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Abstract
Host range is a fundamental component of symbiotic interactions, yet it remains poorly characterized for the prevalent yet
enigmatic subcategory of bacteria/bacteria symbioses. The recently characterized obligate bacterial epibiont Candidatus
Nanosynbacter lyticus TM7x with its bacterial host Actinomyces odontolyticus XH001 offers an ideal system to study such a
novel relationship. In this study, the host range of TM7x was investigated by coculturing TM7x with various related
Actinomyces strains and characterizing their growth dynamics from initial infection through subsequent co-passages. Of the
twenty-seven tested Actinomyces, thirteen strains, including XH001, could host TM7x, and further classified into
“permissive” and “nonpermissive” based on their varying initial responses to TM7x. Ten permissive strains exhibited
growth/crash/recovery phases following TM7x infection, with crash timing and extent dependent on initial TM7x dosage.
Meanwhile, three nonpermissive strains hosted TM7x without a growth-crash phase despite high TM7x dosage. The
physical association of TM7x with all hosts, including nonpermissive strains, was confirmed by microscopy. Comparative
genomic analyses revealed distinguishing genomic features between permissive and nonpermissive hosts. Our results expand
the concept of host range beyond a binary to a wider spectrum, and the varying susceptibility of Actinomyces strains to
TM7x underscores how small genetic differences between hosts can underly divergent selective trajectories.

Introduction

Symbioses in biology exist along a continuum, ranging
from facultative, ephemeral interactions to a complete
dependence on a host organism [1, 2]. The majority of
obligate symbiotic bacteria are known to associate with
eukaryotes [3], while far fewer examples of obligate

bacteria/bacteria associations have been characterized such
as gammaproteobacterial symbionts inside betaproteo-
bacteria [4] and predatory bacteria [5, 6]. Recently, this
limited list was expanded with the discovery of Candidatus
Nanosynbacter lyticus strain TM7x, the first member of the
phylum Saccharibacteria to be cultivated. TM7x was co-
isolated with a single bacterial host strain and characterized
as an obligate epibiotic parasite based on its absolute
requirement for host bacteria for propagation and negative
impact on the growth of its host under laboratory conditions
[7]. The ability of TM7x to grow on a small set of closely-
related hosts has been shown previously [7, 8], but the
potential range of TM7x hosts remains undefined.

Host selection and specificity are key elements that
contribute to parasite impact [9]. Bacterial communities are
no exception, affected by obligate parasites such as bac-
teriophages (phages) and predatory bacteria (e.g., Bdello-
vibrio and Vampirococcus), each with varying ranges of
host bacteria [10, 11]. In phages, the better-characterized of
the two, host range is defined as the taxonomic diversity of
hosts they can infect, and it is most likely confined by
multiple factors, including suitable receptors for attachment
and the co-option of host machinery for replication [11].
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Narrow host range is defined by a phage’s ability to infect
only a single host strain or lineage, while phage with broad
host ranges can infect multiple strains, potentially spanning
several taxonomic levels. Like phage and some predatory
bacteria, TM7x are currently considered obligate parasites
that complete their lifecycle dependent on a bacterial host
[7]. However, the coevolved relationship between the two
partners in their natural habitat of the oral cavity may differ,
thus warranting a more detailed investigation into the pro-
cess of host selection and host range.

Saccharibacteria are ultrasmall-sized bacteria with a
highly reduced genome compared to typical free-living
bacteria, and are placed phylogenetically within the Can-
didate Phyla Radiation (CPR) super phylum [12–15]. The
saccharibacterium Candidatus Nanosynbacter lyticus
TM7x, HMT-952 (Human Microbial Taxon, HOMD), grew
on Actinomyces odontolyticus XH001 and its phylogeneti-
cally close relatives [7, 8, 16]. Subsequent studies revealed
that TM7x induces stress in XH001, and infection of naïve
XH001 with TM7x resulted in drastic killing of the bacterial
hosts (growth-crash) followed by a recovery phase where
host and parasite achieved a long-term stable relationship
[8, 17]. Early attempts to characterize TM7x host range
used a limited number of hosts, warranting further study [8].

Thus, we mapped the host range of TM7x more fully and
explored the physiological and genomic features associated
with the various phenotypes. Beyond their ability to support
TM7x growth, TM7x hosts showed a wide range of initial
responses to TM7x infection. Furthermore, these differ-
ential phenotypic responses were reflected in the gene
content of the host bacteria. To the best of our knowledge,
we present the first thorough analysis of saccharibacterial
host range and their associated phenotypes.

Materials and methods

Bacterial strains and culture conditions

Bacterial strains, their sources, and growth conditions are
listed in Table S1. Before each experiment, cells from fro-
zen stock were recovered and passaged twice in BHI to
ensure homogeneity. Most oral Actinomyces spp. are
facultative anaerobes, but some are anaerobic while others
are aerobic. We used microaerophilic conditions due to our
previous finding that XH001 and TM7x grow best in
microaerophilic conditions [17].

Host range and re-infection assay

TM7x cells were isolated away from their initial bacterial
host (XH001) using a previously developed method [8]. To
infect new Actinomyces and other oral bacterial strains,

bacterial hosts were pelleted and resuspended in 4 mL fresh
media (Table S1). To this, TM7x cell suspension was
added. Cocultures were incubated microaerophilically (2%
O2, 5% CO2, 93% N2) in a Whitley workstation at 37 °C for
24 h before passaging.

Thirty-seven candidate hosts were infected and passaged
every 24 h into fresh BHI media at a 1:10 dilution (Fig. S1).
The passaging was designed to mimic continuous culture as
much as possible to establish that nutrient limitation was not
a factor for growth. Host strains were selected based on
their phylogenetic diversity and strain availability from the
collection centers (Fig. 1). After 5–8 passages, infected
cocultures were tested for TM7x presence by PCR, phase-
contrast imaging, and fluorescence in situ hybridization
(FISH) using Saccharibacteria-specific probes [8] (see
supplementary information).

To determine growth-crash and TM7x score in susceptible
strains, the infection of 12 strains was carried out as described
above. Subsequently, at every passage, optical (cell) density at
600 nm (OD600) was measured using a Spectronic Genesys
5 spectrophotometer, and TM7x score was determined by
phase-contrast microscopy to score the amount of TM7x [8]
from 0 to 1 for no to high amount of TM7x bacteria (Fig. S2).
This qualitative scoring method considered both free-floating
and host-attached TM7x cells. This method was validated
previously by qPCR using Saccharibacteria-specific primers
[8]. Cell lengths of all susceptible Actinomyces were analyzed
according to previous methods [17] (see supplementary
information, Fig. S3).

Re-infection assay with TM7x gradient

Isolated TM7x cells were quantified by a previously
described method [8]. Briefly, TM7x cells were diluted,
filtered onto a 30 nm PCTE filter (SterliTech) membrane,
and labeled with 1:400 diluted SYBR Gold (Invitrogen)
solution. Cells were numerated in each field of view and
back calculated to determine the TM7x cells per milliliter.

Since TM7x isolation and quantification require exten-
sive time and effort, we prepared TM7x cells separately for
each XH001, W712, and ICM47 host experiments
(Figs. S4, S5, S6). Hence, the ratio added to each experi-
ment differed. To set up the experiment, we pelleted repli-
cate tubes of 400 μL of 0.2 OD hosts and resuspended them
in 200 μL of BHI. To each tube, a different ratio of TM7x
was added and diluted to a final volume of 2.5 mL. Besides
TM7x score and OD600 monitoring, we also plated these
cocultures on 5% sheep blood agar plate at each passage to
determine the total colony forming units and irregular col-
ony numbers [8]. Cultures were plated in triplicate, and the
graphs report the mean and standard deviation as error bars.
We FISH imaged each host during the re-infection experi-
ment (Fig. S7).
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Fig. 1 TM7x host-range. Different Actinomyces and oral bacterial
species (highlighted) were tested for TM7x re-infection. A
maximum-likelihood phylogenetic tree was created using the 16S
rRNA gene sequences of candidate hosts, which revealed two Acti-
nomyces clades (1 and 2). XH001 (orange) is the host with which
TM7x was originally isolated. Susceptible and resistant strains are

shown in blue and red, respectively. Bacteria included for phyloge-
netic analysis but not tested for TM7x susceptibility are not high-
lighted. The 23 strains indicated by asterisks have sequenced genomes
publicly available. The scale is 4 substitutions per site. Nodes with
bootstrap support ≥70 are marked with a black dot.
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16S rRNA phylogenetic analysis

Full-length 16S sequences were obtained from public
databases, primarily HOMD and NCBI, and used to gen-
erate a maximum-likelihood tree with RAxML [18] using a
GTR+GAMMA model for 1000 bootstrap generations on
the pairwise alignment.

Pangenome generation and comparative genome
analysis

A narrative methods document providing a reproducible
workflow for all genomic analyses can be found on Dr
Bor’s lab website at https://www.forsyth.org/labs/bor-lab/.
Of all tested strains, 23 Actinomyces strains had publicly
available genomes which were downloaded from NCBI.
Amino acid identity (AAI) was calculated for all genome
pairs with CompareM (https://github.com/dparks1134/
CompareM; S8a). Briefly, this method calls genes using
Prodigal [19] and subsequently computes amino acid
similarity between gene pairs with DIAMOND [20],
resulting in the heatmap Fig. S8a, from which the A.
odontolyticus XH001 row was extracted and added to the
pangenome. A phylogenomic tree (Fig. S8b) was also
generated with PhyloPhlAn2 [21], following developers’
recommendations. Briefly, we created a reference set of
core genes based on A. odontolyticus and subsequently
restricted PhyloPhlAn2 to use only orthologs found in all 23
genomes and a diversity estimate of ‘medium’. Phy-
loPhlAn2 identifies single-copy genes present in each gen-
ome, extracts the most informative subsequences of each
gene, concatenates them, and generates a consensus
maximum-likelihood phylogenetic tree [21]. Trees were
visualized in R with the ape and phytools packages [22, 23].

The pangenome (https://doi.org/10.6084/m9.figshare.
12410360) was created from the genome sequences using
anvi’o, following a standard pangenome workflow [24].
Briefly, the program anvi-gen-contigs-database called genes
using Prodigal [19] and used anvi-run-hmms with a hidden
Markov model [25] to evaluate genome completeness and
redundancy based on the fraction of single-copy core genes
found or duplicated, respectively. Gene sequences were
associated into gene clusters, operationally defined groups
of putatively homologous genes, using MCL [26] on the
amino acid similarities through the anvi-pan-genome pro-
gram with BLAST [27].

Functional enrichment analyses among the groups
defined by TM7x susceptibility were carried out using the
program anvi-get-enriched-functions-per-pan-group with
default parameters [28]. This program scores enrichment by
comparing the observed proportion of each function among
genomes split according to TM7x susceptibility (resistant,
permissive, and nonpermissive).

Phylogenetic relationships were constructed for all gene
clusters core to all 23 genomes and the 13 susceptible
genomes (selections “All core” and “Susceptible core” in
the pangenome). FastTree [29] calculated an approximately
maximum-likelihood phylogenetic tree from each gene
cluster using default parameters. The resultant trees were
then screened using a custom Python script (included in the
reproducible methods) that identified gene clusters match-
ing one of the three specified topologies. The associated
functional prediction for each of these gene clusters were
retrieved from the master gene cluster table (Table S2).

Results

TM7x has restricted host range

In this study we expanded the number of Actinomyces host
species/strains that were previously tested on TM7x infec-
tion [8] and conducted thorough phenotypic and compara-
tive genomic analyses. TM7x cells were isolated apart from
their original co-cultivated bacterial host XH001 (Actino-
myces odontolyticus strain) and added back to cultures of
diverse Actinomyces strains (n= 27) that span the Actino-
myces lineage, as well as other common oral bacterial
strains (n= 10) in an established re-infection assay (see
methods, Table S1). By 16S phylogeny, Actinomyces
lineages are divided into two major clades (clade-1 and −2),
with XH001 in clade-2, agreeing with previous study [8]
(Fig. 1). TM7x did not grow on any clade-1 Actinomyces
strains after multiple passages, nor the common oral bac-
teria; while all tested strains (12 in addition to XH001) in
clade-2 were infected with TM7x over multiple passages
(Fig. 1) based on imaging techniques and PCR. These
results suggest that the tested Actinomyces species fall into
two major groups: resistant or susceptible to TM7x infec-
tion (Fig. S1a).

Different phenotypic responses of bacterial hosts to
TM7x infection

Infection of naïve XH001 cells by TM7x induces a
“growth-crash”, in which host cell density drops pre-
cipitously, followed by recovery in their bacterial hosts
(Fig. S1b) [8]. This is analogous to a previously hypothe-
sized cyclically-recurring population crash during parasite-
host dynamics [30, 31], but interestingly in our case only a
single crash was observed followed by stable growth.
Recovered XH001 were found to have single-nucleotide
variants relative to their naïve ancestors, presumably
imparting the observed regain of fitness [7, 8]. The host
growth is measured by cell density (OD600) whereas TM7x
abundance is scored visually by phase-contrast imaging (see
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methods; [8]. These methods assess the host and TM7x
abundances qualitatively but rapidly and accurately [8].

To further investigate the initial response to TM7x
infection, the re-infection assay was conducted by adding
TM7x to the 12 susceptible Actinomyces strains with a
three-to-one TM7x-to-host cell ratio, and their growth was
monitored by OD600 and TM7x scores (Fig. 2). Nine of
these hosts displayed varying growth/crash/recovery pat-
terns, and all of these included a clear crash phase and thus
are referred to as “permissive” hosts (Fig. 2a–i). However,
the remaining three hosts (F0311, ICM47, ICM58) lacked a
discernable crash phase, hereafter referred to as “non-
permissive” hosts (Figs. 2j–l, S1c). Furthermore, three of
the nine permissive hosts (ATCC17982, F0543, W712) had
extended, 4–5 passage-long growth-crash phases before
recovery while the rest of the hosts had only one passage-
long growth-crashes (Fig. 2a–c). TM7x scoring was con-
sistent with the observed host growth-crashes. When initial
increase of the TM7x score was plotted for all hosts
(Figs. 2, S1d), the three nonpermissive hosts (F0311,
ICM47, ICM58) had a late increase in TM7x score com-
pared to the rest of the hosts. F0310 was the only permissive
host to have very late TM7x increase and growth-crash at
passage twelve (Fig. 2i).

Previously, during the growth-crash phase, both attached
and free-floating TM7x cells were observed, with individual
XH001 cells often infected with multiple TM7x cells [8].
This induced host cell swelling and elongation, both com-
mon morphological stress responses, with XH001 cell
length increasing from ~1.7 µm in monoculture to ~3.7 µm
in cocultures, and eventually led to cell death [17]. Phase-
contrast imaging illustrated similar results, with increased
numbers of attached and free-floating TM7x observed for
all nine permissive hosts and one nonpermissive host
(Fig. S2a–i, j). However, two of the nonpermissive hosts
(ICM47, IMC58) did not display an increased level of
TM7x bacteria on their surfaces, nor increased cell length
(Fig. S2k, l). To assess cell length quantitatively, we mea-
sured the cell length for all 12 bacterial hosts after infection.
All hosts had significantly increased cell length (Figs. S1e,
S3a, b, d–j) except two nonpermissive (ICM47, ICM58)
and one permissive (W712) strains maintained or even
slightly decreased their cell length after TM7x infection
(Fig. S3c, k, l). The decrease in W712 cell length could be a
result of W712 having the longest cells before TM7x
infection or an inherent limitation in the image analysis of
long cells (see methods). Nevertheless, W712 cells were
swollen when they were infected with TM7x (Fig. S2c).
Furthermore, although F0311 is a nonpermissive host, it did
show many TM7x bacteria on its surface during the infec-
tion (Fig. S2j), which could be contributing to its increased
cell length. Our findings suggest that TM7x-susceptible
hosts divide into two broad categories (Fig. S1a):

permissive and nonpermissive, though the permissive
strains do present a spectrum of crash intensity and duration
(Fig. 2).

Host sensitivity to TM7x infection

Our data showed that even though similar TM7x-to-host
ratios were used in re-infection experiments, different hosts
displayed drastically different crash/recovery dynamics
(Fig. 2), suggesting these hosts have differential sensitivity
to TM7x. Notably, a rapid increase of TM7x abundance
within the first two passages was observed for three strains:
A. odontolyticus ATCC17982 and two A. meyeri strains
(W712 and ATCC35568) (Fig. 2a, c, f). To investigate this
differential sensitivity further, dose-dependent TM7x
infection of naïve XH001 cells was carried out. Results
showed that the passage at which XH001 crashed, referred
to as the ‘crash point’, was TM7x concentration dependent
—with increasing TM7x, we observed earlier crash points
(Figs. 3a, S4). Total colony forming units and irregular
colony numbers, reflecting the number of total viable hosts
and the TM7x infected hosts, respectively [8], were also
determined during all passages. By these measurements, the
crash points were dependent on the number of TM7x added
to the assay. TM7x was able to infect at extremely low
concentrations (three TM7x per 4.5 × 106 XH001 cells), and
able to completely inhibit XH001 at higher concentrations
(2.7 × 108 TM7x per 4.5 × 106 XH001 cells). A similar
pattern of TM7x and XH001 growth dynamics were
observed at each TM7x concentration (Fig. S4). During the
XH001 crash phase (by OD600 or total cfu), the amount of
TM7x (by TM7x score or irregular colony) always
increased to a maximum and then decreased during XH001
recovery. The crash points determined by total colony
forming unit always occurred ~1–1.5 passages before the
OD600 crash point, which was consistent with our previous
study [8]. This passage difference may be explained by the
fact that dead cells can contribute to the cell density
measurements.

The sensitivity of A. meyeri strain W712 to TM7x was
similarly tested. Remarkably, while dose-dependent
growth-crash was also observed (Figs. 3b, S5), it took
close to tenfold fewer TM7x cells (3.5 × 107 TM7x per
4.5 × 106 W712 cells) to completely inhibit the initial
growth of W712 compared to XH001 (Fig. 3b), suggesting
that the sensitivity of W712 to TM7x allows faster TM7x
growth at the expense of W712. This was reflected by both
the OD600/TM7x score and total/irregular colony mea-
surements (Fig. S5). Again, similar to what was observed in
the initial coculture experiment (Fig. 2c), all growth-crashes
in W712 had prolonged growth-crashes (Fig. S5). In con-
trast, the nonpermissive strain ICM47 was completely
resistant to growth-crash even at the TM7x-to-ICM47 ratio
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Fig. 2 Re-infection of susceptible bacteria by TM7x. a–l Isolated
TM7x cells from XH001-TM7x coculture were added to the 12 sus-
ceptible host cells at passage 0, and cell density (blue, circles) and
TM7x scores (red, squares) were monitored during subsequent pas-
sages. Host alone control is shown in gray triangles. a–i Host strains

where cell density drops precipitously are referred to as ‘permissive’
hosts. j–l Three strains that do not have growth-crash are termed
‘nonpermissive’ hosts. Host strain names are labeled on the top right
corner of each graph.
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of 4.9 × 108:4.5 × 106 (Figs. 3c, S6). Despite TM7x infec-
tion and growth on ICM47, no growth-crash was observed
by cell density measurement and total colony forming units.
ICM47 strains also did not form obvious irregular colony
morphology, suggesting TM7x does not stress or damage
host growth as with the other strains.

TM7x has unique cell localization on the
nonpermissive ICM58

TM7x and XH001 have various morphological cell shapes
depending on growth conditions and nutrient availability
(Fig. S7a) [17]. For all permissive and nonpermissive
strains, we observed normally shaped TM7x bacteria
growing on the cell surface of the host bacteria by FISH
(Figs. 4, S7). Consistent with our previous findings, TM7x
attached to bacterial hosts had simple dot/cocci or teardrop-
like morphology, shown in green (Figs. 4, S7) [17].

Remarkably, compared to all tested bacterial hosts, only on
ICM58, many TM7x localized to the cell poles (Fig. 4f).
The polar localization was previously not observed in the
close relatives of TM7x, but was shown in a distant lineage
(HMT-351) that grows on Actinomyces sp. HMT-897 [32].
Exactly how and why pole localization occurs is yet to be
determined. Typically, gram-positive bacteria have sig-
nificant long-axis polarization in terms of protein compo-
sition and cell wall structure [33], and TM7x could be
targeting those areas. The polar localization of TM7x on
ICM58 suggests a different mechanism for attachment
compared to other hosts.

Genome content separates permissive and
nonpermissive hosts

As genomes of twenty-three out of the twenty-seven tested
Actinomyces strains are publicly available, we downloaded

XH001: TM7x

W712:TM7x

ICM47:TM7x

a

b

c

quantification by cfuquantification by OD600Fig. 3 Host sensitivity
determined by varying TM7x
dosage. Isolated TM7x cells
were added to host cells XH001
a, W712 b and ICM47 c in
increasing concentrations. For
each concentration of TM7x,
shown as a TM7x to XH001
ratio, cell density (column one)
and total colony forming units
(column two) were determined,
and only the region leading up to
the growth-crash point is
graphed. The full data are shown
in Figs. S4–6. Total colony
forming units were determined
in triplicate and error bars
indicate the standard deviation.
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them for comparative genomic analyses. To place the cur-
rently unnamed genomes (e.g., Actinomyces sp. F0310) in
context with named species, we first related genomes by
average AAI and constructed a phylogenomic tree from
concatenated core genes (Fig. S8a, b). From the AAI data,
clear patterns emerged: the thirteen TM7x-susceptible
genomes, including XH001, span the two closely-related
species A. odontolyticus and A. meyeri (>83% AAI to
XH001) and a few unnamed strains ranging from 74 to 85%
AAI to XH001 (Fig. S8a). These relationships were con-
firmed by a phylogenomic tree generated with PhyloPhlAn
based on 387 concatenated core genes (Fig. S8b). The
phylogenomic tree revealed an A. odontolyticus clade
including four A. odontolyticus strains and A. sp. ICM39,
which is sister to a monophyletic clade of the three non-
permissive strains, and another clade containing two A.
meyeri strains and A. sp F0310.

We then performed a pangenome analysis to compare the
genome content of these strains (Fig. 5) to identify genomic
signatures associated with different susceptibility to TM7x
infection. By grouping genomes based on gene content
(Fig. 5, top right dendrogram), the resistant strains (con-
centric layers colored red) are clearly separated from the
susceptible strains (permissive (blue) and nonpermissive
(purple); Fig. 5), agreeing closely with the phylogenomic
tree (Fig. S8b). Remarkably, within the susceptible strains

the nonpermissive strains (purple) form an internal sub-
group distinct from permissive strains (blue) (Fig. 5). All
phylogenomic analyses and AAI are consistent with the
observed separation of groups (heatmap in Fig. 5), while the
16S rRNA gene phylogeny fails to indicate that the purple
group of nonpermissive hosts is distinct (Fig. 1). As the
susceptible strains span at least two phylogenetically clas-
sified species (A. odontolyticus and A. meyeri) and poten-
tially other closely related but unnamed species, the genome
grouping by gene content broadly reflects the previously
observed phylogenomic and AAI distinctions (Figs. 5, S8).
F0310 was the only strain that shifted places from being
similar to A. meyeri species based on genome sequence (in
phylogenomic tree) to being in middle of the A. odontoly-
ticus species. Based on the gene content and phylogenomic
tree, the nonpermissive genomes are a genetically distinct
group most closely related to A. odontolyticus and less so to
A. meyeri.

Furthermore, core gene clusters for the various groups
can be readily discerned, with 346 gene clusters forming the
core of all 23 genomes, 464 exclusively shared by all sus-
ceptible strains, and 51 and 28 gene clusters exclusively
shared by the resistant and nonpermissive strains, respec-
tively (Fig. 5, Table S2). For context, each genome contains
~1700–2800 gene clusters (Fig. 5, light gray bar chart on
right). While most genomes are estimated to be nearly

W712 ICM39 ATCC17982

F0311 ICM47 ICM58

DNA/TM7xa b c

d e f

Fig. 4 TM7x localization on ICM58. FISH imaging was carried out
for all permissive (a–c, see Fig. S7) and all nonpermissive (d–f)
bacterial hosts. TM7x (green) was visualized using a Saccharibacteria-
specific DNA probe tagged with the Cy5 fluorescent molecule. The

host bacteria were visualized by universal nucleic acid stain syto9,
which also stains TM7x. Only sample strains are shown in this figure,
and the complete set can be found in Fig. S7, including a few of the
resistant strains visualized by FISH. Scale bars are 5 μm.

D. R. Utter et al.



complete and a handful are closed, most of the genomes are
not closed and may be missing genes for methodological
rather than biological reasons (Fig. 5, bar charts of genome
statistics). Yet, the correlation of gene content with response
to TM7x raises the possibility that certain shared genomic
features may underly the observed phenotypes.

Comparative genomics reveal functional
characteristics of different groups

We observed clades of strains defined by phylogeny and
response to TM7x, e.g., permissive hosts. Ranking the

predicted functions found across genomes for each TM7x
response category (permissive, nonpermissive, or resistant)
and combinations thereof can reveal functions enriched for
each response type. The differentially enriched functions for
these groups span multiple functional categories, from
central metabolism to cell wall synthesis to regulation and
recombination (Table 1).

For resistant vs. susceptible Actinomyces, numerous gene
functions were exclusive to each (Table S2), potentially due
to the strong genetic distinction between the two groups.
Most pronounced of all functions were cell wall modifica-
tion associated genes. Within the top five scored genes, we
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found Mur ligase family [34] and bacitracin resistance
[35] proteins associated with resistant strains, and glyco-
syl transferase family [36] and O-mannosyltrasferase [37]
proteins from susceptible strains (Table 1). These genes
may directly or indirectly influence the TM7x attachment
to the host. In addition, a key gene in the arginine dea-
minase (ADI) pathway, amidinotransferase arcA, was
found in all ten of the resistant strains but none of the

susceptible strains (Table 1). The ADI pathway can
facilitate growth in acidic environments by increasing the
pH, raising the possibility that TM7x, which encode a
complete ADI pathway, could complement their ADI-less
hosts [38]. Given the drastic oral pH shifts [39, 40] as well
as localized pH stress from streptococcal neighbors [41],
pH modulation and tolerance could be key for oral Acti-
nomyces [40].

Table 1 Enriched Pfam functions in resistant, susceptible, permissive, nonpermissive, and nonpermissive/resistant genomes. Only the top five gene
functions are shown.

Predicted Pfam function Enrich.
Scoreb

Adj.
q valuec

Observation in-groupa

R NP P

Resistant Mur ligase family, glutamate
ligase domain

23 6.28E-04 10/10 0/3 0/10

NADH:flavin oxidoreductase/NADH
oxidase family

23 6.28E-04 10/10 0/3 0/10

Thiamine pyrophosphokinase C
terminal

23 6.28E-04 10/10 0/3 0/10

Amidinotransferase ArcA 23 6.28E-04 10/10 0/3 0/10

Bacitracin resistance protein BacA 23 6.28E-04 10/10 0/3 0/10

Glycosyl transferase WecB/TagA/
CpsF family

23 6.28E-04 0/10 3/3 10/10

Susceptible
(permissive+
nonpermissive)

C-terminal four TMM region of
protein-O-mannosyltransferase

23 6.28E-04 0/10 3/3 10/10

Dehydrogenase E1 component 23 6.28E-04 0/10 3/3 10/10

Cytidylate kinase 23 6.28E-04 0/10 3/3 10/10

Metallopeptidase family M81 23 6.28E-04 0/10 3/3 10/10

Permissive Acyl-CoA dehydrogenase, C-
terminal domain

13.78 0.013 2/10 1/3 10/10

GlcNAc-PI de-N-acetylase 13.48 0.014 0/10 1/3 8/10

Family 4 glycosyl hydrolase C-
terminal domain

13.48 0.014 0/10 1/3 8/10

Butirosin biosynthesis protein H, N-
terminal

13.08 0.014 0/10 0/3 7/10

Glycine zipper 13.08 0.014 0/10 0/3 7/10

Nonpermissive Phage terminase, small subunit 16.74 0.005 1/10 3/3 0/10

S-adenosylmethionine synthetase, N-
terminal domain

14.6 0.009 0/10 2/3 0/10

Domain of unknown function
(DUF4391)

12.42 0.018 1/10 3/3 1/10

Pectate lyase superfamily protein 10.03 0.047 1/10 3/3 2/10

HsdM N-terminal domain 9.19 0.066 0/10 2/3 1/10

Nonpermissive+
resistant

RmuC family 15.68 0.005 9/10 3/3 1/10

Cytidine triphosphate (CTP) synthase 11.98 0.022 5/10 3/3 0/10

TPM domain 10.55 0.037 10/10 3/3 4/10

MafB19-like deaminase 10.55 0.037 10/10 3/3 4/10

Tetracyclin repressor-like, C-
terminal domain

10.55 0.037 10/10 3/3 4/10

a“Observation in-group” reports the fraction of genomes in each group that contained each gene cluster function. R= resistant, P= permissive, NP
= nonpermissive.
b“Enrichment score” summarizes the number of in-group genomes containing this function vs. out-of-group genomes.
c“Adj. q value” is an FDR-corrected estimate of confidence.
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Permissive and nonpermissive genomes also contained
distinctive functions (Table 1). For example, permissive
strains are enriched for a GlcNAc-PI de-N-acetylase [42]
and family 4 glycosyl hydrolase [43], which could be
putatively involved in the hydrolysis of cell envelope gly-
coproteins, and may have the potential to regulate TM7x
attachment levels. Interestingly, resistant and nonpermissive
strains also share some functions not found in any permis-
sive strains, such as a cytidine triphosphate (CTP) synthase.

Amino acid variants reveal genes phylogenetically
correlated with TM7x response

While comparing gene presence can reveal major traits that
may be involved in the observed phenotypes, it cannot
distinguish between subtle but potentially critical variations
in the sequence of shared proteins. If TM7x susceptibility is
not due to clade-specific genes but instead distinct sequence
variants of certain core genes, those sequence variants
should correlate with TM7x sensitivity.

Thus, we employed a phylogenetic approach to look for
core genes with sequence variants that match the observed
phenotypes. This is a powerful way to identify shared genes
in a pangenome that are correlated with an ecological
phenotype [44], though sometimes prone to false positives
and noise. From each of the 291 and 419 gene clusters with
a single copy in each of the 23 genomes and the 13 sus-
ceptible genomes, respectively (Fig. 6a), we created a
phylogenetic tree and compared it against topologies that
differentiated sequence variants from nonpermissive

(purple) vs. permissive (blue) vs. resistant (red). Fifteen
gene clusters produced such topologies that distinguished
each response type (Fig. 6b–d). While some are almost
certainly noise (e.g., ribosomal protein rplR), many func-
tionally interesting genes are identified including several
cell envelope-associated proteins like the protein translocase
secA, the ABC transporter sn-glycerol-3-phosphate ugpC,
and an L,D-transpeptidase (Fig. 6b–d). The genes listed
here represent a relatively short list of hypotheses that await
future experimental investigation before any confident
assertions can be made about their relevance to Actino-
myces/TM7x associations.

Discussion

Host range is a key trait for many symbionts that can pro-
vide insights into what features are most critical for the
association as well as reveal potentially different co-
evolutionary strategies across a host range. The host
selection process has not been well characterized for obli-
gate bacterial parasites that target bacteria, likely reflecting
the paucity of such unique organisms currently known.
Thus, better understanding the TM7x/host relationship
offers valuable detail and breadth to the study of bacterial/
bacterial symbioses.

The lifecycle of most obligate parasites can be organized
into a two-step pattern: Host/parasite selection/binding fol-
lowed by infection (e.g., replication and maturation) [9]. For
example, parasites use receptor-binding proteins or various

291 419N. single-copy gene clusters:
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L,D-transpeptidase catalytic domain (enhA_2)
NUDIX domain (mutT)

a b c

d

Resistant sister to nonpermissive,
n=2 genes

Each monophyletic, n=4 genes

Each monophyletic, n=9 genes

Core permissive

Nonpermissive 

Res
ist

an
t

R

NP

P

Other permissive

R

NP

P

R

NP

P

NP

P

Fig. 6 Gene trees from core gene clusters reveal gene variants that
correlate with TM7x susceptibility. a Cartoon showing a simplified
topology of the genome similarity dendrogram from Fig. 5, with the
blue, purple, and red clades representing the permissive, non-
permissive, and resistant genomes respectively. Single-copy core gene
clusters, those with only one gene sequence from each genome, core to
all 23 genomes (first column of boxes, 291 gene clusters) and core to
susceptible genomes (second column of boxes, 419 genes) were
identified. For each gene cluster a phylogenetic tree was created and
compared against three topologies of interest; gene clusters core to all

genomes (b and c), and gene clusters core to susceptible genomes (d).
Gene clusters core to all genomes could reveal each observed clade to
be monophyletic with variable relationships (b) or place resistant
sequences sister to those from nonpermissive hosts (c). The number
over each arrow reports the number of gene clusters producing the
illustrated topology. Polytomies represent either real polytomies or an
unspecified hierarchy that preserves the monophyly of the illustrated
clades. The text lists the predicted Pfam functions for each gene
cluster.
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secretion systems to initially adhere to their hosts [45–48],
followed by post-binding steps such as replication which
require the parasites to overcome host environment and
defense mechanisms [47, 49–51]. Host range can be defined
by one or both of these stages, where parasite success can
depend on the existence of proper surface-binding proteins
to dock on one specific (narrow) or multiple (broad) hosts
[11]. Our study showed TM7x has intermediate host range,
as it is restricted to the genus Actinomyces but can infect
multiple species within Actinomyces. This range is still
more restricted than other predatory bacteria such as Bdel-
lovibrio, which prey on taxonomically diverse gram-
negative bacteria [5, 10], and potentially more confined
than Micavibrio, which have variably-reported host ranges
[52, 53].

However, within this intermediate host range we found
that the hosts are further distinguished by their initial
response to TM7x, whether they crash or grow normally.
We hypothesize that resistant strains may lack docking sites
(e.g., receptor proteins or cell wall components) for TM7x
as FISH performed on these resistant strains during growth
did not reveal any TM7x attachment (Fig. S7). However,
we did not explicitly test initial host binding. Within the
susceptible hosts, all are likely to have suitable docking
sites, as TM7x attachment was seen microscopically
(Figs. 4, S2, S7). However, permissive and nonpermissive
strains could potentially be distinguished by the amount or
nature of surface-displayed docking molecules, as reflected
by our phase-contrast imaging where the majority of the
permissive strains had many TM7x on a single bacterial
host (Fig. S2). The nonpermissive strains could also have
post-attachment mechanisms that ameliorate TM7x-induced
stress and death. In this scenario, the molecular mechanisms
of how host range is determined (susceptible vs. resistant)
and the nature of the relationship (permissive vs. non-
permissive) are separate events of the TM7x lifecycle,
similar to the current hypothesis of epibiotic predation [54].

Comparative genomics revealed both cell surface and
intracellular proteins that are differentially enriched in sus-
ceptible vs. resistant and permissive vs. nonpermissive
strains (Table 1). Our previous transcriptomic analysis and
recent study based on predicted metabolic complementarity
between TM7x and XH001 similarly identified the impor-
tance of cell surface and cell wall components in the TM7x/
XH001 relationship [38, 55]. Consistent with this idea, our
analysis showed that most of the groups were enriched with
different cell wall modifying genes at the carbohydrate and
peptidoglycan modules (Table 1). Also, we identified genes
in resistant and nonpermissive strains that encode intra-
cellularly localized proteins like CTP synthase which could
minimize the stress of hosting TM7x. However, further
experimental work is required to verify their roles in Acti-
nomyces-TM7x growth dynamics.

Multiple strains of Saccharibacteria were cultivated
recently on Actinomyces as well as on other actinobacteria
such as Pseudopropionibacterium propionicum and Cellu-
losimicrobium cellulans [32, 56]. These reports show that
different Saccharibacteria lineages can associate with dif-
ferent host taxa. Saccharibacteria strains (e.g., HMT-346)
that are taxonomically distant from TM7x (HMT-952) can
grow on Actinomyces spp. that are incapable of supporting
the growth of TM7x. In comparison, strains (e.g., HMT-
352) that are more closely related to TM7x can grow on the
same host as TM7x, such as A. odontolyticus [32]. How-
ever, these studies tested only a limited set of potential hosts
for these Saccharibacteria and more thorough work is nee-
ded to better compare their host ranges.

Outside of bacteria, insights from archaeal/archaeal
symbioses suggest that Saccharibacteria may contain addi-
tional host relationship strategies beyond those employed
by TM7x. While all have reduced genomes and rely on a
host for critical resources, each characterized archaeal
symbiont has a unique relationship with its host that appears
to be based upon presumably independent co-evolution
[57–61]. If the same is true for Saccharibacteria, then
many more exciting saccharibacterial relationships remain
to be discovered. In terms of host range, however, archaeal/
archaeal symbionts may differ from TM7x, as Nanoarch-
aeota and Nanohaloarchaeota collectively associate
with diverse hosts, yet clonal lineages appear to pair
with single host species [57, 58] although closely-related
lineages can pair with different host strains of the same
species [62].

This study looked at the interactions of one TM7x strain
with multiple viable hosts, but future studies are needed to
address host/symbiont evolution more comprehensively by
including additional strains of Saccharibacteria, as their host
ranges cannot be surmised from this study alone. Because
Saccharibacteria have many more metabolic and molecular
capabilities than phages, the network of interactions deter-
mining the nature of the symbiotic association could be
substantially more complicated. Further, the relationships
between Saccharibacteria and Actinobacteria in their native
oral habitats require direct investigation. While microscopy
confirms the epibiotic association is conserved [32, 55, 56],
the potentially diverse in situ interactions could significantly
alter the host/symbiont relationships. As the majority of the
diverse and ubiquitous CPR phyla are thought to engage in
similarly obligate symbioses [63, 64], the extent of host
range for CPR organisms could have tremendous impact on
our understanding of the role such bacteria/bacteria asso-
ciations play in their respective environments, from the oral
microbiome to aquatic and terrestrial habitats. Beyond
TM7x and the CPR, our work underscores the importance
of investigating symbiotic associations across a range of
hosts, by demonstrating how a single obligate symbiont’s
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impact varied from deleterious to neutral across several
different hosts.
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