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1  | INTRODUC TION

1.1 | Oral ecology

The oral cavity is a diverse and dynamic environment. The three 
domains of life (Archaea, Bacteria, and Eukarya) along with viruses 
constitute the human oral microbiome. The ratio of prokaryotic or-
ganisms to human cells is reported to range from 1:1 to 10:1 while 
viral- like particles surpass this prokaryotic ratio and lie closer to 
100:1.1 The formation of our commensal microbiome begins shortly 
after birth and develops continuously throughout our lifetimes.2 
Within this ecological unit, there is compositional variation of the 
human microbiota between body sites as a result of distinct selective 
pressures. For example, the taxonomic and genomic composition of a 
microbial community on the coronal portion of a tooth is more similar 
among individuals than those of the same individuals’ tongues.3

Coexistence with our diverse microbiome equips us with crucial 
biological functions and traits to protect us from invasion by tran-
sient or pathogenic microorganisms. Despite how stable the oral 
landscape may be, rupture of this symbiosis contributes to oral dis-
eases, such as dental caries, periodontitis, and oral mucosal diseases, 
and is implicated in a number of systemic diseases.4- 7 Traditionally, 
investigations describing these oral diseases have focused on a bac-
terial or fungal etiology despite the advancement of viral metage-
nomics and cultivation methods, which have demonstrated viruses 
to be drivers of oral blisters, ulcers, and tumors.8 More recently, ex-
tensive reviews have detailed the intimate topographic relationship 
between common herpesviruses and known periodontopathogens 
and their potential role in the development of periodontal diseases.9

1.2 | Periodontal inflammation

Within clinical dental practices, treatment is generally centered on 
dental and periodontal diseases. Periodontitis continues to be a 
leading chronic polymicrobial inflammatory condition that affects 
over 30% of the adult population. Periodontal health can be dis-
rupted when there are shifts in the complex interactions between 
the microbiota in a biofilm state and the host immune defenses. This 
dysbiosis can arise from modifications of biological, social, and envi-
ronmental factors, such as diabetes, alimentary habits, or smoking. 
Although bacteria are considered the primary etiologic factors in the 
initiation of periodontitis, host factors influence the progression of 
periodontitis. Thus, although plaque is necessary for the develop-
ment of periodontal disease, on its own it is insufficient to drive all 
the destructive processes that are seen.

Viruses as potential drivers of periodontal disease have been 
implicated in studies using murine models of disease and human 
oral subgingival plaque, where virome composition and diversity 
differ with disease progression.10,11 Additionally, characterizing the 
oral virome cannot be limited to eukaryotic viruses without taking 
into account the most abundant entity, namely, prokaryotic viruses. 
Prokaryotic viruses, more commonly known as bacteriophages, are 
the natural predators of bacteria. After utilizing the bacterial ma-
chinery for replication, bacteriophages become lytic or lysogenic 
and consequently may influence bacterial composition and genetic 
diversity.12 Bacteriophages have a more defined role in the manage-
ment of biofilms, which in periodontitis has revolved around the more 
established periodontopathogens, such as those bacterial members 
of the red complex (Porphyromonas gingivalis, Treponema denticola, 

This is an open access article under the terms of the Creative Commons Attribution- NonCommercial- NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non- commercial and no modifications or adaptations are made.
© 2021 The Authors. Periodontology 2000 published by John Wiley & Sons Ltd.

www.wileyonlinelibrary.com/journal/prd
mailto:yvonne.kapila@ucsf.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/


     |  283MARTÍNEZ ET AL.

and Tannerella forsythia) and the “adhesive” bacterium Fusobacterium 
nucleatum. Successful bacteriophage- based antibiofilm strategies in 
animal models have been employed in other systemic conditions as 
the growth of antibiotic resistance limits the efficacy of standard of 
care treatment.13 While several bacteriophages have been isolated 
within the oral cavity and subgingival plaque, the compositional shift 
that has been described in inflammatory conditions has yet to be 
linked to changes within the periodontopathogens they infect.

Understanding the effects that certain risk factors have on the 
development of periodontitis enables better prevention and treat-
ment of periodontitis.14,15 Consequently, identifying potential eti-
ologic viruses and unraveling their roles in health and periodontitis 
becomes crucial for improving the outcomes of periodontal therapy. 
The purpose of this review is to describe how eukaryotic and prokary-
otic viruses interact with periodontopathogens and the host immune 
response, and to examine their potential role in periodontal therapy.

2  | EUK ARYOTIC VIRUSES

Any ecosystem absent of viruses would look foreign or cease to exist. 
Similarly, human evolution has been influenced greatly by these ob-
ligate parasites. Approximately 10% of identifiable functional ele-
ments and more than 50% of the “dark matter” in the human genome 
sequence have been linked to retroviruses’ ability for viral genome 
integration.16 The long- standing presence of the human virome thus 
becomes essential to our development. Despite these benefits, the 
mention of viruses connotes morbidity and mortality, as eukaryotic 
viruses have the potential to promote cellular degradation, dysregu-
lation, and carcinogenesis.

Compulsory to the life cycle of viruses is the production of mes-
senger RNA that can be translated by host ribosomes. Variable and 
specialized viral replication strategies, which are derived from envi-
ronmental pressures that eukaryotic viruses face, drive human dis-
ease states. Because of the oral cavity's exposure to the external 
environment (eg, diet, mechanical abrasion) and variable physiologic 
states (eg, pH, salivary composition), a diverse and highly individu-
alized oral microbiome has developed.17 Decoding the human oral 
virome will characterize the environmental stresses that modulate 
host- viral interactions18 and the composition of bacterial and eu-
karyotic members in the oral cavity. Members of the human her-
pesvirus and human papillomavirus families cause the most common 
primary viral infections of the oral cavity. Below, we describe a num-
ber of these putative eukaryotic viruses that have an established 
role in systemic diseases and oral cancers, but are now being associ-
ated with periodontitis.

2.1 | Herpesvirus family

Herpesviridae are large DNA viruses that are highly host specific 
but have the potential to cross host species barriers.19 More than 
100 herpesviruses have been identified; however, only eight of them 

routinely infect primarily humans and these are divided into three 
subfamilies, alpha- , beta- , and gamma- herpesviruses because of 
their replicative cycle and range of host infectivity. All herpesviruses 
can establish latent infection within specific tissues, which are char-
acteristic for each virus. Latency and active replication have been 
demonstrated to occur within various microenvironments of the oral 
cavity and the different cell types that comprise the periodontium. 
Herpesviruses are sensitive to a number of environmental stresses 
that lead to reactivation of viral replication, cellular lysis, and clinical 
symptoms. Along with the associations between marginal periodon-
titis and two herpesviruses, Epstein- Barr virus and cytomegalovirus, 
the involvement of these herpesviruses is implicated in the inflam-
matory process of periapical bone destruction.20,21 Additional 
studies associate lytic proteins with activation of cellular signaling 
pathways, such as Notch signaling and increased pro- inflammatory 
cytokine expression, which promote receptor activator of nuclear 
factor kappa- B ligand transcription and consequently osteoclas-
togenesis, leading to bone resorption.22,23 Similar mechanisms may 
appear in periodontitis, thus this review will briefly illustrate the 
proposed contributions of Epstein- Barr virus and cytomegalovirus 
in the development of periodontitis.

2.1.1 | Epstein-­Barr­virus

Epstein- Barr virus is classified as part of the gamma- herpesviruses 
subfamily because of its highly restrictive host range. Persistent in-
fection and latency of Epstein- Barr virus occurs in epithelial cells of 
the oropharynx and in beta- lymphocytes. It is estimated that more 
than 90% of adult humans present with a latent infection of Epstein- 
Barr virus and are subject to Epstein- Barr virus reactivation causing 
classic mononucleosis and several life- threatening diseases.24,25 The 
mechanisms that promote and regulate the reactivation of Epstein- 
Barr virus are still being uncovered and are critical for potential pro-
phylactic treatment.

Salivary transmission of Epstein- Barr virus indicates a site of 
productive infection in the oral cavity, either directly from epithelial 
cells or from beta- lymphocyte infection.26 Cycling between these 
cell types is mediated through a glycoprotein complex (glycoprotein 
H/glycoprotein L/glycoprotein 42) and allows Epstein- Barr virus to 
travel from the oral cavity to the peripheral blood in asymptomatic 
carriers.27 Several studies have demonstrated elevated Epstein- Barr 
virus DNA present in salivary samples in patients with lymphoprolif-
erative disorders and immuno- suppressive conditions.28,29

Similar studies have indicated that the levels of Epstein- Barr 
virus in saliva may reflect the status of periodontal inflammation, be-
cause a significantly elevated difference of Epstein- Barr virus levels 
in patients with periodontitis was recorded compared with healthy 
patients.30- 32 In a number of studies, the gingival crevicular fluid of 
patients with periodontitis reflects a similar association of Epstein- 
Barr virus with periodontal inflammation.33,34 However, these find-
ings have been countered by contrasting results that indicate a lack 
of association between Epstein- Barr virus and periodontitis.35- 37
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The role of Epstein- Barr virus in the pathogenesis of periodon-
titis is not devalued by the lack of association reported from these 
studies. Instead, they highlight novel associations between Epstein- 
Barr virus and periodontitis that warrant further research. For ex-
ample, one study demonstrated that visfatin is associated with P. 
gingivalis in patients with chronic periodontitis, but did not find a 
significant increase in Epstein- Barr virus in the same patients.37 
However, the investigators did note that, regardless of periodontal 
inflammation status, an increase in Epstein- Barr virus levels denoted 
an increase of gingival crevicular fluid visfatin levels. Visfatin partic-
ipates in immunity and inflammation by modulating the production 
of inflammatory mediators, which is suggested to be a link to a va-
riety of metabolic conditions and the pathogenesis of periodonti-
tis.38 Production of visfatin occurs in periodontal ligament cells and 
fibroblasts and is stimulated by the presence of periodontal patho-
gens such as P. gingivalis.39 The interactions between P. gingivalis and 
Epstein- Barr virus in periodontal pockets have been emphasized in 
other studies as potentially accelerating the destructive nature of 
periodontitis.40- 42 Thus, exploring the function of visfatin and its in-
teractions may lead to a more definitive role for Epstein- Barr virus 
in periodontitis.

Latency of Epstein- Barr virus has been reported in the gingival 
epithelium and subgingival plaque in healthy individuals.43 In addi-
tion, these tissues follow the trend of elevated levels of Epstein- 
Barr virus in periodontal inflammation that has been described in 
salivary and gingival crevicular fluid samples of patients with peri-
odontitis.43- 45 Subgingival plaque is required for the initiation of 
periodontal inflammation. As periodontal inflammation is sustained, 
the periodontal pockets of patients increase in depth as a result of 
periodontal connective tissue being degraded from the release of 
collagenases and dysregulation of the host immune response. In 
one study, Japanese periodontal patients with deepened pockets 
(≥5­mm)­had­subgingival­plaque­composed­of­higher­detection­rates­
of Epstein- Barr virus (66%) than shallow pockets (48%) and healthy 
pockets (45%) in patients with chronic periodontitis.44 Within these 
same patients with chronic periodontitis, coinfection of Epstein- Barr 
virus with P. gingivalis was detected in 44% of deep pockets, while 
shallow and healthy pockets had coinfection rates of 14% and 13%, 
respectively.44 Another study highlighted the ability of Epstein- 
Barr virus to modulate the host immune response, as, compared 
with shallow or healthy sites, deep pockets with increased levels 
of Epstein- Barr virus DNA also demonstrated elevated levels of 
monocyte chemoattractant protein- 1, a known chemokine released 
in Epstein- Barr virus- infected tumors, within periodontal epithelial 
cells.43 Interestingly, 38% of deep pockets without Epstein- Barr 
virus DNA also demonstrated elevated levels of monocyte chemo-
attractant protein- 1, which could be explained by the ability of P. 
gingivalis to regulate expression of this chemokine.46 However, in 
deep pockets with a coinfection of Epstein- Barr virus and P. gingi-
valis, monocyte chemoattractant protein- 1 levels were consistently 
higher than epithelial cells infected with just one pathogen. All of 
the studies described demonstrate that the presence of Epstein- 
Barr virus may exacerbate periodontal inflammatory conditions by 

promoting pro- inflammatory response in infected cells, either di-
rectly or indirectly.

In addition to the synergistic effects seen in coinfected peri-
odontal pocket sites, periodontopathogens may interact with 
Epstein- Barr virus to cause reactivation of these viruses within the 
periodontium. The life cycle stage which the Epstein- Barr virus is 
at during detection is determined by measuring the expression of 
latency transcripts (Epstein- Barr nuclear antigen 1, Epstein- Barr nu-
clear antigen 2, latent membrane protein 1, and latent membrane 
protein 2), transactivator BamHI Z fragment leftward open reading 
frame 1, and lytic transcripts. A potent lytic inducer of Epstein- Barr 
virus via the activation of BamHI Z fragment leftward open reading 
frame 1 is the short chain fatty acid, butyric acid, which is seen in high 
concentrations within the gingival crevicular fluid of periodontally 
inflamed pockets.47 The high concentration of butyric acid may be 
attributed to its fermentation from periodontopathogens such as P. 
gingivalis and F. nucleatum.48 The close association between Epstein- 
Barr virus and these butyric acid- producing periodontopathogens 
suggests that tissues of the periodontium and the microbiome as-
sociated with it provide Epstein- Barr virus with an environment that 
facilitates its replication and latency. Regulation of the life cycle of 
Epstein- Barr virus within the periodontium thus becomes critical, 
not only for the progression of periodontitis, but for other Epstein- 
Barr virus- related malignancies.

2.1.2 | Cytomegalovirus

Cytomegalovirus is classified as part of the beta- herpesviruses 
subfamily because of its long replicative cycle and restricted host 
range. Individuals with cytomegalovirus can potentially transmit the 
virus through bodily secretions, such as breast milk, saliva, blood, 
and urine. The seroprevalence rate of cytomegalovirus is approxi-
mately 83% in immunocompetent adults and 31% in children aged 
0- 7 years.49,50 Vertical or transplacental transmission of cytomegalo-
virus may occur and results in congenital cytomegalovirus infection 
in approximately 35% of primary maternal cytomegalovirus infec-
tions.51 Depending on the stage of pregnancy during which cyto-
megalovirus is contracted, congenital cytomegalovirus may result in 
a range of conditions in the neonate, such as hearing loss, mental re-
tardation, and microcephaly.52 Significant morbidity or mortality can 
occur in immunocompromised individuals from an active cytomeg-
alovirus infection but is self- limiting in immunocompetent adults.

Cytomegalovirus residence and viral production occurs within 
epithelial cells, fibroblasts, endothelial cells, monocytes, and T lym-
phocytes.53 Comparable with Epstein- Barr virus, salivary levels of 
cytomegalovirus are used as a diagnostic marker for systemic con-
ditions aggravated by cytomegalovirus54 and it has been detected 
in the saliva, gingival crevicular fluid, and subgingival plaque of indi-
viduals with periodontal inflammation.55- 57 A recent meta- analysis 
of 26 studies with periodontal patients calculated statistically sig-
nificantly increased odds of periodontitis with the detection of sub-
gingival cytomegalovirus (odds ratio 5.31; 95% confidence interval 
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3.15- 8.97).58 Lack of cytomegalovirus prevalence and association to 
disease states have also been indicated,59 while one study found el-
evated levels of cytomegalovirus in healthy controls compared with 
periodontally diseased sites.60

It has been suggested that herpesviruses, along with certain gram- 
negative periodontopathogens, are associated with more severe forms 
of periodontal disease, such as aggressive periodontitis.61- 63 A study of 
34 Sudanese adolescents examined the subgingival plaque of 17 ad-
olescents with localized aggressive periodontitis and 17 adolescents 
with no clinical attachment loss.64 Four putative periodontopathogens 
(Aggregatibacter actinomycetemcomitans, P. gingivalis, T. forsythia, and 
T. denticola) and two herpesviruses (Epstein- Barr virus and cytomeg-
alovirus) were detected in the subgingival plaque samples via loop- 
mediated isothermal amplification. Detection of these microorganisms 
was seen in both aggressive periodontitis and healthy samples although 
there was a significant association of A. actinomycetecomitans, P. gingi-
valis, and cytomegalovirus with aggressive periodontitis.64 However, 
A. actinomycetemcomitans demonstrated the highest association with 
aggressive periodontitis (odds ratio 38.0; 95% confidence interval 
3.9- 373.1) and the strongest dual infection association belonged to 
A. actinomycetemcomitans with cytomegalovirus (odds ratio 39.1; 95% 
confidence interval 2.0- 754.6).

Another similar case- control study, which used subgingival 
plaque samples to determine the presence of periodontopathic bac-
teria and herpesviruses in 100 Jamaican adolescents, found that the 
strongest association with aggressive periodontitis was in a dual in-
fection with P. gingivalis and cytomegalovirus (odds ratio 51.4; 95% 
confidence interval 5.4- 486.5).65 The same dual infection also had 
the strongest association in attachment loss (odds ratio 3.9; 95% 
confidence interval 1.3- 12.0).65 Thus, dual infection with cytomega-
lovirus may allude to additive or synergistic effects of herpesviruses 
in aggressive periodontitis- diseased sites.

The course of aggressive periodontitis is multifactorial as it is 
dependent on genetic factors, microbial composition, and the host 
response. Bacterial pathogens such as A. actinomycetemcomitans 
and P. gingivalis share the ability of cytomegalovirus to invade and 
infect epithelial cells and may benefit from cytomegalovirus mod-
ulation of the immune defenses by upregulating chemotaxis and 
inhibiting apoptosis of neutrophils.61,66 Cytokine production can 
be altered in periodontal tissues as innate cytokine production of 
interleukin- 1- beta and tumor necrosis factor- alpha were elevated 
in cytomegalovirus- infected gingival tissues, and interleukin- 8, 
monocyte chemoattractant protein 1, macrophage inhibitory pro-
tein 1- alpha, and macrophage inhibitory protein- 1- beta followed 
an elevating expression pattern.67 Upregulating bacterial virulence 
has been described in cytomegalovirus- infected renal transplant 
patients as cytomegalovirus infections promote expression of ASA, 
a plasmid- encoded surface protein that increases enterococcal ad-
herence to renal epithelial cells.68 Furthermore, a theory has been 
proposed that early infant cytomegalovirus infection in tissues 
surrounding tooth germ may alter tooth morphology, which may 
increase the susceptibility to development of periodontitis after 
complete development.69

3  | ANTIVIR AL S

The innate antiviral immune response of periodontal tissues also 
alludes to the presence and involvement of certain herpesviruses 
in both healthy and periodontitis patients. Interferons are a family 
of cytokines that possess immunomodulatory and antiviral proper-
ties that are critical for dampening immunopathic mechanisms.70 
Interferons are rapidly produced after pattern- recognition recep-
tor and toll- like receptor stimulation in natural killer cells, dendritic 
cells, and monocytes.71 Type III interferons share the same antivi-
ral effects as other interferons but are produced more abundantly 
at mucosal sites by epithelial and myeloid cells in response to viral 
infections.72

Gingival tissue also displays expression of interferon- gamma 
as one study measured interferon- gamma mRNA transcripts from 
healthy, chronic periodontitis, and aggressive periodontitis pa-
tients, and found significantly elevated interferon- gamma mRNA 
expression in chronic periodontitis and aggressive periodontitis 
gingival samples.73 The findings of this study, however, cannot be 
used to implicate the presence of herpesviruses within the peri-
odontium as we have discussed. Additionally, the study lacked any 
attempt to detect herpesviruses. It is critical to address that type 
III interferons can be induced by toll- like receptors expressed on 
mucosal plasma membranes and detect bacterial products, such 
as lipopolysaccharides.74 For example, impairment of negative 
regulation of type I interferon expression occurred in gingival epi-
thelium in a murine model that was repetitively inoculated with P. 
gingivalis.75 This dysregulation and elevated levels of interferons 
induced alveolar bone loss as type I interferon overstimulated re-
ceptor activator of nuclear factor kappa- B ligand expression from 
cluster of differentiation 4 and T cells.75

However, another study measured a significant difference in 
interferon- gamma levels and detected several herpesviruses in 
the gingival crevicular fluid of patients with chronic periodontitis. 
Of 30 patients with chronic periodontitis, 50% had detectable lev-
els of one of four herpesviruses (ie, Epstein- Barr virus, cytomeg-
alovirus, herpes simplex virus- 1, and herpes simplex virus- 2), and 
these 15 patients demonstrated significantly lower interferon- 
gamma levels than those patients with chronic periodontitis who 
were herpesvirus- negative.76 The investigators in this study sug-
gested that interferon- gamma levels were inversely correlated 
with increased detection of herpesvirus, but they did not quantify 
the level of herpesvirus in each herpesvirus- positive patient with 
chronic periodontitis to evaluate this association. Despite the lack 
of association from this study, the antiviral effects of type III in-
terferons have been well documented for herpesviruses.77,78 Not 
surprisingly, however, herpesviruses such as Epstein- Barr virus 
have developed mechanisms to evade the effects of the host im-
mune response, including interferons. Early lytic protein- 2 and 
latent membrane protein 1 can suppress toll- like receptor and 
Janus kinase- signal transducer and activator of transcription sig-
naling that promotes interferon production and binding.79,80 The 
potential immunoregulation of interferon expression and function 
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via herpesviruses needs to be further clarified before a definitive 
association between active herpesvirus infection and interferon 
levels can be made.

Considering the increased evidence of a synergistic relation-
ship between herpesviruses and bacterial periodontopathogens, 
additional forms of periodontal therapy have been proposed. Type 
I interferons are considered a “standard of care” in patients with 
hepatitis C or hepatitis B infections but this immunotherapy does 
not come without any systemic effects, as interferon induces hy-
peractivity in the host response.81 Therefore, full characterization 
of interferon therapy and immunomodulation of herpesviruses 
should be documented prior to the use of specific autoimmune 
drugs.

Adjunctive antimicrobial regimens administered to enhance me-
chanical calculus removal in classical treatment of chronic periodon-
titis have been well established. Minocycline, in particular, has been 
administered as a systemic oral antibiotic or locally via minocycline 
microspheres, and has been proven to be more effective than other 
tetracyclines.82 Interestingly, the clinical potential of minocycline is 
not limited to only antibiotic activity, as it has also been described as 
having anti- apoptotic, immunomodulatory, and antiviral effects. The 
antiviral effects of minocycline are demonstrated through in vitro 
inhibition of HIV reactivation and lytic transformation through its 
ability to reduce the activation of monocytes and their permissive-
ness to viral infection.83

Although not described in this review, the immuno- suppressive 
state of HIV- positive individuals may predispose them to increased 
herpesvirus viral loads and dampened immune host response, which 
putative periodontopathogens utilize to increase the risk of initiation 
of uncontrolled periodontal inflammation.84 A study conducted in 
South Africa on HIV- infected children and adolescents with either 
gingival recession or localized aggressive periodontitis observed 
that children who started antiretroviral therapy earlier in life and 
were still in treatment were less likely to display gingival recession 
or localized aggressive periodontitis. Instead, clinical periodontal 
conditions were associated with antiretroviral therapy duration 
(odds ratio 0.9, 95% confidence interval 0.83- 0.97) and immuno- 
suppression and/or virologic failure (odds ratio 1.77, 95% confidence 
interval 1.06- 2.96).85 Management of systemic viral infections thus 
become critical in the clinical therapy of immuno- suppressed pa-
tients presenting with periodontal inflammation. Antiviral agents 
are effective in treating systemic conditions in active herpesvirus 
infections. An in vitro study of cytomegalovirus- infected gingival tis-
sues illustrated that viral replication can be halted in the oral mucosa 
with the treatment of a nucleoside analog, ganciclovir, as used with 
other in vivo anti- cytomegalovirus therapies.86 Other antivirals have 
been utilized in periodontal patients, as one case report documents 
a definitive clearance of excessive Epstein- Barr virus levels and im-
proved clinical presentation following valacyclovir (500 mg twice 
daily for 10 days) within a patient with chronic periodontitis who had 
not responded to conventional nonsurgical therapy.87 The improve-
ment seen from this case report and the lowered prevalence of peri-
odontitis in immuno- suppressed adolescents receiving antiretroviral 

therapy may indicate the potential use of antivirals in a specific sub-
set of periodontal patients.

4  | OR AL PHAGEOME

4.1 | Bacteriophage classifications

Prokaryotic viruses that infect bacteria are known as bacterio-
phages and they are the most abundant biological entities known 
to date.88 A general rule regarding bacteriophages is that they are 
present in all environments in coexistence with their highly specific 
bacterial hosts. Interestingly, bacteriophages constitute a larger 
known portion of the human virome than their eukaryotic counter-
parts, despite limited taxonomic sequences in current genomic da-
tabases.89 Similar to eukaryotic viruses, taxonomic classification of 
bacteriophages is based on several properties, including molecular 
composition of the viral genome (ssDNA/dsDNA, ssRNA/dsRNA), 
the structure of the viral capsid, the presence of the viral envelope, 
host range, and shared genomic sequencing.90 Bacteriophages are 
classified into 19 families and are characterized in regard to their 
morphology and size; however, although approximately 96% of bac-
teriophages are tailed, filamentous and pleomorphic morphologies 
have also been described.91

Bacteriophages are distinct not only because of their abundance 
but also because of their highly developed life cycle of predation 
and lysogenic conversion, which regulates bacterial populations 
and biodiversity. Initial interaction between bacteriophages and 
their host occurs randomly by Brownian motion, dispersion, diffu-
sion, or flow.92 Adsorption involves the recognition and attachment 
to a highly unique region of the bacterial cell wall, capsule, surface 
receptor, or appendages, and dictates the host range of bacterio-
phages, which typically involves only a single host species or strain.93 
Pressure- driven ejection of viral genetic material and auxiliary pro-
teins into the host cytoplasm occurs through a conformational 
change in the multi- protein tubular apparatus that attaches to and 
penetrates the host cell membrane.94 Following successful genomic 
infiltration, virulent bacteriophage replication occurs using the host 
cell’s machinery if host intracellular conditions are unfavorable, in a 
process called the lytic cycle. Alternatively, a temperate bacterio-
phage may enter a dormant state if conditions within the host cell 
are favorable, in a process known as the lysogenic cycle.

Our understanding of the physiologic significance of the human 
phageome is still incomplete because most viral genomes cannot be 
taxonomically classified or linked to a specific bacterial host. Prior 
to the emergence of the field of viral metagenomics, a very limited 
toolkit for the direct observation and counting of bacteriophages 
using transmission electron microscopy techniques or plaque assays 
existed. High- throughput sequencing technologies have permitted 
a comprehensive characterization of bacterial communities and are 
now illuminating the diversity and membership of the human virome 
in health and disease.95,96 The human gut microbiota has been one of 
the most surveyed human sites. Sequencing demonstrates that the 
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gut phageome composition and dynamics vary with age97 and signal 
inflammatory conditions through altered bacteriophage community 
richness, specifically affecting enteric bacteriophages belonging to 
the Caudovirales order.98

4.2 | Prevalence of bacteriophages in the oral cavity

Similar findings associated with the gut phageome are reflected in 
viral metagenomic studies of saliva, dental plaque, or oral swabs 
from both healthy individuals and those patients in a periodontally 
diseased state. The abundance of bacteriophages approximated in 
the gut phageome (109 virus- like particles per gram of human feces)99 
are comparable with salivary (108 virus- like particles per milliliter of 
fluid)100 and dental plaque samples (1010 per milligram of plaque).101 
Despite the abundance of identified bacteriophages within the oral 
cavity, viral contigs from salivary and dental plaque samples from 
healthy individuals reveal that only a small percentage of these bac-
teriophages are constant between individuals.100,102,103 Differences 
by sex in the oral virome have been previously reported,104 however, 
in a large study of 72 healthy Spanish young adults, the investiga-
tors did not see a significant difference by sex.103 Although the oral 
phageome has not been characterized in children, a study with sali-
vary samples taken at different time points spanning 60 to 90 days in 
a healthy adult population demonstrated conservation of viral contig 
reads, suggesting that the human virome in adults is stable within 
individuals.100

Biogeographic sites of the oral cavity play an important role in 
the viral contigs that are recognized. The lower recognizable viral 

contigs found in dental plaque compared with salivary samples can 
be attributed in part to the limited viral sequence homologues in da-
tabases used to identify viral genomes.102,105 This limitation has led 
various researchers to lower the homologous sequence thresholds 
used, to analyze viral- like particles without purification, or to report 
only bacteriophage families rather than species. However, across 
studies, a high abundance of oral bacteriophages belonging to the 
Caudovirales order (Figure 1) has been documented, along with a 
shift in the composition of the well- described Caudovirales families 
(Siphoviridae, Myoviridae, and Podoviridae) in periodontal disease 
states.11,102,103

Variations in bacteriophage diversity and richness in gut inflam-
matory conditions consistently demonstrate homogenization of spe-
cies composition in individuals in diseased states.106,107 Periodontal 
inflammation mirrors the decreased species richness and diver-
sity in plaque samples in diseased tissues compared with healthy 
tissue.11 Specifically, the temperate bacteriophage, Siphoviridae, 
was the most abundant family in healthy and diseased individuals 
for all sample types, while subgingival plaque from diseased pock-
ets demonstrated the greatest shift in abundance for the virulent 
phage, Myoviridae.102 The dominance of temperate phages, such 
as Siphoviridae, is commonly found in health and is believed to be 
involved in host bacterial fitness and attenuation of bacterial vir-
ulence.108 Meanwhile, the surge of Myoviridae abundance in these 
diseased pockets may imply that a lytic cycle shifts the collective 
virulence of the complex biofilm that these bacteriophages are em-
bedded in. However, these associations may currently be limited 
because of a lack of sequence data and need further validation by 
determining specific bacteriophage- host interactions.

F I G U R E  1   The majority of identified bacteriophages within the oral cavity pertain to the Caudovirales order, which contains three 
different families of tailed bacteriophages, all with an icosahedral capsid along with a linear dsDNA genome that is injected into bacterial 
hosts after penetration of cell membrane with tail. A, Myoviridae have a long contractile tail; B, Siphoviriadae have a long, noncontractile tail; 
and C, Podoviridae have a short tail

A B C
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4.3 | Bacteriophages of oral pathogens

As bacteriophages play a role in bacterial population control 
and DNA transfer, bacterial hosts have developed an adaptive 
defense mechanism within their genome, known as clustered 
regularly interspaced short palindromic repeats, along with as-
sociated proteins systems to protect against bacteriophages. 
Investigators have turned to the heterogeneous diversity of 
spacers within clustered regularly interspaced short palindro-
mic repeats to trace the history of bacteriophage attacks and 
to match those bacteriophages or conjugative plasmids con-
taining this sequence array that naturally infect the bacteria.109 
Sequencing of clustered regularly interspaced short palindromic 
repeats and associated proteins systems within the dental plaque 
of four periodontally healthy individuals allowed for identifica-
tion of various bacteriophages at a species level, including a high 
abundance of Streptococcus prophages (UCN34 and IS7493), 
Actinomyces bacteriophage AV- 1, Streptococcus bacteriophage 
DP- 1, Enterobacteria bacteriophage P7, and Enterobacteria bac-
teriophage lambda.101 Parallel to other studies, identification of 
bacteriophages using clustered regularly interspaced short pal-
indromic repeats and associated proteins systems demonstrated 
that bacteriophage ecology is characteristic for each individual, 
despite approximately 50% of contigs remaining without homol-
ogous sequences.101

Clustered regularly interspaced short palindromic repeats and 
associated proteins systems act as a catalog of bacteriophage- 
host interactions and demonstrate how these bacterial hosts 
become resistant to certain bacteriophages. In the same study 
described above, a unique finding in one individual's phageome 
included a transposon encoding tetracycline resistance within the 
Enterobacteria phage P7.101 P7 belongs to the Myoviridae family and 
is frequently described in coexistence with bacteriophage P1 car-
rying ampicillin or colistin resistance genes and extended spectrum 
beta- lactamase genes.110 In a recent review, bacteriophages iden-
tified against their respective oral bacterial inhabitants were sur-
veyed and exhibited a high volume of bacteriophages infecting the 
early colonizers for dental plaque formation, such as Actinomyces 
and Streptococcus species.111

Fewer bacteriophages infecting putative periodontopathogens 
have been described but those isolated suggest their involvement 
in pathogenesis. The arsenal of virulence factors for bacteria impli-
cated in more aggressive forms of periodontitis, such as A. actino-
mycetemcomitans, may be attributed to temperate Myoviridae that, 
in vitro, transfers antibiotic resistance genes, induces serotype con-
version, and stimulates production of leukotoxins.112,113 Another 
identified temperate Myoviridae bacteriophage infecting T. denticola, 
designated as φtd1, was found as integrated prophage DNA and up-
regulated expression of prophage genes during biofilm growth.114 
Curiously, unlike the extensively documented herpesvirus- P. gingiva-
lis relationship,41 no viral contigs or clustered regularly interspaced 
short palindromic repeats spacers have been isolated to suggest a 
bacteriophage that infects P. gingivalis.115

4.4 | Bacteriophage- host interactions

As optimization of metagenomic databases progresses steadily with 
increased viral sequence reads and contigs captured, more homolo-
gous sequences become available to identify resident oral bacte-
riophages with their bacterial hosts. Currently, genomic similarity 
between different bacteriophages paired with limited sequence 
data may result in an underestimation or misidentification of bac-
teriophages, as studies have described a fraction of the contigs that 
are unable to be classified.116 This observation should be taken into 
consideration with regard to both metagenomic and species- specific 
bacteriophage studies, as the reported bacteriophages may reveal a 
wider host range of virulent factors than described earlier.117 For ex-
ample, early identification of Aggregatibacter bacteriophages dem-
onstrated a bacteriophage designated as φAa118 in leukotoxic strains 
of A. actinomycetemcomitans, but in subsequent studies the same 
strain was not isolated, and instead a novel bacteriophage was iso-
lated, one which could infect six out of eight strains of A. actinomy-
cetemcomitans, including the leukotoxic strain.119 These distinctions 
on bacteriophage host ranges have significance when describing the 
potential driving force bacteriophages have on either the progres-
sion or attenuation in clinical presentation of periodontitis.

As the second century of bacteriophage research begins, it is not 
sufficient to characterize bacteriophages in a pairwise manner with 
their bacterial hosts. Full characterization of the microbial shift seen 
in periodontal disease states will require the shaping of a network 
with the interactions between bacteriophages and all identified 
host cells.120 As with novel Aggregatibacter bacteriophage- infecting 
multiple strains of A. actinomycetemcomitans, other known bacte-
riophages have the ability to cross- infect between hosts of distinct 
species.117,121 The existence of these cross- infective bacteriophages 
can help to describe the highly individualized shift of the microbial 
community and aid in delineating the impact that bacteriophages 
have on the diversity of bacterial communities.

The first oral bacteriophage- host interaction network was com-
puted through analysis of the clustered regularly interspaced short 
palindromic repeats in 40 dental plaque and salivary samples from 
periodontally healthy and diseased individuals.11 Most of the find-
ings reported reinforced the proposition that the majority of bac-
teriophages display a narrow host range or a one- to- one infection 
model. Hybrid contigs were used to identify cross- infective bacte-
riophages that represented a small portion of bacteriophages but 
mainly infected Streptococcus and Actinomyces species.11 A key find-
ing from this network suggests a regulatory role for a small subset of 
cross- infective bacteriophages that infects both periodontopatho-
gens (Campylobacter, Fusobacterium, and Prevotella) and commen-
sal bacteria.11 Additional bacteriophage plaque assays paired with 
metagenomic analysis are necessary to reveal, at species level, those 
cross- infective bacteriophages that potentially modulate the bacte-
rial dysbiosis prevalent in the development of periodontitis.10 Future 
directions for these interaction networks should incorporate cross- 
resistance, which is also encoded in clustered regularly interspaced 
short palindromic repeats and is identified from mutations targeting 
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regulatory genes in order to evaluate novel ecologic adaptations and 
dynamics between bacteriophages and their host cells.122

4.5 | Bacteriophage- eukaryote interactions

Basic components of bacteriophage morphology and genomic or-
ganization include the nucleic acid genome that is encased in a cap-
sid protein. Although bacteriophages are unable to infect eukaryotic 
cells, these basic components are foreign bodies sufficient enough 
to trigger an immune response, either directly or indirectly.123,124 
Bacteriophages can be recognized by the innate immune system 
through toll- like receptors that recognize pathogen- associated mo-
lecular patterns. Toll- like receptor 9 specifically recognizes viral DNA 
after phagocytosis of bacteriophages and subsequently initiates the 
release of type I interferons.125 The phagocytosis of bacteriophages 
can inadvertently occur during lysogenic conversion or adsorp-
tion as either bacterial or viral molecular patterns are recognized. 
Complex interactions between bacteriophages, bacterial hosts, and 
phagocytes were described when the recognition of bacteriophage 
T4 by toll- like receptors on neutrophils demonstrated mild inhibition 
of reactive oxygen species production, while significant neutrophil 
inhibition was recorded when T4 was phagocytosed with its bac-
terial host Escherichia coli.126 This in vitro study may suggest that 
bacteriophages can dampen the immune response during clearance 
of pathogenic infections.

Mucosal surfaces are sites that bacteriophages take residence in 
as they can bind to mucin glycoproteins to facilitate adsorption via 
immunoglobulin- like domains commonly found on the surfaces of 
tailed bacteriophages.127 A subset of core bacteriophages found on 
these mucosal surfaces can confer metabolic and immune benefits 
to their human host, similar to other commensal microorganisms.128 
Simply, these core lytic bacteriophages can act as an antimicrobial 

layer that reduces bacterial attachment while temperate bacterio-
phages express genes that increase bacterial fitness to shield them 
from lytic bacteriophages or pathogenic bacterial attacks. The anti-
microbial effects that bacteriophages provide are enhanced further 
during colonization of pathogenic bacteria as gut and respiratory 
epithelium increase secretion of mucins, providing more attach-
ment sites for core bacteriophages.129,130 During in vitro studies, 
gut eukaryotic cells assisted the bacteriophage φCDHS1 in lysing 
the pathogenic bacterium Clostridium difficile by approximating the 
predator and prey through specific attachment surfaces that were 
not expressed in other cell lines.131 The distinct and elevated attach-
ment of bacteriophage φCDHS1 in human colon cancer line HT- 29 
cells compared with other cell lines may also indicate the influence 
that biogeographic sites have upon bacteriophage infectivity and 
homeostasis.

5  | BAC TERIOPHAGE- MEDIATED BIOFILM 
DYNAMIC S

Although the daily formation of dental plaque is unexceptional, it 
is a complex oral biofilm that mediates periodontal inflammation. 
Multicellular behavior exhibited in biofilms have evolved within the 
oral microbiome to overcome the environmental pressures faced. 
Biofilms are ubiquitous in the human body (Figure 2) and notori-
ously difficult to treat in chronic diseased states such as periodon-
tal disease, endocarditis, chronic obstructive lung disorders, and 
inflammatory bowel disease.132- 136 Certain oral bacteria collaborate 
in the colonization of hard tissue surfaces with adhesive append-
ages or supplement the polysaccharide matrix that suspends both 
commensal and opportunistic microbial community members.137 
It is these initial and primary colonizers, mainly Streptococcus and 
Actinomyces species, which allow for periodontopathogens to 

F I G U R E  2   Bacterial and viral 
periodontopathogens are collaborative 
residents that form robust biofilms 
associated with other chronic systemic 
diseases
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aggregate and initiate microbial and immune dysbiosis.138 However, 
as noted earlier, the presence of these periodontopathogens alone 
do not describe all the clinical presentations of periodontitis. The 
role of bacteriophages within biofilm formation and reorganization 
may clarify some of the complex interactions occurring in biofilms 
that initiate periodontal tissue destruction.

5.1 | Biofilm formation

It is necessary for the development of a multispecies biofilm to 
share metabolic and virulence genes to enhance habitat range, im-
prove metabolism, and develop resistance to antimicrobial agents 
and host immune responses. The exchange of bacterial genes can 
occur through natural transformation of DNA that is suspended in 
the biofilm matrix, conjugation between two compatible bacteria, or 
transduction of viral DNA.139 Bacteriophages support the dynamic 
exchange of genes as they are natural DNA reservoirs that can de-
liver nonviral DNA derived from bacterial chromosomes, transpo-
sons, and plasmids that encode antibiotic resistance genes.140 The 
degree to which the process of bacteriophage- mediated horizon-
tal gene transfer can impact virulence varies; however, one well- 
known virulence factor, cholera toxin, arose from the coevolution 
of bacteriophage CTXφ along with its host bacteria.141 Vibrio chol-
erae also carries bacteriophage- encoded virulence factors encod-
ing toxin coregulated pilus that is critical for adherence to the small 
intestine.142

As bacteriophages attempt to infect bacterial hosts they rep-
resent environmental stressors to their prey, which may induce 
defense mechanisms that promote biofilm formation. Continuous 
encounters with lytic bacteriophage φ2 induced a change in phe-
notype in Pseudomonas fluorescens, resulting in overproduction 
of alginate and loss of motility caused by the mucoid conversion 
promoting adherence to surfaces.143 Direct contact between fila-
mentous bacteriophage MDAφ and Neisseria meningitis promoted 
similar adherence to epithelial cells in the human nasopharynx prior 
to penetration of the blood- brain barrier.144 The viral particles of 
bacteriophage MDAφ were actively expressed by N. meningitis in-
stead of type IV pilus to form bundles of viral filaments on the apical 
surface of the host cell, which were directly attached to epithe-
lial cells.144 Other filamentous bacteriophages serve as structures 
that strengthen the biofilm network by increasing the viscosity 
of the matrix and tolerance towards breakdown.145 Both lytic and 
temperate bacteriophages can strengthen and stabilize the biofilm 
matrix indirectly through the release of extracellular DNA after 
lysis of host cells.146 Actinomyces odontolyticus is a predominant 
Actinomyces species in developing subgingival plaque across all ages 
and has been isolated as multiple non- oral lesions.147 The novel 
isolation of a Siphoviridae linear plasmid- like prophage designed 
as xhp1 infects A. odontolyticus subspecies actinosynbacter strain 
XH001 and promotes biofilm formation through spontaneous in-
duction and the release of host extracellular DNA compared with 
bacteriophage- cured XH001.148

Biofilm communities are essential to the lifestyle of oral bacteria 
because of the relentless environmental and chemical stress the oral 
cavity presents. We can postulate that certain bacteriophages facil-
itate biofilm formation for similar evolutionary and protective rea-
sons. A strengthened biofilm matrix protects bacteriophages from 
the hostile environment and biochemical attacks, while enriching 
the biofilm matrix with viral and bacterial DNA can further diversify 
bacteriophages present in these biofilms (Figure 3A).

5.2 | Bacteriophages as therapeutics

The taxonomic and genomic diversity harbored in biofilms creates a 
resilient microbial community that potentially limits the penetration 
of pathogenic microbes and antibiotics. Biofilms display resilience to 
cationic antimicrobials such as chlorhexidine because of the produc-
tion of scaffolding extracellular polymeric substances that lowers 
diffusion of antimicrobials into the deeper layers of the biofilm.149 In 
addition, approximately 1% of the biofilm is composed of persister 
cells found in the deep layers of biofilms.150 Minimized metabolic 
activity equips persister cell tolerance towards antimicrobials and 
the capability of reinstating the biofilm after such challenges.151 
The rise of antibiotic resistance can be attributed to these charac-
teristics of biofilms and is enhanced by the horizontal gene transfer 
that bacteriophages facilitate. Even with the decline of tetracycline 
usage, investigators in Spain found early biofilm colonizers of the 
Streptococci species as carriers of tetracycline resistance genes 
within subgingival plaque in both healthy (73.5%) and periodonti-
tis (42%) subjects, regardless of prior tetracycline exposure.152 As 
previously mentioned, bacteriophage P7 identified in the subgingival 
plaque of healthy individuals also expressed a transposon encoding 
tetracycline resistance,101 which suggests that bacteriophages can 
contribute to the transfer of these resistance genes within subgingi-
val plaque and potentially between individuals.

Despite bacteriophage assistance in the development of 
antibiotic- resistant biofilms, they also influence the destabilization 
of said biofilms. In fact, the use of bacteriophages as therapeutics 
(or phage therapy) was first suggested upon their discovery in 1915, 
but interest in phage therapy waned in less than 15 years with the 
discovery of penicillin. With the rise of bacterial resistance to both 
broad and narrow- spectrum antibiotics, mechanisms that impair 
proper biofilm formation and development employed by bacterio-
phages are attractive alternatives to conventional antimicrobial 
therapy (Figure 3B).

5.2.1 | Targeting­biofilm­scaffold

In the process of lysis from bacteriophage infection, contents of the 
intracellular cytoplasm of host cells including DNases are emptied 
into the biofilm matrix, which contains DNA filaments that reinforce 
the scaffold and where potential transfer of virulent genes between 
bacterial species occurs. Expression of DNases by certain bacteria 
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enhances pathogenicity as it enables bacteria to evade immobiliza-
tion and clearance from neutrophil extracellular traps that contain 
neutrophil DNA filaments.153 Albeit to a variable degree, periodon-
topathogens within the red and orange complex display DNase 
activity in both planktonic and biofilm conditions,154 probably to 
suppress the effects of neutrophil extracellular traps that are within 
infected periodontal tissue.155 Likewise, bacteriophage fitness can 

be enhanced by encoding DNase within its genome. Streptococcus 
pyogenes bacteriophage spd1 leases genes to express DNase and 
upregulates just prior to bacteriophage induction to digest bacte-
rial chromosomal DNA released during bacteriophage lysis, allowing 
spd1 to disseminate freely.156 Furthermore, the potential of DNase 
to disrupt biofilms has been demonstrated to be more effective 
against developing and multispecies biofilms rather than matured 

F I G U R E  3   A, Bacteriophages can act as active and supportive members of a biofilm community promoting the development of 
resilience to environmental stressors, such as antibiotic therapies; and B, bacteriophages can disrupt biofilm dynamics through a variety of 
mechanisms evolved and may be utilized as an alternative to or adjunctive to conventional antimicrobial therapy

A

B
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or mono- species biofilms, suggesting that the effects of DNase are 
time- dependent.157

Depolymerases are enzymes that are capable of degrading cap-
sular polysaccharides, lipopolysaccharides, and peptidoglycan, which 
are all components of bacterial capsules and are important compo-
nents of the biofilm matrix. Most depolymerases are encoded in bac-
teriophage structural proteins such as tail fibers or baseplates and 
are classified as either hydrolases or lyases.158 Multi- antibiotic resis-
tant strains of Acinetobacter species were found to be susceptible 
to the tail fiber of bacteriophage Petty that is equipped with depoly-
merase activity that results in translucent halos on plaque assays, 
an apparent decrease in viscosity in the biofilm matrix, and produc-
tion of reducing ends all of which are indicative of bacteriophage- 
associated capsular depolymerase activity.159 In the same study, the 
depolymerase of bacteriophage Petty denoted as Dpo1 was applied 
to biofilms of different Acinetobacter calcoaceticus- Acinetobacter 
baumannii complex stains and demonstrated the removal of approx-
imately 20% of bacterial hosts.159 However, depolymerase Dpo7 
derived from bacteriophage vB_SepiS- philPLA7 was capable of re-
ducing the biofilm biomass of Staphylococcus species by 53%- 85% in 
multiple strains.160

Putative periodontopathogens, such as P. gingivalis, evade host 
immune cells and mediate co- aggregation with F. nucleatum when 
an encapsulated phenotype emerges.161 However, glycosyltransfer-
ase mutation, resulting in the loss of the polysaccharide capsule of 
P. gingivalis, perhaps emulating degradation through depolymerases, 
displayed increased auto- aggregation and mono- species biofilm for-
mation.162 Although P. gingivalis currently lacks an identifiable bac-
teriophage,115 further studies on the effects of depolymerases on 
multispecies oral biofilms are required to fully understand bacterio-
phage dynamics within plaque- induced periodontitis.

5.2.2 | Targeting­antimicrobial-­resistant­
microbial members

Targeting specific bacterial host cells within either developing 
or matured biofilms is another component of phage therapy that 
is being explored. Resistance to antimicrobials emerges within 
biofilms as a collaborative effort between microbial members. 
Specifically, persister cells are critical to the fastidious nature 
of biofilms as they are inherently inert to antibiotics, and dur-
ing environmental stress can reinstate biofilms. However, bac-
teriophages, such as Sb- 1, can directly lyse methicillin- resistant 
perister forms of Staphylococcus aureus strains at high titers (107 
plaque- forming units/milliliter) or upon activation of phage prog-
eny formation, as these persister cells reactivate their metabo-
lism within a mono- species biofilm.163 Although total eradication 
of S. aureus biofilms was not achieved during Sb- 1 treatment, 
this study reinforced previous findings that phage therapy may 
be used as adjunctive therapy to conventional antibiotics be-
cause bacteriophages, such as Sb- 1 target, degrade the barri-
ers, which lowers the efficacy of antibiotics.163- 165 Identifying 

bacteriophages similar to Sb- 1 may become critical if effective 
phage therapy are developed for oral biofilms as antibiotic- 
tolerant bacteria, and persister cells become more established in 
dental plaque.101,152,166,167

5.2.3 | Synthetic­bacteriophages

An appreciation of the promising potency of phage therapy has led 
investigators to apply synthetic biologic concepts to enhance the 
mechanisms that bacteriophages already employ. Prevailing phage 
therapy formulations stress the strict use of obligatory lytic bacte-
riophages as their offensive strategies are more predictable than 
lysogeny.168 However, specific characteristics of temperate bac-
teriophages are attractive for biofilm removal and can be tailored 
by synthetic biology. Insertion of a clustered regularly interspaced 
short palindromic repeats gene array in bacteriophage lambda tar-
geting bacterial plasmids with beta- lactamase genes allowed bacte-
riophage lambda to resensitize E. coli to carbapenems.169 In addition, 
prevention of further carbapenem- resistance surges was ensured 
after prophage induction and formation of progeny of the geneti-
cally modified bacteriophage lambda- infected naive E. coli hosts.169 
By extinguishing antibiotic- resistant bacterial strains, the use of syn-
thetic bacteriophages can enhance conventional antibiotic therapy, 
as seen with natural bacteriophages.163,170

Currently, the majority of bacteriophages characterized from the 
oral cavity are temperate,102,108 thus genetically modifying the life 
cycle of these temperate bacteriophages may expand the arsenal 
against hardy bacteria. Enterococcus faecalis is associated with bio-
film formation in failed endodontic treatment at prevalence levels 
approaching 90%.171 Deletion of the repressor- sensitive lytic cycle 
promoter of the natural lysogenic φEf11 E. faecalis bacteriophage and 
inserting an inducible nisin- promoter of the lytic cycle produces a 
genetically modified bacteriophage capable of markedly lysing and 
reducing the biomass of vancomycin- resistant E. faecalis strains in a 
mono- species biofilm.172 The investigators suggested that exchanges 
in the introduced inducible promoter can alter the efficacy of phage 
therapy of genetically modified φEf11 thus increasing the already 
vast capabilities of bacteriophages.

5.2.4 | Cocktail­formulation

An abundance of oral bacteriophages allows for numerous mo-
dalities of phage therapy as a shift in the current management of 
periodontitis may be advocated to reduce the systemic effect of 
conventional antibiotic treatment.173,174 Thus far, we have described 
distinct forms in which phage therapy can be delivered including 
single- bacteriophage, bacteriophage- derived enzymes, bacterio-
phage in combination with antibiotics, and synthetic bacteriophages. 
Each of these delivery systems has the potential to impact the cur-
rent treatments prescribed in managing periodontitis. However, to 
combat the pathogenic shift in the polymicrobial consortium that 
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dysregulates the host immune response within subgingival plaque, 
an assortment of the phage therapy modalities described is needed 
to effectively reduce pathogenic virulence and biomass.

One additional form of phage therapy that is significant for other 
polymicrobial inflammatory disorders is the formulation of a bac-
teriophage cocktail that targets multiple pathogenic bacteria in a 
synergistic manner.175- 178 Cocktail phage therapy takes advantage 
of the narrow host range bacteriophages exhibit to maintain a sus-
ceptible bacterial community within their surrounding environment. 
Selecting the correct combination of bacteriophages may be a chal-
lenge given that full characterization of both biofilm microbial mem-
bers and their respective predator bacteriophages is required for 
effective therapy.179,180 However, once full characterization occurs 
the bacteriophages utilized can spare commensal microbes, which 
may aid in the reestablishment of homeostasis after cocktail phage 
therapy.181 Moreover, cocktail formulation can reduce the emer-
gence of bacteriophage- resistant pathogenic bacteria and reinstate-
ment of biofilms causing recurring inflammation.182

Ideal treatment for the polymicrobial model of periodontal 
pathogenesis will combine most, if not all, the modalities of phage 
therapy described. Currently, only a small fraction of identified bac-
teriophages within the oral cavity have been identified down to the 
species level.100,101,111 This limits the formulation of a bacteriophage 
cocktail that may prove effective against subgingival plaque. However, 
the oral bacteriophages against A. actinomycetemcomitans, E. faecalis, 
and Streptococcus mutans have been isolated at species level and have 
demonstrated effective disturbance of both planktonic and biofilm 
forms of their host bacteria.111 Full characterization of oral bacterio-
phages and their enzymes will not only affect phage therapy but clarify 
the extent of bacteriophage influence in biofilm formation and dysreg-
ulation in periodontitis.

6  | CONCLUSIONS

This review alone cannot answer the question of the proposed 
association between periodontitis and the human oral virome, 
specifically those in the herpesvirus family. However, multiple 
studies have illustrated that both eukaryotic and prokaryotic vi-
ruses within subgingival plaque and periodontal tissues affect the 
more established mediators of periodontal inflammation, putative 
periodontopathogens, and the host immune response. In regard to 
the association of herpesviruses and periodontitis, the degree to 
which these viruses directly aggravate periodontal tissue damage 
still remains unanswered. Further studies demonstrating signifi-
cant, reproducible, and density- dependent effects of herpesvi-
ruses on putative periodontopathogens or host immune response 
are required to make this association into a causal relationship. 
Despite how potentially weak or underestimated the herpesvirus- 
periodontitis association may be, the benefits described with 
prolonged administration of antivirals in immunocompromised or 
immunodeficient individuals demonstrates that specific popula-
tions are possibly more susceptible to viral periodontopathogens. 

Thus, it may be short- sighted to neglect the initial implications of 
viral pathogen involvement in periodontitis.

In addition, the microbial ecology of the oral cavity is enriched 
and shaped by the omnipresence of bacteriophages. Characterizing 
novel bacteriophages continues to be a challenge as metagenomic 
analysis of bacteriophages is still developing. However, despite cur-
rent limitations, novel bacteriophages with a higher prevalence in 
inflamed periodontal tissue than healthy tissue continue to be un-
covered and provide a foundation for implicating bacteriophages as 
drivers of periodontitis.183 Understanding the variety of mechanisms 
that bacteriophages have evolved to infect their bacterial hosts sug-
gests that bacteriophages potentially play a role in the microbial 
dysbiosis and immune dysregulation that occurs in periodontitis. 
Alternatively, full characterization of these mechanisms has been 
utilized or synthetically enhanced to combat fastidious bacterial and 
biofilm infections. Because of bacteriophage influence in the dynam-
ics of biofilm formation and dispersal, phage therapy is promising for 
the management of the primary etiology of periodontal inflamma-
tion, that is, dental plaque.

There is still a paucity of information that can describe a causal 
relationship between the human oral virome and periodontitis. 
However, the biological dark matter inserted by retroviruses once 
believed to be nonfunctional encodes historical viral- eukaryotic in-
teractions and influences host development.184 Perhaps it is time to 
embrace the viral dark matter within the periodontal environment 
to fully comprehend the pathogenesis and systemic implications of 
periodontitis.
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