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ABSTRACT Bacteriophages (phages) are an integral part of the human oral microbiome.
Their roles in modulating bacterial physiology and shaping microbial communities have been
discussed but remain understudied due to limited isolation and characterization of oral
phage. Here, we report the isolation of LC001, a lytic phage targeting human oral Schaalia
odontolytica (formerly known as Actinomyces odontolyticus) strain XH001. We showed that
LCO01 attached to and infected surface-grown, but not planktonic, XH001 cells, and it dis-
played remarkable host specificity at the strain level. Whole-genome sequencing of spontane-
ous LCO0T-resistant, surface-grown XHOO1 mutants revealed that the majority of the mutants
carry nonsense or frameshift mutations in XH001 gene APY09_ 05145 (renamed ltg-1), which
encodes a putative lytic transglycosylase (LT). The mutants are defective in LCO01 binding, as
revealed by direct visualization of the significantly reduced attachment of phage particles to
the XHOO1 spontaneous mutants compared that to the wild type. Meanwhile, targeted dele-
tion of Itg-1 produced a mutant that is defective in LCO01 binding and resistant to LCO01
infection even as surface-grown cells, while complementation of /tg-1 in the mutant back-
ground restored the LCO01-sensitive phenotype. Intriguingly, similar expression levels of ltg-1
were observed in surface-grown and planktonic XH001, which displayed LC001-binding and
nonbinding phenotypes, respectively. Furthermore, the overexpression of ftg-1 failed to confer
an LC001-binding and -sensitive phenotype to planktonic XHOO1. Thus, our data suggested
that rather than directly serving as a phage receptor, ltg-1-encoded LT may increase the
accessibility of phage receptor, possibly via its enzymatic activity, by cleaving the peptidogly-
can structure for better receptor exposure during peptidoglycan remodeling, a function that
can be exploited by LC001 to facilitate infection.

IMPORTANCE The evidence for the presence of a diverse and abundant phage pop-
ulation in the host-associated oral microbiome came largely from metagenomic anal-
ysis or the observation of virus-like particles within saliva/plaque samples, while the
isolation of oral phage and investigation of their interaction with bacterial hosts are Copyright © 2022 American Society for
limited. Here, we report the isolation of LC001, the first lytic phage targeting oral Microbiology. All Rights Reserved.
Schaalia odontolytica. Our study suggested that LCO01T may exploit the host bacte- Address correspondence to Xuesong He,
rium-encoded lytic transglycosylase function to gain access to the receptor, thus xhe@forsyth.org.

facilitating its infection.
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Phage Exploits Host-Encoded Function for Infection

acteriophages (phages) are an integral component of most, if not all, microbial

communities (1). They are viruses that attack bacteria and can alter competition
among bacterial strains. Environmental microbial community-based studies strongly
indicate that the bacterium-phage interaction is an important driver of ecological and
evolutionary processes which helps maintain phenotypic and genetic diversity within
microbial communities by shaping microbial structure and ecology (2, 3). Most of the
studies on host microbiome-associated phages have been done with the gut microbial
community. While diverse phage elements have been identified within the gut micro-
bial community (4-6), a detailed understanding of the dynamics of phage populations,
their interaction with the human microbiome, and ultimately their impact on human
health still remain largely elusive.

In the oral microbiome, bacteria have been an intensive research focus since the birth
of microbiology (7), with over 70% of the bacteria (close to 800 species) now successfully
isolated and characterized (8). In contrast, phages remain one of the poorly understood
elements due to the challenges in their identification, isolation, and characterization (9).
Since the isolation of the first Lactobacillus casei phage from the oral cavity in 1958 (10),
only a limited number of phages targeting Actinobacillus actinomycetemcomitans (11),
Enterococcus faecalis (12), Veillonella spp. (13), Streptococcus spp. (14), Fusobacterium spp.
(15), Treponema spp. (16), and Actinomyces spp. (17) have been characterized. Their poten-
tial application in targeting oral pathogens and achieving biocontrol of oral biofilm has
been discussed and explored (18). Recent culture-independent, sequencing-based analyses
have uncovered a vast diversity of phages and greatly expanded the landscape of phage
components within the oral microbiome (19-22). Similar to bacteria, the oral phage com-
munities present in different individuals are personal and resilient (19) and show strong
biogeography within the oral microbiome (23). Meanwhile, the composition of these oral
phage communities shifts during disease along with the oral microbiome composition,
and this phage dysbiosis may potentially promote oral diseases (19). However, the ecologi-
cal and physiological role of phages in the oral microbiome and their impact on host-
microbe interactions remain obscure due to the limited number of phages that have been
experimentally characterized, as well as a lack of available model systems (23).

Schaalia odontolytica, formerly known as Actinomyces odontolyticus, is a major com-
mensal bacterial species residing in the human oral cavity. Schaalia odontolytica subsp.
actinosynbacter strain XH001 (herein referred to as XH001) was isolated from a human
saliva sample (24) and can serve as a host for the nanosized obligate bacterial epibiont
“Candidatus Nanosynbacter lyticus” strain TM7x (24-26), an oral saccharibacterial strain
that belongs to a recently described bacterial superphylum, Candidate Phyla Radiation
(27). In this study, we report the isolation and characterization of a lytic phage (named
LC001) that targets XHOO1. Our data suggest that phage LC00T may exploit an XHO01-
encoded lytic transglycosylase function to get access to the receptor, thus facilitating
its binding and infection.

RESULTS

Isolation and characterization of LC001, an oral lytic phage of Schaalia odonto-
lytica subsp. actinosynbacter strain XH001. LCO01 induced a lysis zone on a lawn of
XHO001 cells in the plaque assay (Fig. 1A). Interestingly, during the phage adsorption
assay, while LC001 effectively bound to surface-grown (on agar surface) XH001 cells, it
failed to adsorb to planktonic cells (see Fig. S1 in the supplemental material). Thus,
unless specified, surface-grown XH0O01 and its derivatives were used when investigat-
ing phage adsorption-related phenotypes. Cryo-electron tomography (cryo-ET) com-
bined with cryo-focused ion beam (cryo-FIB) milling showed that LC001 attaches to
the cell wall of surface-grown XH001 (Fig. 1B). To obtain structural details of LC001, we
froze pure LCO01 phage particles, collected tomograms, and carried out subtomogram
averaging. The result showed that LCO01 has an icosahedral capsid with a long tail,
suggesting that it belongs to the Siphoviridae family. The sizes for the capsid and the
tail were estimated to be 67 nm in diameter and 140 nm in length, respectively (Fig.
1Cto E).
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FIG 1 Lytic phage LCO01. (A) Plaque assay of LCO01 infecting Schaalia odontolytica strain XHOO. (B) Cryo-EM image of LCO01 attached
to XHO001. A section of the tomogram was recorded from the lamella of LCO01-infected XHO001. (C) Central slice of the subtomogram
average of LCO01. (D) Cross-sections (at positions i and ii labeled in panel C) showing the top views of the LC001 capsid. (E) 3D

surface view of the subtomogram average of LC001.

A panel of two additional Schaalia odontolytica strains, F0309 and ATCC 17982, and
five Actinomyces spp. that are phylogenetically closely related to XH001 (27) were
tested against LCO01 to investigate its host range. Interestingly, LCO01 induces lysis
only in XHOO1, not in any of the other tested strains, suggesting a remarkable host
specificity at the strain level (Fig. S2).

Genomic analysis of LC001. The LC001 genome is comprised of 26,219 bp, with a
GC content of 65.76%, similar to its host, XH001, which has an overall G+C content of
65.9%. It has a total of 43 putative open reading frames (ORFs), 25 of which were func-
tionally annotated by protein BLAST (Fig. 2) (Table S3). The remaining 18 ORFs share lit-
tle similarity to sequences available in databases at either the nucleotide or amino acid
level. The annotated proteins can be classified into the following groups: structural
proteins (capsid and tail proteins), packaging proteins (large terminase and a phage
portal protein), DNA replication and modification proteins (replication protein O and a sin-
gle-stranded DNA binding protein), and host cell lysis proteins (CHAP domain-containing
protein) (Table S3).

Spontaneous LC001-resistant mutants carry a nonsense or frameshift mutation
in the XHO01 APY09 05145 gene. Spontaneous LCO01-resistant mutants of XHO01 were
selected by plating the XH001 wild type (WT) and LCOOT mixture on agar medium and
screening for viable colonies as described in Materials and Methods. A total of 20 colonies
were picked. Eighteen of them showed normal growth, while the other two displayed
growth defects. Ten mutants with normal growth were then chosen for further analysis.

Comparative genomic analysis revealed that all 10 LC001-resistant mutants with normal
growth were mutated in one specific XH001 gene, APY09_05145. Among these mutants,
eight carried nonsense mutations at various locations within the gene that would result in
a truncated protein due to the introduced stop codon, while two mutants displayed a 1-
bp deletion at nucleotide (nt) positions 289 and 435 within the APY09_05145 gene, respec-
tively, leading to a frameshift mutation (Table S4).

XHO001 APY09_05145 encodes a putative lytic transglycosylase. A BLAST search
suggested that APY09_05145 encodes a putative lytic transglycosylase (LT). The LTs are
bacterial enzymes that catalyze the nonhydrolytic cleavage of the peptidoglycan (PG)
structure of the bacterial cell wall (28). Thus, APY09_05145 was renamed ltg-1, and its
encoded protein was renamed Ltg-1. Figure 3A depicts the domain organization of
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FIG 2 Schematic representation of the organization of LCO01. ORFs that are classified in the same functional

categories are shown in the same color. ORFs in gray encode hypothetical proteins.

Ltg-1 predicted using InterProScan (29). Ltg-1 exhibits high structural complexity, as it
contains 7 predicted domains: one cytoplasmic domain at the N terminus, a helix trans-
membrane (TM) domain, followed by three DUF348 domains (domains of unknown
function), one G5 domain, and the transglycosylase catalytic domain at the C terminus
(Fig. 3A). The arrangement of the predicted domains of Ltg-1 is highly similar to that of
RpfB (30), a mycobacterium-encoded lytic transglycosylase, also referred to as resusci-
tation-promoting factor (Fig. S3) (31). Based on the presence of a predicted helix TM
domain, Ltg-1 is likely a member of the membrane-bound family 3 of LTs (32).

We then focused on the predicted catalytic function of Ltg-1 and aligned the pre-
dicted transglycosylase domain with the one present in Escherichia coli SItY. SItY is a
family 3 type LT, and its crystal structure has been determined (33-36). The active-site
amino acid is glutamate at position 478; changing this residue to glutamine abolishes
enzyme activity. The alignment showed that while the overall sequence similarity
between SItY and XHOO01 LT is relatively low, the catalytic glutamate and the amino
acids important in forming the active site are well conserved (Fig. 3B). Genome-wide
searches of XH001 revealed the presence of at least two additional genes encoding pu-
tative LT. One is APY09_05140, which encodes a protein that also shares domain-level
similarity to Mycobacterium tuberculosis RpfB and is predicted to be a member of family
1 type LTs, and the other is APY09_08845 (Fig. S3).

Spontaneous LC001-resistant mutants are defective in phage binding. To inves-
tigate whether the LCO01-resistant phenotype is due to an impairment of the mutant’s
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FIG 3 Analysis of /tg-T-encoded protein. (A) Predicted domain organization of Ltg-1 using InterProScan. (B) Alignment of residues 390 to 479
of XH001 Ltg-1 with residues 492 to 599 of E. coli lytic transglycosylase SItY. Identical residues are shaded, conserved motifs important for
the architecture of the active site are boxed, and the catalytic glutamate of SItY and its counterpart in Ltg-1 are in bold. Asterisks indicate
hydrophobic residues of SltY that surround the catalytic glutamate.

ability in phage binding, one of the spontaneous mutants, named XH001 LR-01, which
has a nonsense mutation in APY09_05145, was chosen for further analysis. XHO01 LR-
01 carries a C-to-A transversion mutation at nucleotide position 125/1440 in the
APY09_05145 gene, which caused a nonsense mutation by introducing a stop codon
(TAG) to replace a serine-encoding TCG, and the mutant displayed growth dynamics
and cell morphology similar to that of the wild type (Fig. S4).

SYBR green-tagged LCO0T was mixed with Laurdan-labeled XHO01 LR-01, and the
binding between phage and bacteria was directly visualized microscopically. The data
showed significant colocalization of SYBR green and Laurdan signal when phage par-
ticles were mixed with XHOO1 wild type, indicative of direct physical binding between
phage and bacteria. In contrast, there was a significant decrease in the colocalization
of the two signals when SYBR green-tagged LC001 was mixed with Laurdan-labeled
XHO001 LR-01, suggesting reduced binding between LC001 and XHO001 LR-01 (Fig. 4A
and B). This is consistent with the plaque assay data showing that LC001 failed to
induce cell lysis in XHOO1 LR-01, as reflected by the absence of plaque formation on
the agar plates (Fig. 4C).

Targeted /tg-1 deletion in XHO0O1 leads to a defect in phage binding and an
LC001-resistant phenotype. To confirm that the /tg-T-encoded function is required for
successful LCO01 adsorption and infection, we generated an /tg-1 deletion mutation in the
XHO001 wild-type background (named XHO001 Altg-T) via targeted allelic replacement as
described in Materials and Methods and depicted in Fig. S5. As expected, surface-grown
XHO001 Altg-1 displayed significantly reduced phage binding and is resistant to LC001 infec-
tion, phenotypes similar to the ones observed for the spontaneously LCO01-resistant mu-
tant XHOO1 LR-01 (Fig. 4A to C).

Complementation of XH001 LR-01 with an /tg-7-expressing plasmid restores an
LC001-sensitive phenotype. To further confirm that the /tg-7-encoded function is
indeed critical for LC001 infection, we performed a complementation experiment by
introducing pCLJ100 (Fig. 5A), a pJRD215 derivative expressing XH0O1 /tg-1, into the
LC001-sensitive mutant XHOO1 LR-01. The successful transformation was confirmed by
diagnostic PCR (Fig. 5B). A phage sensitivity assay clearly showed that XH001 LR-01
reverted to the LCO01-sensitive phenotype when carrying the /tg-1-expressing plasmid
pCLJ100 (Fig. 5C).

Itg-1 expression levels are similar in surface- and planktonically grown XH001
cells. Ltg-1 is predicted to be a membrane-bound family 3 LT, and data so far seem-
ingly suggest that it could serve as a receptor for direct LCO01 binding. However,
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FIG 4 Visualization of attachment of SYBR green-labeled phage to XH001 WT and different mutants. (A) Microscopic observation of binding between SYBR
green-tagged LCO01 and Laurdan-labeled XHO001. (B) Quantification of LCO01 binding to XH001 WT and mutants by Fiji particle analysis. (C) Plaque assay of
LCO001 infecting Schaalia odontolytica strain XHO01 WT and different mutants.

among the limited number of identified receptors for Gram-positive bacterium-target-
ing phages, the majority are associated with either PG or teichoic acid structure but
are not proteinaceous in nature (37). Furthermore, it has been reported that an
Escherichia coli-encoded LT is required for effective phage infection during its station-
ary-phase growth, likely through its enzymatic function that helps phage to overcome
a thickened PG barrier during stationary phase and facilitate infection (38). Since
XHO001 cells displayed a drastic difference in phage binding when they were grown
planktonically and when they were surface grown (Fig. S1), we reasoned that if Ltg-1
indeed serves as a receptor for LCO01 binding, a differential expression in ltg-7 might
be observed under these two conditions. However, the quantitative real-time reverse
transcription PCR (gRT-PCR) data revealed similar /tg-1 gene expression levels when
cells were in two different growth modes (Fig. 6A). Furthermore, we showed that the
introduction of pCLJ100, an /tg-T-expressing plasmid that can restore the phage-bind-
ing and LCO01-sensitive phenotype in XHO01 LR-01 (Fig. 4A and B), did not enhance
planktonic XHO01 cells’ LCO01 adsorption (Fig. 6B). These data argue against the possi-
bility that Ltg-1 directly serves as a receptor for LC001.

DISCUSSION

In this study, we report the isolation and characterization of an oral lytic phage,
LC001, targeting the commensal bacterial isolate S. odontolytica strain XH001 (Fig. 1).
The genetic and phenotypic analyses demonstrated that the XH001-encoded lytic
transglycosylase (LT) function is likely to be exploited by LC001 to facilitate its binding
and infection (38).

Genomic sequencing identified the XH001 gene encoding lytic transglycosylase, named
Itg-1, as critical for LCO01 binding and the LC001-sensitive phenotype when cells were
growing on the agar surface. Mutation in /tg-1 led to defects in phage binding and the
LCO01-resistant phenotype (Fig. 4), while complementation of ltg-1 restored the mutant’s
sensitivity to phage (Fig. 5). While these data seem to suggest that Ltg-1 could potentially
serve as an LCO01 receptor, a few lines of evidence argue against it. First, few phage recep-
tors have been identified and characterized thus far for Gram-positive bacteria due to the
complexity of cell walls containing different moieties that can contribute to phage
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FIG 5 ltg-1 gene complementation. (A) Schematic map showing generation of [tg-T-expressing pCLJ100. (B)
Conformation of the XH001 LR-01 transformant carrying pCLJ100 plasmid. (C) Spot-test lysis assay. Arrow indicates
the lysis zone. mcs, multiple-cloning sites.

adsorption. Among the limited number of identified receptors for Gram-positive bacteria,
the majority are associated with either PG or teichoic acid structure but are not proteina-
ceous in nature (37). Second, XHOO1 cells grown planktonically and those grown on the
agar surface showed a drastic difference in phage binding. Dissimilar binding of phage
onto bacterial surfaces often results from differential expression of bacterially encoded
phage receptors (39). Our RT-qPCR data, however, did not reveal any significant change in
Itg-1 expression between planktonically and surface-grown XH001 cells (Fig. 6A). Lastly,
overexpression of the /tg-T gene did not enhance LC001 binding to planktonic XHOO1 cells
(Fig. 6B). Thus, while a definitive conclusion may not be drawn, our findings argue against
Ltg-1 serving directly as a receptor for LCO01.

During phage infection, the irreversible binding and ejection of phage genetic ma-

1.5
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FIG 6 /tg-1 expression and phage adsorption. (A) RT-gPCR analysis determining the relative expression
level of ltg-1 in planktonic versus surface-grown (on agar surface) XH001 WT. (B) LCO01 adsorption assay
comparing the phage adsorption rates between planktonically grown cells of XH001 WT and XH001-CLJ100
that overexpresses the Igt-T gene. n.s,, not statistically significant.
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terial must be preceded by the successful passage of diverse carbohydrate barriers of
the host, including the thick PG layers in Gram-positive bacteria, such as S. odontoly-
tica. Many phages targeting Gram-positive bacteria encode virion-associated lysins
(VALs), including glycosidases (such as lysozyme and lytic transglycosylase), amidase,
and/or endopeptidase (40). These VALs may help create holes locally in the PG layers
to better expose receptors for irreversible binding and to facilitate the ejection of
genetic material into the host’s cytoplasm (40).

The whole-genome sequencing revealed the presence of two putative endopepti-
dase-encoding genes in LCO01, but no glycosidase (lysozyme or LT) gene homolog can
be identified (Fig. 2; see Table S3 in the supplemental material). Intriguingly, for
LCO01’s host bacterium XH001, spontaneous nonsense mutation or frameshift muta-
tions in Itg-1, as well as targeted deletion of /tg-1, led to a significantly reduced LC001
binding and LC001 resistance phenotype. ltg-T7 encoded a putative LT enzyme. In bac-
teria, LTs are regarded as “space-making” autolysins. They catalyze the nonhydrolytic
cleavage of the PG structure of the bacterial cell wall and are responsible for creating
space within the PG layers for its biosynthesis and recycling, insertion of cell envelope-
spanning structures, and cell division. Based on sequence similarity and identified con-
sensus motif, LTs can be classified into four distinct families (32). Bacteria often encode
multiple LTs of various families with their substrate preference but also display a cer-
tain level of functional redundancy (28). Similarly, at least two more putative LT-encod-
ing genes, APY09_05140 and APY09_08845, were identified, which could explain why
Itg-1 gene mutants exhibited no significant growth defect in the host (Fig. S3). This
suggests that compared to other XH0O1-encoded LTs, Ltg-1 may be more effective in
exposing the LCO01 receptor as a result of its substrate preference.

The predicted arrangement of the DUF348, G5, and transglycosylase catalytic domains
in Ltg-1 (Fig. 3) is highly similar to that in RpfB (30), which is a mycobacterium-encoded
lytic transglycosylase, also referred to as resuscitation-promoting factor, that enhances cell
growth when added to dormant cultures (31). The bioinformatics analysis also indicated
that ltg-1 encodes a putative membrane-bound family 3 LT enzyme and could be involved
in PG recycling and remodeling by catalyzing nonhydrolytic cleavage of the PG structures
of the bacterial cell wall (32). Since LC001 itself seemingly lacks LT function, the dynamic
remodeling of the PG layer via a bacterial host-encoded LT function could temporarily
open the PG layers, expose the receptor(s), and allow the phage to achieve irreversible
binding, thus facilitating injection of its genetic material.

In a previous study, a phage T7 gpT6-encoded LT was shown to be important for effec-
tive phage infection against E. coli. The absence of gp16 led to significantly delayed internal-
ization of the phage genome (38). Intriguingly, the overexpression of SltY, an E. coli-encoded
LT, partially rescued the defect in infection of gp16-defective T7. Furthermore, an sitY dele-
tion in E. coli significantly increases the latent period of wild-type phage T7 (38). Our data
are consistent with this finding, suggesting that phages may exploit host-encoded LT enzy-
matic function to facilitate their infection.

It is worthwhile to point out that while the majority of LCO01-resistant mutants dis-
play normal growth and carry a mutation in the XHO001 /tg-1 gene, there were few re-
sistant colonies (2 out of 20) showing growth defects. Whole-genome sequencing of
these two mutants failed to locate the gene that could be responsible for the LC001-
resistant phenotype, due to the large number of polymorphisms detected in many
genes. Thus, it remains to be determined if these mutants may carry mutations in the
gene that encodes receptor for LCO01 while also serving a critical cell wall function
whose mutation will lead to a growth defect.

XHO001 grown on an agar surface, which is more analogous to a biofilm, was significantly
more susceptible to LCO01 binding and infection than XHO01 grown on planktonic cells,
likely due to differential expression of the phage receptor, whose identity remains to be
determined. A recent study by Lourenco et al. showed that within the host-associated micro-
biome, the regulation of bacterial gene expression, such as the expression of phage recep-
tors, may impact the coexistence of phages and their host bacteria (39). The differential
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LC001 susceptibility displayed by XH001 under different growth modes, such as planktonic
versus biofilm, may promote the long-term coexistence of the two antagonistic interacting
partners within the oral cavity, an intriguing question that warrants further investigation.
Due to their inability to carry out biological processes necessary for reproduction, phages
have evolved to hijack host machinery and reconfigure host metabolism to optimize phage
propagation once their genetic materials are successfully transferred into the host cell (41).
Our study presents data showing that some phages have evolved to exploit host-encoded
functions to achieve better binding, a significant step ensuring successful infection.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains and plasmids used in this study and
their characteristics are listed in Table S1 in the supplemental material. Schaalia odontolytica subsp. acti-
nosynbacter strain XH001, which was isolated from the human oral cavity (26), and its derivatives were
cultured in brain heart infusion (BHI) broth (BD Bacto, Sparks, MD) or 1.5% agar (Fisher Bioreagents,
Pittsburgh, PA) at 37°C under microaerophilic conditions (2% O,, 5% CO,, 93% N,). Kanamycin (Kan)
(250 wg/mL; Fisher Bioreagents, Pittsburgh, PA) was added to the growth medium for antibiotic selec-
tion when appropriate.

Isolation of lytic phage infecting XHO001. Saliva sample collection was performed as previously
described (42) under Forsyth Institutional Review Board protocol number 21-02. Each sample was vor-
texed vigorously for 60 s and centrifuged at 7,800 x g for 10 min. The supernatant was passed through
a 0.45-um-pore-size filter, and 5 uL of each filtrate was spotted onto a BHI agar plate with top-agar over-
lays containing XH0O1. Plates were incubated under the microaerophilic condition at 37°C and examined
after 24 h for lysis zones. The phage within the lysis zone was purified as previously reported (17) and
named LCOO1.

Purification and concentration of LC001 phage particles. LC001 phage particles were propagated
by using the double agar overlay plate method as described previously (17). In brief, phage particles in
top agar were eluted in Ringer’s solution (0.12 g/L calcium chloride, 0.105 g/L potassium chloride, 0.05
g/L sodium bicarbonate, 2.25 g/L sodium chloride, pH 7.4) overnight at 4°C. Phage lysate was collected
and filtered through a 0.22-um-pore-size filter. Phage suspension was treated with chloroform (final con-
centration, 20%), and then the upper phage-containing suspension was carefully collected after centrifu-
gation at 6,000 x g at 4°C for 10 min. Then, phage particles were treated with polyethylene glycol 8000
(final concentration, 20%) and NaCl (final concentration, 0.5 M) prior to incubation on ice for 30 min.
Phage particles were then precipitated by ultracentrifugation at 120,000 x g in a Beckman Coulter type
45 Ti rotor at 4°C for 1 h, and the pellet was resuspended in Ringer’s solution. The titer of LCO01 was
determined using the standard double agar overlay method (43). Briefly, XH001 was used as the host
strain to measure the titer of LCO01. The supernatant containing LCO01 was diluted in 10-fold incre-
ments to 1078, Then, 0.1-mL aliquots of each diluted LCO01 supernatant were mixed with 0.1 mL XH0O1.
Each resultant mixture was added to 5 mL of 0.75% BHI soft agar and plated on 1.5% BHI agar plates.
The number of PFU was calculated after 24 h of incubation at 37°C under microaerophilic conditions.
The phage lysate was stored at 4°C until further use.

Extraction and sequencing of phage DNA. LC001 genomic DNA was extracted from concentrated
phage particles by using the phenol and chloroform method (43) and cleaned up with the Wizard DNA
clean-up system (Promega, Madison, WI). The DNA pellet was dissolved in TE buffer (10 mM Tris-HCl, 1 mM
disodium EDTA, pH 8.0) and stored at —20°C until further use. The DNA was sequenced using the MiSeq
lllumina platform (44), and sequences were further annotated by Prokka (45). DNA and protein sequences
were scanned for homologs by BLAST.

Host range of LC001. The host range of LCO01 was examined by the spot-test lysis method as
described previously (17) for its ability to lyse a panel of phylogenetically closely related Actinomyces spp.,
including Actinomyces meyeri W712, Actinomyces graevenitzii F0530, Actinomyces georgiae FO490, Actinomyces
massiliensis F0489, and Actinomyces naeslundii, and two additional Schaalia odontolytica strains, ATCC 17982
and F0309 (27). All the tested strains were cultured in BHI medium.

Adsorption assay. To perform the phage adsorption assay, bacterial cells growing in liquid or on an
agar plate surface were harvested and resuspended in BHI broth. The optical density at 600 nm (OD,)
of the host suspension was adjusted to 1, and 1 mL of host cell suspension was mixed with 100 uL of
LC001 phage (approximately 10* phage particles), followed by incubation at 37°C for 10 min under shak-
ing. The mixture was then filtered through a 0.22-um filter, and the number of phages in the filtrate was
determined by the plaque assay. The adsorption rate of the phage was calculated by the equation [(titer
of added phages — residual titer in filtrate)/(titer of added phages)] x 100%.

Cryo-ET. (i) Preparation of cryo-ET samples. Agar surface-grown XH001 cells were collected and
resuspended in phosphate-buffered saline (PBS) (~10° cells/mL). One hundred microliters of XHO01 cell
suspension was mixed with an equal volume of LC001 solution with a titer of 10'> PFU/mL, mixed well,
and used for subsequent cryo-electron tomography (cryo-ET) sample preparation.

Cryo-ET samples were prepared using copper grids with holey carbon support film (200 mesh, R2/1;
Quantifoil). The grids were glow discharged for ~30 s before 5 uL of cell solution was deposited onto
them. Then, the grids were blotted with Whatman filter paper from the back side for about 8 s and rap-
idly plunge-frozen in liquid ethane cooled with liquid nitrogen by using a homemade gravity-driven
plunger apparatus (46, 47).
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(ii) Cryo-FIB milling. The cryo-focused ion beam (cryo-FIB) milling was performed as previously
described (48). Briefly, the plunge-frozen grids were clipped into cryo-FIB autogrids and mounted into
the specimen shuttle under liquid nitrogen. Samples were milled to thin lamellae using an Aquilos cryo-
FIB system (Thermo Fisher Scientific, Waltham, MA). Samples were sputter coated with platinum to
improve the overall sample conductivity, deposited with an organometallic platinum layer (4- to 5-um
thick) using a gas injection system for sample protection, and milled using the gallium ion beam at
30 kV with a stage tilt angle of around 17°. The ion beam current was reduced according to the lamella
thickness during the milling process to prevent beam damage and finally polished with a 30-pA ion
beam current until a thickness of ~200 nm was reached. Afterward, a thin platinum layer was sputter
coated on the lamella to prevent possible charging issues during the cryo-ET imaging. Then, the grids
were saved in liquid nitrogen until used for cryo-ET data collection.

(iii) Cryo-ET data acquisition and tomogram reconstruction. The cryo-FIB lamellae were transferred
to a 300-kV Titan Krios electron microscope (Thermo Fisher Scientific, Waltham, MA) equipped with a direct
electron detector, Volta phase plate (VPP), and energy filter (Gatan). SerialEM (49) was used to collect single-
axis tilt series around 0-um defocus with VPP, with a cumulative dose of ~90 e~/A covering tilt angles from
—51°to 51° (3° tilt step). Images were acquired with an effective pixel size of 3.384 A at the specimen level.
All recorded images were first drift corrected by the software MotionCor2 (50) and then stacked by the soft-
ware package IMOD (51). The tilt series was aligned by IMOD with the patching tracking method, followed
by reconstruction of the tomograms in IMOD using the aligned stacks.

(iv) Subtomogram averaging and three-dimensional visualization of LC001. Four tomograms
were collected from pure LCO01 samples. LCOO1 particles were manually picked from the 6x binned
tomograms (as described in reference 52). The subtomograms of LCO01 were first extracted from the
biné tomograms, and then the i3 software package (53, 54) was used for three-dimensional (3D) align-
ment and classification to get refined particle positions and to remove junk particles. Afterward, the sub-
tomograms were extracted from unbinned tomograms with the refined positions and further binned by
2 or 4 based on the requirement for alignment and classification. In total, 436 subtomograms of LC001
were selected from the tomographic reconstructions and used for subtomogram analysis. UCSF
ChimeraX (55) was used for surface rendering of LC001 subtomogram average structure.

Isolation and whole-genome sequencing of spontaneous LC001-resistant XHO01 mutants. Wild-type
XHO0O01 cells were harvested at the exponential growth phase and resuspended in PBS to a final concen-
tration of 10° cells/mL. The XH001 suspension was mixed with LC001 at an MOI of approximately 1:100.
The mixture was plated on BHI agar plates and incubated at 37°C for 7 days under microaerobic condi-
tions. Putative LCO01-resistant mutants grown as colonies on the plates were picked and streak purified.
Their LCO01-resistant phenotype was confirmed by the spot-test lysis method (17). Once confirmed,
stocks of the mutants were prepared and stored at —80°C in 20% glycerol for later use.

Genomic DNA of the spontaneous LC001-resistant mutants was isolated and subjected to full genome
sequencing. A genomic comparative analysis of XH001 and its phage-resistant mutants was performed by
Breseq (56). The Schaalia odontolytica strain XH001 genome (GenBank accession no. LLVT00000000.1; BioProject
accession no. PRINA298751) was used as a reference.

Generation of an [tg-1 deletion mutant in XH001 via allelic replacement. The chromosomal gene dele-
tion mutant of /tg-1 was generated by following previously described protocols (25, 57) via fusion PCR (58).
The respective 1-kb up/downstream homology gene fragments of the ltg-1 gene (primers 1/2 and 5/6), as
well as the kanamycin gene resistance cassette (primers 3/4) from pJDR215 (59) were PCR amplified and
fused using the corresponding primers listed in Table S2. The resulting linear fragment generated was puri-
fied and concentrated via gel extraction with the QIAquick gel extraction kit (Qiagen, Hilden Germany), fol-
lowed by the DNA Clean & Concentrator kit (Zymo Research DNA Clean & Concentrator catalog no. D4013),
in accordance with the manufacturers’ instructions. The Phusion hi-fidelity PCR master mix with GC buffer
was used for PCR amplification of the resulting /tg-1 gene deletion construct (primers 1/6), in accordance
with the manufacturer’s protocol, to generate sufficient product prior to transformation (25) and allelic
replacement of ltg-1 in XHOO1. Putative XHOOTALT mutants were evaluated for allelic replacement of the Itg-
1 gene with the kanamycin cassette (primers 7/8) in comparison to the WT (primers 9/10) sequence via DNA
sequencing. The sequence-confirmed mutants were further screened for ablation of mRNA expression in the
XHO001 Altg-1 background as previously described (57).

Visualization and quantification of attachment of LC001 to XH001. Differences in phage adsorp-
tion to XHOO1 wild type and its mutant derivatives were visualized using previously described SYBR green
labeling with minor modification (60). Briefly, isolated LC001 phage particles (phage titer, 10'" PFU/mL) were
mixed 1,000:1 (vol/vol) with a 10-fold-diluted SYBR gold stock solution ((Invitrogen, Waltham, MA) and incu-
bated overnight in the dark at 4°C). XH001 and its derivatives were grown overnight on BHI agar plates,
scraped off, adjusted to an ODg,, of 0.5 (108 cells/mL) in Ringer solution, stained with 4 ©M Laurdan
(Invitrogen, Waltham, MA) for 30 min, and washed again twice with Ringer solution. Laurdan-stained bacte-
rial cells were then mixed with SYBR gold-stained LCO01 at MOlIs of approximately 1:100. The mixtures were
incubated at room temperature for 10 min and visualized with a confocal microscope (LSM880; Zeiss,
Germany) through a 63x, 1.4-numerical-aperture Plan-Apochromat objective. Five representative images
were acquired for each group and processed with Fiji 2.1.0 (61).

Phage binding patterns were analyzed and quantified via Fiji particle analysis. Fluorescence signals
from Laurdan-stained bacterial cells (488-nm excitation, emission collected with a bandpass filter from
500 to 550 nm) were converted into binary format and segmented with the same threshold for all
images. Fluorescence signals from SYBR green-stained LC001 (405-nm excitation, emission collected
with a bandpass filter from 420 to 470 nm) were then redirected to the segmented Laurdan (bacterial)
channel. The particle area value (referred to as the absolute phage particle intensity) within the
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segmented host area, as well as the particle area fraction [referred to as the (phage area/segmented
host area) x 100%)], was calculated and plotted as a histogram in GraphPad Prism 8.0. Six views from bi-
ological duplicate experiments were analyzed for each group. The unpaired t test was performed to
compare the binding between LC001 and different XH001 wild-type and mutant strains.

Complementation of /tg-1 mutant strain. A sequence including /tg-1 and 100 bp upstream of its

predicted start codon (containing the ribosomal binding site) was amplified from XH001 with Tag DNA po-
lymerase using forward (LTC-F1, 5’-GACTCTGGGGTTCGCCTCGATCTGACGTGACATTGCACGCG-3') and
reverse (LTC-R1, 5'-GCTTGGTCGGTCATTTCGCCTTAGTACCAGCCCACGGCATT-3") primers and subcloned
into Xhol-digested pJRD215 using the GeneArt seamless cloning and assembly kit (Thermo Fisher
Scientific, Waltham, WA). The pJRD215 derivative carrying ltg-1, named pCLJ100, was transformed into
XH001 LR-01 (a spontaneous LCO01 resistance mutant with a nonsense mutation in /tg-1). Transformants
were selected on Kan-containing agar plates and confirmed by diagnostic PCR using the primer set Diag-
1F (ATGGATTGCACGCAGGTTC) and Diag-1R (TTAGTACCAGCCCACGGCATT) with a predicted size of
2,300 bp. The new derivative strain, XH001 LR-01(pCLJ100), was subjected to testing of its phage LC001
sensitivity.
qRT-PCR. Bacteria were cultured in BHI liquid or on agar plates at 37°C. The bacteria cultured in liquid
were collected by centrifugation and resuspended in BHI at an OD,, of 0.5, while the surface-grown bacteria
were scraped from the plate, resuspended in BHI, and adjusted to an OD,, of 0.5. The same volumes of
resuspended planktonic and surface-grown cells were subjected to centrifugation to collect bacterial cells.
Quantitative real-time reverse transcription PCR (qRT-PCR) was performed as previously described (62).
Briefly, the total RNA was extracted using TRIzol (Thermo Fisher Scientific, USA) according to the manufac-
turer’s instructions. RNA was reverse transcribed, and qRT-PCR was performed using SYBR Premix Ex Taq I
(TaKaRa Bio, China) with primers Itg-1F (ATGAACACGAGCATGATC) and Itg-1R (CTATTCGGCGTACTTCCT). The
level of 16S rRNA transcript was determined using primers XH-F5 (GCGGAGCATGCGGATTA) and XH-R3
(AACGTGCTGGCAACATAGGG) and used to normalize the gene expression data.
Statistical analyses. Student's t test was used to compare two-group data. A P value of <0.05 was
considered statistically significant.
Data availability. The genome sequence of the Schaalia odontolytica phage LC001 is available in
GenBank under accession number ON920540.1.
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