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ABSTRACT

Background: The oral microbiome serves as both an indicator and a mediator of oral health.
Evidence indicates that bacteriophages (phages) are widely present in the oral microbiome
and exhibit diverse classifications and interactions with human cells and other microbes.
These phages constitute the oral phageome, which potentially exerts significant yet unex-
plored effects on the interplay between oral and general health.

Methods: Three databases (PubMed/MEDLINE, Embase and Scopus) were searched for meta-
genomic analyses that investigated the oral phageome. Eligible studies were synthesized
based on their methodological approaches and findings.

Results: A total of 14 articles were included in this systematic review. Among the 14 articles
included, there were six studies that discussed disease-related alterations, along with
a discursive examination of additional variables such as sampling niches, external interven-
tions and methodologies. The phages that infect Streptococcus Actinomyces Haemophilus, and
Veillonella have been discovered to be associated with chronic periodontitis, caries, and
pancreatic ductal carcinoma.

Conclusions: This systematic review focuses on findings and methodologies in oral pha-
geome studies, which were conducted using highly heterogeneous methodologies that
explored the oral phageome in multiple directions while placing constraints on quantitative
statistics. Combining different kinds of sample types, utilizing the characteristics of different
methods, involving both DNA and RNA phages, and differentiating lysogenic and lytic phages
should be the distinction of further studies.
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Introduction o T . .
dysbiosis can serve as an indication or manifestation

The oral microbiome, which exists throughout the
entire oral cavity, from the tooth surface to the oral
mucosa, is a complex community that consists of
various microorganisms [1]. These microorganisms
range from larger organisms, such as fungi or bac-
teria, to smaller entities, such as viruses and the
candidate phyla radiation (CPR), which are measured
at the micron scale. Each component of the oral
microbiome maintains a balanced microecosystem
via close interactions with one another [2]. Within
the interplay of microbes, viruses can interact both
within the microbiome with bacteria and beyond the
microbiome with epithelial tissues [3]. Microbial dys-
biosis, a state characterized by a disrupted balance,
commonly leads to chronic inflammation, oncogenic
metabolism, and, specifically, dental demineraliza-
tion. This imbalance also gives rise to various oral
diseases, such as caries, gingivitis, periodontitis, and
even carcinomas or cancers [4]. Furthermore,

of underlying issues in distant problems of the body
(e.g. atherosclerotic plaques, pneumonia, and rheu-
matoid arthritis) [5,6]. Therefore, detection with oral
samples is highly effective in reflecting current health
conditions.

The oral cavity harbors a high load of viruses,
which consist predominantly of bacteriophages
(phages) [7,8]. Given the advanced findings on the
direct or indirect influence of phages on human
health, the human virome, which is currently poorly
understood, needs to be further explored.

Phages are viruses that infect specific host bacteria,
which can be either DNA or RNA-based [9]. The
significance of phages and the phageome lies in
their relationship with bacteria, which elucidates the
causes of various infectious diseases [10]. Phages play
a crucial role in manipulating bacterial pathogenicity
by influencing the formation and dynamics of the
local and general bacteriome [11]. They exhibit
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characteristic behaviors by switching between two
distinct life cycles, namely, the lytic cycle or the
lysogenic cycle, to bilaterally influence bacteria. This
influence includes integrating their genome into the
bacterial genome or producing lysin and holin to
cause bacterial lysis [12]. This mechanism positions
phages as a potential solution for bacterial infection
or dysbiosis, which warrants attention.

Phages that enter the lytic cycle are known as lytic
or virulent phages, which colonize and eventually kill
host bacteria [13]. The corresponding phages that
enter the lysogenic cycle are known as lysogenic
nonvirulent or temperate phages. These viruses can
integrate their genetic material into the host bacterial
genome without immediately causing bacterial death
[14]. The different behavior patterns of phages could
exert contrary effects on infected bacteria, which can
either be killed after bacterial lysis or be equipped
with phage genomes [15]. Phages exert their effects
mainly through predation on and coevolution with
bacteria, thereby indirectly modifying the dynamics
of the microbiome [16].

In addition to their effects on bacteria, direct
interactions between phages and human cells have
also been reported [17]. Phages can be internalized
by cells to influence the immune response and deliver
phage-encoded genes, which suggests that phages
may impact human health [18].

Most fundamental knowledge of phages has been
acquired through traditional methods, including
phage assays, electron microscopy, genetic analysis,
and PCR assays [19]. However, considering the lim-
ited understanding of oral phages on a small scale,
these methods struggle to adequately fulfill the cur-
rent demands.

The metagenomic analysis is used in oral pha-
geome research to identify and characterize the com-
ponents of the oral microbiome, even when the
specific organisms or elements are initially unknown
[20]. Metagenomic analysis involves a series of pro-
cedures, including nucleic acid extraction, pretreat-
ment, library construction, and high-throughput
sequencing [21]. After sequencing, the process typi-
cally includes the assembly of genetic sequences,
which are then complemented by bioinformatic ana-
lysis to identify and characterize various aspects of
the target ecology [22]. High-throughput sequencing
is the key to metagenomic analysis, enabling this
technique to acquire large amounts of data to
describe the oral phageome. By combining metage-
nomics and bioinformatics, valuable insights into the
oral phageome have been obtained, which confirmed
its potential for further exploration [23].

Host prediction is broadly applied in metagenomic
studies to differentiate phages from other viruses.
Bioinformatic approaches greatly facilitate the identi-
fication of virus-host pairings, which are based on the

abundance and composition profiles of homologous
or identical sequences or clustered regularly inter-
spaced short palindromic repeat (CRISPR) arrays.
These features provide identifiable signals for virus-
host pairing, enabling the intentional extraction and
analysis of phage sequences [24].

However, the metagenomic procedure is rather
expensive, and bioinformatic analysis is highly perso-
nalized. These barriers hinder the acquisition and
application of knowledge regarding the oral pha-
geome. This review aims to provide researchers inter-
ested in the field with a comprehensive
understanding of oral phageome methodologies and
outcomes obtained from metagenomic data by con-
solidating and evaluating the current body of
research.

Materials and methods
Search strategy

This systematic review intends to collect the experi-
ence gained from existing oral phageome analyses.
The methodology of this systematic review is
designed to be comprehensive and replicable, utiliz-
ing a structured approach to the search strategy. The
articles presented in this review were derived from
studies that applied metagenomics to provide
a broader picture of the phageome in the oral cavity.
To provide an overview of studies that performed
metagenomic analyses of phages in the oral cavity,
this review adopted the guidelines of the preferred
reporting items for systematic reviews and meta-
analyses (PRISMA) [25]. We searched three electro-
nic databases (PubMed/MEDLINE, Embase, and
Scopus) for articles published up to 4 July 2024.
The search was based on the keywords ‘oral pha-
geome’ and ‘metagenomics’. Studies were included if
they met the inclusion criteria for the sampling side,
analysis method, and analysis focus. To ensure pre-
cision, our search strategy was based on Medical
Subject Headings (MeSH) terms from the National
Library of Medicine’s thesaurus, and the free text
applied across the three databases is shown in
Supplementary Table S1. All identified references
were imported into and deduplicated by Zotero
(version 6.0.23). The title and abstract screening
and full-text screening were performed indepen-
dently by two independent authors (X, C, and T,
Z). No limitations were placed on the study date,
language, or location.

Inclusion and exclusion criteria

Eligible studies met the following criteria: (1) studies
containing primary data on metagenomic phageome
analysis from human oral samples; (2) studies



detailing methodologies, including those regarding
sampling metagenomic and bioinformatic analyses
of phages or phageomes; and (3) studies mentioned
in the relevant literature that met the above criteria.

The following studies were excluded: (1) the article
was retracted; (2) the article was not published offi-
cially; and (3) the article was secondary literature (i.e.
review, editorial, or commentary). The articles that
remained after full-text screening were assessed for
eligibility.

Quality assessment

Two independent reviewers assessed each study based
on the items of the STROBE checklist, which consists
of items that serve as the primary tool for quality
assessment [26]. The checklist covers various aspects
of the study, including the title, abstract, introduc-
tion, methods, results, discussion, and funding. Each
item on the STROBE checklist was scored as ‘met’,
‘partially met’, or ‘not met’ based on the presence and
adequacy of the information provided in the study
report. The assessment was crucial in evaluating the
strength of the inferences and conclusions drawn
from the specific published studies, as well as provid-
ing recommendations for prospective research. At
this stage, a second independent reviewer appraised
studies to be included in the review.

Data extraction

The key focus of the data extraction table includes
the first author, year of publication, the main find-
ings of the study, information on the subjects
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(including their nationality, ages, and grouping
design), the details of the sampling method
(including sample type, sample size, sample volume
if applicable, sample preservation, and any other
details of the sampling procedure), and the meta-
genomic analysis (including tools or databases
applied for purification, sequencing, and
annotation).

Results
Study selection and quality assessment

The literature search strategy returned 220 articles
from the database and three articles retrieved from
the references. This total was reduced to 83 after 140
duplicates were removed. A further 45 nonrelevant
articles were subsequently removed based on title and
abstract screening, leaving 38 articles for full-text
screening. Subsequently, 14 studies met the inclusion
criteria and were subjected to data extraction. The
search and screening procedure is illustrated in
Figure 1. The result of quality assessment based on
STROBE checklist is described in Table 1.

Study characteristics

The included studies focused on adults and were
conducted in developed countries. The oral pha-
geome has gained the most interest from American
researchers, but researchers from Spain, Japan and
China have also made significant contributions to
this topic.

| 220 records in three databases | | 3 records retrieved from the bibliographies |

83 records remained after duplicate removed
PubMed/MEDLINE 32
Embase 29
Scopus 19
From bibliography 3

83 records screened using titles and abstracts

Eligibility || Screening || Identification |

38 records assessed using full articles

Inclusion

| 14 articles included

Figure 1.The identification of included articles.

45 records excluded for reasons below:

Retracted studies;

Unpublished studies;

Secondary literature (i.e., review, editorial, or commentary);

Not related to phageome in oral cavity;

Not detailing the procedure of sampling, metagenomic and bioinformatic analysis;
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Table 1. Graph showing the results of the quality assessment of included in systematic review done using the STROBE tool.
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Sampling, metagenomic, and bioinformatic
methodologies

All studies involved healthy individuals, and some
studies investigated the oral phageome in sick popu-
lations. These sick populations consisted of patients
with oral diseases, including bisphosphonate-related
osteonecrosis of the jaw (BRON]J) [27], chronic per-
iodontitis [28,29], caries [30], and nonoral condi-
tions, such as preterm pregnancy [31] and
pancreatic ductal carcinoma(PDAC) [32]. The main
findings and details of the subject recruitment of the
included studies are listed in Table 2.

Saliva samples were used in 10 studies [27,29,31-
38], whereas mouthwash, plaque, and swab samples
were used in one [39], three
[28-30], and three studies [28,33,40], respectively.
In the reviewed literature, a total of 312 saliva sam-
ples were collected, constituting the largest source of
metagenomic data. This was followed by mouthwash
samples with 72, plaque samples with 61, and the
least frequent swab samples with 26. In separate stu-
dies, the largest sample sizes for each type of sample
were as follows: 101 samples of saliva [31], 72 samples
of mouthwash [39], 30 samples of plaque [30], and 19
swabs [33]. Most studies preserved the samples in
a buffer solution at —80°C. Sample preparation was
relatively consistent across studies and included fast-
ing, abstaining from alcohol, and the prohibition of
oral hygiene procedures and antibiotic intake within

a specific period. The samples generally underwent
different preprocessing procedures, varying from fil-
tration [29,33,35] to enzyme treatment [33-37]. The
details of the procedures used for sample manage-
ment are listed in Table 3.

Current research has primarily concentrated on
DNA phages, with the majority of studies utilizing
DNA extraction kits for DNA isolation [28-32,34-
38,40] However, a subset of these studies also
employed alternative methods, such as the cetyltri-
methylammonium bromide/formamide technique
[33] and the phenol extraction method [27,39]. The
sequencing procedure was carried out via Illumina
454 or Ion sequencing, which were applied in 9
(Mlumina sequencing) [28,29,31,32,36-40], 3 (454
sequencing) [27,33,34] and 2 (Ion sequencing)
[30,35] studies. Bioinformatic methods vary from
study to study and focus on different phageome char-
acteristics. However, the procedure involved several
widely interesting and relevant, meaningful analyses,
including taxonomic assignment, functional annota-
tion, host prediction, composition analysis, and
diversity analysis. Several studies combined the
above metagenomic-bioinformatic procedures with
other analysis methods, including PCR analysis
[28,30,33-35,38,40], phage isolation [34,35,37,39,41]
or microscopy visualization [34,36,39]. The metage-
nomic and bioinformatic methodologies used are
detailed in Table 4.
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Table 4. The details on metagenomic and bioinformatic methodology of included studies.

Author (year) Sample Purification Sequencing Reference Databases
Muthappan (2011) Swab Puregene Kits lllumina GenBank
Willner, D. et al. (2011) Saliva Cetyltrimethylammonium bromide 454 sequencing GenBank, NCBI

Swab Formamide method
Sedghizadeh, P. P. et al. (2012) Saliva Phenol method 454 pyrosequencing RDP, HGP
Pride et al. (2012) Saliva QlAamp Kits 454 sequencing SEED, MG-Rast, RDPII, VFDB
Wang et al. (2013) Swab QlAamp Kits lllumina HiSeq NCBI, SEED, RDP

Plaque
Robles-Sikisaka et al. (2013) Saliva QlAamp Kits lon Torrent Phantom, NCBI
Wang, J., Gao, Y. & Zhao, F. (2016) Plaque QlAamp Kits lllumina HiSeq NCBI

Saliva
De la Cruz Pena, M. J. et al. (2018) Saliva QlAamp Kits lllumina MiSeq NCBI, PFam
Goltsman, D. S. A. et al. (2018) Saliva Powersoil Kits lllumina HiSeq NCBI, KEGG, UniRef
Pérez-Brocal, V. & Moya, A. (2018) Wash Phenol-chloroform method lllumina MiSeq GRCh37
Al-Hebshi et al. (2019) Plaque Zymo Kits lon Torrent UniRef90, PFam, MetCyc
Yahara, K. et al. (2021) Saliva OMNIgene Kits lllumina HiSeq vConTACT, IMG/VR
Nagata, N. et al. (2022) Saliva Allprep Kits llumina RDP, NCBI, KEGG
Paietta et al. (2023) Saliva High Pure Kits lllumina NovaSeq GenBank, NCBI

Factors influencing the observation of the oral
phageome

Seven studies discussed factors that influence the
observation of the oral phageome, including the sub-
jects, samples, interventions, and methodologies. Six
studies reported influential factors related to the
characteristics of participants and [27-30,32,35] 2
studies compared the oral phageome in different
oral niches [28,33], 1 study reported factors related
to external interventions, and 1 study reported factors
related to methodologies [33].

Notable components in the oral phageome

Six studies reported the most abundant phages in the
oral cavity, which collectively support the predomi-
nance of phages that infect Streptococcus and
Actinomyces in the oral phageome
[28,29,36,37,39,40]. Additionally, three studies identi-
fied characteristic phages associated with certain
health conditions. These findings include decreases
in Actinomyces-infecting phages in the periodontitis
plaque phageome, Streptococcus-infecting phages in
the periodontitis swab phageome, and Haemophilus-
infecting phages in the caries phageome.
Furthermore, increases were detected in the number
of phages that infect Streptococcus in the caries pha-
geome and the number of phages that infect both
Streptococcus and Veillonella in the PDAC phageome
[28,30,32]. A total of 3 studies mutually observed
Streptococcus phages as temperate phages [33,34,39].

Discussion
Massive heterogeneity of the methodologies

The consistency of current methodologies for oral
phageome analysis is limited. Participant recruitment,
sample selection, metagenomic procedures, and
bioinformatic pipelines varied across current studies
on the oral phageome. This variability poses a barrier

to performing a comprehensive meta-analysis of
high-quality evidence, which limits this review to
a qualitative level. However, methodological hetero-
geneity has also helped researchers explore different
approaches to understanding the oral phageome,
which may pave the way for refining study designs
to achieve specific objectives.

Subjects of various backgrounds were selected to
reveal correlations between the oral phageome and
certain health conditions or environmental expo-
sures. The current recruited participants included
not only healthy individuals but also a wide range
of individuals suffering from oral diseases, such as
BRONYJ, caries, and periodontitis, or conditions
occurring beyond the oral cavity, including PDAC
or preterm pregnancy. These conditions directly
affect the oral phageome and cause variations in the
oral phageome. Taken together, these findings sug-
gest that the oral phageome is sensitive to local and
general health conditions, which extends the under-
standing of the oral microbiome from a phageome
perspective.

The samples used in oral phageome analysis also
significantly differed in terms of sample type, sample
size collection, preservation procedure, etc. The sam-
ple types included saliva, mucosal swabs, plaques,
and mouthwash, with saliva being used in the stu-
dies that examined the largest samples. Saliva collec-
tion is noninvasive and convenient, unlike the
collection of plaque and swab samples, which neces-
sitate instruments such as probes or swabs. The
collection of mouthwash samples is also simple and
rapid, which suggests that mouthwash sampling can
be employed to collect large samples, similar to
saliva [26]. Mouthwash is a dilution of saliva that
also contains minute amounts of components origi-
nating from other oral niches, such as plaque or
mucosa. Previous analyses that compared the micro-
biome compositions of saliva and mouthwash sam-
ples using 16S rRNA have shown that the bacterial
compositions of these samples are similar [27].
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Based on current evidence, comparable methods are
needed to prove that saliva and mouthwash can both
serve as appropriate samples for oral phageome
analysis to provide a panoramic view of the oral
environment.

Metagenomic procedures were roughly standar-
dized and consisted of DNA extraction and purifica-
tion, library preparation, and metagenomic
sequencing. DNA was most often extracted using
DNA extraction kits from different companies,
whereas some studies applied traditional chemical
methods to extract DNA. Previous experiments com-
pared the efficiency of the DNA extraction Kkits
applied in the included studies. Puregene kits and
QIAamp kits were shown to be highly sensitive and
consistent [28,29]. However, alternatives are also
available. MO BIO Kits outperformed the QIAamp
and Zymo Kits, which were applied in the included
studies and presented superior decontamination effi-
ciency for solid samples [30]. IHMS protocol Q was
also shown to obtain significant amounts of pure viral
DNA [31]. As for metagenomic sequencing plat-
forms, a study compared the most commonly applied
metagenomic  sequencing platforms, including
[lumina, 454 and Ion [32]. The three platforms pre-
sent equally high sensitivity. However, compared
with Ion, 454, and Illumina sequencing had better
positive predictive values. Therefore, future studies
of the oral phageome should select the optimal
sequencing platform.

In bioinformatic analysis, tools should be appro-
priately designed based on specific research objec-
tives. The ever-evolving tools offer a wide range of
options for phageome analysis. Given the extremely
large variety of bioinformatic tools, a single review
that lists current studies is neither applicable nor
meaningful. However, a recent review on bioinfor-
matic tools for phage exploration revealed that these
tools are most commonly applied to identify either
host-encoded determinants of phage-binding, phage-
encoded receptor-binding proteins as predictors of
host binding, or potential phage-host relationships
[33]. This combined work also suggested directions
for pharmaceutical research and also highlighted the
significance of predicting host-encoded anti-phage
systems.

Existing factors affecting the oral phageome

Similar to the oral microbiome, the oral phageome
could also be under internal or external influence.
Targeted observations that support a specific hypoth-
esis need to thoroughly consider factors related to
subject-specific characteristics, sample selection,
interventions, and methodologies applied [3].

The specific status of individuals can affect the oral
phageome, particularly lifestyle and health

conditions. A similar oral phageome was observed
among populations that share similar living condi-
tions, which could lead to phageomes with similar
bacterial challenges. This similarity may trigger the
adaptive behavior of phages and remodel the pattern
of the oral phageome [35]. Moreover, the oral pha-
geome structure could also fluctuate with health con-
ditions. The changes in the oral phageome were
investigated in patients with BRON]J, chronic period-
ontitis and PDAC. BRONJ phageomes harbored
more lysogenic phages, which influenced bacterial
pathogenicity in the oral phageome and decreased
viral abundance after antibiotic treatment [27].
Periodontitis reduces the species richness of the oral
phageome and increases community structure simi-
larity, which is consistent with bacterial changes in
the periodontitis microbiome [29].

The use of different oral niches can also alter the
oral phageome [42,43]. Biofilm provides suitable
habitats for microbiota colonization prior to adher-
ence and thus may influence the characteristics of
phages and the phageome. In bacteria-rich environ-
ments, the behavior of phages and the characteristics
of the phageome should differ from those observed in
environments with lower bacterial density. Previous
analysis revealed that Actinomyces phages are more
abundant in plaque samples, whereas Streptococcus
phages are more abundant in swab samples, with
their abundance being similarly altered to that of
their respective host bacteria [29]. Moreover, to
address the heterogeneity among samples, samples
were pooled from different oral niches to detect
sequences of low abundance and ensure sufficient
virus biomass [33]. This modification serves as
a practical solution to analysis difficulties and pro-
vides a preliminary overview of the phageome, but it
also introduces greater biases, which should also be
considered.

Some interventions that simulate various dietary
conditions and survival pressures were found to alter
the characteristics of the oral phageome. The inges-
tion of the mitomycin, nicotine and soy sauce
increased the abundance of virulence gene-encoding
phages in the oral phageome, whereas the abundance
of virulence-encoding phages in the oral phageome
did not significantly change in response to the inges-
tion of red wine, soda or white wine [33]. These
findings indicated that the oral phageome could
exert disease-inducing effects following exposure to
antibiotics, smoking and a heavily seasoned diet.
However, changes in phage abundance after different
ingestive stimuli could be related either to the stimu-
lation itself or to the dose, which differed from that of
the normal diet.

Methodologies, from sampling metagenomic
analysis to bioinformatic analysis, presented con-
siderable heterogeneity in the included studies.



Before DNA extraction, filtration and the chloro-
form method were commonly applied for prepro-
cessing. However, based on their different effects
on bacteria and phages, they result in different
phageome compositions. Filtration could help
omit lysogenic phages integrated into the bacterial
genome, whereas the chloroform method could
extract lysogenic phages from bacteria by permea-
bilizing the bacterial membrane. Notably, filtration
treatment could both exclude larger phages or
include smaller bacteria in the samples, which can-
not be corrected by compensatory steps [33].
Moreover, chloroform treatment can lead to the
release of bacterial chromosomal DNA, which
requires DNase digestion for decontamination.

Streptococcus phages and several other specific
phages

Streptococcus phages warrant attention among the
investigated DNA phages. Given the broad spec-
trum of diseases that Streptococcus can cause or
influence, treatments for these conditions have
been developed that involve the application of
phage or phage products. These findings on the
oral phageome further support the importance of
phages that infect Streptococcus in the oral envir-
onment [44,45]. Previous studies revealed that
Streptococcus phages, which are mostly prone to
be lysogenic phages, dominate oral phages [33,34].
The predominance of Streptococcus phages indi-
cates that they may exert stronger effects on oral
ecology. Streptococcus phages are also linked to the
absence of periodontitis and the presence of caries
and PDAC, which exhibit parallel trends with
those of its host Streptococcus [28,29,32].
Previous studies also revealed concordant altera-
tions in host bacteria and specific phages, such as
lysogenic phages that infect Streptococcus and
Veillonella, whereas some studies reported discor-
dant relationships, such as phages that infect
Actinomyces [34]. On the basis of existing evi-
dence, concordant phage-host alterations are cor-
related with the lysogenicity of phages. Therefore,
more evidence of the interaction between
Streptococcus and its lysogenic phages is needed
(33,37].

In addition to phages that infect Streptococcus,
those that infect Actinomyces and Haemophilus,
which are associated with the absence of periodontitis
and caries, respectively, also warrant exploration
[28,30]. The correlation between specific phages,
including  phages that infect  Streptococcus
Actinomyces and Haemophilus, and oral diseases indi-
cates potential regulatory effects that oral phages may
exert.
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The potential of exploring phage—host
interactions

Several other notable concepts could be explored
further. Horizontal gene transfer (HGT) within the
oral phageome introduces additional complexity in
understanding coevolution and interactions among
phages and bacterial hosts. HGT plays a pivotal role
in shaping the genetic diversity of oral phages, allow-
ing them to adapt rapidly to the external environ-
ment and transfer antibiotic resistance genes or
virulence factors to bacteria [46]. This process may
also facilitate the exchange of phage-encoded genes
that increase the ability of phages to infect or mod-
ulate their bacterial hosts.

Integrated analysis of the bacteriome and clustered
regularly interspaced short palindromic repeats
(CRISPRs) can also facilitate the understanding of
phage-bacteria interactions. CRISPRs in bacteria
integrate phage-derived spacers into CRISPRs to
defend against phage infection and attack [47].
However, corresponding phage-derived sequences of
certain CRISPR spaces in the phageome were
observed. These findings indicate that the oral pha-
geome is guarded by CRISPR defense in bacteria
[35,37]. CRISPRs may mediate mechanisms that
fight bacteria in the oral phageome. Indeed, phages
can counter such defenses via anti-CRISPR (ACR)
genes [48,49]. However, ACR genes in the oral pha-
geome have not yet been studied. If further studies
should focus on this field, the proportion of ACR
phages should be considered when their dynamics
are suspected. Phages can also obtain CRISPR spaces
from different bacterial hosts, suggesting the exis-
tence of cross-infection phages (CIPs) within or
across the genera Streptococcus Actinomyces,
Fusobacterium, Aggregatibacter, Campylobacter and
Haemophilus [17-19]. CIPs can significantly influ-
ence the human phageome by promoting genetic
diversity and adaptability, thus potentially increasing
their resistance to bacterial or environmental pres-
sures [50,51]. CIPs can also modulate the composi-
tion of the microbiome by infecting and altering the
behavior of commensal bacteria, which can have
downstream effects on susceptibility to certain dis-
eases [52]. Given the present knowledge of CIPs,
understanding how they function in the oral cavity
is crucial for understanding the dynamics of the
human phageome and developing phage-based
therapies.

Alternative considerations for oral phageome
studies

The current findings broaden our knowledge of the
oral phageome, yet they are also accompanied by
significant barriers that need to be addressed in
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future studies. An inclusive understanding of the
oral phageome necessitates comprehensive analysis
that considers both DNA and RNA phages to cap-
ture the full spectrum of phage activity and diver-
sity [53].

Moreover, lysogenic and lytic phages should also
be clearly classified because the influence they exert
on disease progression can be contrary [54,55].
Phages entering a specific infection cycle can be
differentiated by methodology design. For example,
extracting DNA via the chloroform method or fil-
tration method tends to include more lysogenic
phages and excludes larger phages. The application
of bioinformatic analysis tools, such as PhiSpy or
Phigaro, can also help differentiate these two types
of phages [56-58]. The bioinformatic analysis
offers several advantages, including automation,
standardization, and effectiveness. However, it is
also limited by algorithm deviation and data
dependence, which can lead to inaccurate or biased
results in cases of low-quality data. Taken together,
data from the above variables complicate the pre-
diction of phage host bacteria and the tracing of
phage-encoded genes [59]. Therefore, well-designed
analytical strategies are needed to decipher the
complex interplay between oral phages and
human health.

Conclusions

This systematic review synthesized key methodolo-
gies and findings from oral phageome studies,
revealed heterogeneity in research methodologies
and summarized existing knowledge on the oral
phageome. Although the variety of approaches in
subject recruitment sample selection, metagenomics,
and bioinformatic analysis create barriers to quanti-
tative comparisons, they also help explore potential
directions for additional research. Specific phages,
such as those that infect Streptococcus Actinomyces
and Haemophilus, warrant studies with a more tar-
geted design to reveal their potential to maintain or
disrupt oral and general health. Interactions among
phages or between phages and bacteria should be
considered, including the potential transfer of phage-
encoded genes and the effects of CIPs. Moreover,
integrating the identification of RNA phages and
the differentiation between Iytic and lysogenic
phages may further facilitate the understanding of
the oral phageome.
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