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Abstract

Filifactor alocis, a fastidious Gram-positive obligate anaerobic bacterium, is a newly appreciated member of the periodontal community
that is now proposed to be a diagnostic indicator of periodontal disease. Its pathogenic characteristics are highlighted by its ability to
survive in the oxidative stress—rich environment of the periodontal pocket and to significantly alter the microbial community dynamics by
forming biofilms and interacting with several oral bacteria. Here, we describe the current understanding of F. alocis virulence attributes,
such as its comparative resistance to oxidative stress, production of unique proteases and collagenases that can cause structural damage
to host cells, and dysregulation of the immune system, which enable this bacterium to colonize, survive, and outcompete other traditional
pathogens in the inflammatory environment of the periodontal pocket. Furthermore, we explore the recent advancements and future
directions for F. alocis research, including the potential mechanisms for oxidative stress resistance and our evolving understanding of the
interactions and mechanisms of bacterial survival inside neutrophils. We also discuss the current genetic tools and challenges involved
in manipulating the F. alocis genome for the functional characterization of the putative virulence genes. Collectively, this information will
expedite F. alocis research and should lead to the identification of prime targets for the development of novel therapeutics to aid in the

control and prevention of periodontal disease.
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Introduction

The ecologic environment of the human oral cavity, which is
home to >700 microbial species, is one of the most complex
and dynamic microbial communities in the human body (Deng
et al. 2017). While less than half of these microbial species
have been characterized and can be readily cultivated, several
oral infectious diseases, including caries and periodontitis,
have known etiologies by specific members of the microbial
community (Dewhirst et al. 2010). Periodontitis, a multifac-
eted chronic inflammatory disease that affects the supporting
structures of the teeth, is attributed to dysbiosis of the oral
microbiota (Deng et al. 2017; Lamont et al. 2018). It is the
sixth-most common infectious disease in the world and affects
>65 million people in the United States (Eke et al. 2018). The
severe form of periodontitis, which affects about 8.5% of
adults in the United States, may not only cause tooth loss but
can also affect systemic health by increasing patients’ suscep-
tibility to cardiovascular disease, diabetes, rheumatoid arthritis,
Alzheimer’s disease, adverse pregnancy outcomes, aspiration
pneumonia, and cancer (Hajishengallis 2015; Dominy et al.
2019).

A triadic group of oral anaerobic bacteria designated the
“red complex,” comprising Porphyromonas gingivalis,
Treponema denticola, and Tannerella forsythia, has tradition-
ally been categorized as the causative agents of periodontitis
(Socransky et al. 1998). A paradigm shift based on the current
model of polymicrobial synergy and dysbiosis suggests that
the progression of periodontitis is induced by a more compre-
hensive dysbiotic microbial community rather than by select

periopathogens (Hajishengallis and Lamont 2012). The devel-
opment of novel culture-independent techniques, such as 16S
pyrosequencing and next-generation sequencing, has identi-
fied several previously underappreciated bacteria—including
the Gram-positives Filifactor alocis and Peptostreptococcus
stomatis and other species from the genera Prevotella,
Megasphaera, Selenomonas, and Desulfobulbus. These are as-
yet-unculturable species but have nonetheless shed new light
on pathogenic bacterial communities in the periodontal pocket
(Dewhirst et al. 2010; Griffen et al. 2012; Abusleme et al.
2013). F. alocis is a fastidious asaccharolytic anaerobic rod
with typical virulence features of a periodontopathogen, such
as its unique ability to tolerate oxidative stress and cause sub-
stantial proinflammatory responses (Aruni et al. 2011; Moffatt
et al. 2011). Consistent with Socransky’s modified Koch’s
postulate, F. alocis shows a strong correlation with periodontal
disease and is undetected in the healthy population (Kumar
et al. 2006; Schulz et al. 2019). In this review, the
current state of F. alocis pathogenesis is discussed, highlight-
ing the recent advances on oxidative stress resistance and host-
microbe interactions as well as the challenges for further
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characterization. For a detailed historical perspective, see
Aruni, Chioma, and Fletcher (2014) and Aruni et al. (2015).

F. alocis: Prevalence and Characteristics

F alocis was first identified in 1985 as Fusobacterium alocis
from the gingival sulci of patients with periodontitis (Cato et al.
1985) and later reclassified as Filifactor alocis based on
sequencing of 16S rRNA genes (Jalava and Eerola 1999). The
natural habitat of F alocis appears to be gingival sulcus
(Gomes et al. 2006). Multiple studies have shown a high preva-
lence of F. alocis in patients with chronic and generalized
aggressive periodontitis, apical periodontitis, peri-implantitis,
and endodontic infections (reviewed by Aruni et al. 2015). Due
to the initial observation of increased occurrence of F. alocis in
diseased subgingival sites with its description as an etiologic
agent of marginal periodontitis (Cato et al. 1985; Paster et al.
2001), it is now suggested to be used as a diagnostic indicator
of periodontal disease (Wade 2011; Na et al. 2020).

F. alocis has been also linked to gingivitis and diabetes dur-
ing pregnancy (Gogeneni et al. 2015) and oral squamous cell
carcinoma (Yang et al. 2018). The ability of F. alocis to spread
to extraoral sites, including the spleen, lungs, and kidneys, has
been demonstrated in the mouse subcutaneous chamber model
(Wang et al. 2014). Consistent with this study, 2 recent reports
identified F alocis at extraoral sites in association with a dis-
ease other than periodontitis. The first case report identified F.
alocis in the pleural fluid of a patient with thoracic empyema,
whereas in the second report, the bacterium was found in the
fluid bronchoalveolar lavage of patients with lung cancer
(Gray and Vidwans 2019; Wang et al. 2019). Additionally,
F. alocis has been identified in brain abscesses (Hishiya et al.
2020) and shown to aid progression of periodontitis in patients
with rheumatoid arthritis (Ayala Herrera et al. 2019). In these
studies, the presence of F. alocis was identified via 16S rRNA
sequencing. Future studies identifying the live organism from
these extraoral sites are necessary to confirm any role of
F. alocis in the etiology of these diseases. Unless otherwise
stated, the studies discussed are associated with the type strain
F. alocis ATCC 35896. Specific growth characteristics of
F. alocis are discussed elsewhere (Aruni et al. 2011).

F. alocis: Virulence Attributes

To colonize and survive in the stress environment of the peri-
odontal pocket, F. alocis shares virulence properties consistent
with a typical periodontopathogen, as described below.

Interaction with Other Oral Organisms/Biofilms

A clinical study focusing on identifying oral pathogens in dis-
ease sites showed a F. alocis—centered co-occurrence group of
8 potential pathogens associated with periodontitis across dif-
ferent oral habitats: P. gingivalis, Porphyromonas endodonta-
lis, T forsythia, F. alocis, Eubacterium nodatum, Fretibacterium
species, Lachnospiraceae species, and Peptostreptococcaceae

species. This suggests possible synergistic interactions among
those pathogens and a high diagnostic value for periodontitis
(Chen et al. 2015).

In vitro studies have shown that F. alocis ATCC 35896 and
D-62D interact with a variety of oral bacteria and participate in
community development (Wang et al. 2013). Growth of F. alo-
cis was reduced during interaction with Streptococcus gordo-
nii. Interactions between Fusobacterium nucleatum and
F alocis were synergistic. Aggregatibacter actinomycetem-
comitans stimulated the growth of F. alocis ATCC 35896 but
had no effect on D-62D. P. gingivalis and F. alocis formed het-
erotypic communities; however, while the abundance of P. gin-
givalis was enhanced in the presence of F. alocis, accumulation
of F. alocis was inhibited. The inhibitory effect of P. gingivalis
on F. alocis was partially dependent on the minor fimbriae
Mfal. Sensing/communication between species required LuxS
of P. gingivalis (autoinducer 2 dependent signaling) (Wang
et al. 2013). In another clinical study, F. alocis formed in vivo
biofilms in the apical and middle-third parts of the gingival
pocket and colocalized with P. gingivalis, Prevotella interme-
dia, A. actinomycetemcomitans, T. denticola, T. forsythia, and
F. nucleatum (Schlafer et al. 2010). Colocalization may sug-
gest the involvement of Filifactor in coaggregation (a prereq-
uisite step during the establishment and maturation of biofilms)
and might indicate the necessary symbiotic relationship
between F. alocis and other organisms. Consistent with this, in
an in vitro study, P. gingivalis ATCC 33277 in coculture with
F alocis showed a significant increase in biofilm formation,
which may indicate a commensal relationship between species
(Aruni et al. 2011).

Invasion and Adhesion

A successful pathogen must adhere and invade epithelial cells.
The ability of F. alocis ATCC 35896 and D-62D to adhere and
invade epithelial cells was enhanced in coculture with P. gingi-
valis (Aruni et al. 2011). How P. gingivalis assists F. alocis
invasion is unclear. While vesicle-mediated internalization was
observed to occur, the specific components and their regulation
that are vital for this process are unclear. Proteomic analysis of
F alocis during coinfection of epithelial cells with P. gingivalis
revealed an increase in several membrane adhesion proteins
and surface components recognizing adhesive matrix mole-
cules, which may mediate adherence and colonization of host
tissues during infection (Aruni, Zhang, et al. 2014).

Collagenases, Proteases, and Toxins

To cause infection, periodontopathogenic bacteria must pene-
trate the host’s structural barrier, such as the collagen-rich
extracellular matrix. Collagen, the major component of the
gingival connective tissue, is extremely resistant to degrada-
tion and can be cleaved only by collagenases. The F. alocis
peptidase HMPREF0389 00504 (PrtFAC) has been demon-
strated to bind and degrade type I collagen and gelatin in a
calcium-dependent manner. Additionally, PrtFAC may induce



792

Journal of Dental Research 100(8)

caspase-dependent and caspase-independent apoptosis of nor-
mal oral keratinocytes (Chioma et al. 2017) and therefore may
play arole in the pathogenesis of F. alocis by inducing host cell
death; however, more studies are needed to outline a specific
pathway and/or mechanism.

F. alocis can induce the release of neutrophil granule matrix
content, including members of the matrix metalloproteinase
(MMP) family, such as collagenase and gelatinase, which can
contribute to periodontal tissue damage (Armstrong et al.
2016). An increase in the levels of MMP-1, a collagenase, has
been demonstrated in gingival tissue and crevicular fluid from
patients with periodontitis (Alfant et al. 2008; Popat et al.
2014). A recent study evaluated gingival biopsies from patients
with periodontitis and healthy individuals for the presence of
F. alocis and MMP-1 (Nokhbehsaim, Nogueira, Damanaki,
et al. 2020). F alocis was highly prevalent in patients’ biopsies
in contrast to the healthy gingiva. Similarly, higher levels of
MMP-1 were observed in the inflamed gingiva as compared
with healthy individuals. Moreover, F. alocis enhanced the
production of MMP-1 by gingival fibroblastic and monocytic
cells, suggesting that the bacterium may contribute to break-
down of the periodontal tissue matrix through MMP-1
(Nokhbehsaim, Nogueira, Damanaki, et al. 2020).

The genome of F. alocis ATCC 35896 also encodes several
uncharacterized proteases (reviewed by Aruni et al. 2015), and
elucidating their functions could be important in understanding
the disease etiology, as they may be implicated in tissue
destruction, the inactivation of key proteins in host defenses, or
the processing of virulence factors of other bacteria.

Additionally, a recent report identified a novel RTX exo-
toxin FtxA in F. alocis ATCC 35896 and 9 clinical isolates
(Oscarsson et al. 2020). At present, the particular role of FtxA
in the pathogenicity of F. alocis is unknown and needs further
characterization.

Oxidative Stress Resistance

Overcoming oxidative stress is one of the essential mecha-
nisms to the survival of F. alocis in the periodontal community.
Earlier studies showed that F. alocis is relatively more resistant
to H,0,-induced oxidative stress as compared with P. gingiva-
lis (Aruni et al. 2011). Additionally, under H,O,-induced stress
conditions, the survival of P. gingivalis is increased >4-fold
when grown in coculture with F. alocis (H.M. Fletcher, per-
sonal communication). These observations suggest that F. alo-
cis may have an innate ability to detoxify the local inflammatory
microenvironment of the periodontal pocket.

The characterization of the first antioxidant enzyme “super-
oxide reductase” (SOR) in F. alocis showed that it plays an
important role in defense against superoxide radicals, air expo-
sure, and H,O,-induced oxidative stress (Mishra et al. 2020).
SORs are iron-containing enzymes that catalyze the reduction
of superoxide radicals to H,O,. The SOR mutant was sensitive
to air after 30 min of exposure and lost viability after 2 h. It also
showed increased sensitivity to H,O,-induced stress.
Furthermore, the mutant had reduced invasion capabilities to

telomerase immortalized gingival keratinocyte cells and had a
reduced ability to form in vitro biofilms. Taken together, these
results have established a role of F alocis SOR
(HMPREF0389 _00796) in oxidative stress resistance and the
pathogenicity of F. alocis (Mishra et al. 2020).

The roles of other genes and/or mechanisms of oxidative
stress resistance in F. alocis are unknown. In most anaerobic
organisms, the H,O, scavenging enzymes include catalases,
peroxidases, bacterioferritin comigratory protein (Bep), ruber-
ythrin, and alkyl hydroperoxide reductase enzyme system
(AhpC/AhpF) (Mishra and Imlay 2012). Although the genome
of F alocis ATCC 35896 lacks genes coding for catalases and
ruberythrin (National Center for Biotechnology Information
2020), it does encode for a sole peroxidase: glutathione peroxi-
dase (HMPREF0389 01233). Additionally, F. alocis encodes
the alkyl hydroperoxide reductase subunit AhpC (HMPR
EF0389 00768), though the partner AhpF homolog was not
identified in the genome. However, a reductase annotated as
thioredoxin-disulfide  reductase =~ (HMPREF0389 00608)
exhibits 34% identity with P. gingivalis W83 AhpF (PG0619).
Interestingly, F. alocis AhpC is 30% identical to P. gingivalis
W83 Bep (PG0880). Whether F. alocis utilizes these enzymes
in oxidative stress resistance merits further study.

Another gene from F.  alocis, HMPREF0389 00519
(FA519; encoding a hypothetical protein), was shown to be
upregulated in coinfection of epithelial cells with F. alocis and
P, gingivalis (Aruni, Zhang, et al. 2014). Our preliminary stud-
ies have shown that the AF4579 mutant is significantly more
sensitive to H,0, and nitric oxide-induced stress as compared
with the wild type (data not provided). Yet another gene,
HMPREF0389 01654 (FA1654), is currently being investi-
gated in the laboratory for its ability to protect DNA from dam-
age under H,0,-induced oxidative stress (data not provided).
In summary, F. alocis has a plethora of yet-to-be-characterized
proteins that could mediate its enhanced survival in the proin-
flammatory environment of the periodontal pocket (Fig. 1).
Further studies of these proteins are needed to confirm their
functional/mechanistic significance.

Host-Microbe Interactions
Host Cell Modulation

The epithelial cells in the gingival crevice are the first host
cells encountered by periodontal bacteria (Moffatt et al. 2011).
These gingival epithelial cells not only provide a mechanical
barrier against invading microorganisms but also produce
innate immunity effectors and act as sensors of infection to
signal immune cells of the periodontal tissues. In gingival epi-
thelial cells, . alocis can induce the secretion of proinflamma-
tory cytokines interleukin 1f3 (IL-1f), IL-6, and tumor necrosis
factor o (TNF-a) (Moffatt et al. 2011). Extracellular vesicles
purified from F alocis can induce the expression of IL-1p,
IL-1 receptor antagonist, IL-6, IL-8, and TNF-a in human
monocytic cells and IL-6 and IL-8 in human oral keratinocyte
cells (Kim et al. 2020). The induced cytokines IL-6 (Baker
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etal. 1999), IL-1p, and TNF-o (Graves and Cochran
2003) may upregulate pathways promoting osteo-
clast generation and increase alveolar bone loss
leading to disease progression.

In the periodontal tissues, resident and infiltrating
immune cells, including monocytes and fibroblasts,
may also increase the level of another proinflamma-
tory mediator, cyclooxygenase 2 (COX2), which is an
inducible enzyme expressed only during the inflam-
matory process (Zidar et al. 2009). COX2 has been
implicated in mediating periodontal tissue damage
by converting arachidonic acid into prostaglandin
E2, which in turn may alter connective tissue
metabolism and increase osteoclastic bone resorp-
tion (Ricciotti and FitzGerald 2011). High levels of
COX2 and prostaglandin E2 have been found in the
saliva, gingiva, and gingival crevicular fluid of
periodontal patients (Noguchi and Ishikawa 2007).
Although there is no study describing the coidenti-
fication of F. alocis with prostaglandin E2, a recent
report showed significantly upregulated COX2
expression by F. alocis in gingival fibroblastic and
monocytic cells (Nokhbehsaim, Nogueira, Nietzsche,

Ename;

Periodontal Pocket

. - ,
Perlodontopathoger:\

Immune cells

g_
Gingival epithelial /

cells

et al. 2020). These results may implicate F. alocis as
a contributor to the elevated levels of COX2 in the
gingival tissues of patients with periodontitis.

Figure 1.

Proposed proteins involved in oxidative stress resistance mechanisms
in Filifactor alocis. F. alocis is constantly exposed to oxidative stress, which may arise
from other periodontopathogens and the host inflammatory response, with the

concomitant release of reactive oxygen species such as superoxide radicals, hydrogen

F. alocis Can Subvert Antimicrobial
Mechanisms of Neutrophils

Neutrophils are the first innate immune cells to be
recruited to the periodontal pocket to challenge the
invading microbes and maintain homeostasis. They
may utilize various strategies to detect, localize,
and kill the invading pathogen, including induction of respira-
tory burst response, phagocytosis, degranulation, and forma-
tion of neutrophil extracellular traps (NETs) (Amulic et al.
2012). However, successful periodontal pathogens may use
different mechanisms to manipulate neutrophil responses to
prevent killing (Uriarte et al. 2016). The high occurrence of F.
alocis in patients with periodontitis could imply that it disrupts
the antimicrobial actions of neutrophils and effectively grows
under inflammatory conditions (Miralda et al. 2019). F. alocis
is likely to be in direct contact with neutrophils since it mostly
inhabits areas of the biofilm that are in contact with soft tissue
(Schlafer et al. 2010).

F. alocis 1s shown to modulate neutrophil effector functions,
including chemotaxis and degranulation (Armstrong et al.
2016). A transcriptome analysis of the F. alocis—challenged
neutrophils showed significant changes in the expression of
genes involved in different neutrophil effector functions
(Miralda et al. 2020). In its interaction with human neutrophils,
F. alocis increased their random and directed migration toward
IL-8 via recognition of TLR2, resulting in exocytosis of spe-
cific granules, gelatinase granules, and secretory vesicles.
F. alocis—induced neutrophil migration and limited degranulation

peroxide, and nitric oxide. The antioxidant enzyme superoxide reductase reduces
superoxide radicals (O,") to hydrogen peroxide (H,0O,), which in turn could be
detoxified by DPS protein FA1654 (DNA protection during starvation) and/or
hypothetical protein FA519. Other proteins predicted to play a role in H,0,-induced
stress resistant mechanisms are glutathione peroxidase (FA1233), thioredoxin-disulfide
reductase (FA608), and alkyl hydroperoxide reductase subunit AhpC (FA768). FA519
may also be part of the nitric oxide detoxification system.

have contributed to dysregulated and sustained inflammation
as well as tissue damage (Armstrong et al. 2016). Additionally,
F. alocis can survive within human neutrophils by minimizing
the respiratory burst response and preventing phagosome matu-
ration. Collectively, this promotes the survival of the organism
by reducing the release of lysozyme, lactoferrin, and other anti-
microbial peptides inside the phagosome (Edmisson et al. 2018).

NETs are extracellular fibrous structures of decondensed
nuclear chromatin from neutrophils, which can be formed in
the gingival epithelium of the oral cavity with the ability of
eliciting a first response to invading bacteria (Doke et al.
2017). F. alocis—challenged human neutrophils did not trig-
ger NET formation independent of time of challenge, opso-
nization, and bacterial dose; however, it significantly reduced
the ability of neutrophils to produce NETSs in response to a
known pharmacologic NET inducer, phorbol 12-myristate
13-acetate (Armstrong et al. 2018). This phenomenon could
favor the survival of F. alocis itself as well as other members
of the periodontal cavity by helping other bacteria go unno-
ticed, which would otherwise be killed by NETs (Armstrong
et al. 2018). This would be important for a bacterium that
cannot be engulfed by neutrophils; therefore, extracellular
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Figure 2. Interaction of Filifactor alocis with host neutrophils. Interaction between
F. alocis and neutrophils is more of a moderate type. When phagocytosed, F. alocis
enhances neutrophil migration and chemotaxis via TLR2 recognition. The bacterium
also induces limited exocytosis of granules (specific and gelatinase) and secretory
vesicles but survives within neutrophils by minimizing the oxidative burst and
prevention of phagosome maturation. Due to the limited exocytosis, neutrophils
are moderately activated, resulting in mild release of proinflammatory cytokines and
chemokines, which causes sustained inflammation with tissue damage (image adapted

P, stomatis. AlthoughF. alocis can enhance the che-
motactic activity of neutrophils (when phagocy-
tosed), the bacterium has evolved strategies to
survive within neutrophils. Dysregulated and
sustained inflammation as well as tissue damage
may still take place through the limited exocytosis
and mild production of cytokines and chemokines
(Fig. 2).

F. alocis Can Inhibit the Host
Complement System

One of the hallmark features of periodontitis is the
ability of periodontal bacteria to subvert the com-
plement system, which leads to intensified inflam-
mation and dysbiosis (Lamont et al. 2018).
Complement proteins and their activation frag-
ments are found in high concentrations in gingival
cervical fluid; therefore, oral bacteria must subvert
this system to perpetuate infection (Jusko et al.
2016).

Jusko et al. (2016) uncovered a novel F alocis
cytoplasmic protein, FACIN (F. alocis complement
inhibitor), that once present on the bacterial surface
can inhibit complement by binding to C3 and con-
sequently suppressing the activity of all 3 comple-
ment pathways. FACIN has been classified as a rare
complement inhibitor since very few molecules
have been shown to act at the C3 level.

F. alocis: Challenges for Further
Molecular Characterization

The functional characterization of putative viru-
lence factors in F. alocis remains understudied due

from Miralda et al. 2019).

killing mechanisms would be beneficial to clear the
infection.

Neutrophils have the ability to synthesize and store cyto-
kines and chemokines in their granules, which enables a rapid
release of these inflammatory mediators to infection sites
(Scapini et al. 2005). Thus, to maintain periodontal health, a
balance between neutrophil recruitment and activation in the
periodontal pocket is important. F. alocis can likely limit the
recruitment of neutrophils/monocytes and the amplification of
the inflammatory reaction at the site of infection. A recent
study showed that a challenge of human neutrophils with
F. alocis induced mild release of proinflammatory cytokines
IL-1B and TNF-a and chemokines CXCL1 and CXCLS8 as
compared with P. gingivalis and another emerging periodontal
pathogen, P. stomatis. In contrast to F. alocis, P. stomatis can
induce a more robust inflammatory response; however, their
synergistic impact on neutrophil function still needs to be
determined (Armstrong et al. 2018).

To summarize, F. alocis battles with host neutrophils in a
very moderate way as compared with other pathogens such as

to the unavailability of an efficient genetic toolkit

to allow genetic manipulations of its genome. The
construction of the first isogenic gene deletion mutant
(AFA796) in F. alocis ATCC 35896 via a long polymerase
chain reaction-based fusion method was demonstrated in the
laboratory (Mishra et al. 2020). While the erythromycin resis-
tance cassette (ermF’) was used to replace the F4796 gene, this
method is not as facile and efficient as in other oral bacteria
such as P. gingivalis. It is likely that this may be due to low
electroporation efficiency, degradation of foreign DNA, or low
frequency of homologous recombination in F. alocis. The thick
peptidoglycan cell wall of Gram-positive bacteria may restrict
entry of exogenous DNA to the cell. To overcome this, pre-
treatment of bacterial cells with cell wall-weakening agents is
recommended (Aune and Aachmann 2010). Conjugation could
also be optimized and tested in Filifactor as a means to deliver
plasmid/DNA (Wang and Jin 2014). F. alocis ATCC 35896
genome encodes 6 competence proteins, including the ComEC/
Rec2 family competence protein. These proteins may play a
role in the development of natural competence, which could be
a major mechanism of DNA transfer in F. alocis. Moreover, the
expression efficiency of the ermF cassette in F. alocis cannot
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be ruled out. When compared with P. gingivalis, F. alocis is
more resistant to tetracycline (TetQ), which will make use of
the tetQ cassette challenging. Given the limitations of avail-
able antibiotic resistance markers for use in F. alocis, a marker-
less system would be an advantage. A markerless gene deletion
system could be used to create multiple gene inactivations in
the same strain. Furthermore, for a markerless mutant, erythro-
mycin (the only available marker for Filifactor) could be used
for complementation studies.

In parallel to the development of more effective traditional
tools, the implementation of modern methods should also be
considered, including transposon mutagenesis coupled with
high-throughput sequencing and a CRISPR-Cas9 system,
which could be a breakthrough in understanding the preva-
lence of F. alocis in patients with periodontitis.

To verify that the phenotypic changes in any mutant are due
to the loss of a particular gene, it would be desirable to comple-
ment the defective allele in the mutant in an attempt to restore
the wild-type phenotype. Currently, there is no Escherichia
coli/F. alocis shuttle vector available to do complementation in
Filifactor. Preliminary assessment of several F. alocis strains
in our laboratory has not identified any plasmids (unpublished
data). Because Filifactor is distantly related to Clostridium
(Aruni et al. 2011), plasmids belonging to the genus
Clostridium, such as pJIR750 (chloramphenicol resistant) and
pJIR751 (erythromycin resistant) (Bannam and Rood 1993),
should be evaluated for use in Filifactor. Furthermore, the
ermF cassette in the mutant could be replaced with a wild-type
copy of the gene fused to a different antibiotic marker, which
will facilitate counterselection.

Conclusions and Future Directions

F alocis is emerging as a “novel” oral bacterium with distinct
virulence attributes. The co-occurrence assembly of F. alocis
with other important periodontopathic bacteria and its current
putative status as a diagnostic indicator of periodontal disease
are likely multifactorial and await full characterization.

The host response to F. alocis and its likely unique neutro-
phil survival strategy requires a comprehensive understanding
of'its molecular pathogenic mechanisms. The F. alocis—induced
host damage is now beginning to emerge. “Omic” studies have
begun to shed light on components vital for host-microbe and
microbe-microbe interactions. While the majority of these
components are identified as hypothetical or of unknown func-
tion, one of our challenges is their characterization, which
should reveal their relative significance in the pathogenic pro-
cess. Molecular genetics studies in F. alocis have been ham-
pered due to the lack of an efficient genetic system. While
there is limited success with the ermF cassette to replace target
genes, this system is not as accomplished as in other periodon-
tal bacteria. Moreover, knowing that ermF is the only currently
available antibiotic resistance marker for use in F alocis,
developing a markerless genetic system would be promising.
Based on the complex interactions of the microbial community

and their likely effect on disease progression, it is vital to
explore the functional significance of genes modulated in that
environment.

e What are some of the virulence factors of F. alocis that
are induced by its interaction with other emerging
pathogens?

e How are they regulated under varying conditions in the
periodontal pocket?

e  What are the vital F. alocis components that are critical
for environmental stress adaptation/virulence of P. gin-
givalis and possibly other periodontal pathogens?

e  What are the molecular genetic requirements of F. alo-
cis in the stabilization of the periodontal microbial com-
munity via its interaction with other periodontal
pathogens, such as T. denticola, T. forsythia, and
F. nucleatum, under environmental-induced stress?

The outcome of studies addressing these questions should
advance our understanding of the multifactorial inflammatory
disease. Furthermore, it should lead to the identification of
novel targets that would facilitate the development of thera-
peutic interventions to aid in the control and prevention of peri-
odontal disease.
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