mutans gen-
ome simultaneously. We examined the pattern of gene
expression as a reflection of the bacteria’s physiological
state influenced by biofilm formation on several repre-
sentative types of dental materials. Differences in expres-
sion of the various genes provide an indication as to
their function in biofilm formation, and may help to
understand the different physiological pathways asso-
ciated with this process. A substantial number of differ-
entially expressed genes, such as SMU.574c, SMU.609,
and SMU.987, are associated with cell wall proteins.
SMU.987 encodes a cell wall-associated protein precur-
sor WapA, a major surface protein [47], which modu-
lates adherence and biofilm formation in S. mutans.
Previous studies demonstrated that levels of wapA in
S. mutans were significantly increased in the biofilm

phase [48], whereas inactivation of wapA resulted in a
reduction in cell aggregation and adhesion to smooth
surfaces [49]. The wapA mutants have reduced cell
chain length, a less sticky cell surface, and unstructured
biofilm architecture compared to the wild-type [50]. The
differential expression of those genes coding for cell wall
associated proteins indicates their role in activation of
initial biofilm formation and adjustment of the bacteria
to various surfaces.
Additional differentially expressed gene SMU.618

which was found to be most significantly upregulated in
biofilm formed on composite is annotated as hypotheti-
cal protein with unknown function. SMU.744, encoding
the membrane-associated receptor protein FtsY, the
third universally conserved element of the signal recog-
nition particle (SRP) translocation pathway [51], was
also found among the differentially expressed genes.
SRP was first identified in mammalian cells, and later in
bacteria, and it was further shown that components of
the SRP pathway are universally conserved in all three
domains of life [52]. The SRP pathway delivers mem-
brane and secretory proteins to the cytoplasmic mem-
brane or endoplasmic reticulum [53]. S. mutans
remained viable but physiologically impaired and sensi-
tive to environmental stress when ftsY and other genes
of the SRP elements were inactivated [51]. The high reg-
ulation of FtsY in biofilms grown on different types of
surface indicates that the SRP system is crucial for bac-
terial survival in the transition of bacteria from polystyr-
ene to the other surfaces tested.
Our microarray data also show that stress-related

genes, including SMU.81, SMU.82 (dnaK) and
SMU.1954 (groEL), were differentially regulated within
biofilms of S. mutans formed on the surfaces. It is
known that these genes are intimately involved in the
clearance of misfolded aggregates and premature poly-
peptides produced during stress. This result indicates
that there is a firm correlation between the transition of
bacteria from one type of surface to another and the
stress response. One possible explanation of these differ-
ences could be because of the environmental stress
encountered by the biofilm bacteria during the transi-
tion to dental surfaces rather than to the polystyrene.
The challenge of stressful situations during the transi-
tion and adjustment to a new surface induces the bac-
teria to switch on surface dependent gene expression for
successful adjustment to certain surface.
Interestingly, a minority of the differentially expressed

genes showed more than 2.5-fold change between the
different surfaces. However, even small changes in
mRNA levels could have the biological potential to
affect bacterial metabolism and physiology. Relatively
small changes in the level ofexpression of one gene can
be amplified through regulatory networks. and result in
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significant phenotypic alteration [54]It is noticeable that
biofilm formation on different surfaces does not radi-
cally alter the transcriptome. However, closer assess-
ment reveals that these changes in gene expression have
the potential to profoundly affect cellular physiology,
which adapts the bacteria in the biofilm formed on var-
ious surfaces. It should be remarked also that real-time
RT-PCR results did not fully agree with the microarray
data for selected genes. The most prominent differences
between the array and RT-PCR approaches are probably
due to the inherent technical variability of the microar-
ray technique. Another reason for the residual variation
between the two techniques could be associated with
the incorporation of labeling compounds only for the
microarray technique and the intrinsic dependence on
the enzyme used for labeling [55].
By evaluating gene expression patterns in S. mutans

following immobilization on different surfaces, we
demonstrated that biofilm development is accompanied
by significant transcriptional changes (Tables S1-3).
However, the existence of a surface-dependent universal
biofilm gene-expression pattern is still questionable.
Nonetheless, our results suggest that genes associated
with stressful environmental conditions and the synth-
esis of molecular chaperones, as well as cell wall-asso-
ciated proteins and adhesion-promoting genes, seem to
be responsible for biofilm generation on different sur-
faces. Biofilm formation as a complex developmental
process is characterized by intricate interplay of gene
expression pattern; hence, the bacteria have very sophis-
ticated ways to be better adjusted to particular surface
by manipulating their gene expression pattern. We have
tested only representatives of dental surfaces natural
(HA), implant (Ti) and restorative material (composite),
it is conceivable that biofilm formation accompanied by
gene and signal changes would occur also on other
types of dental surfaces.

Conclusions
Transcriptional profiling revealed broadly based changes
in the patterns of gene expression during biofilm devel-
opment of S. mutans on different solid surfaces, which
manifest the physiological state of bacteria influenced by
the type of attachment substance. Moreover, the stress-
ful circumstances of adjustment to a particular surface
may stimulate the bacteria to enhance intercellular sig-
naling and surface dependent biofilm formation.

Additional file 1: Figure S1. Schematic diagram showing construction
of DNA-microarray experiments for gene expression studies of biofilms
on various surfaces.
Click here for file
[ http://www.biomedcentral.com/content/supplementary/1471-2180-10-
51-S1.DOC ]

Additional file 2: Table S1. Nucleotide sequences of primers for genes
whose expression was compared. Table S2. The differentially expressed
(P < 0.05) genes of S. mutans biofilms on HA vs. polystyrene surfaces.
Table S3. The differentially expressed (P < 0.05) genes of S. mutans
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