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Signaling Systems in Oral Bacteria
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 Introduction

The human mouth supports several hundred spe-
cies of bacteria, viruses, archaea, and fungi that 
reside in complex, polymicrobial communities 
on every hard and soft surface. Typically, this oral 
microbiome exists in homeostasis with the host. 
The close proximity of oral bacteria in supra- and 
subgingival plaque allows for constant communi-
cation both at an intracellular level as the bacteria 
are able to sense and respond to their environ-
ment, but also at the interspecies level with a 
wide variety of complex synergistic and antago-
nistic relationships (Table  1). The environment 
oral bacteria find themselves in is constantly 
changing, with local fluctuations in pH, oxygen 
availability, and temperature gradients, a constant 
flow of saliva and gingival crevicular fluid, as 
well as changes in immune effectors and nutrient 
availability. Indeed, the composition of the oral 
community dynamically responds to environ-
mental changes, and  through the acquisition of 
new species can mold the environment to its pref-
erences rather than adapting to its surroundings. 
These microbiomes can remain in mutualistic 
balance with the host or can become dysbiotic, or 
destructive to the host, resulting in increased risk 

of dental caries and gingivitis along with other 
more severe periodontal diseases (Lamont et al. 
2018). Our goal in this chapter is to provide a 
broad understanding of the strategies employed 
by oral bacteria to sense and respond to their 
environment with special emphasis on those sig-
naling systems participating in cell–cell commu-
nication that may coordinate the polymicrobial 
community and promote dysbiosis.

 Two-Component Signaling in Oral 
Bacteria

Oral bacteria located in both the supra- and sub-
gingival environments must be able to respond to 
changes in  local pH, osmotic shifts, nutrient 
availability, as well as chemical and immunologi-
cal stresses. Bacteria have widely conserved sig-
nal transduction systems that sense and respond 
to these environmental conditions in order to sur-
vive and thrive in the dynamic oral environment. 
There are several broadly conserved classes of 
signal transduction systems of various complexi-
ties that operate through phosphorelay signaling. 
The best characterized of the signaling mecha-
nisms in bacteria are the two-component systems 
(TCSs), which are primarily involved in adapta-
tion to external stimuli, but are often involved in 
interspecies interactions (Stock et al. 2000).

Archetypically, each TCS is composed of two 
proteins, a transmembrane stimulus-sensing 
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 protein and a cytosolic response regulator (RR), 
which carries out some cellular change in 
response to the stimulus (Gao and Stock 2009). 
The sensor protein (normally a histidine kinase; 
HK) functions as a periplasmic sensing protein 
composed of a sensing domain and a cytoplasmic 
autophosphorylation domain. The N-terminal 
sensing domain typically comprises a signal 
receiver flanked by one or more transmembrane 
domains. While this architecture is generally 
conserved among HKs, the sensing domain is 
highly variable, allowing for broad specificity of 
signals to be detected. The highly conserved 
C-terminus is composed of the autophosphoryla-
tion domain followed by the ATPase-like cata-
lytic domain. Almost all HKs function as 
homodimers with dimerization occurring within 
the autophosphorylation domain. 
Autophosphorylation of HKs was previously 
thought to only occur in trans, but some recent 
reports indicate HKs can autophosphorylate in 
cis (Sankhe et al. 2018). The RR is also a modu-
lar protein composed of a receiver domain and an 
output domain. Recognition of the extracellular 
signal by the HK stimulates ATP-dependent 
phosphorylation of a histidine residue followed 
by subsequent transfer of the phosphate to an 
aspartate residue in the receiver domain of the 
RR. Phosphorylation of the RR promotes confor-
mation changes and, in some cases dimerization 

of the RR, that activate the RR output domain to 
carry-out various functions (discussed further 
below). Most of the TCSs are encoded as an 
operon with the HK, RR, and some accessory 
genes being co-transcribed. In some cases, 
termed “orphan” systems, the HK and RR are not 
associated and the genes encoded the two compo-
nents are spatially separated.

 TCSs of P. gingivalis

The P. gingivalis genome contains relatively few 
complete TCSs with some strain variability on 
the number of complete and orphan TCS encod-
ing genes (Table 2). The best characterized TCS 
in P. gingivalis is FimSR (33277: 
PGN_0904- 0903; W83: PG_1432-1431). The 
FimSR system regulates the production of the 
long FimA-component fimbriae that are associ-
ated with binding to gingival epithelial cells, host 
matrix proteins, other bacteria, and with biofilm 
development. Functional analysis demonstrated 
that FimR positively regulates the expression of 
FimA and that a fimS-deficient strain does not 
express fimA or produce the FimA fimbriae 
(Nishikawa et  al. 2004). Most of the work to 
characterize the regulation of FimSR has been 
done in the 33277 strain as the W83 strain con-
tains a mutation in the HK kinase domain, pre-
venting FimS from binding ATP and 
autophosphorylation. As expected, W83 lacks 
production of the FimA fimbriae (Nishikawa and 
Duncan 2010). The regulation of fimA gene 
expression is an indirect function of FimR as it 
does not directly bind the fimA promoter. The 
exact mechanism by which FimR regulates FimA 
expression remains unclear, with conflicting 
studies involving the genes immediately upstream 
of the fimA operon. Deletion of the HK FimS also 
abolishes FimA fimbrial production, confirming 
that a fully functional FimSR TCS is required for 
fimbrial gene transcription (Nishikawa et  al. 
2004). There is also evidence that FimR can reg-
ulate the Mfa1-component minor fimbriae, and 
that this regulation is mediated by direct binding 
of FimR to the mfa1 promoter (Wu et al. 2007). 
The FimSR system appears to be constitutively 

Table 1 Interactions within the oral biofilm

Synergistic or 
mutualistic Antagonistic
Co-aggregation
Biofilm development

Bacteriocins
Acidification

Cell–cell 
communication

Peroxide production

Metabolic syntrophy 
and cross-feeding

Metabolic competition

Cross-respiration
Immune subversion

Physical interactions 
impacting expression of 
adhesins and proteases

Transfer of genetic 
material

The oral biofilm is characterized by largely beneficial 
interactions that enhance the community as a whole (syn-
ergistic or mutualistic). However, antagonistic interac-
tions allow for individual species to be more competitive 
within a microenvironment also occur
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active during in vitro growth. The FimS sensor 
domain contains multiple tetratricopeptide (TPR) 
domains involved in protein-binding interactions, 
suggesting that FimSR may sense and respond to 
protein or peptide levels, regulating costly fim-
brial production in nutrient-deplete conditions 
for the asaccharolytic P. gingivalis.

P. gingivalis possesses multiple systems to 
acquire and transport heme as an essential source 
of iron (Smalley and Olczak 2017). The HaeSR 
system (33277: PGN_0752-0753; W83: 
PG_0719-0720) was identified and named for its 
regulation of genes involved in heme acquisition 
by P. gingivalis (Scott et  al. 2013). HaeR is a 
transcriptional regulator, and based on chromatin 
immunoprecipitation and high-throughput 
sequencing (ChIP-seq) data, can recognize two 
promoter architectures allowing it to function as 
either an activator or a repressor. Utilizing ChIP- 
seq and electromobility shift assays (EMSA), 
Scott et al. showed that HaeR can bind to the 5′ 
UTR directly upstream of genes encoding known 
iron transport system proteins ihtA (PGN_0704; 
PG_0668), htrA (PGN_0687; PG_0648), and 
hmuS (PGN_0556; PG_1553) and, moreover, 
positively regulates their expression in response 
to heme (Scott et al. 2013). The same studies also 
identified a number of ABC transporters and 
TonB-dependent transporters negatively regu-
lated by HaeR in response to heme concentra-
tions. In addition to heme transport, HaeR is also 
known to directly control the expression of the 
Kgp and RgpA gingipains in response to heme- 

deplete conditions. The gingipains play a role in 
iron acquisition through the binding and degrada-
tion of hemoglobin, and other heme-containing 
proteins, to release heme. Gingipains work in 
concert with HmuY to capture the released heme 
for transport into the cytoplasm (Smalley et  al. 
2011). Additionally, gingipains are instrumental 
in the conversion of heme into μ-oxo-bisheme, 
which P. gingivalis accumulates on the surface, 
causing the normal black-pigmented appearance 
of colonies on solid media and providing protec-
tion against hydrogen peroxide (Smalley and 
Olczak 2017).

The PorXY TCSs are orphan proteins due to 
the fact they are not located in a genetic locus but 
they have been shown to function as a bona fide 
TCS. PorY (33277: PGN_2001; W83: PG_0052) 
is a HK that autophosphorylates and is able to 
transfer the phosphate to PorX (33277: 
PGN_1019; W83: PG_0928) (Kadowaki et  al. 
2016). PorXY have been shown to regulate 
expression of genes associated with the type IX 
secretion system (T9SS) of P. gingivalis that is 
responsible for transporting the gingipains and 
other important effector proteins across the outer 
membrane of the cell (Lasica et  al. 2017). 
Mutations of either porX or porY have shown 
reduced secretion of T9SS proteins, reduced 
extracellular gingipain activity, and non- 
pigmentation of colonies (Sato et  al. 2010). 
However, PorX is an atypical RR in that it does 
not contain a DNA-binding domain but rather is 
annotated to contain an alkaline phosphatase 

Table 2 TCSs in select oral bacteria

Organism Complete TCS Orphan components (HK/RR/hybrid)
P. gingivalis 33277 3 1/3/1
P. gingivalis W83 4 1/2/1
T. denticola 35405 5 4/4/1
F. nucleatum 35586 6 1/2/0
A. actinomycetemcomitans D11S 3 2/3/1
T. forsythia 43037 9 1/3/4
P. intermedia 17 4 1/2/2
F. alocis 35896 9 0/0/0
S. constellatus C1050 10 0/2/0
S. mutans UA159 14 0/1/0
S. gordonii Challis 14 1/2/0

Data were obtained using the prokaryotic two-component system (p2cs) database (Ortet et al. 2015)
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domain. Indeed, direct examination of PorX 
function using EMSAs found that PorX did not 
directly bind to the promoter regions associated 
with T9SS expression (Vincent et  al. 2016). 
Rather, PorX acts indirectly by binding to the 
extracytoplasmic sigma factor, SigP, which has 
been shown to directly interact with the promoter 
of T9SS-encoding genes (Kadowaki et al. 2016). 
The exact role PorX plays in regulating SigP 
activity remains unclear, whether PorX can 
dephosphorylate SigP or potentially displace its 
anti-sigma factor to promote activity remains an 
open question for future study. Another study 
found that the PorX was able to bind to the T9SS 
component protein PorL, but again the biological 
significance of this interaction remains unstudied 
(Vincent et al. 2016).

P. gingivalis also possess a hybrid TCS, GppX 
(PGN_1768; PG_1797), in which the sensor and 
response regulator domains are contained in the 
same protein (Hasegawa et al. 2003). GppX regu-
lates the post-translational maturation and local-
ization of gingipains (Hasegawa et al. 2003) and 
also negatively regulates expression of the luxS 
gene encoding quorum sensing molecules (see 
below) (James et al. 2006). RNA-Seq of a gppX 
mutant strain revealed that in addition to luxS, 
GppX controls expression of proteins important 
for both monospecies and heterotypic biofilm 
formation (Hirano et al. 2013).

An orphan RR, RprY (33277: PGN_1186; 
W83: PG_1089), has also been well character-
ized in P. gingivalis. There is no protein encoded 
by P. gingivalis with homology to the cognate 
HK, RprX.  Activation of RprY responds to 
sodium depletion as a RprY-LacZ fusion protein 
in E. coli was specifically induced in sodium- 
deplete media, and an rprY-deficient strain of P. 
gingivalis was unable to grow under sodium 
depletion (Krishnan and Duncan 2013). EMSA 
and ChIP-on-chip assays determined the RprY 
regulon to include oxidative stress response 
genes such as clpB, dnaK, groES, and alkyl 
hydroperoxide reductase C (Duran-Pinedo et al. 
2007). In the absence of RprX, P. gingivalis acti-
vation of RprY may involve more complex regu-
lation of transcriptional regulatory activities. 
Where most TCS proteins are co-transcribed, 

RprY is co-transcribed with a protein acetyltrans-
ferase (pat; PGN_1185), which has been shown 
to acetylate RprY in  vitro (Li et  al. 2018). 
Acetylation of RprY is reversed by the deacety-
lase CobB (PGN_0004). Acetylation of RprY 
was shown to reduce binding to target promoters 
while phosphorylation increased binding to pro-
moter DNA, suggesting multiple layers of RprY 
regulation. RprY was determined to be acetylated 
in vivo; however, the exact role of in vivo acetyla-
tion of RprY and what protein(s) are responsible 
for phosphorylation of RprY remain uncharacter-
ized (Li et al. 2018).

 TCS of T. denticola

T. denticola ATCC 35405 encodes 5 complete 
TCSs along with 9 orphan TCS proteins (4 HK, 4 
RR and 1 HK-RR hybrid protein) (Table 2). Only 
two of the TCSs of T. denticola have been charac-
terized and will be discussed here. The first sys-
tem is AtcSR (TDE0032-0033) and the second is 
Hpk2/Rrp2 (TDE1969-1970). Both of these 
TCSs are expressed throughout growth but are 
up-regulated during late-log and stationary 
phases (Frederick et  al. 2011). Hpk2/Rrp2 is 
common in spirochetes and other  oral bacteria, 
whereas AtcSR is unique to T. denticola, suggest-
ing a possible role in niche-specific signaling. 
AtcS is a typical HK although it lacks a consen-
sus sensing domain. It does, however, possess a 
conserved autoinducer (AI)-2 transport domain 
and may sense and respond to the presence of 
AI-2 (AI-2–dependent signaling will be dis-
cussed later in the chapter). AtcS has been shown 
to transfer phosphate to its cognate RR, AtcR 
(Frederick et  al. 2008). AtcR contains a LytRT 
domain, the only RR in oral spirochetes to pos-
sess this DNA-binding domain, and indeed of the 
over 81,000 predicted bacterial RRs, only ~4% 
possess a LytTR domain (according to the pro-
karyotic two-component system database as of 
January 2019; http://www.p2cs.org/) (Ortet et al. 
2015). A recent analysis in T. denticola identified 
25 LytTR-binding sites composed of 3 distinct 
promoter architectures that regulate a possible 50 
genes (Miller et  al. 2014). These studies used 
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bioinformatics approaches to identify the LytTR- 
binding sites in the ATCC 35405 genome and 
confirmed function by EMSA studies. AtcR was 
shown to directly bind to promoters upstream of 
TDE2770 (the first gene in the flagellar assembly 
operon), TDE1514 (an operon encoding an ABC 
transport system), TDE2496 (a methyl-accepting 
chemotaxis protein), and TDE1971 (first gene in 
the operon encoding Hpk2/Rrp2). Binding to 
TDE2770 and TDE2496 strongly suggests that 
AtcSR plays a role in regulating the motility and 
chemotaxis of T. denticola. Both motility and 
chemotaxis of T. denticola are required for bio-
film development in mono- and dual-species bio-
films (Yamada et  al. 2005). Additionally, the 
ability to regulate the expression of another TCS 
(Hpk2/Rrp2) suggests that AtcSR sits atop a 
complex signaling cascade with global regula-
tory potential.

The other characterized treponemal TCS is 
Hpk2/Rrp2, so named for its homology with a 
TCS well characterized in the Lyme disease spi-
rochete Borrelia burgdorferi (Sarkar et al. 2010). 
Hpk2 contains an N-terminal Per-Arnt-Sim 
(PAS) domain, which is predicted to sense redox 
potential, oxygen, and light. Preliminary charac-
terization of Hpk2 revealed increased autophos-
phorylation under anoxic conditions compared to 
an aerobic environment. Deletion of the PAS 
domain from Hpk2 abolished the difference in 
phosphorylation under different environmental 
conditions, suggesting that the PAS domain of 
Hpk2 acts as an oxygen sensor (Sarkar et  al. 
2010). More recent structural and functional 
studies of Hpk2 reveal that binding of heme to 
the PAS domain promotes homodimerization of 
Hpk2 and enhances autophosphorylation (Sarkar 
et al. 2018). As T. denticola generally resides at 
the leading edge of the subgingival oral biofilm, 
it may be exposed to constant changes in oxygen 
tension, and Hpk2 through the PAS domain may 
sense and respond to these environmental cues. 
Rrp2 is a σ-54–dependent transcriptional regula-
tor, named on the basis of homology with the 
borrelial Rrp2 RR. Yet, the Rrp2 in Borrelia acti-
vates the RpoN-RpoS regulatory pathway that 
controls the tick-to-host cycle, whereas T. denti-
cola lacks both the enzootic lifecycle and any 

homolog for RpoN (Frederick et  al. 2011). So 
while the regulon of Rrp2 in T. denticola remains 
unclear, it is sure to regulate genes in response to 
environmental cues as Hpk2 activity is oxygen 
dependent.

 Serine/Threonine and Tyrosine 
Phosphorylation Systems in Oral 
Bacteria

Nearly 40  years ago, the first bacterial serine/
threonine (Ser/Thr) phosphorylation systems 
were identified, and after decades of research, we 
now know that Ser/Thr phosphosystems play an 
integral role in bacterial pathogenicity regulating 
important cellular processes including metabo-
lism, stress responses, and cell division. While 
our understanding of Ser/Thr phosphorylation in 
bacteria has developed over many years, only 
recently have we understood that phosphoryla-
tion of tyrosine residues also occurs in bacteria, 
previously thought to be an eukaryotic-exclusive 
post-translational modification (PTM). Emerging 
research into this relatively new class of PTM in 
bacteria also shows that Tyr phosphorylation can 
influence protein function and cellular localiza-
tion to regulate key systems including capsule 
production, stress responses, motility, secondary 
metabolism, and virulence (Whitmore and 
Lamont 2012).

Ser/Thr phosphorylation in bacteria is primar-
ily carried out by Hanks-type kinases, and these 
kinases are historically referred to as “eukaryotic- 
like” due to their homology with previously well- 
defined systems, although there is no evidence to 
suggest that these genes were horizontally trans-
ferred to bacteria from eukaryotic sources 
(Cozzone 2005). Recent phylostratigraphic anal-
ysis suggests that bacterial, archaeal, and eukary-
otic Hanks-type Ser/Thr kinases share an 
evolutionary ancestor and did not arise from con-
vergent evolution or a horizontal transfer event 
(Stancik et al. 2018). Due to this shared lineage, 
the structural domains and function of all Hanks- 
type kinases from all organisms are very similar. 
This is in contrast to the bacterial tyrosine kinases 
(BY-kinase), which are structurally and 
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 mechanistically distinct from those found in 
eukaryotic systems.

Ser/Thr/Tyr phosphorylation networks do not 
have specific DNA-binding elements that directly 
regulate transcription; they rather can phosphory-
late multiple transcription factors to activate or 
repress gene transcription. In this way, Hanks- 
type kinases and BY-kinases are distinct from 
TCS in that they phosphorylate many substrates 
and often influence diverse cellular processes, 
while HK are highly restricted to a single RR 
substrate. An ever expanding number of microbi-
ome studies and detailed molecular work in 
Bacillus subtilis and Mycobacteria tuberculosis 
clearly demonstrate that Ser/Thr/Tyr phosphory-
lation can all occur on the same substrates and 
often involves phosphorylation of other kinases 
(Shi et  al. 2014; Prisic et  al. 2010). There is 
mounting evidence that both BY-kinases and 
Hanks-type kinases serve as complex signaling 
hubs, and their roles in regulating the physiology 
of oral bacteria are an emerging topic.

Streptococcus mutans, the major etiological 
agent in dental caries, resides in the supragingival 
oral biofilm. S. mutans can efficiently metabolize 
carbohydrates to produce lactic acid, resulting in 
a pH reduction that causes demineralization of 
the enamel and dentin. Major virulence determi-
nants of S. mutans, including adherence to 
hydroxyapatite surfaces and development of bio-
films with acidic microenvironments, are all 
associated with the Hanks-type kinase PknB and 
a Ser/Thr protein phosphatase PppL. S. mutans 
contains only a single Ser/Thr protein kinase and 
phosphatase, which makes it an ideal model 
organism for studying the pleiotropic effects of 
Ser/Thr phosphorylation networks (Hussain et al. 
2006). PppL is located immediately upstream of 
PknB, and the two genes are co-expressed. 
Genetic deletion of PknB attenuated biofilm 
development by reducing biofilm thickness and 
maturation of nutrient channels compared to the 
parental strain but without a significant change in 
long-term growth of S. mutans, suggesting a spe-
cific role in biofilm development (Hussain et al. 
2006). Additional biofilm studies using the pknB- 
deficient strain as well as strains with deletion of 
pppL and a pknB/pppL double mutation revealed 

that the kinase- and phosphatase-deficient strains 
had comparable reduced biofilm thickness, while 
the double mutant had an increased reduction in 
biofilm thickness (Banu et  al. 2010). Further 
study of the S. mutans deletion strains showed 
reduced resistance to acidic growth conditions 
and diminished ability to survive oxidative and 
osmotic stresses. The impact of PknB and PppL 
on S. mutans was also demonstrated in vivo using 
a rat dental caries model (Banu et al. 2010). All 
three mutants showed reduced advanced caries 
compared to the parental strain. These data sug-
gest that Ser/Thr phosphorylation plays an 
important role in the pathogenicity of S. mutans 
and the development of dental caries.

S. mutans competes with other oral strepto-
cocci in the oral cavity through the production of 
bacteriocins, antimicrobial peptides that target 
closely related bacteria. One particular antagonis-
tic relationship is with S. sanguinis, with which S. 
mutans primarily competes for nutrients, and 
which is reciprocally antagonistic to S. mutans 
through the production of H2O2 (Kreth et  al. 
2008). Ser/Thr signaling is instrumental to the fit-
ness of S. mutans in this competitive oral ecosys-
tem. In one study, examination of a pknB- deficient 
strain demonstrated that PknB is involved in the 
resistance to oxidative stress from H2O2, and this 
strain was thus more sensitive to competition with 
S. sanguinis than the wild type (Zhu and Kreth 
2010). The exact role of PknB in oxidative stress 
remains unclear; however, this study confirms the 
results previously discussed. Transcriptomic anal-
ysis of S. mutans suggests that there is signaling 
cross talk between PknB/PppL and the VicKR 
and ComDE TCSs (Banu et al. 2010). Deletion of 
PknB reduced the expression of two bacteriocins 
and genetic competence genes, which were also 
down-regulated in a vicK mutant. The overlap of 
the PknB/PppL regulon and that of VicKR may 
also include resistance to oxidative stress. While 
no direct evidence has been shown that PknB can 
either activate the HK or phosphorylate the RR of 
either system, the phosphorylation of the RR 
CovR by the Streptococcus agalactiae Ser/Thr 
kinase was found to occur within the signal 
receiver domain and this prevented binding of 
CovR to DNA (Lin et al. 2009).
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P. gingivalis produces a haloacid dehydroge-
nase family phosphoserine phosphatase, SerB, 
which is located on the outer membrane of the 
cell and is secreted upon contact with the gingival 
epithelium. SerB is transported into epithelial 
cells and regulates cytoskeletal architecture 
involving tubulin microtubules and actin micro-
filaments (Hasegawa et  al. 2008; Tribble et  al. 
2006; Zhang et  al. 2005). Most importantly for 
the oral community as a whole, SerB is able to 
down-regulate IL-8 secretion from epithelial 
cells, hence, reducing PMN recruitment 
(Hasegawa et al. 2008; Takeuchi et al. 2013). The 
localized dysregulation of IL-8 will induce a 
transient and localized state of chemokine paral-
ysis and disrupt the local mucosal defense. In this 
function, P. gingivalis may exert immune regula-
tory functions that can impact the whole subgin-
gival community, consistent with its role as a 
keystone pathogen (Darveau et  al. 2012; 
Hajishengallis et  al. 2012). While SerB has 
extensively been characterized, a Ser/Thr kinase 
has yet to be characterized for this species. There 
is one gene annotated as a Ser/Thr kinase in the P. 
gingivalis genome (33277: PGN_0762; W83: 
PG_0731) due to a conserved PASTA (penicillin 
binding and Ser/Thr kinase associated) domain; 
however, this protein is yet to be tested for kinase 
activity.

P. gingivalis is the only oral species with a 
characterized Tyr phosphorelay system, consist-
ing of a single BY-kinase (33277: PGN_1524; 
W83: PG_0436) named Ptk1 and a low- molecular 
weight protein tyrosine phosphatase named Ltp1 
(33277: PGN_0491; PG_1641). The first set of 
studies sought to identify P. gingivalis genes that 
are differentially regulated in dual-species com-
munities with S. gordonii and determined that 
Ltp1 was significantly induced upon incubation 
with S. gordonii (Simionato et al. 2006). An ltp1 
mutant strain showed increased homotypic and 
heterotypic biofilm formation with S. gordonii, 
suggesting that it functions to constrain commu-
nity development (Maeda et al. 2008; Simionato 
et al. 2006). The regulation of P. gingivalis bio-
film development may be twofold (at least) as 
Ltp1 negatively regulates the expression of luxS 
(enzyme responsible for AI-2 synthesis and quo-

rum sensing) and EPS production. Additional 
studies suggested that Ltp1 operates through the 
transcriptional regulator CdhR (Chawla et  al. 
2010). CdhR was determined to negatively regu-
late expression of mfa1 and luxS while positively 
regulating the expression of ltp1 and the hmu 
hemin acquisition operon (Chawla et  al. 2010; 
Wu et al. 2009). Molecular and functional char-
acterization of the BY-kinase Ptk1 demonstrated 
that it autophosphorylates up to seven Tyr resi-
dues within a C-terminal cluster and that kinase 
activity is essential for EPS production and bio-
film development with S. gordonii (Liu et  al. 
2017; Wright et al. 2014). Substrate phosphory-
lation studies also determined that Ptk1 can phos-
phorylate EPS-associated genes PGN_0224 and 
PGN_0613 as well as CdhR (Liu et  al. 2017; 
Wright et al. 2014). The pleiotropic regulation of 
the Tyr phosphorelay system suggests that it may 
act as a global regulator of community develop-
ment and mediate other polymicrobial interac-
tions. While P. gingivalis is the only oral bacteria 
with a characterized Tyr phosphorylation system, 
there are several other oral bacteria including 
Prevotella spp., oral streptococci, and Neisseria, 
as well as lactobacilli with proteins homologous 
to known BY-kinases.

 Secondary Messengers 
and Metabolic Signaling

 Quorum Sensing in Oral Bacteria

The oral biofilm is composed of complex com-
munity derived from multiple species that transi-
tion from assemblages of individual organisms to 
stable communities. These stable communities in 
fact undergo fluctuations in bacterial composi-
tion in response to environmental and microbial 
factors. Community development and maturation 
is a complex process that is the sum of various 
synergistic and antagonistic interactions all 
occurring in oral community but the net effect is 
a stable polymicrobial environment that is more 
beneficial to the bacteria for nutrient acquisition 
and processing, protection from immune 
responses, and resistance to environmental 
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stresses. The bacteria within the oral community 
are able to sense and respond to each other by the 
production and detection of small chemical sig-
nals, secondary messengers, and metabolites. 
One method oral bacteria utilize to coordinate 
activities in the subgingival biofilm is quorum 
sensing. Bacteria can indirectly sense bacterial 
cell density through detection of increasing con-
centrations of quorum sensing molecules, termed 
autoinducers (Waters and Bassler 2005; Whiteley 
et  al. 2017). There are two, chemically distinct 
autoinducers recognized in bacteria. The first, 
autoinducer-1 (AI-1), is an acyl-homoserine lac-
tone, and this molecule functions in intraspecies 
cell–cell signaling. Quorum sensing mediated by 
AI-1 has not been found in periodontal pathogens 
and has been suggested to be absent in oral bacte-
ria (Frias et al. 2001). The second cell–cell sig-
naling system is composed of several 
interconvertible molecules that derive from 
4,5-dihydroxy-2,3-pentanedione (DPD), which 
is a product of the LuxS enzyme. DPD spontane-
ously rearranges into a series of interconvertible 
molecules, collectively referred to as autoin-
ducer- 2 (AI-2). Interestingly, environmental con-
ditions can influence the forms of AI-2 present at 
equilibrium, including pH or whether AI-2 can be 
boronated (Semmelhack et al. 2005). Additionally, 
two structurally distinct AI-2 receptors have been 
identified that allow specific detection of the mul-
tiple forms of AI-2. A number of luxS homologs 
have been identified in oral bacteria, suggesting 
that the ability for cell–cell communication via 
AI-2 is common.

Studies involving AI-2–based signaling 
among oral bacteria have predominantly focused 
on interactions with oral streptococci. Using an 
in vitro biofilm model, S. gordonii and P. gingi-
valis form AI-2–dependent dual-species biofilms 
(McNab et al. 2003). Deletion of luxS, and thus 
reduced AI-2, from both species attenuated bio-
film development. These were some of the first 
studies to link AI-2 signaling to bacterial com-
munication in dental plaque communities. AI-2 
has also been shown to be essential for interac-
tions between S. gordonii and Veillonella atypica, 
P. gingivalis and Filifactor alocis, and monospe-
cies biofilm development in Eikenella corrodens 

and S. anginosus (Azakami et  al. 2006; Wang 
et  al. 2013; Mashima and Nakazawa 2014). 
Interesting work by Rickard et al. found that S. 
oralis and Actinomyces naeslundii dual-species 
biofilm formation is dependent upon AI-2 
(Rickard et  al. 2006). Unlike other studies, the 
interaction between S. oralis and A. naeslundii is 
extremely sensitive to the concentration of AI-2. 
Genetic deletion of luxS from S. oralis abolished 
biofilm development and the mutualistic interac-
tion could only be restored using picromolar con-
centrations of AI-2. If the concentration was 
below or exceeded picomolar levels, biofilm 
development was delayed. Context for the sig-
nificance of these findings is provided by studies 
showing that supernatant from late-colonizing 
bacteria (P. gingivalis, Fusobacterium nuclea-
tum, and Prevotella intermedia) stimulated AI-2–
dependent responses in a Veillonella harveyi 
reporter strain up to 100-fold more than early 
colonizers such as S. mutans, S. oralis, or S. mitis 
(Frias et al. 2001). The ability of pathogenic oral 
bacteria to induce significantly more quorum 
sensing responses suggests that they may have a 
disproportionate role in shaping oral community 
development and activities. This is most strongly 
supported by studies involving P. gingivalis, 
which has been shown to form dual-species bio-
films with Aggregatibacter actinomycetemcomi-
tans, T. denticola, and S. gordonii, which are all 
aborted in a P. gingivalis luxS mutant strain 
(McNab et al. 2003; Yamada et al. 2005).

In gram-positive bacteria, quorum sensing is 
mediated by competence stimulating peptides 
(CSPs), also termed autoinducing peptides 
(AIPs), that bind to a membrane HK and the 
response is transduced through a TCS. In most of 
these cases, the CSP is produced from the comC 
gene, which is proteolytically cleaved at a Gly- 
Gly site and the mature CSP is transported 
through the ComAB ABC transport system. 
These genes are also commonly found in an 
operon with the CSP-binding HK (ComD) and 
the cognate RR (ComE) (Havarstein et al. 1997). 
CSP-mediated signaling is typically species spe-
cific and has been shown to regulate bacteriocin 
production, genetic competence, and biofilm 
development. CSPs have been identified in 
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 several oral streptococci including S. mitis, S. 
gordonii, S. constellatus, S. mutans, and S. inter-
medius (Havarstein et al. 1997). In S. mutans, the 
ComC- dependent CSP produces a 18 amino acid 
peptide that is recognized by ComDE, and ComE 
has been shown to directly regulate genes 
involved in CipB bacteriocin biosynthesis 
(Hossain and Biswas 2012; Perry et  al. 2009). 
With regard to competence, transcription of 
roughly 30 competence- associated genes is regu-
lated by the sigma factor ComX (also known as 
SigX) (Khan et  al. 2016). ComX is induced by 
both the ComC- CSP as well as a 7-amino acid 
CSP derived from the comS gene (also known as 
comX-inducing peptide or XIP) (Khan et  al. 
2012). While CSP signaling is species specific, a 
number of oral bacteria have been shown to 
antagonize S. mutans CSP-mediated signaling. 
Wang et al. reported that P. gingivalis and T. den-
ticola reduced S. mutans transformation effi-
ciency and bacteriocin production by degrading 
CSP, while S. gordonii, S. mitis, S. oralis, and S. 
sanguinis also degraded CSP leading to reduced 
S. mutans biofilm development (Wang et  al. 
2011a, b). Oral streptococci can also interact and 
form biofilms with the pathogenic fungus 
Candida albicans. Interestingly, CSP production 
by S. gordonii was shown to constrain extracel-
lular DNA and dual- species biofilm development 
with C. albicans (Jack et  al. 2015). While the 
complete roles of CSP signaling in the mouth 
remains unclear, these studies demonstrate the 
existence of complex, cross-species, and cross-
kingdom signaling in the oral biofilm.

 Cyclic Nucleotides as Secondary 
Messaging Molecules

Another important mechanism for oral bacteria 
to respond to changes in their environment is 
through secondary messaging molecules. One of 
the best characterized is cyclic dimeric guanosine 
3′,5′-monophosphate (c-di-GMP), a molecule 
that has been extensively studied for its role in 
regulating biofilm development (Hengge et  al. 
2016). Levels of c-di-GMP in bacterial cells are 
regulated by the activities of diguanylate cyclases 

for synthesis, and phosphodiesterases (PDE) that 
degrade c-di-GMP. Diguanylate cyclases possess 
a conserved GG(D/E)EF domain that catalyzes 
the synthesis of c-di-GMP and two molecules of 
pyrophosphate from two molecules of GTP. The 
degradation of c-di-GMP is carried out by PDE 
enzymes that contain either an EAL or HD-GYP 
domain. Intracellular c-di-GMP is sensed by pro-
teins that carry a PilZ-domain and by c-di-GMP- 
dependent riboswitches that regulate transcription 
of genes responsive to the concentrations of the 
cyclic nucleotide. A number of cellular processes 
including motility and chemotaxis, cell–cell 
communication, and exopolysaccharide produc-
tion have all been shown to be controlled in 
response to c-di-GMP.  Another very recently 
identified, similar messenger is c-di-AMP, which 
has also been shown to regulate bacterial biofilm 
development, fatty acid synthesis, and mainte-
nance of the cell wall (Opoku-Temeng et  al. 
2016). C-di-AMP is synthesized by diadenylate 
cyclases and again degraded by the actions of 
PDEs. Signaling in oral bacteria by cyclic nucle-
otides has been severely understudied consider-
ing the significant impact it may play in promoting 
synergistic interactions and polymicrobial 
lifestyles.

T. denticola encodes seven proteins with a 
GGDEF domain, two proteins that contain both a 
GGDEF and an EAL domain, which are both 
inner membrane and cytosolic, and two PilZ- 
containing c-di-GMP binding proteins (Frederick 
et  al. 2011). These systems were determined to 
be functional, as intracellular c-di-GMP was 
detected using high-performance liquid chroma-
tography (Kostick et al. 2011). Genetic deletion 
of TDE0214, a PilZ-domain containing protein, 
reduced T. denticola motility and chemotaxis, 
biofilm development, and virulence in a murine 
infection model (Bian et al. 2013).

P. gingivalis was originally described as lack-
ing a c-di-GMP signaling network; however, 
recent work identified intracellular c-di-GMP, 
thus suggesting that it can be synthesized by P. 
gingivalis. Chaudhuri et  al. provided additional 
insight through the deletion of PGN_1932, 
revealing this protein to function as a diguanylate 
cyclase with a 60% reduction in intracellular 
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c-di-GMP compared the parental strain 
(Chaudhuri et al. 2014). Deletion of PGN_1932 
significantly altered FimA fimbriae production 
with a subsequent reduction in attachment to 
solid surfaces and HeLa cells. Bioinformatics 
analysis of the ATCC 33277 genome suggests 
that there are two genes (PGN_0239 and 
PGN_0282) annotated as PDE proteins, but no 
c-di-GMP binding proteins were identified. 
While clearly a large amount of remaining 
research into cyclic nucleotide signaling in P. 
gingivalis is required, these preliminary reports 
suggest that it’s a topic worthy of investigation.

In S. mutans, there is evidence that both c-di- 
GMP and c-di-AMP regulate EPS and biofilm 
development. Prior genome analysis of S. mutans 
strain UA159 did not identify any diguanylate 
cyclases genes; however, a study by Yan et  al. 
described a UA159 protein (AAN59731) that 
when cloned into E. coli acted as a diguanylate 
cyclase (Yan et al. 2010). While AAN59731 does 
not contain a GG(D/E)EF domain and biochemi-
cal or structural characterization of its activity 
has not been described, an AAN59731 knockout 
does have a defective biofilm phenotype. 
Collectively, there is circumstantial evidence that 
S. mutans utilizes c-di-GMP, but there are several 
questions that remain as to whether the system is 
truly active and what the biological implication 
of such a system would be. There is, however, 
very strong evidence that c-di-AMP plays an 
important role in S. mutans signaling. S. mutans, 
like most gram-positive bacteria, encodes only a 
single diadenylate cyclase, CdaA. There are also 
two PDEs that function in S. mutans. The first is 
PdeA (also reported as GdpP for its homology to 
the first reported PDE in Bacillus subtilis), which 
degrades c-di-AMP to pApA the substrate for the 
second PDE, DhhP, finally producing two mole-
cules of AMP. DhhP activity is specific for pApA, 
and c-di-AMP cannot be utilized as a direct sub-
strate (Konno et  al. 2018). There are also two 
c-di-AMP binding proteins, CabPA and 
CabPB.  In initial studies, deletion of the cdaA 
gene resulted in reduced intracellular c-di-AMP 
levels, decreased resistance to H2O2, and 
increased EPS production (Cheng et  al. 2016). 
However, a second study released in the same 

year found reduced EPS production in the cdaA- 
deficient strain compared to the parental strain 
(Peng et al. 2016a). More clarity on the role of 
c-di-AMP in S. mutans was gained from deletion 
of pdeA (Peng et  al. 2016b). In these studies, 
c-di-AMP levels were elevated and biofilm devel-
opment was enhanced. Increased biofilm devel-
opment was dependent upon the up-regulation of 
a major glucan-producing protein, GtfB, as dele-
tion of gtfB in the PdeA-knockout abolished the 
enhanced biofilm development. Further investi-
gation convincingly showed that CabPA, but not 
CabPB, binds to the response regulator VicR, a 
known transcriptional regulator of gtfB (Peng 
et al. 2016b). Deletion of the second PDE, DhhP, 
and a double PDE mutant also showed increased 
biofilm development compared to wild type. 
Collectively, these results nicely show that c-di- 
AMP homeostasis in S. mutans is critical to the 
regulation of biofilm development (Konno et al. 
2018).

Hence, although initial bioinformatic analysis 
of oral bacterial genomes determined that many 
bacteria did not have the essential enzymatic 
machinery for functional cyclic nucleotide sig-
naling pathways (Romling et  al. 2013), recent 
studies in P. gingivalis, F. nucleatum, and S. 
mutans dispute those initial annotations and sug-
gest that there may be plenty more to be learned 
from studying these signaling systems in the 
future (Chaudhuri et al. 2014; Gursoy et al. 2017; 
Yan et al. 2010).

 Metabolic Signaling

Within the subgingival biofilm, many bacteria are 
intimately associated with one or more physio-
logically compatible species. This close proxim-
ity facilitates the action of many of the signaling 
systems described in this chapter but also allows 
cooperative metabolism (Fig. 1). Metabolic com-
munication can result from one of two processes; 
either metabolic cross-feeding where one species 
secretes small, simple metabolites, which may be 
utilized to benefit neighboring species or  secondly 
metabolic syntrophy, the sequential metabolism 
of complex nutrients for community benefit. 
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Multiple studies have demonstrated metabolic 
communication in dual-species experiments. In 
one case of synergistic growth, F. nucleatum 
enabled the growth of P. gingivalis in oxygenated 
environments, suggesting that the more aerotol-
erant F. nucleatum can consume oxygen, provid-
ing a microenvironment with differential redox 
potential in oral biofilms to benefit the growth of 
more oxygen-sensitive organisms (Diaz et  al. 
2002). In another study, A. naeslundii was incu-
bated in a medium that did not support its growth, 
and then with the addition of S. oralis, both spe-
cies displayed robust growth and co- aggregation, 
suggesting that close association promotes meta-
bolic cross-feeding and enhanced growth (Palmer 
et al. 2001). Similarly, A. naeslundii enhances the 
growth of S. gordonii by increasing expression of 
arginine biosynthesis genes and detoxifying 
hydrogen peroxide (Jakubovics et al. 2008a, b). 
Metabolism may also have indirect benefits to 
other community members; the lactic acid utiliz-
ing Veillonella atypica and A. actinomycetem-
comitans could prevent the acidification of the 
oral biofilm, thus protecting the acid-sensitive 
organisms such as P. gingivalis. A study by 
Egland et al. demonstrated that Veillonella atyp-

ica induces the expression of the amyB gene 
encoding an α-amylase of S. gordonii (Egland 
et  al. 2004). Increased utilization of carbohy-
drates by S. gordonii results in increased produc-
tion of lactic acid, the preferred energy source for 
V. atypica, and hence, this is a mutually synergis-
tic nutritional interaction.

S. gordonii is a participant in several instances 
of mutualistic growth. S. gordonii catabolizes 
carbohydrates and secretes H2O2 and l-lactate, a 
major carbon source for A. actinomycetemcomi-
tans, and can promote A. actinomycetemcomitans 
growth by cross-feeding (Brown and Whiteley 
2007). Interestingly, the relationship between A. 
actinomycetemcomitans and S. gordonii is a bal-
ance of synergistic cross-feeding and antagonis-
tic interactions. Stacy et al. nicely demonstrated 
that A. actinomycetemcomitans spatially posi-
tions itself close enough to S. gordonii to benefit 
from the secretion of l-lactate, but far enough 
away for it to detoxify H2O2 through the produc-
tion of catalase (Stacy et al. 2014). A. actinomy-
cetemcomitans up-regulates dspB, a gene 
encoding the enzyme dispersin B that hydrolyzes 
polysaccharides and promotes A. actinomycetem-
comitans biofilm dispersal, in response to oxygen 
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Fig. 1 Overview of interactions in the oral biofilm. 
Abbreviations: A. actinomycetemcomitans (Aa), 
Veillonella atypica (Va), Actinomyces naeslundii (An), 
Streptococcus gordonii (Sg), Streptococcus mutans (Sm), 

Porphyromonas gingivalis (Pg), and Treponema denticola 
(Td). Synergistic interactions are shown with green 
arrows, and antagonistic interactions are shown with red 
arrows, with the direction of the arrows indicating the sig-
naling information flow
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and H2O2 (Kaplan et al. 2004). Many other oral 
streptococci produce H2O2 in the oral environ-
ment and similar homeostatic mechanisms to 
maximize energy gains from metabolic cross- 
feeding while minimizing oxidative stress may 
be present in shaping the spatial organization of 
dental plaque. An additional nuance in the inter-
action between S. gordonii and A. actinomy-
cetemcomitans was revealed using an A. 
actinomycetemcomitans transposon-insertion 
pool followed by high-throughput sequencing 
(TN-Seq) (Stacy et  al. 2016). S. gordonii 
increased the availability of oxygen to A. actino-
mycetemcomitans to use as a terminal electron 
acceptor, shifting the metabolism of A. actinomy-
cetemcomitans from fermentation to oxidative 
respiration. This was termed cross-respiration 
and enhanced the growth and fitness of A. 
actinomycetemcomitans.

The presence of A. actinomycetemcomitans in 
an in vitro, multispecies biofilm is able to regu-
late the proteomic profile of the entire complex 
community, suggesting A. actinomycetemcomi-
tans possesses the capability of global regulation 
of community development (Bao et  al. 2015). 
Additional studies to understand this community 
regulator identified the histone-like family of 
nucleoid structuring (H-NS) protein of A. actino-
mycetemcomitans. H-NS proteins act as transla-
tional silencers in many gram-negative bacteria 
with global regulatory potential. In E. coli, H-NS 
regulates roughly 5% of the transcriptome and 
deletion of the hns gene attenuates biofilm devel-
opment (Hommais et al. 2001). Characterization 
of an hns deletion strain of A. actinomycetem-
comitans determined that H-NS promotes mono-
species biofilm development as well as adhesin 
production (Bao et al. 2018). Analysis of the pro-
tein expression of the in vitro polymicrobial com-
munities with the hns deletion and parental 
strains of A. actinomycetemcomitans demon-
strated that H-NS regulates the community meta-
bolic capability, specifically those processes 
involved in peptide, carbohydrate, and malate 
metabolism (Bao et al. 2018).

S. gordonii is also an essential partner with P. 
gingivalis promoting increased biofilm develop-
ment and synergistic pathogenicity in rodent 

models of periodontitis (Daep et  al. 2011; 
Periasamy and Kolenbrander 2009). In addition 
to the P. gingivalis tyrosine phosphorylation sys-
tem discussed previously, S. gordonii metabolism 
can also regulate dual-species biofilm and viru-
lence of P. gingivalis. In one study to examine the 
role of S. gordonii-associated genes that control 
biofilm development with P. gingivalis, spxB and 
cbe were determined to be instrumental in pro-
moting biofilm development (Kuboniwa et  al. 
2006). SpxB is responsible for the production of 
H2O2 in aerobic conditions, but its role in promot-
ing biofilm development with P. gingivalis 
remains unclear. Cbe (chorismate-binding 
enzyme) enzymes synthesize para-aminobenzoic 
acid (pABA) for secretion and folate biosynthe-
sis. Interestingly, pABA was found to promote 
survival and colonization of P. gingivalis in vivo 
using a mouse oral model (Kuboniwa et al. 2017). 
Proteomic and metabolic analyses of P. gingiva-
lis utilization of pABA showed that P. gingivalis 
can scavenge streptococcal-derived pABA for 
folate biosynthesis, and, moreover, pABA 
reduced the overall stress of P. gingivalis while 
promoting production of both FimA and Mfa1 
fimbriae. Most surprisingly, pABA reduced the 
production of EPS and dampened the virulence 
of P. gingivalis in both mouse oral and abscess 
models. The regulation of EPS was determined to 
be through the pABA-induced regulation of Ltp1 
previously discussed. These interactions will 
depend on density and spatial configuration, 
again supporting the developing narrative that 
metabolic communication promotes structure 
and polymicrobial synergy within the oral 
biofilm.

Both the interactions of S. gordonii with A. 
actinomycetemcomitans and P. gingivalis high-
light the synergistic interactions between early 
colonizing commensal bacteria and more patho-
genic late colonizers. One example of synergism 
involving two periodontal pathogens is the meta-
bolic cross talk between T. denticola and P. gingi-
valis. When cultured together, P. gingivalis and T. 
denticola co-aggregate and display enhanced 
growth (Grenier 1992; Tan et al. 2014). Gas–liq-
uid chromatography of co-grown culture super-
natants demonstrated that P. gingivalis produces 
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isobutyric acid that stimulates the growth of T. 
denticola, while T. denticola secretes succinic 
acid that is utilized by P. gingivalis (Grenier 
1992). Additional transcriptome and metabolic 
analyses demonstrated that T. denticola induces 
the production and secretion of glycine by P. gin-
givalis to promote its own growth in mixed cul-
ture (Tan et  al. 2014). Transcriptional evidence 
also suggests that P. gingivalis produces thiamine 
pyrophosphate, an essential nutrient for T. denti-
cola; however, direct cross-feeding of this metab-
olite has not been established. Recent in  vivo 
metatranscriptomic studies suggest that meta-
bolic cross-feeding takes place during periodon-
tal disease and may be a significant contributor to 
synergistic pathogenicity (Deng et  al. 2018; 
Nowicki et al. 2018).

There are decades of studies demonstrating 
enhanced growth among oral bacteria in addition 
to the few examples detailed here. Mutualistic 
metabolism and communication promote stability 
of the oral biofilm and reduce direct competition 
for nutrients among biofilm constituents. Spatial 
and temporal arrangement of organisms in the 
complex polymicrobial community may also be a 
function of shared metabolism. A bioinformatics 
analysis of metabolic pathways of 11 oral bacteria 
found a large metabolic redundancy in the com-
munity, and metabolic capabilities varied among 
organisms associated with specific layers of the 
biofilm (Mazumdar et  al. 2013). A recent meta-
transcriptomic analysis of periodontally diseased 
sites compared to patient-matched healthy sites 
revealed that metabolic capability was more sta-
ble during periodontitis than was species level 
diversity, suggesting the overall metabolic poten-
tial of the community may be more correlative 
with pathogenicity than species composition 
(Jorth et al. 2014). This overall metabolic stability 
is likely due to shared environmental conditions 
and stresses; however, true biofilm homeostasis is 
a balance between this metabolic redundancy and 
metabolic cross- feeding. If the metabolic capa-
bilities and necessities of the community were too 
similar, individual species would be in constant 
competition for nutrients. However, the conserva-
tion of core metabolic functions and mutualistic 
metabolism between integral species reduces the 

antagonistic interactions and promotes commu-
nity homeostasis.

Future studies will provide more insight into 
the complex web of cell–cell communication and 
signaling cascades utilized by oral bacteria to pro-
mote synergistic interactions. The oral biofilm is 
substantially more than the sum of its parts, with 
a community-dependent metabolic potential and a 
structure stabilized by interactions that promote 
survival of the community as a whole. Current 
and future technologies will  allow for a better 
understanding of these community-level interac-
tions. Demystifying the languages of bacterial 
communication may ultimately lead to more fruit-
ful development of preventative and therapeutic 
interventions for periodontal diseases.
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