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Abstract

Oral microbial communities are extraordinarily complex in taxonomic composition and comprise interdependent biological systems.
The bacteria, archaea, fungi, and viruses that thrive within these communities engage in extensive cell-cell interactions, which are both
beneficial and antagonistic. Direct physical interactions among individual cells mediate large-scale architectural biofilm arrangements
and provide spatial proximity for chemical communication and metabolic cooperation. In this review, we summarize recent work in
identifying specific molecular components that mediate cell-cell interactions and describe metabolic interactions, such as cross-feeding
and exchange of electron acceptors and small molecules, that modify the growth and virulence of individual species. We argue, however,
that although pairwise interaction models have provided useful information, complex community-like systems are needed to study
the properties of oral communities. The networks of multiple synergistic and antagonistic interactions within oral biofilms give rise
to the emergent properties of persistence, stability, and long-range spatial structure, with these properties mediating the dysbiotic
transitions from health to oral diseases. A better understanding of the fundamental properties of interspecies networks will lead to the
development of effective strategies to manipulate oral communities.
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Introduction

Modern genomic analyses have identified approximately 700
species or phylotypes of bacteria as well as archaea, fungi, and
viruses that comprise the human oral microbiome (Dewhirst
et al. 2010; Abeles et al. 2014; Diaz et al. 2017). Sequencing
studies of the different oral sites available for colonization (i.e.,
the teeth, tongue, buccal mucosa, soft and hard palate, and gin-
giva) have demonstrated that the different habitats support dis-
tinct microbial communities with taxon selection mediated by
the characteristics of the surfaces available for attachment,
oxygen availability, and exposure to host nutritional products
delivered by saliva and gingival crevicular fluid (Human
Microbiome Project Consortium 2012).

Oral microbial communities are biological systems, com-
prising individual cells whose coordinate interactions give rise
to emergent properties (Marsh and Zaura 2017). The microbial
communities that live on the nonshedding tooth surfaces, the
supra- and subgingival plaque, assemble into biofilms. The
cells that comprise these biofilms attach either to the tooth sur-
face through the salivary pellicle or molecules derived from
gingival crevicular fluid or to each other, and they are embed-
ded in an extracellular matrix (Kolenbrander et al. 2010). In
this review, we summarize recent work to elucidate the physi-
cal and chemical interactions among oral microbes, focusing
on bacteria and fungi, the most studied components of the oral
microbiome. We next consider the need to understand dental
plaque emergent properties, which are characteristics that
emerge only from the interactions of its components in a wider
whole.

Physical Interactions among Bacteria

The binding of genetically distinct oral bacterial cells to each
other was first reported by Gibbons and Nygaard in 1970 and
was termed bacterial agglutination (Gibbons and Nygaard
1970). Coaggregation, defined as the specific molecularly
mediated binding of genetically distinct organisms in solution,
has been systematically tested for thousands of pairs of culti-
vable isolates (Kolenbrander et al. 1990). In this review, we
consider coaggregation together with coadhesion, defined as
the binding of a planktonic cell to another cell attached to a
surface. Early work to characterize the molecular components
that comprise the interbacterial adhesion apparati involved the
use of carbohydrate inhibitors including lactate, protein-cleaving
enzymes such as trypsin, and inhibitory concentrations of ions,
which together shed light on the general nature of the surface
molecules involved and revealed the ubiquity of lectin-like
interactions (Mclntire et al. 1978).

Cells of the genus Streptococcus as well as Actinomyces
comprise the subset of oral microbes that act as the earliest
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colonizers, able to directly bind to components of the salivary
pellicle that coats the teeth, including proline-rich proteins, albu-
min, sialic acid, alpha amylase, glycoproteins, and other proteins
(Abranches et al. 2018). Streptococci comprise up to 80% of
initial supragingival plaque bacteria (Nyvad and Kilian 1987,
Diaz et al. 2006). Streptococcal adhesion is mediated by cell
wall proteins as well as surface structures, including pili or fim-
briae, which mediate binding to salivary gp340 as well as host
extracellular matrix proteins, epithelial cells, and endothelial
cells. CshA is a fibrillar cell surface protein in Mitis group strep-
tococci that mediates binding to other microbes, including
Actinomyces oris, as well as host fibronectin (Nobbs et al. 2015).

The serine-rich repeat glycoproteins (SRRPs), Hsa and
GspB, on the surfaces of Streptococcus gordonii DL1 and
S. gordonii M99 respectively bind a2,3-linked sialic acid of
mucin and thereby mediate S. gordonii attachment to the sali-
vary pellicle (Takahashi et al. 2002; Takamatsu et al. 2006). In
an in vitro binding assay, the affinity of Hsa for mucin glyco-
proteins was shown to increase with increasing shear force
(Ding et al. 2010). In general, low-affinity salivary glycan bind-
ing by bacterial adhesin proteins is synergized by the presence
of multiple adhesins on the cell surface and the clustering of
glycans in salivary mucins (Cross and Ruhl 2018). Recently,
Hsa was demonstrated to mediate S. gordonii coaggregation
with Veillonella spp., secondary early colonizers, through a
mechanism that did not involve sialic acid recognition (Zhou et al.
2015). SRRPs have been identified in a number of oral strepto-
coccli, including Fap1 in Streptococcus parasanguinis, StpA in
Streptococcus sanguinis and Streptococcus cristatus, and Srp
A, B, and C in Streptococcus salivarius (Nobbs et al. 2015).

The antigen I/II proteins of streptococci were among the
first streptococcal surface antigens identified as adhesins.
Various isoforms have been identified in most oral streptococci
and include SpaP, P1, PAc, SsoA, and SspB (Abranches et al.
2018). Agl/II proteins are cell-wall anchored proteins that
mediate binding to other bacteria and epithelial cells as well as
the salivary glycoprotein gp340, and the Agl/II isoforms have
recently been reported to function together as a supramolecular
complex in Streptococcus mutans (Heim et al. 2015).

In coaggregation assays, Fusobacterium nucleatum demon-
strates the unique ability to coaggregate with numerous species
of oral microbes, including both early and late colonizers
(Kolenbrander et al. 1989). Recently, several Fusobacterium
genes have been identified that function as cell surface coag-
gregation mediators. The 350-kDa outer membrane protein,
RadD, was initially identified in F. nucleatum subsp. polymor-
phum strain ATCC 23726 as an arginine-inhibitable, promiscu-
ous adhesin that mediated coaggregation with Gram-positive
organisms, including S. gordonii and Actinomyces naeslundii
(Kaplan et al. 2009) (Fig. 1). RadD was recently shown to bind
the S. mutans adhesin SpaP, which was previously implicated
in S. mutans salivary glycoprotein binding (Guo et al. 2017).
Aidl (Adherence Inducing Determinant 1) was subsequently
identified in a mutagenesis screen as a putative accessory pro-
tein that contributes to RadD-mediated coaggregation with
streptococci (Kaplan et al. 2014). In another mutagenesis
experiment, the F. nucleatum outer membrane autotransporter
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Figure 1. Fusobacterium nucleatum physical interactions and surface
adhesion molecules. The surface adhesin RadD mediates F. nucleatum
binding to Streptococcus spp., Actinomyces, and Candida albicans. Aid|

is an accessory adhesin that mediates F. nucleatum coaggregation

with Streptococcus spp. The outer membrane protein Fap2 mediates
coaggregation with Porphyromonas gingivalis as does the porin protein
FomA, and the outer membrane protein CmpA mediates coaggregation
with Streptococcus gordonii.

protein, Fap2, was identified as a mediator of coaggregation
with Porphyromonas gingivalis as well as F. nucleatum bind-
ing to mammalian cells (Coppenhagen-Glazer et al. 2015).
Mice infected with the fap2 knockout strain of F. nucleatum
had reduced placental F. nucleatum colonization compared to
controls, and strains of F. nucleatum lacking Fap2 had reduced
binding to Gal-Gal-NAc-expressing colorectal adenocarci-
noma tumors in mice, implicating this adhesin in the tumor-
related virulence of F. nucleatum (Coppenhagen-Glazer et al.
2015; Abed et al. 2016). The F. nucleatum porin protein,
FomA, has demonstrated binding to the salivary protein
statherin as well as coaggregation with P. gingivalis (Kinder
and Holt 1993). Recently, a second F. nucleatum ATCC 23726
outer membrane protein, CmpA (coaggregation mediating pro-
tein A), was identified as another mediator of F. nucleatum
coaggregation with S. gordonii (Lima et al. 2017).

Interestingly, like F. nucleatum, P. gingivalis has also been
observed to physically interact with a number of different oral
community members, including both early and late colonizers.
P, gingivalis coaggregation with S. gordonii has been demon-
strated to be mediated by the fimbriae protein FimA specifi-
cally binding to S. gordonii surface-localized glyceraldehyde
phosphate dehydrogenase (GAPDH) (Maeda et al. 2004; Ng
et al. 2016), as well as the short fimbriae protein Mfa, which
binds SspB proteins on S. gordonii. The P. gingivalis gin-
gipains RgpA, RgpB, and Kgp were shown to play an essential
role in synergistic biofilm formation with Treponema denticola
in vitro (Zhu et al. 2013), and the T. denticola outer sheath
dentilisin protein has been implicated in coaggregation with
P, gingivalis and other bacteria, including Treponema forsythia
(Sano et al. 2014).

As well as providing scaffolds for structuring the biofilm,
direct physical interactions between oral microbes have been
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All bacteria

atypica. In an in vitro coculture system, V. atyp-
ica induces expression of the S. gordonii a-
amylase gene amyB to induce hydrolysis of
intracellular glycogen and secretion of lactate
(Egland et al. 2004; Johnson et al. 2009).
Metabolic synergism and crosstalk have
been observed between P. gingivalis and S.
gordonii, mediated by streptococcal 4-amino-
benzoate/para-amino benzoic acid (pABA),
involved in folate biosynthesis (Kuboniwa et
al. 2017). Exogenous pABA was shown to
increase the colonization and fitness of P. gin-
givalis while reducing virulence in a mouse
model (Kuboniwa et al. 2017). F. nucleatum

Figure 2. In vitro microcosm biofilms, seeded with dental plaque and labeled with
fluorescence in situ hybridization probes. (A) When in vitro cultures are grown in a

rich medium (in this case, fastidious anaerobe broth) for 7 d, the biofilm is dominated by
streptococci. (B) A plaque inoculum from the same donor was used to seed an in vitro
biofilm grown under the same conditions as in A, except 25% human saliva was used as the
medium. A highly diverse community is present with multiple cells that are labeled with
the bacterial domain probe but not any of the genus-level probes used. Scale bar = 10 pm.

(Previously unpublished data from Valm lab.)

demonstrated to mediate changes in gene transcription.
Differential regulation of 16 genes in F. nucleatum and 119
genes in S. gordonii were observed when these 2 organisms
coaggregated in vitro as compared to mono-culture conditions
(Mutha et al. 2018). More recently, transcriptional profiling
revealed differential regulation of 69 genes in S. gordonii and
272 genes in Veillonella parvula when these organisms coag-
gregated in vitro (Mutha et al. 2019). Importantly, proximity in
coculture was not sufficient to induce differential gene expres-
sion (i.e., coaggregation was required). Genes regulated
included those related to oxidative stress and carbohydrate
metabolism (Mutha et al. 2019).

Chemical Interactions

Synergistic Metabolic Interactions

One of the strongest pieces of evidence for metabolic coopera-
tion among oral bacteria comes from the observation of
enhanced growth and biofilm formation when oral isolates are
cocultured in saliva as the sole nutritional source (Periasamy
and Kolenbrander 2009). When dental plaque from a healthy
donor was used to seed a microcosm culture and grown in a rich
medium, the community was dominated by streptococci, but
when a dental plaque inoculum from the same donor was used
to seed a microcosm community in dilute saliva, an extraordi-
narily diverse biofilm community resulted, as evidenced by
microscopic observation after fluorescence in situ hybridization
(Fig. 2) (previously unpublished).

While the metabolic connectivity of oral microbial commu-
nities is undoubtedly complex and multifactorial, a number of
specific interactions have been identified in simple in vitro
coculture systems. S. gordonii ferments carbohydrate to form
lactic acid, which is the preferred carbon substrate for Veillonella

has been shown to support the growth of
P. gingivalis in oxygenated and CO2—depleted
environments (Diaz et al. 2002), and recently,
metabolic crosstalk in the form of increased
electron acceptor bioavailability (O,) has
been observed between S. gordonii and
Aggregatibacter actinomycetemcomitans in a
coinfection model (Stacy et al. 2016).

Antagonistic Interactions

Many streptococci produce bacteriocins (e.g., lantibiotics,
among many others), which are small peptides with antimicro-
bial activity (Mathur et al. 2018). For example, S. mutans pro-
duces several mutacins with antimicrobial activity against
many other streptococci (Merritt and Qi 2012). S. gordonii and
S. sanguinis of the Mitis group streptococci produce hydrogen
peroxide as a by-product of carbohydrate metabolism (Redanz
et al. 2018; Chen et al. 2019). While some oral microbes pos-
sess catalase genes and therefore resistance to oxidative stress,
streptococci do not, and strains of S. mutans display a range of
susceptibility to H O, (Redanz et al. 2018). This antagonistic
relationship may be clinically relevant in the context of dental
caries (Giacaman et al. 2015). Moreover, some commensal
oral microbes possess an arginine deaminase system (ADS)
and produce ammonia through arginine metabolism, which
raises the pH of the biofilm environment and inhibits growth of
aciduric organisms, including S. mutans (Huang et al. 2018).
H O, production by oral streptococci has also been shown to
inhibit the growth of periodontopathogens (Hillman et al.
1985). Interestingly, A. actinomycetemcomitans was shown to
reduce pyruvate oxidase (PoxL)-mediated H O, production by
S. parasanguinis in coculture, which resulted in increased bio-
film formation, a finding with implications for localized
aggressive periodontitis (Duan et al. 2016). Recently, environ-
mental arginine was demonstrated to have a direct effect on
S. mutans growth and stress tolerance (Chakraborty and Burne
2017). Coaggregation of S. gordonii with A. oris resulted in
downregulation of arginine biosynthesis genes and upregulation
of biofilm genes, and recently, the ArcR arginine-dependent
regulator of transcription in S. gordonii was shown to link argi-
nine sensing with biofilm formation, further implicating
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arginine metabolism in community structure (Robinson et al.
2018).

An extreme form of potentially antagonistic metabolic
cooperativity in the form of parasitism has been described
among the oral microbiota. TM7x of the candidate phylum
Saccharibacteria (formerly TM7) requires its bacterial host,
Actinomyces odondolyticus, for survival because its greatly
reduced genome is insufficient for independent growth (He
et al. 2015). Although infection of naive hosts results in cell
death, a subset of Actinomyces cells within infected popula-
tions survives with reduced growth rates, giving rise to long-
term population stability and metabolic cooperativity (Bor
et al. 2018). Taken together, antagonistic interactions in the
oral community reflect the dynamic interconnectedness of oral
biofilm microbes and represent potential avenues for therapeu-
tic intervention.

Fungal Interactions with Other
Oral Microbiome Members

Dozens of fungal taxa inhabit the oral cavity of humans.
Molecular- and cultivation-based studies show yeasts such as
Candida and Malassezia are common oral residents (Dupuy
et al. 2014; Diaz et al. 2017; Abusleme et al. 2018). Other low-
abundance fungi, such as Alternaria, Aspergillus, Fusarium,
Rhodotorula, and Cryptococcus, have also been recovered
from the oral cavity (Monteiro-da-Silva et al. 2014; Diaz et al.
2017). The function fungi play in oral microbiome communi-
ties, however, remains incompletely understood.

An overgrowth of Candida, especially Candida albicans, is
associated with the development of oropharyngeal candidiasis
(Abusleme et al. 2018; Diaz et al. 2019). Recent studies also
suggest a role of Candida in other disruptions of oral homeo-
stasis such as early childhood caries (Koo et al. 2018). Thus,
due to its clinical relevance, Candida is the only fungal genus
that has been evaluated in terms of its interactions with other
microbiome members. In both oral candidiasis and caries, the
interactions of C. albicans with other Candida species or with
bacteria are important determinants of Candida virulence and
appear to contribute to dysbiosis.

The interactions of Candida and Streptococcus are one of
the best understood fungal-bacterial relationships. Candida
and Mitis group streptococci have been shown to coaggregate
and form synergistic biofilms (Bamford et al. 2009; Diaz et al.
2012). The specific binding between Candida and Mitis group
streptococci is mediated by protein-protein interactions involv-
ing the streptococcal cell surface adhesins CshA, SspA, and
SspB (Holmes et al. 1996; Silverman et al. 2010; Xu, Jenkinson,
et al. 2014). The adhesins on C. albicans surface that recognize
streptococci include members of the agglutinin-like sequence
(ALS) and hyphal wall protein 1 (HWP1) families. Specifically,
ALS3, ALS1, ALS5, and also HWP1 and EAP1 have been
shown to mediate recognition of S. gordonii cells by C. albi-
cans (Klotz et al. 2007; Nobbs et al. 2010; Silverman et al.
2010). Extracellular polysaccharide (EPS) produced by
streptococcal glucosyl-transferases (Gtfs) also plays a role

promoting adhesive interactions between S. gordonii and
C. albicans (Ricker et al. 2014). Interactions between C. albi-
cans and Mitis group streptococci have been shown to be
important in oropharyngeal candidiasis. Mitis group strepto-
cocci appear enriched in mucosal samples of patients with
chronic oral candidiasis (Abusleme et al. 2018). The relevance
of this interaction has been demonstrated in animal and in vitro
models, in which Streptococcus oralis enhances the virulence
of C. albicans with coinoculation resulting in greater tissue
invasion and damage (Diaz 2012; Xu, Sobue, et al. 2014).

C. albicans has also been shown to synergistically interact
with S. mutans. Gtfs, which are produced by S. mutans under
carbohydrate-rich environments, mediate its attachment to
C. albicans and enhance the biofilm accretion of both microor-
ganisms (Falsetta et al. 2014). On the Candida side, N- or
O-linked mannans on the fungal cell wall appear to mediate
binding to S. mutans GtfB (Hwang et al. 2017). The partner-
ship of C. albicans and S. mutans has been shown to promote
rampant carious lesions in a rodent model under high sucrose
(Falsetta et al. 2014). The 2 microorganisms have been coiso-
lated in children with caries (Xiao et al. 2018).

C. albicans has also been shown to coaggregate with
F nucleatum (Wu et al. 2015) and with the periodontitis-
associated species P. gingivalis (Sztukowska et al. 2018).
Candida spp. have been detected in periodontal pockets, and it
is therefore possible that such interkingdom interactions are
relevant in vivo (Dabdoub et al. 2016). C. albicans and P. gin-
givalis have been shown to physically interact through the InlJ
internalin-family protein on the surface of P. gingivalis and
ALS3 on the surface of Candida (Sztukowska et al. 2018). In a
biofilm model, it has been shown that in the presence of oxy-
gen, C. albicans creates a protective environment for P. gingi-
valis (Bartnicka et al. 2019).

Although less studied than fungal-bacterial interactions,
fungal-fungal partnerships also influence oral homeostasis. For
instance, Candida glabrata is often coisolated with C. albicans
during oropharyngeal candidiasis (Redding et al. 1999). C.
glabrata adheres to C. albicans hyphae, an interaction that
seems important in an in vivo coinfection model (Tati et al.
2016).

In summary, fungal-bacterial and fungal-fungal interactions
play a role in oral microbiome communities, mediating dysbi-
otic events associated with oral candidiasis, and are also pos-
sibly involved in caries. The function of other mycobiome
members (e.g., Malassezia) that are dominant in certain indi-
viduals warrants further investigation.

Emergent Properties

The multitude of interactions that take place between individ-
ual cells gives rise to the emergent properties that are charac-
teristic of oral biofilms, including persistence, stability, and
resistance. By definition, the emergent properties of a system
cannot be understood simply by analyzing the individual com-
ponents in isolation. DNA sequencing has revealed the com-
plex changes in community composition that take place during
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Figure 3. Systems imaging reveals long-range structure and corncob arrangements in supragingival plaque. (A) Hedgehog structure in supragingival
plaque extracted from a healthy volunteer, labeled with fluorescent in situ hybridization probes for 8 genera. Scale bar = 20 ym. (B) Higher
magnification view of the region of interest highlighted in A. Circles indicate variously comprised corncob arrangements in hedgehog structures,
with coccoid cells (Streptococcus, Haemophilus/Aggregatibacter, and Porphyromonas) arranged around a central filamentous Corynebacterium cell. Scale

bar = 5 pm. Reprinted with permission from Mark Welch et al. (2016).

the multifactorial ecosystem transitions from health to dental
caries and periodontal disease (Griffen et al. 2012; Abusleme
et al. 2013; Koo et al. 2018; Tanner et al. 2018). Recent meta-
transcriptomic analyses have identified genes that are upregu-
lated in subgingival communities in states of periodontal
disease to include genes involved in iron uptake, among others,
while longitudinal metatanscriptomic studies offer the possi-
bility of identifying genes within communities that drive the
transition from health to disease (Duran-Pinedo et al. 2014;
Yost et al. 2015). However, these studies do not shed light into
the assembly rules that operate in oral microbial communities
and the events that mediate dysbiotic shifts.

The interspecies interactions described in previous sections
have been observed for the most part in simple 2-species cocul-
ture models. Recent work on ecological theory of microbial
communities shows that interactions that emerge only when 3
or more species are present determine stability, persistence,
and maintenance of biodiversity in complex microbial systems
(Levine et al. 2017; Goldford et al. 2018). These interactions
include interaction chains, in which 1 species provides indirect
benefits to another one, and higher-order interactions, in which
the presence of 1 species modifies the way other species inter-
act (Levine et al. 2017). Studying the properties of these net-
works could lead to the development of approaches to
manipulate whole communities. For instance, there is certain
predictability in the way nutrients determine community com-
position (Goldford et al. 2018). Also, network structure has
been shown to influence the community resistance to perturba-
tions (Levine et al. 2017).

Although it may not be possible to directly observe all of
the individual interactions taking place in communities, the
development of in vitro biofilm models with high species diver-
sity offers promise for controlled laboratory testing of systems-
level hypotheses (Thurnheer et al. 2016). Extraordinarily
diverse human oral microbial communities have been grown in

vitro by seeding cultures in minimal media with dental plaque
inocula extracted from human volunteers (Fernandez et al.
2017). Metagenomic analysis of a previously well-characterized
microcosm model system revealed the dynamics of commu-
nity assembly during biofilm maturation to be sporadic while
concomitant metatranscriptomic analysis revealed synergistic
changes in gene expression that correlated more strongly with
environmental changes in the community (i.e., pH) than with
changes in community taxonomic structure (Edlund et al.
2018).

Through a process of ecological succession, mediated by
dynamic intercelluar interactions and environmental inputs,
tooth-associated oral microbes assemble into structures that
may be orders of magnitude larger than the individual cells
themselves. Multiplex imaging of subgingival plaque revealed
the incorporation of C. albicans hyphae within biofilms, upon
which streptococci assembled and could serve as scaffolds for
long-range biofilm structure (Zijnge et al. 2010). Systems-
level imaging of plaque biofilms offers another omics-type
approach for studying the emergent properties of oral commu-
nities in situ. Combinatorial labeling and spectral imaging flu-
orescence in situ hybridization (CLASI-FISH) was first used to
quantify all of the physical interactions among 15 genera of
microbes in extracted, semidispersed dental plaque (Valm et al.
2011). Analysis of these associations informed a network
description of dental plaque communities and revealed the sur-
prising finding that Fusobacterium spp. did not make physical
associations with many other genera in situ (Valm et al. 2011).
Subsequently, spectral imaging of semi-intact supragingival
plaque biofilms carefully extracted from healthy donors
revealed the presence of large multitaxon consortia of organ-
isms in hedgehog structures (Mark Welch et al. 2016). In these
structures, filamentous Corynebacterium spp. appear to form a
bush-like scaffold, anchored to the presumed tooth surface
through associations with Streptococcus and Actinomyces. The
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distal tips of the Corynebacterium filaments were often
decorated with cocci, consisting of various combinations
of Streptococcus, Haemophilus or Aggregatibacter, and
Porphyromonas in “corncob” arrangements, which comprised
an apical surface on the biofilm structure that functions to
sequester oxygen and thereby create an anaerobic niche (Fig. 3).

The abundance and prevalence of Corynebacterium in
supragingival plaque from multiple donors and the conspicu-
ous arrangement of Corynebacterium filaments within hedge-
hog structures further led to the hypothesis that this organism
plays a central role in structuring the biofilm community; how-
ever, the precise role that Corynebacterium plays in relation to
that of Fusobacteriumremains to be determined. Fusobacterium
is highly abundant in supragingival plaque and has demon-
strated an ability to coaggregate with numerous other species
in vitro, and Fusobacterium cells are filamentous and centrally
located within hedgehog structures alongside Corynebacterium
(Mark Welch et al. 2016). F. nucleatum is aerotolerant, and its
presence in oxygenated in vitro biofilms facilitates the growth
of strict anaerobes within these communities (Bradshaw et al.
1998), suggesting that Fusobacterium and Corynebacterium
may play different roles in structuring the biofilm at different
times during community development. Because multiple bio-
logical explanations are consistent with many of the observa-
tions to date, the precise roles that Fusobacterium and
Corynebacterium play in organizing supragingival plaque bio-
films is therefore yet to be determined.

Conclusions and Future Directions

The human mouth is home to extraordinarily diverse microbial
communities, which, especially on the hard, nonshedding sur-
faces of teeth, assemble into polymicrobial biofilms with defined
spatial structure and community functions. Like many biological
systems, dental plaque biofilms are composed of multiple com-
partments (microbial cells), each of which carries out repertoires
of biochemical processes that sustain the individual cells. At the
same time, the individual cells must interact with their environ-
ment and with each other. Collectively, the intercellular interac-
tions among oral microbes, both physical and chemical, give rise
to the emergent properties of plaque biofilms and the holistic
functions of these microbial communities.

Under homeostatic conditions, plaque biofilms function to
promote oral health; however, in states of dysbiosis, dental
plaque biofilms mediate localized oral diseases, including den-
tal caries and periodontal disease, and are further implicated in
systemic diseases such as cardiovascular disease and others
(Kholy et al. 2015; Lamont et al. 2018). The individuality of
microbial communities as well as their persistence and regen-
erative capacities are emergent properties of the plaque bio-
film. A greater understanding of the intercellular interactions
that underlie community functions may provide an avenue to
develop improved strategies to engineer plaque biofilms to
promote health.

Although the study of pairwise interactions among oral
microbes has unequivocally shown that species growth and

virulence are modified by their community context, the field
should also embrace complex community-like systems to
study species networks in a more realistic setting. Defined-
inoculum complex community models offer the possibility of
studying the role of individual species or functional groups on
the growth and stability of the whole community. Similarly, the
use of model communities created with natural inocula could
be useful to understand community assembly rules and
response to perturbations in a more holistic context. The ulti-
mate goal of studying oral microbial communities is to develop
tools to engineer their composition to one compatible with oral
health.
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