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ABSTRACT The human oral cavity is home to a large number of bacteria and bac-
teriophages (phages). However, the biology of oral phages as members of the hu-
man microbiome is not well understood. Recently, we isolated Actinomyces odonto-
lyticus subsp. actinosynbacter strain XH001 from the human oral cavity, and genomic
analysis revealed the presence of an intact prophage named xhp1. Here, we demon-
strated that xhp1 is a linear plasmid-like prophage, which is a newly identified
phage of A. odontolyticus. The prophage xhp1 genome is a 35-kb linear double-
stranded DNA with 10-bp single-stranded, 3’ cohesive ends. xhp1 exists extrachro-
mosomally, with an estimated copy number of 5. Annotation of xhp1 revealed 54
open reading frames, while phylogenetic analysis suggests that it has limited similar-
ity with other phages. xhp1 phage particles can be induced by mitomycin C and be-
long to the Siphoviridae family, according to transmission electron microscopic ex-
amination. The released xhp1 particles can reinfect the xhp1-cured XH001 strain and
result in tiny blurry plaques. Moreover, xhp1 promotes XH001 biofilm formation
through spontaneous induction and the release of host extracellular DNA (eDNA). In
conclusion, we identified a linear plasmid-like prophage of A. odontolyticus, which
enhances bacterial host biofilm assembly and could be beneficial to the host for its
persistence in the oral cavity.

IMPORTANCE The biology of phages as members of the human oral microbiome is
understudied. Here, we report the characterization of xhp1, a novel linear plasmid-
like prophage identified from a human oral isolate, Actinomyces odontolyticus subsp.
actinosynbacter strain XH001. xhp1 can be induced and reinfect xhp1-cured XH001.
The spontaneous induction of xhp1 leads to the lysis of a subpopulation of bacterial
hosts and the release of eDNA that promotes biofilm assembly, thus potentially con-
tributing to the persistence of A. odontolyticus within the oral cavity.

KEYWORDS linear plasmid-like prophage, oral phage, Actinomyces odontolyticus,
biofilm assembly, bacteriophages, oral phage biology

The human oral microbiome is composed of diverse microbial residents, including
bacteria, archaea, eukaryotic organisms, and viruses, that interact with each other

as well as with the host and that have been implicated in human health and diseases
(1). Compared to studies on other resident members, the study of oral viral biology and
ecology is still in its infancy (2–4).

Recent studies have shown that the oral cavity is populated by communities of virus,
with approximately 108 virus-like particles (VLPs) per milliliter of saliva (5) and 107 VLPs
per milligram of dental plaque (6). The next-generation sequencing technology has
significantly increased our knowledge of viromes in the oral cavity by uncovering the
huge diversity of oral virus communities (5–10). Most of the virome sequences are
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identified as bacteriophages (phages) (10). Intriguingly, within the oral cavity, different
biogeographic niches have unique phage ecology which could contribute to the
shaping of bacterial biota within the same niches (2). Meanwhile, the oral viromes are
highly personalized, and the shifted virome may be associated with dysbiosis and
potentially promoting oral diseases (7, 9). However, data on the ecological and phys-
iological role of phages in the oral microbiome are still lacking due to the limited
number of phages that have been successfully isolated and characterized (2).

One reason for the limited number of isolated oral phages is likely the narrow host
range of phages. For example, Streptococcus mutans phage M102AD only infects
serotype c strains (11). Meanwhile, next-generation sequencing data revealed that most
oral phages are lysogenic (5, 10). These phages may assume an inactive lysogenic form
or are prevented from infecting bacterial hosts due to prophage-mediated defense (12).
Thus, the traditional plaque assay may not be the ideal approach for isolating these oral
phages.

With the increasing number of oral bacterial genomes that have been sequenced,
identifying prophages through genomic analysis has allowed for isolation and charac-
terization of new phages (13, 14). Recently, we isolated (15) and performed whole-
genome sequencing (16) of an Actinomyces sp. named A. odontolyticus subsp. actino-
synbacter strain XH001 from the human oral cavity. Genomic analysis revealed only one
intact prophage, xhp1. Here, we characterize A. odontolyticus prophage xhp1 through
genomic and physiological approaches.

RESULTS
Genomic analysis of xhp1. The intact prophage xhp1 was predicted from the

XH001 genome (GenBank accession no. LLVT00000000) using the prophage prediction
program PHASTER (17). The xhp1 genome is 35 kb, with a GC content of 65.29%, which
is similar to that of its host, XH001, which has an overall G�C content of 65.9%. xhp1
encodes a total of 54 putative open reading frames (ORFs), 17 of which are functionally
annotated by protein BLAST (Fig. 1; see also Table S1 in the supplemental material). The
remaining ORFs share little homology to the database at either the nucleotide or amino
acid level.

The annotated proteins can be classified into the following groups: structural
proteins (capsid and tail proteins), transcriptional regulators of lysogenic-lytic switch
(repressor and integrase), DNA replication and modification (DNA primase and meth-
yltransferase), packaging (terminase), and host cell lysis (phage lysin).

xhp1 is a linear plasmid-like prophage. Based on the sequencing data, xhp1 was
assembled into an independent plasmid element by SPAdes (18), indicating that xhp1
might not be integrated into the host genome but rather exists as a plasmid-like
prophage.

To confirm the bioinformatics finding, phage genomic DNA was extracted using a
plasmid extraction kit from log-phase XH001 cells without mitomycin C induction. We
showed that the prophage genome can be extracted with a high yield (Fig. 2A). To
further determine if xhp1 is circular or linear, we performed diagnostic digestion.
According to the xhp1 genome sequence, there are two recognition sites for each of
the two restriction enzymes, NheI and XbaI (Fig. 2A). Thus, XbaI alone and NheI/XbaI
double digestion will result in three and five bands, respectively, if xhp1 is linear. As
shown in Fig. 2A, three bands were observed for the XbaI-digested xhp1 genome,
which included two bands with predicted sizes of �5.2 kb and 9.5 kb, while the third
band of predicted size of 20 kb stayed on the top of the lane in gel electrophoresis. In
the NheI/XbaI doubly digested xhp1 genome, in addition to the three predicted
fragments of 3.8 kb, 5.2 kb, and 7.2 kb, there is another more intense band close to 10
kb, which is likely due to the fact that the other two predicted fragments, at 9,360 bp
and 9,406 bp, are too close to be separated on the gel. The band above the dark 10-kb
band in the doubly digested lane is likely the undigested bacterial genomic DNA
contamination occurring during the extraction process, which involved mechanical cell
breakage using bead-beating.
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To further investigate if the xhp1 genome exists as circular or linear DNA within
phage particles, log-phase XH001 culture was treated with mitomycin C for 3 h, and the
released xhp1 particles in the supernatant were collected and enriched by polyethylene
glycol 8000 (PEG-8000) precipitation. Genomic DNA was isolated from phage particles

FIG 1 Schematic representation of the organization of xhp1. ORFs that are classified in the same
functional categories are in the same color. ORFs in gray are hypothetical proteins.

FIG 2 xhp1 is a linear plasmid-like prophage with an estimated copy number of 5. (A) The genome of
prophage xhp1 was extracted from phage particles or bacterial cells and digested with XbaI or NheI/XbaI.
The digestion pattern is consistent with a linear genome inside both the phage particle and the bacterial
cell. (B) Estimation of the copy number of xhp1 by qPCR. 16S, bacterial 16S rRNA gene; int, integrase; ss,
single-stranded DNA-binding protein.
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and subjected to the same restriction enzyme digestion analysis. The resultant banding
patterns are consistent with that of digested phage genome extracted from host cells.
Thus, the xhp1 genome is linear both inside the host and when packaged into phage
particles.

The termini of xhp1 were predicted as a cohesive-end site, with 10-bp 3= single-
stranded cohesive ends (CGTCAAGAGC), using PhageTerm (version 1.0.11) (19), which
suggests that the prophage genome might become circularized via its cohesive termini
during the lytic cycle (20).

Next, the xhp1 copy number in XH001 was estimated through quantitative PCR
(qPCR) using total DNA isolated from XH001 culture. Specific primers for genes encod-
ing xhp1 integrase and single-stranded DNA-binding protein were used for qPCR
analysis (Table 1). The result showed that the copy numbers of genes encoding
integrase (int) and single-stranded DNA-binding protein (ss) were 4.85 � 0.67-fold and
5.01 � 0.41-fold that of the XH001 16S rRNA gene. The primer sequences for the XH001
16S rRNA gene (XH-F5 and XH-R3) have only one copy in the sequenced XH001
genome. Thus, the copy number of xhp1 was estimated to be 5 copies per XH001
chromosome, confirming that xhp1 exists as an extrachromosomal element.

Observation of xhp1 particles. Phage particles were induced from XH001 by
mitomycin C and enriched by PEG-8000 precipitation. Then, phage particles were
subjected to electron microscope photography. An icosahedral capsid with a long
noncontractile tail was observed, suggesting that xhp1 belongs to the Siphoviridae
family (Fig. 3A). The sizes for the capsid and the tail were estimated to be 30 � 1 nm
in diameter and 220 � 3 nm in length, respectively.

Prophage xhp1 forms tiny plaques on XH001 �xhp1. Prophage usually is very
stable, and the rate of spontaneous loss is very low, due to prophage-encoded special
stabilization machinery, such as toxin-antitoxin module (20). To facilitate the loss of
linear prophage, a heat technique was performed, as described in Materials and
Methods. The deletion frequency of xhp1 was quite low. Only one out of 1,000 colonies

TABLE 1 Primers used in this study

Gene/protein Primer Sequence

Bacterial 16S rRNA gene XH-F5 GCGGAGCATGCGGATTA
XH-R3 AACGTGCTGGCAACATAGGG

Integrase xhp1-intF TGCCTCATCCGATAGGTATGCGTCT
xhp1-intR TAGCGAGGGCACCTGGGTCAGT

Single-stranded DNA-binding protein xhp1-ssF GTGAGGCGACCCTGAACGATG
xhp1-ssR GACCCCGAGAACCTACGACCG

FIG 3 (A) Transmission electron microscopy (TEM) images of phage xhp1. (B) xhp1 forms tiny and blurry plaques
on XH001 Δxhp1 in the plaque assay, which are indicated by black arrows.
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tested was cured of xhp1, and this was named XH001 Δxhp1. 16S rRNA gene sequenc-
ing showed that XH001 Δxhp1 shared 100% identity with XH001, indicating it was
derived from XH001. Furthermore, no xhp1 genomic DNA can be isolated from XH001
Δxhp1 using the same isolation method.

We then tested whether xhp1 can reinfect XH001 Δxhp1. The result showed that
while no plaque formation was observed when xhp1 was added to XH001 cells, xhp1
resulted in the formation of tiny blurry plaques on XH001 Δxhp1 in the plaque assay
(Fig. 3B).

Prophage xhp1 increases biofilm formation. Biofilm is the essential lifestyle of
oral bacteria. Increasing lines of evidence suggest that prophages can affect the
progression of host cell biofilm formation through all stages (21, 22). Thus, we further
tested the impact of xhp1 on its host cell’s biofilm formation capability. Data showed
that the most drastic difference in biofilm formation was observed at 36 h after
incubation. XH001 carrying xhp1 formed better biofilm than XH001 cured of prophage,
as reflected by the significantly increased biomass measured by a crystal violet assay
(Fig. 4A and B).

The spontaneous induction of prophage often results in the lysis of a subpopulation
of bacterial host and the subsequent release of extracellular DNA (eDNA), which can
promote biofilm formation (23). To test if a similar mechanism could be involved in the
observed xhp1-dependent enhanced biofilm formation, we first measured the titer of
the released prophages when host cells were cultured in biofilm versus planktonic
form. The result showed that a phage titer of �107 PFU/ml was detected in the
supernatant of 36-h- and 48-h-old statically grown XH001 biofilms (Fig. 4C and D), while
no phage release can be detected in the supernatant of 36-h- or 48-h-old XH001 Δxhp1
biofilm. Our data suggested that xhp1 can be induced in mature biofilm.

Furthermore, while the addition of DNase (final concentration, 100 �g/ml) did not
affect the release of prophage by the biofilm cells, it significantly reduced the biomass
of XH001 biofilm to a level close to that of XH001 Δxhp1, whose biofilm formation was
not significantly affected by the addition of DNase (Fig. 4A and B).

FIG 4 Prophage xhp1 increases biofilm formation. (A and B) Biofilm formation of XH001 and XH001
Δxhp1 in the absence or presence of DNase for 36 h (A) and 48 h (B). Data are the averages of three
replicate wells in 96-well plates from three independent cultures. The titer of prophage xhp1 in the
supernatant was calculated after 36 h (C) and 48 h (D) of culturing. *, P � 0.05 as calculated by Student’s
t test; **, P � 0.01. ND, not determined.
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Our data strongly indicate that the biofilm formation process was promoted by the
spontaneous activation of xhp1, which could lead to the lysis of a subpopulation of
host cells. The released eDNA from lysed cells would then contribute to the observed
enhanced biofilm formation.

DISCUSSION

In this study, we reported the characterization of a new A. odontolyticus prophage,
xhp1, identified from a human oral isolate, XH001. Our data revealed the uncommon
extrachromosomal existence of xhp1 as a plasmid-like prophage based on following
evidence: first, XH001 whole-genome sequencing data suggested that xhp1 does not
integrate into the host genome; furthermore, the xhp1 genome can be extracted from
the bacterial cells without mitomycin C induction (Fig. 2A); last, the estimated copy
number of xhp1 is 5 (Fig. 2B), while most integrated prophage should have only one
copy per cell. We then demonstrated that xhp1 is a linear plasmid with 10-bp single-
stranded cohesive ends (CGTCAAGAGC) at the 3= of both ends, based on sequencing
data analysis (19). The endonuclease digestion analysis further confirmed that xhp1
possesses a linear genome both in phage particles and inside the host cell.

The linear plasmid-like prophage is quite unique, and currently, only a few examples
of such phages from bacteria are known. The best-studied linear plasmid-like prophage
is N15, the genome of which has 12-bp single-stranded cohesive ends. Mechanisms to
ensure the complete replication of linear DNA include protein priming, recombination,
covalently closed terminal hairpins, and special telomerase enzymes, which have been
reviewed previously (24). Thus, N15 employs telomerase to replicate its genome (20).

Intriguingly, compared to other known linear plasmid-like prophages, such as N15,
�KO2, pY54, �HAP-1, VHML, VP882, Vp58.5, and vB_VpaM_MAR (20), xhp1 did not
contain a protelomerase gene but rather carries an integrase-encoding gene. Further-
more, phylogenetic analysis (data not shown) revealed limited similarity between xhp1
and the other eight linear plasmid-like phages, suggesting that xhp1 might belong to
a unique group of phages.

Protein BLAST revealed that the predicted xhp1 integrase contains a C-terminal
catalytic domain from bacterial phages and conjugate transposons and has more than
90% similarity at the amino acid level to the integrase from Actinomyces sp. strain
ICM54, Xylanimonas cellulosilytica, Bifidobacterium sp. strain MSTE12, and Kytococcus
sedentarius. However, the integrase of xhp1 has no similarity to the telomerase of N15,
as was revealed by protein BLAST. Thus, we infer that xhp1 might use a different
approach to replicate its linear genome through terminal-protein-primed DNA synthe-
sis and subsequent endonucleolytic processing, which leads to a free terminal 3=-
overhang in the xhp1 linear genome (25). Bioinformatics also predicted a DNA primase
(XHP1_00001) in xhp1, suggesting that primase might synthesize an RNA primer during
replication, which leads to a 10-bp 3=-single-strand end in the xhp1 genome after the
degradation of leading RNA.

Moreover, the presence of integrase in the xhp1 genome implies that xhp1 might
possess two lysogenic lifestyles, where it exists in XH001 as a linear plasmid-like
element or integrates into the genomes of different A. odontolyticus strains or even
other Actinomyces species as an integrated prophage. For example, circular plasmid-like
lysogenic Staphylococcus aureus phages �s80b and �s84b can integrate into the
chromosome of S. aureus strain s64c but remain extrachromosomal in S. aureus strain
8325-4 (26, 27). Thus, further studies on the host range of xhp1 and its life cycles as well
as its lifestyle in other strains or species would shed more light on this intriguing new
phage.

For the lysogenic cycle control, we identified a repressor (xhp1_00053) in the xhp1
genome. It encodes a helix-turn-helix motif, which is conserved in all the phage-
encoded repressors. The repressor is routinely expressed during bacterial growth phase
to repress the expression of other phage genes (20, 28). This might be the reason that
xhp1 cannot form any plaque in XH001. Other prophages usually encode antirepressor
proteins for better regulation of their lysogenic cycle (29). However, no obvious
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antirepressor protein can be predicted from the xhp1 genome, which warrants further
investigation.

The frequency of spontaneous deletion of plasmid-like prophage is low, mainly due
to the stabilization machinery. For example, a toxin-antitoxin module (30) and the
partitioning system (31) in linear plasmid-like prophage N15 both contribute to the
prophage stabilization. In this study, the deletion rate of xhp1 is likely to be quite low.
Nevertheless, we managed to isolate a single xhp1-cured strain, XH001 Δxhp1, through
extensive screening of colonies recovered from heat-treated XH001 cells. Thus, XH001
Δxhp1 was used as a host strain to determine the titer of the prophage xhp1 (Fig. 3B).
Moreover, XH001 Δxhp1 proved to be an ideal control to study the impact of prophage
on host physiology (Fig. 4A and B).

In most habitats, including the human oral cavity, microbes reside within biofilms,
which comprise microbes embedded within an extracellular matrix that consists of
polysaccharides, proteins, DNA, and lipid (32). Biofilm is an essential lifestyle of oral
microbes, and it protects oral bacteria from saliva flow, daily oral hygiene, and the host
immune system, allowing them to persist within the oral cavity (32, 33). Our data clearly
showed that prophage xhp1 promotes XH001 biofilm assembly by spontaneous induc-
tion and release of eDNA, which could serve as a building material for better biofilm
formation (34). This is in agreement with previous reports showing that prophage
spontaneous activation promotes DNA release that enhances biofilm formation in a
variety of bacterial species, including Streptococcus pneumoniae (23), Pseudomonas
aeruginosa (35), and Shewanella oneidensis (36). However, the factors and mechanisms
involved in xhp1 induction under laboratory and natural conditions require further
investigation (37).

The oral cavity is one of the most densely microbe-populated habitats of the human
body, with 6 billion bacteria and potentially 30 times more phages (2). Due to their
intimate interaction with bacterial hosts, phages have been implicated in shaping the
ecology of oral bacterial communities. However, until recently, the study of oral
microbiota has been mainly bacterium oriented, while the role of phages in modulating
bacterial physiology, impacting bacterial host interaction with other oral residents,
and their ecological contribution are understudied (7, 10, 13). Our study provides
additional evidence demonstrating the role of prophage in contributing to the
persistence of the bacterial host in the oral cavity by enhancing biofilm formation
(Fig. 4A and B).

Interestingly, XH001 also serves as a host for TM7x, a recently isolated ultrasmall oral
bacterium that belongs to the Saccharibacteria phylum, whose relative abundance has
been positively correlated with oral mucosal infectious diseases, such as periodontitis.
Intriguingly, TM7x forms a unique epibiotic parasitic relationship with XH001 (15). Thus,
the interactions between XH001 and its two “parasites,” the epibiotic parasitic bacte-
rium TM7x and intracellular prophage xhp1, potentially have a significant impact on the
physiology and life cycle of all three partners, as well as on local ecology. A model
system containing host XH001, prophage xhp1, and the epibiotic parasitic bacterium
TM7x is currently being developed in our laboratory for studying the impact of
prophage on bacterial interspecies interactions and bacterial ecology.

MATERIALS AND METHODS
Bacterial strains and culture conditions. The bacterial strains and prophage used in this work are

listed in Table 2. A. odontolyticus subsp. actinosynbacter strain XH001 was isolated from the oral cavity

TABLE 2 Bacterial strains and phages used in this study

Strain or phage Description Source

XH001 Wild-type Actinomyces odontolyticus strain isolated from
human oral cavity

16

XH001 Δxhp1 Strain cured of prophage xhp1 This study
xhp1 Prophage induced from XH001 This study
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(15) and cultured in brain heart infusion (BHI) medium at 37°C under microaerophilic conditions (5% O2,
5% CO2, balanced with N2).

Induction of phage particles. An exponential-phase culture of XH001 (optical density at 600 nm
[OD600], 0.5) in BHI medium was treated for 3 h with mitomycin C (Sigma) at a final concentration of 1
�g/ml. Then, the culture was centrifuged at 9,000 rpm for 2 min, and the supernatant was collected to
pass through a 0.45-�m-pore-size membrane filter.

Phage particles in the supernatant were concentrated and purified by PEG-8000 precipitation, as
previously described (38).

Transmission electron microscopy images. Phage particles were deposited on carbon-coated
copper grids for 10 min, stained with phosphotungstic acid (PTA [pH 7.0]) for 5 s, and examined under
a Philips EM 300 electron microscope (39). The sizes for the icosahedral capsid and the tail were
estimated using AxioVision LE, based on five randomly selected images.

Bacteriophage genome sequence analysis. XH001 was sequenced (16), and the sequencing data
were assembled by SPAdes (18). The assembly result was manually checked and investigated using
Bandage (40). PHASTER was used to predict prophage from the XH001 genome (17). Only one intact
prophage, named xhp1, was predicted. After retrieving the phage genome, the phage termini were
identified by PhageTerm (19). The xhp1 genome was further annotated by Prokka (41). DNA and protein
sequences were scanned for homologs by BLAST.

Isolation of phage DNA from phage particles and bacterial cells. First, phage particles were
enriched by PEG-8000 precipitation after 3 h of mitomycin C induction. Phage DNA was isolated from the
phage particles, as described previously (42).

Extraction of prophage DNA from bacterial cells was performed using a plasmid extraction kit (D6943;
Omega Bio-Tek), as per the manufacturer’s instruction. Since XH001 is Gram positive, mechanical cell
breakage using bead-beating for 10 s was used to increase the cell lysis efficiency and DNA yield. The
DNA isolated from 1 ml of bacterial culture (OD600, 1.0) was about 36 ng/�l, with a final volume of 40 �l.
However, the bead-beating tends to break bacterial genomic DNA, which likely increased the host DNA
contamination when extracting prophage genome using a plasmid extraction kit (Fig. 2A).

Digestion of the xhp1 genome. To determine if the xhp1 genome is linear or circular, phage DNA
extracted from phage particles and bacterial cells was digested by XbaI or NheI/XbaI. The mixture was
incubated at 37°C for 60 min and visualized by 1% agarose gel electrophoresis, followed by ethidium
bromide staining.

Determination of the copy number of xhp1. The copy number of xhp1 in the host XH001 strain
was determined by qPCR, using total genomic DNA isolated from XH001 culture as the template. The
reactions were performed using iQ SYBR green supermix (Bio-Rad) and the CFX96 real-time PCR system
(Bio-Rad). Primers specific for xhp1 integrase, single-stranded DNA-binding protein, and the XH001 16S
rRNA gene were designed and used for qPCR (Table 1). The copy numbers were calculated as the mean
quantification cycle (Cq) values of the 16S rRNA gene, compared to the phage-specific genes, using the
formula 2ΔCq.

Isolation of XH001 �xhp1. To facilitate the loss of linear plasmid prophage, a heat technique was
performed. Specifically, a single colony of XH001 was picked and inoculated in 5 ml BHI broth. The BHI
tube was incubated at 42°C for 24 h to allow bacterial growth. Then, culture was diluted and spread on
BHI agar plates. Plates were incubated at 37°C until individual colonies appeared. One thousand colonies
were picked and cultured in BHI medium in 96-well plates. The plates were incubated at 37°C until the
cultures become turbid. One microliter of the bacterial culture was used as the template and screened
for the loss of xhp1, as indicated by a lack of the predicted PCR product using xhp1-specific primers
(xhp1-intF and xhp1-intR; Table 1). The frozen stock of XH001 Δxhp1, which was cured of xhp1, was made
and stored at �80°C.

Biofilm assay. Biofilms were examined by crystal violet staining, as previously described (21).
Log-phase bacterial culture was diluted 1:100 in BHI medium. Next, 0.2-ml aliquots were added to 96-well
polystyrene microplates and incubated for 36 h or 48 h at 37°C under microaerophilic conditions. Plates
were washed with phosphate-buffered saline (PBS), and the biofilm biomass was stained with crystal
violet for 15 min. For quantitation, crystal violet was solubilized in 0.2 ml of 95% ethanol, and the optical
density at 600 nm (OD600) was determined using a SpectraMax M3 multimode microplate reader.
Samples were examined in triplicate, and BHI medium alone was used as the negative control. The OD600

values of the BHI control were subtracted from the average OD600 of each strain.
In the DNase control group, DNase I (Roche) was used at a final concentration of 100 �g/ml in BHI

medium when inoculating the cells.
Measuring prophage titers. XH001 Δxhp1 was used as the host strain to measure the titer of

prophage xhp1. The supernatant containing xhp1 was diluted in 10-fold increments to 10�6. Then, 0.1-ml
aliquots of each diluted xhp1 supernatant were mixed with 0.1 ml XH001 Δxhp1. Each resultant mixture
was added to 3 ml of 0.7% BHI soft agar and plated on 1.5% BHI agar plates. The PFU were calculated
after 24 h of incubation at 37°C under microaerophilic conditions. Note that the measurement of
prophage xhp1 titers might not be accurate, because the efficiency of plating (EOP) for xhp1 on XH001
Δxhp1 is unknown.

Statistical analyses. Student’s t test was used to compare two-group data. A P value of �0.05 was
considered statistically significant.

Accession number(s). The GenBank accession numbers of Actinomyces odontolyticus subsp. actino-
synbacter strain XH001 and prophage xhp1 are LLVT00000000 and MG941013, respectively.
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