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Abstract

Oral Biofilms are one of the most complex and diverse ecosystem developed by successive 

colonization of more than 600 bacterial taxa. Development starts with the attachment of early 

colonizers such as Actinomyces species and oral streptococci on the acquired pellicle and tooth 

enamel. These bacteria not only adhere to tooth surface but also interact with each other and lay 

foundation for attachment of bridging colonizer such as Fusobacterium nucleatum followed by 

late colonizers including the red complex species: Porphyromonas gingivalis, Tannerella forsythia 

and Treponema denticola-the founders of periodontal disease. As the biofilm progresses from 

supragingival sites to subgingival sites, the environment changes from aerobic to anaerobic thus 

favoring the growth of mainly Gram-negative obligate anaerobes while restricting the growth of 

the early Gram-positive facultative aerobes. Microbes present at supragingival level are mainly 

related to gingivitis and root-caries whereas subgingival species advance the destruction of teeth 

supporting tissues and thus causing periodontitis. This review summarizes our present 

understanding and recent developments on the characteristic features of supra- and subgingival 

biofilms, interaction between different genera and species of bacteria constituting these biofilms 

and draws our attention to the role of some of the recently discovered members of the oral 

community.
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Introduction

Microbial colonization begins immediately following birth and initiates symbiotic 

relationship between the microorganisms and the host [1,2]. Dysbiosis of these communities 

are linked to various disease states [3,4]. While it is estimated that the majority of the total 

microbial biomass lives in the planktonic mode [5], more than 65% of all bacterial infections 
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in humans are biofilm associated [6,7]. Oral bacterial biofilms were the first human–

associated biofilms to have been studied extensively. First defined by James Leon Williams 

in 1897, dental biofilm was described as a gelatinous accumulation of bacteria attached to 

the tooth surface [8]. Recent statistics show that oral diseases affect 3.9 billion people 

globally [9]. Periodontitis, as one example, is a biofilm-associated infection that induces an 

irreversible inflammatory state that leads to the destruction of the supporting structures of 

the teeth [10]. The interactions among the biofilm communities are defined 

spatiotemporally. Since biofilms exist as an interface, their environment is characterized by 

a gradient of nutrients that could encourage spatial and metabolic diversity promoting 

growth of the microbiota. Thus, in the current emerging paradigm, periodontitis is 

considered as a multifactorial disease with diverse clinical features not precisely explained 

by the etiologic role of a single bacterium.

This microbial accumulation that adheres tenaciously to tooth surface shows structural 

organization, partly due to the organic matrix derived salivary glycoproteins and 

extracellular microbial products [11]. This accumulation is broadly classified as 

supragingival and subgingival biofilm. Supragingival biofilm, sometimes referred to as 

“marginal biofilm”, is found at or above the gingival margin. In contrast, subgingival 

biofilm is found below the gingival margin, between the tooth and gingival sulcular tissue. 

The different regions of biofilm are involved in significant processes associated with 

different diseases of the teeth and periodontium. Therefore, addressing gingival biofilms is 

important in the prevention of oral infections. Marginal biofilm predisposes to gingivitis and 

tooth associated subgingival biofilm are critical in calculus formation and root caries, 

whereas subgingival biofilm is involved in soft tissue destruction and could lead to different 

forms of periodontitis. Although not understood as biofilms, descriptions of supra and 

subgingival dental biofilms were available in the 1960s-70s [5]. Since that era there has been 

noticeable advances in knowledge on the biofilm mode growth causing periodontal 

infections. The composition of these biofilms predominate with bacterial microbiota, 

however, nonbacterial microorganisms such as mycoplasma, yeast, protozoa, viruses and 

fungi are a part of this community [2]. Furthermore, they also contain host cells such as 

epithelial cells, macrophages and leukocytes. The major extracellular matrix which supports 

the biofilm mass consists of organic and inorganic materials derived from saliva, gingival 

crevicular fluid, and bacterial products. The organic components of the matrix include 

glycoproteins (from saliva), polysaccharides (produced by bacteria), albumin (from 

crevicular fluid) and lipid materials (from disrupted bacterial and host cells) [12]. Biofilm 

formation can be divided into three phases, starting with initial formation of the pellicle 

coating on the tooth surface, followed by initial colonization of bacteria, and then secondary 

colonization and biofilm maturation [13].

Earlier studies on the stages of dental biofilm development and maturation on the tooth 

surface have shown that the communities grow by lateral spread and gain thickness due to 

the multiplication of the early colonizers [11]. Competition for space and nutrition facilitate 

aggregation of different bacterial species. In mature biofilms, columnar pattern of microbial 

growth have demonstrated that certain bacterial species under specific environmental 

conditions become organized into supragingival and subgingival biofilms with unique 

characteristics. Hence this biofilm mode growth implies that such bacterial colonies behave 
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as integrated communities and play a role in chronic biofilm-associated infections. Thus the 

emerging paradigm supports the induction of disease due to pathogen synergy [14].

Cultivation techniques and molecular approaches have shown the width and depth of biofilm 

diversity, and a vast collection of microorganisms that inhabit the gingival crevices [15]. 

These investigations give detailed taxonomical census of gingival microbial communities, 

including subject variation and temporal variation in community structure, determining 

periodontal health status. However, understanding its community function is yet to be 

explored in detail, and clinical studies and evaluation of the ecological determinants of 

gingival biofilm maturation are still needed to address this issue. Functional characteristics 

of gingival biofilm communities are governed by the metabolic processes that support such 

microbial communities [16]. Thus, identifying keystone species, along with their microbial 

interactions and signaling, play a significant role in understanding the relationship between 

microbial communities and the host [17,18].

Early and late colonizers

Gingival biofilm formation is a progressive phenomenon with sequential addition of specific 

groups of bacteria to the glycoprotein complex on the surface of the teeth. The initial 

predominant bacteria that colonize the pellicle coated tooth surface are Gram-positive 

facultative anaerobic bacteria such as Actinomyces spp and oral streptococci [12]. 

Streptococci are considered to be the main group of early colonizers in the oral biofilm, 

making up over 80% of the initial biofilm. They interact with other primary colonizers and 

attach to the tooth surface, determining the composition of late colonizers in the oral 

biofilm, and impacting the health or disease status of the host [17,18]. These initial 

colonizers adhere to the pellicle through specific molecules termed adhesins on the bacterial 

surface that, in turn, interact with receptors on the dental pellicle. As a continuous process, 

there is a transition from the early aerobic environment characterized by Gram-positive 

facultative anaerobic species to a highly oxygen deprived environment where Gram-

negative anaerobic microorganisms dominate [19,20].

Further to the inhabitation of early colonizers, secondary colonizers such as Prevotella 

intermedia, P. loescheii, Capnocytophaga spp and Fusobacterium nucleatum adhere to 

bacteria already present in the biofilm matrix, and subsequently attract late colonizers such 

as Porphyromonas gingivalis [21,22]. Extensive laboratory studies have documented the 

ability of different species and genera of biofilm microorganisms to adhere to one another, a 

process known as “coaggregation” [23]. This process occurs primarily through the highly 

specific stereochemical interaction of protein and carbohydrate molecules located on the 

bacterial cell surfaces, in addition to the less specific interactions resulting from 

hydrophobic, electrostatic, and van der Waals forces [24]. Supragingival biofilm typically 

demonstrates a stratified organization of the bacterial morphotypes. Gram-positive cocci and 

short rods predominate at the tooth surface, whereas Gram-negative rods and filaments as 

well as spirochetes do so in the outer surface of the mature biofilm mass [25]. Highly 

specific cell-to-cell interactions forming the “corncob” structures are also evident. Corncob 

formations have been observed between rod-shaped bacterial cells (e.g., Bacterionema 
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matruchotii or F. nucleatum) which form the inner core of the structure and coccal cells 

(e.g., Streptococci or P. gingivalis) that attach along the surface of the rod shaped cell [16].

Members of the Mitis group Streptococci (Streptococcus oralis, S. mitis, and S. sanguinis) 

are part of early colonizers and have been frequently associated with oral health [26,27]. It is 

the uncontrolled growth of the Gram-negative component of dental biofilm that leads to 

periodontitis. During progression of periodontitis, there is a reduction in the fraction of 

streptococci present in the biofilm. Studies have shown that P. gingivalis induces S. mitis 

cell death (10-fold increase); and DNA fragmentation, and increases production of reactive 

oxygen species by up to 25-fold in an in vitro biofilm system by an unknown mechanism, 

thus shaping the oral microbiome to its advantage [28]. Therefore, it could be reasoned that 

successive biofilm formation may play a role in major periodontal species pathogenicity.

During the initial oral biofilm formation process, oral Veillonella species (Veillonella 

atypica, V. denticariosi, V. dispar, V. parvula, V. rogosae, and V. tobetsuensis) are the major 

early colonizers [29]. The interaction of Veillonella with certain other bacterial species via 

several factors is important for enhanced biofilm development. Biofilm mass was shown to 

be increased when selected Veillonella species were co-cultured with S. gordonii, S. mutans 

or S. salivarius compared to mono-culture controls [29]. In contrast, the reduced biofilm 

mass shown by co-culture of S. sanguinis, with selected Veillonella species may indicate the 

role of specific factor(s) including signaling molecules in the heterogeneous response [29]. 

Further studies are needed to clarify the molecular mechanism(s)

Biofilm and periodontal disease

Despite the significance of biofilm in periodontal infections, there have been varied thoughts 

on the composition of subgingival microbiota resulting in tissue destruction, and hence, not 

all the elements of biofilm may have the same significance to cause disease process. 

Supragingival and subgingival biofilms are always considered as a continuum; however, at a 

certain point during the biofilm maturation process, the subgingival habitat is isolated from 

the supragingival environment. The lack of complete interdependence between these two 

ecosystems is consistent with the observation that removal of the supragingival biofilm has a 

minimal impact on the composition of the subgingival biofilm and its capacity to play a role 

in periodontal disease [30]. This observation could suggest that after a certain point of 

biofilm development and maturation, the subgingival microbiota does not depend on the 

supragingival bacterial species for its survival and pathogenicity. Earlier studies have also 

shown that there was a vast variation in the healthy biofilm community versus the diseased 

and that certain components in this community can play a relevant role in the disease 

process.

Periodontal disease induced by the dysbiosis can be summarized by the “ecological biofilm 

hypothesis”. Based on this hypothesis, changes in the oral environment increase the 

competitiveness of the pathogen at the expense of the species associated with oral health, 

and hence, increases the expression of virulence factors in that organism [20,19]. This also 

takes into consideration the interplay between bacteria and the host inflammatory response. 

Therefore, maturation of supra and subgingival biofilms leading to gingival inflammation 
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would result in additional changes in the microbial composition of the adjacent biofilm that 

could also be regulated by reciprocal interaction of the host [31]. While the factors in the 

subgingival environment can affect the biofilm composition, environmental conditions such 

as temperature, redox potential, pH availability on nutrients, can also alter pattern of gene 

expression of certain pathogenic bacterial strains in the biofilm [32,33]. Therefore, the local 

microenvironment plays a vital role in the composition and function of the subgingival 

microbiota [34]. A shift in the microbial community during experimental gingivitis is 

correlated with changes in the microbial population in a developing dental biofilm [35,36]. 

During periodontal infection, an increase in gingival crevicular fluid causes early changes in 

the bacterial composition of supragingival biofilm that become more noticeable as the flora 

matures. This, in turn, is further perpetuated by autogenic microbial succession and 

regulated microbiota interactions [31]. While dysbiosis has also been used to describe 

disease state due to a shift in the normal resident microbiota, previous studies have 

examined the changes in the microbiota from different oral habitat over a time period 

[37,38,39,40,41,42,43]. These studies have taken into account other environmental factors in 

microbial succession and facilitated the understanding of the microbial interplay.

Based on the evidence and significance of gingival biofilms, the primary goal of periodontal 

therapy is to target the subgingival biofilm formation at the diseased sites. Understanding 

these bacterial biofilm communities will provide knowledge to design new treatments for 

chronic infectious diseases. It was also noted that supragingival biofilm regulation plays a 

critical role in therapy due to its impact on the inhibition of re-colonization in the 

subgingival biofilm [44,45,46]. It was also noted that there has been conflicting results 

regarding the impact on the control of supragingival biofilm on the composition of 

subgingival biofilm in the untreated periodontal sites [47,48,49].

Supragingival biofilms

Earlier studies have shown the succession of bacterial species in the supragingival biofilm 

samples during different time frames starting within hours [40], to days [42,43] and months 

[37] after professional cleaning. These studies have confirmed the adhesion and specific 

attachment of early colonizers to the tooth surface by bacteria classified as the “yellow 

complex” – S. intermedius, S. oralis and S. mitis [40]. After biofilm removal, re-colonization 

of the supragingival environment with species such as V. parvula, C. gingivalis, E. 

corrodens, Neisseria mucosa and F. nucleatum has been noted [43]. There was an increase 

in the bacterial counts in supragingival biofilms in periodontitis subjects compared to 

healthy ones, though both the clinical groups presented a similar pattern of microbiota [43]. 
Treponema sokranskii, S. noxia, S. mutants, S. anginosus, P. melaginonenica, 

Propionibacterium acnes, N. mucosa, and Leptotrichia buccalis were the predominant 

bacteria noted in the healthy as well as the periodontitis supragingival biofilm samples 

[30,11]. A study using cluster analysis and community orientation techniques to evaluate 

microbial complexes among grown biofilm showed a mixture of biofilm communities that 

appeared similar to the more mature and long term biofilms [37]. However, the studies could 

not identify the community of late colonizers. Communities including Streptococcus (yellow 

complex) and Actinomyces species similar to those described for subgingival biofilms could 

be identified [50]. However, for other complexes such as “green”, “purple”, “orange” and 
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“red complexes”, there were differences between the supra and subgingival biofilms [51]. 

Capnocytophaga ochracea appeared to be associated with more members of orange 

complex bacteria. V. parvula, and N. mucosa formed a new “purple complex” where N. 

mucosa replaced A. odontolyticus. The largest complex observed in the supragingival 

samples in terms of number of species was the “orange complex”. There were distinct 

subsets within the “orange complex”, such as C. gracilis, S. noxia, C. ochracea, P. 

intermedia, P. nigrecens, and certain Fusobacteria formed additional subsets so as C. retus 

and C. showae [37]. It is likely that this could be due to similar nutritional requirements of 

the bacterial subset community. It was also noted that the subsets within the “orange 

complex” of supragingival biofilms seemed to be more closely associated with those 

observed in the subgingival samples. Regarding the “red complex” bacteria species – P. 

gingivalis, Tannerella forsythia and T. denticola were noted in association with E. nodatum, 

in supragingival biofilms in both mature and long term biofilm complexes. Further, there 

was association of “red complex” with Aggregatibacter actinomycetemcomitans, E. 

saburreum, Parvimonas micra and P. melaninogenica in the long term biofilm complexes. 

Studies on the impact of biofilm biomass and tooth position on supragingival biofilm 

composition indicated that “green” and “orange complex” bacteria increased markedly in 

samples with high biofilm mass [11]. Additionally, it is important to note that the members 

of Actinomyces and “purple complexes” decreased but the “red complex” species in the 

supragingival biofilms was not impacted by the biofilm biomass. Gingival crevicular fluid 

and surface type were found to be major limiting factors for biofilm development and 

redevelopment [52]. Biofilm redevelopment was more rapid in the natural teeth as compared 

to dentures [42]. Also, the roughness of the colonization surface was important for biofilm 

colonization other than the physio-chemical properties [53,54]. Recent studies have shown 

that A. actinomycetemcomitans, A. baumanni and the “red complex” (P. gingivalis, T. 

forsythia, T. denticola) associated with P. aeruginosa in the subgingival microbiota 

increased the likelihood of periodontitis [55]. Also P. aeruginosa showed synergism with A. 

actinomycetemcomitans in increasing the risk of periodontal disease.

Recent studies have indicated that supragingival biofilm can harbor putative periodontal 

pathogens suggesting a possible role of this environment as a reservoir for spread or 

reinfection to subgingival sites. Forty taxa of bacteria were detected in both the supra and 

subgingival biofilms with Actinomyces spp. being the most prevalent one in both habitats 

[56]. Supragingival samples exhibited significantly higher counts of A. naeslundii 

genospecies 1, A. israelii, A. odontolyticus, N. mucosa, S. gordonii, C. ochracea and C. 

sputigena compared to the subgingival samples taken from the same tooth surface [57]. 

Subgingival biofilm samples showed higher counts of P. nigrescens, P. intermedia, 

Bacteroides forsythus and P. gingivalis. They exhibited a higher proportion of “red” and 

“orange” complex species while supra gingival biofilm exhibited higher proportion of 

“green” and “purple” complex species as well as Actinomyces spp.[56]. In summary, 

supragingival colonization was initiated by “yellow complex” bacteria such as S. mitis and 

S. oralis and the colonization of Actinomyces spp. was slower. The development and 

composition of the supragingival microbiota is influenced by inflammation and depth of 

periodontal pockets [11]. Other factors include the nature of surfaces, tooth position, and 

biofilm mass [38].
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Subgingival biofilms

The environmental parameters of the subgingival region differ from those of the 

supragingival region. The gingival crevice or pocket is bathed by the flow of crevicular 

fluid, which contains many substances that the bacteria may use as nutrients. Host 

inflammatory cells and mediators are likely to have considerable influence on the 

establishment and growth of bacteria in this region. The bacteria that predominate in mature 

biofilms are anaerobic, asaccharolytic, and use amino acids and small peptides as energy 

sources [58]. Laboratory studies have demonstrated many physiologic interactions among 

bacteria found in dental biofilm [25]. The host also functions as an important source of 

nutrients. For example, hemin iron from the breakdown of host hemoglobin may be 

important in the metabolism of P. gingivalis [59]. This is one of the important host 

components that govern the relative proportion of subgingival biofilm. Increases in steroid 

hormones are associated with significant increases in the proportions of P. intermedia found 

in subgingival biofilm [60].

Among the subgingival consortia, Gram-negative anaerobes such as P. gingivalis, T. 

forsythia and T. denticola, are characteristic bacteria associated with periodontal disease 

rather than health. These are also clustered as the “red complex” species [28]. Studies 

investigating colonization of human gingival multi-layered epithelium by 10-species 

subgingival biofilm (F. nucleatum, Campylobacter rectus, V. dispar, P. gingivalis, P. 

intermedia, T. forsythia, T. denticola, A. oris, S. anginosus and S. oralis) or its 7-species 

variant lacking P. gingivalis, T. forsythia and T. denticola, evaluated the relative effects of 

the "red complex" species on the composition and cell-colonizing capacities of the 

remaining seven species [61]. Results showed that though the "red complex" species 

colonized well in gingival epithelia; their absence from the biofilm increased the 

colonization of S. oralis. This antagonistic interaction with streptococci shows that the "red 

complex" may have an inhibitory role on the colonization ability of other bacterial species in 

the biofilm and thus may regulate the virulence properties of the whole biofilm community 

[61].

Recent studies showed that Fusobacterium and Treponema were among the most abundant 

subgingival genera and the phyla Spirochetes and Synergistetes were increased in 

periodontitis [62,58]. Another study showed increased abundance of Bacteroidetes along 

with Fusobacterium and Treponema in periodontitis, and high proportions of periodontitis-

associated Prevotella was also observed [62,58]. Additionally, it was interesting to note that 

some Streptococcus OTUs such as S. sanguinis were increased in health; and that sequences 

related to S. mitis remained unchanged, whereas S. constellatus and an uncultured 

Streptococcus spp. (OT 071) were associated with disease. Physiological differences that 

could explain such heterogeneity in niches occupied by streptococci are not currently 

known. Although this study showed that Actinobacteria was strongly associated with health 

[62], an earlier study indicated that Proteobacteria was the only health-associated phylum 

[58]. Taken together, specific microbial combinations in the subgingival biofilm community 

are associated with health or disease.
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Pathogen synergy and bacterial community dynamics

Early colonizers such as Streptococcus and Actinomyces spp. use oxygen and lower the 

redox potential of the environment that favors anaerobic species [12]. Gram-positive early 

colonizers use sugars as an energy source. The bacteria that predominate in mature biofilm 

are anaerobic and asaccharolytic and use amino acids and peptides as energy source [63]. 

There has been a strong metabolic interaction among the different bacteria found in the 

dental biofilm. Lactates and formates are the byproducts of metabolism of Streptococci and 

Actinomyces spp. These molecules are also used by other organisms like Veillonella spp. and 

A. actinomycetemcomintans [64,65]. The growth of P. gingivalis is enhanced by succinate-

producing C. ochracea and protoheme-producing C. rectus [66,67,68]. Thus, the biofilm 

community seems more efficient at releasing energy from the different bacterial-derived 

available substrates based on their specific requirements and environmental changes. In 

addition, host-derived substrates present in saliva and crevicular fluid are also important 

energy sources. For example, certain bacterial enzymes from the arginine degradation cycle 

can generate an important nitrogen source mediated by the release of ammonia from the 

degradation of protein components in saliva and crevicular fluid. Bacteria such as Filifactor 

alocis have a well-developed arginine metabolic pathway that is noted to be upregulated 

during co-infection with P. gingivalis [69,70].

Since most biofilm-forming bacteria are primarily asaccharolytic but resort to protein 

breakdown for energy and survival, this process could lead to a heavy production of 

ammonia. A well-developed arginine cycle noted in many bacteria such as F. alocis could 

help in pathogen synergy and survival in periodontal pockets by utilizing the toxic 

metabolites of the host cell. The F. alocis arginine metabolic pathway predicts the enzymatic 

degradation of arginine by arginine deaminase, leading to the conversion of arginine to 

ornithine and ammonia [71]. Arginine degradation could favor increase in the pH that would 

counteract acidic conditions generated from carbohydrate catabolism in a mixed bacterial 

oral flora. In the periodontal pocket, these amino acids can also be available from the 

degradation of various protein substrates by the biofilm community and host-derived 

proteases for their nutritional support, survival and virulence [72].

It is evident that community synergism between organisms in the biofilm compensate the 

energy source for survival and co-pathogenesis. Also, heme iron from the breakdown of host 

hemoglobin may be an important process utilized by P. gingivalis [73]. Additionally, studies 

have shown that an increase in the steroid hormones is associated with increase in organisms 

like P. intermedia found on the subgingival biofilm [74]. Therefore, nutritional 

interdependences seem to play a critical role in growth and survival of dental biofilm 

bacteria which could explain the structural interactions observed among them.

New candidates and yet culturable bacteria

The human microbiome has been established with the goal to characterize the bacterial 

communities associated with different body sites [75]. Human Oral Microbiome database 

(HOMD) [76] and the CORE database [77] contain information on the prokaryotic species 

present in the oral cavity. The HOMD contains approximately 619 validated taxa with 1,178 
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total taxa identified, of which 24% are named, 8% are cultivated but unnamed and 68% are 

uncultivated phylotypes [78]. Collectively, these, as well as other oral microbiome studies 

conducted over the last several years, have modified and enhanced our understanding of the 

oral microbial communities in health and disease. Current theories on the etiology of 

periodontitis favor a shift in microbial composition that is caused by a decrease in beneficial 

symbionts and an increase in organisms with enhanced pathogenic potential. Thus, in the 

biogenesis of the disease there is an increase in microbial diversity, its composition and 

pathogenic communities. Moreover, these communities contain high levels of fastidious and 

yet-to-be-cultivated taxons than previously recognized [78,58].

The important “red complex” bacteria along with other cultivable bacteria species such as P. 

intermedia, A. actinomycetemcomitans, F. nucleatum, Selenomonas noxia, and Eubacterium 

nodatum, are are associated with periodontitis [21,22,79]. In addition, organisms such as 

Selenomonas, Synergistes, Desulfobulbus, TM7 (new candidate bacterial division) and F. 

alocis have been identified as potential pathogens in a number of independent studies 

[78,58]. Moreover, 20–60% of the phylotypes identified in the oral cavity are yet-to-be 

cultivated [78,58]. This has raised questions on the relative significance of these microbes in 

the disease process. New organisms of the biofilm community have been shown to 

participate in their unique characteristics, virulence potential and capacity to act in 

community dynamics, which were proven crucial in periodontitis.

Traditional culture-based studies and general molecular surveys however, offered limited 

information on the total diversity present in the subgingival environment. A recent 

molecular survey performed using pyrosequencing of 16S rRNA gene provided a broader 

picture identifying overall difference in relative abundance of more than 700 subgingival 

species-level taxa, confirming the association of P. gingivalis, T. denticola and T. forsythia 

with periodontitis, and revealing new species. Among them, F. alocis, is strongly associated 

with disease [58]. Studies have shown that candidate division TM7 bacteria are detected in 

biofilm metagenome and this bacterium, when grown in dual species biofilm showed 

pleiomorphic phenotypes. The TM7 bacteria formed long filaments with A. oris or F. 

nucleatum but grew as short rod or cocci with P. gingivalis, P. intermedia, P. micra or S. 

gordonii [80]. Also, the TM7 bacteria were shown to be closely associated with A. oris, F. 

nucleatum, P. gingivalis, P. intermedia, P. micra and S. gordonii [80]. The importance of F. 

alocis is noted as it is present in high abundance in the periodontal pocket, shows 

community synergism and is involved in oral biofilm formation with other important 

periodontopathic bacteria [81,70,82]. Therefore, the composition of these biofilms may 

determine the severity of the disease as their interactions are important for host modulation.

Non-bacterial microbiota

In the current emerging paradigm, periodontitis is considered a multilayered multifactorial 

disease with diverse clinical features not precisely explained by the etiologic role of 

bacteria. In addition to bacteria, viruses occupy a unique position and have been associated 

with destructive periodontal diseases [83,84,85,86,87,88,89]. Since the number of viruses in 

the oral cavity is high, their role in periodontitis and host modulation is understudy. These 

two important microbial entities, namely viruses and bacteria, have developed diverse 
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mechanisms to directly affect host cell epigenetics driving pathogenesis and oncogenesis 

[90,91,92,93]. It is noteworthy that certain bacteria and viruses show mutual relationship 

affecting the host. Certain viruses bind to bacterial polysaccharides and adhesion proteins to 

establish productive infection [94]. Studies have shown that bacterial adhesion molecules 

such as MSCRAMMs could play a triple role in virus-bacteria-host interactions [94]. 

Viruses themselves can form extracellular assemblies that resemble bacterial biofilms in 

composition, organization and dissemination [84,85]. Our earlier studies using a co-infection 

model with major biofilm-forming periodontopathic bacteria F. alocis and P. gingivalis have 

shown expression of MSCRAMMs. Such MSCRAMMs could act as potential ligands for 

viruses to interact, resulting in a wider network of biofilm microbiota [94].

Summary and Conclusions

In recent years, many new members of oral biofilm have been identified such as 

Selenomonas, Synergistes, Desulfobulbus, TM7 (new candidate bacterial division) and F. 

alocis. The molecular basis of the interaction of these bacteria with already established ones 

is not clearly understood. Studies have just begun to understand the initial interactions of 

these organisms with other community members. Much effort is needed to determine their 

behavior, virulence potential, and to give these individuals a specific place in a complex 

community. In the oral cavity, 20–60% of the phylotypes are yet to be cultivated. Thus, the 

major future challenge of the field is to develop new research approaches to fully 

characterize these bacteria. Since they represent a significant percentage of the oral 

microbial population, the gap in our comprehensive understanding of their pathogenesis and 

specific role in the biofilm community will compromise the development of new effective 

measures to control periodontitis and other biofilm-associated diseases. Future molecular 

studies in this area are of critical importance.
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