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Abstract In some diseases, a very important role is played by
the ability of bacteria to form multi-dimensional complex
structure known as biofilm. The most common disease of the
oral cavity, known as dental caries, is a top leader. Streptococcus
mutans , one of the many etiological factors of dental cares, is a
microorganism which is able to acquire new properties allowing
for the expression of pathogenicity determinants determining its
virulence in specific environmental conditions. Through the
mechanism of adhesion o a solid surface, S. murans is capable
of colonizing the oral cavity and also of forming bacterial
biofilm. Additional properties enabling S. mutans to colonize
the oral cavity include the ability to survive in an acidic
environment and specific interaction with other microorganisms
colonizing this ecosystem. This review is an attempt to establish
which characteristics associated with biofilm formation—
virulence determinants of S muians—are responsible for the
development of dental canies. In order to extend the knowledge
of the nature of Streptococcus infections, an attempt to face the
following problems will be made: Biofilm formation as a
complex process of protein-bacterium interaction. To what
extent do microorganisms of the cariogenic flora exemplified
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by 8. mutans differ in virulence determinants “expression”
from microorganisms of physiological flora? How does the
environment of the oral cavity and its microorganisms
affect the biofilm formation of dominant species? How do
selected inhibitors affect the biofilm formation of cariogenic
microorganisms?

Introduction

In the 18th century, it was demonstrated that microorganisms
live not only in a single-cell form, but are also capable of
forming clusters suspended in a mucilaginous extracellular
substance. The pathogenicity of certain microbial species such
as Streptococcus mutans, Staphylococcus epidermidis,
Legionella pneumophila or Pseudomonas aeruginosa is
inseparably associated with their ability to form biofilms on
solid surfaces, e.g., tissues, catheters or implants [1—4]. This
feature allows microorganisms to form three-dimensional
structures in which cells become more resistant to antibiotics
and changing environmental conditions, among others,
through changes occurring as a result of interbacterial
interactions and the presence of an exopolysacchande matrix
protecting the entire structure [5, 6].

Microorganism pathogenicity

Interactions observed between pathogen and host have
been the subject of research and discussion for many vears.
The historical approach to the problem of microorganism
pathogenicity postulated by, amongst others, Koch, puts the
pathogen or host in the main position by this featured affiliation
to one of them. The term ‘pathogenicity determinants’ is
related to the features which determine a microorzanism’s
ability to cause disease, but which themselves are not required
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for its survival [7]. Henderson et al. defined pathogenicity
determinants as pathogen components which cause damage
in a host organism; this may include factors vitally important
for the microorganisms [8]. These definitions do not, however,
take into account the role of host susceptibility to infection,
indicating only that pathogen properties are responsible for
disease development. According to these definitions, only
those microorganisms which cause diseases in healthy
people are pathogens and not opportunistic or commensal
microorganisms which are only able to infect the hosts with
immune system disorders.

Casadevall and Pirofski [9] proposed a new definition
for pathogenicity and pathogenicity determinants of the
microorganisms taking into account the state of host
mmunological defense. A given microorganism patho genicity
5 expressed as a range of damage which is caused by the
microorganism itself and by the immune system as a response
to a pathogen. The state of a host’s immunological defense is
the main determinant for bacterial pathogens and it determines
the infection course and cure [9].

The determination of microorganism pathogenicity
determinants according to the classification proposed by
Casadevall and Pirofski (six classes) poses some interpretation
problems in class I, since it seems that the key role in these
infections is playved by a host’s condition. The infected human
constitutes a complex ecosystem in which homeostasis in
the field of the bacteria-immune system is observed in the
physiological state. The development of bacteremia
occurs in cases of disturbances in this system, usually as
a result of immunity deficiency or, more rarely, as a result
of an overexpression of the features determining bacteria
pathogenicity. There are, however, some bacteria, e.g., 5.
salivarius or most bacteria colonizing the oral cavity,
which live in the human environment but are rarely described
as pathogens, even in those patients with an impaired immune
system. This suggests that even pathogens of a low virulence
have to possess a minimum set of features determining their
pathogenicity, which would allow them to penetrate and
proliferate in a host organism.

In the study by Kreikkemeyer etal. [10] concerning biofilm
structure, the determinants of Streptococcus pathogenicity are
related to the discovery of long filamentous structures similar
to the pilus observed on bacteria surfaces. These structures
exhibit adhesive properties and may play a key role in
adhering to host cells and tissues, as well as in biofilm
formation by pathogens of the Strepitococcus species. The
study demonstrated that the described pilus in 5. pyogenes
are responsible for bacteria adhesion and the formation of
microcolonies on host cell surfaces, and also for aggregation
itself, especially when influenced by human saliva. Also, in
the case of 8 agalactiae, these structures are engaged in
pathogen interaction with host cells, e.g., adherence and
bypassing the epithelium barrier. They are also responsible
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for bacteria clustering in a biofilm-like structure. In the
pathogenesis of the diseases caused by 8 pneumoniage, as in
the case of other Streprococcus species, these structures are
engaged in adhesion and colonization processes; however,
compared to other Streptococcus species, the frequency of
pilus occurrence is lower (less than 30 %) [11].

There are studies suggesting that S. mutans isolates have a
greater ability to form biofilm than the isolates of other
Streptococcus species, which colonize the human oral cavity
environment [12, 13]. The studies focused on S. mutans cells,
which form biofilm and proved that they exhibit a different
expression of some proteins in comparison to planktonic
cultures, e.g., an increase in exopolyphosphatase expression
and a decrease of lactate dehydrogenase or pyruvate kinase
expression [14]. Increased virulence of cells forming biofilm
can also be associated with a higher tolerance to low pl, as
compared to planktonic cultures.

The main components of the biofilm formed on the surface
of teeth include: ghucan (10-20 % of dry weight), fructan
(1-2 % of dry weight) and proteins (40 % dry matter).
Moreover, it differs from the surrounding saliva in terms
of the levels of lipids, calcium, magnesium, fluorine, and
phosphorus. In situ, in 80 % it consists of water [6]. Thus,
an amorphous membrane formed in such conditions provides
ideal conditions for bacterial survival and determines the
vinulence of the biofilm structure. Physical and biochemical
matnx featres allow for the adhesion of microorganisms,
promote cohesion (the aggregation of cells), and act as a source
of energy reservoirs. Moreover, limited diffusion to and from
the biofilm helps to focus the ions and other nutrients in the
microenvironment, such as biofilm; however, it hinders the
penetration of substances from outside, including antibiotics
[6]. It can be observed that bacteria in the biofilm resemble
other organisms for which the clustering was also an
evolutionary adaptation for survival.

The ability of bacteria of the S. mutans species to form
biofilms is significant from a clinical point of view, mainly in
the context of carries etiology; however, there are also single
casuistic cases of infective endocarditis (IE) with the
involvement of this bacteria [15, 16]. The development of 1E
is observed when endocardial damage occurs followed by the
formation of a very small blood clot, in which platelets play a
crucial role. If, at the same time, microorganisms enter the
bloodstream, they may use these favorable growth conditions
for deposition and biofilm formation.

Such microclots are formed at the interface of the mitral
and tricuspid valves from the side of atria and from the side of
chambers at the aortic and pulmonary valves [17]. The
survival of 8. mutans in the bloodstream, where it is very
rarely observed after dental surgery, is associated with the
presence of several virulence factors on the surface of bacteria,
and these have been described in different cases of [E caused
by this microorganism. First are those factors responsible for
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the increased resistance of proteins to phagocytosis, namely,
the fibronectin-binding protein (so-called autolysin A, AtlA)
[18] and serotype-specific polysacchande [19]. Next, C antigens
increased platelet aggregation, initiating the coagulation cascade
process and, consequently, often leading to hypercoagulable
states [20]. An equally important role is attobuted to the
collagen-binding protein (Cnm) [21], so that the S mutans
bacterium can adhere to the heart tissue and penetrate the
endothelium of the coronary arteries, consequently leading
to endocarditis [22].

Biofilm formation as a complex process
of protein—bacterium interaction

The most common oral cavity infectious disease in which an
important causative role is played by biofilms formed by
microorganisms on the teeth and gums surface is dental caries.
One of the main etiological factors of the above-mentioned
disease is 5. mutans [23-25].

Caries is the most common childhood illness. It is estimated
to occur five times more often than the second most common
childhood illness, asthma [26]. The Decayed, Missing and
Filled Teeth (DMFT) index rate was observed for Bolivia,
Guatemala, Bosnia and Herzegovina, and Philippines. Directly
behind them in contrast, the lowest DMFT index rate was
observed for Russia, Europe’s Eastem Bloc including Poland,
and most South American countries [27, 28].

Comparing the DMFT index rate for European countries,
one can observe that the epidemiological situation in Poland is
not ideal. In 2012, the DMFT index rate for 12-year-olds was
estimated at 4.4, whereas the lowest observed in Holland was
estimated at 0.9 and the highest in Latvia was estimated at 7.7.
In terms of 6-year-olds, the situation deteriorates because,
among the countries under investigation, the highest DMFT
index rate equal to 5.1 was recorded in Poland. It is estimated
that, in Poland, dental caries is observed in 35-50 % of
children aged 2-3 years and in 50-60 % of children aged 3—
4 years [27, 29]. According to alarming reports from the
World Health Organization (WHO) and the National Institute
of Public Health (PZH), dental cares is observed in almost
100 % of children aged 67 vears. Caries in permanent teeth
starts just after the dentition of the first molar teeth and has
been reported in approximately 90 % of Polish 12-year-old
children [30, 31].

In the view of the above data, it is extremely imporiant to
understand more fully the mechanisms of cariogenic strain
activity on the basis of the biofilm formed by them, which
may be applied in the prevention and early diagnostics of
dental caries in children.

Biofilms present in the oral cavity are three-dimensional
structures, consisting of bacterial strains anchored to solid
surfaces such as tooth enamel, tooth roots or dental implants.

They are embedded in an exopolysaccharide matrix [32]. Over
700 different bacterial species incorporating into biofilms have
been identified so far[33, 34]. The structure and composition of
the exopolysaccharide matrix s determined by the conditions
existing in the oral cavity and change over time. The
extracellular polysaccharides (EPS) also affect the physical
and biochemical properties of the biofilm [6, 35].

The primary sources of EPS are glucosyltransferase (GTF)
and fractosyltransferase (Ftf), products of interaction with
sucrose and starch hydrolysates. Exopolymers contained in
the polysaccharide matrix form its stability and provide
possibilities of binding bacterial cells [6, 35, 36]. Research
on the composition of the polysaccharide matrix revealed the
presence of components as shown in Fig. 1.

The process of biofilm formation begins with the coating of
the tooth surface through the salivary pellicle [6, 32]. This
pellicle is formed by salivary components (such as proline-
rich proteins, amylase, lysozyme, histatin, peroxidase, mucin,
and bacterial components, e.g., Ftf, Gtf, lipoteichoic acid)
specifically adsorbed to the acquired enamel pellicle (AEP)
[6, 37]. AEP is the basis for microorganism-induced biofilm
formation colonizing the oral cavity [37]. Single S mutans
cells or their aggregates fuse with pellicles via two independent
mechanisms: sucrose-dependent and sucrose-independent [23,
25,32].

The sucrose-dependent mechanism
Glucosyltransferases (GifS)

The sucrose-dependent mechanism of plaque formation is
based on glucosyltransferases (GTFB, -C, and-D) produced
by § mutans in combination with glucan-binding proteins
(GBPs) [6, 25, 38]. Glucosyltransferases play critical roles in
W glucans M fructans

B water M saliva proteins

5% 2%

13%

80%
Fig. 1 The percentage composition of polysaccharide matrix (the figure
was prepared based on the data published by Bowen and Koo [6])
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virulent dental plagque development and are responsible
for glucans formation from sucrose. The synthesized
glucans provide the possibility of both bacterial adhesion
to the tooth enamel and microorzanisms to each other. Thanks
to this process, microcolonies are formed which favor the
formation of biofilm. Each of the three types of Gif plays a
different, though similar role in biofilm formation and,
therefore, the loss or mutation of one of them impairs the
whole process [6, 38].

In vivo, G5 very rapidly (approximately 1 min) adsorbs
into the hydroxyapatite surface (sHA) of the enamel-coated
salivary pellicle. The highest affinity for the sHA is reported
for GTFC (formally known as GtfSI), which is a hydrophilic
compound and produces a mixture of soluble (with mostly o-
1,6-linkages) and insoluble glucans. However, it has a
hydrophobic domain which is related to its affinity for dental
plaque. This enables the interaction with saliva proteins in the
pellicle, such as lysozyme or a-amylase. GtfB (known as
Gtfl), a glucosyltransferase, s primarily responsible for the
interaction with other S. mutans bacteria which mainly
synthesize insoluble glucan rich in o-1,3-linkages. It is
responsible for the formation of highly differentiated
microcolonies forming the structure of biofilm [39]. Its
activity significantly increases when there is a glucose in the
environment, which is not a typical situation and is observed
extremely rarely [6, 40].

GtfD (GtfS) predominantly forms soluble, quickly
metabolizable polysaccharides and acts as a paimer for GtfB.

Glucosyltransferases also interact with the components of
saliva: amylase, in consequence blocking the activity and
adsorption to hydroxyapatite; lysozyme, which decreases the
activity of GtiB, but does not affect the characteristics of
glucans formed by the enzyme; peroxidase, which inhibits
the activity of all three glycosyltransferases.

GtfS also have the ability to bind to other bacterial
cells, even if these are not bacteria synthesizing their own
glycosyltransferases. Therefore, cooperation between Gtfs
and microorganisms allows for the building of'a plate strongly
attached to the teeth surface with stable bonds between
bacterial cells [6, 35].

Genes encoding GttB and GtfC lie close to each other, have
a very similar amino acid composition (95 % homology), and
are subject to the same regulatory processes. These genes are
expressed in response to acidification of the environment or in
situations of ghlicose or sucrose excess in the environment.
Many factors additionally influence the physiological
expression of these genes. One of them is catabolism and
factors like RegM, an inhibitory regulator of S. mutans [6].
The protein regulating the catabolism in Streptococcus and
Staphyvlococcus bactenia, RegM, is also known as catabolite
control protein A (CCPA) [41]. Its regulatory function is based
on the inhibition of genes involved in the utilization of
altemative carbon sources and the activation of the expression
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of genes whose products are involved in the elimination of
excess carbon from the cell [42—44)]. Inactivation ofthe RegM
of §. mutans results in a very strong decrease in the promoter
expression of gfBC [6]. Other factors are the products of
genes: xS (Al-2 autoinducer-coding synthesis), which
affects the expression of gffB and gifC [6, 25, 45], and also
ropA (encoding for the trigger factor) regulating the
production of GtfB and GtfD [6, 23]. Also, the VicRK signal
transduction system affects the physiological expression of
Gifs. In a mutant strain of 8. mutans which does not have this
system, a significant decrease in gtfD) gene expression, as well
as increased expression of the gifB gene, was observed.

The gifDr gene lies distant from other genes, is characterized
by lesser homology (50 %) and is subject to different regulatory
mechanisms. Its expression is specifically induced by copper
ions [6]. Apart from Gtfs, the synthesis and structure of glucans
is also affected by enzymes such as mutanase and o-1,6-
ghucosidase. Therefore, the structure of glucans in the biofilm
matrix is changeable, and in mature dental plaque, water-
insoluble polysaccharides dominate [6, 46, 47].

Glucans binding of proteins (Ghps)

Another component of the sucrose-dependent mechanism is
Gbps mediating the binding of bacteria to ghicans. Four types
of this protein are known: GbpA, -B, -C, and -D [6, 25, 38].
The GBPC protein (and probably GbpB) is associated with the
bactenal cell wall and, therefore, acts as a specific receptor for
glucan. All four types of proteins play arole in microorganism
adhesion and biofilm formation; however, the GbpD protein
seems to play a key role [6]. Research on the utility of GS5
(deletion ofthe ghpB gene) and UACAZ (a strain of the ghpB
gene expression encoding antisense RNA) of S murans
strains showed that the absence or mutation of the gene
encoding GbpB results in a change ofcell shape and a slowing
down of its growth [38]. This disables the appropriate
development of biofilm, which, instead of a diverse, dense
formation, becomes a product of non-regular cell clusters
surrounded by a matrix of unusual structure.

The expression patterns of GbpB which have been studied
by Fujita et al. [40] may have some relationships with S
mutans virulence. Attention was paid to the relationship of
the profiles and biological activity of the above-mentioned
proteins with the virulence of isolated proteins. GbpB
expression analysis isolates revealed the existence of several
expression patterns. Strains that showed single and multiple
bonding were classified as S and M strains, while strains
without explicit GbpB expression were classified as N
type. The GbpB expression pattern distribution was found
to be different for the Japanese and Finnish clinical strains
simultaneously.

For the Japanese strains, the highest frequency was
reported for S (81 %), followed by the M (15 %) and N types






