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The candidate phylum TM7 is globally distributed and often asso-
ciated with human inflammatory mucosal diseases. Despite its
prevalence, the TM7 phylum remains recalcitrant to cultivation,
making it one of the most enigmatic phyla known. In this study,
we cultivated a TM7 phylotype (TM7x) from the human oral cavity.
This extremely small coccus (200–300 nm) has a distinctive lifestyle
not previously observed in human-associated microbes. It is an
obligate epibiont of an Actinomyces odontolyticus strain (XH001)
yet also has a parasitic phase, thereby killing its host. This first
completed genome (705 kb) for a human-associated TM7 phylo-
type revealed a complete lack of amino acid biosynthetic capacity.
Comparative genomics analyses with uncultivated environmental
TM7 assemblies show remarkable conserved gene synteny and
only minimal gene loss/gain that may have occurred as TM7x
adapted to conditions within the human host. Transcriptomic
and metabolomic profiles provided the first indications, to our
knowledge, that there is signaling interaction between TM7x
and XH001. Furthermore, the induction of TNF-α production in
macrophages by XH001 was repressed in the presence of TM7x,
suggesting its potential immune suppression ability. Overall, our
data provide intriguing insights into the uncultivability, pathoge-
nicity, and unique lifestyle of this previously uncharacterized oral
TM7 phylotype.

TM7 | human-associated | epibiont | oral microbiome |
interspecies interaction

DNA-based culture-independent methods have revealed
a comprehensive inventory of microorganisms from envi-

ronments and human bodies, the majority of which are still
categorized as uncultivated phylotypes (1–4). Cultivation and
functional analyses of these “yet-to-be cultivated” microbial
organisms have been and will continue to be one of the major
frontiers in microbiology research.
Among all of the candidate divisions (5), TM7 has been one of

the most challenging bacterial phyla. Since its initial discovery by
culture-independent sequence analysis more than 20 y ago (6),
TM7 representatives have been identified in a variety of natural
habitats, such as soil, seawater, deep-sea sediments, hot springs,
and termite guts, as well as in different human body sites, in-
cluding the gastrointestinal tract, skin, and genital tract (2, 7–15),
and at least five genera of TM7 have been found in the oral
cavity (2, 9) alone (Fig. S1). Recent investigations of ancient
dental calculus showed that TM7 has been part of the human
microbiome in hunter-gatherers since before the introduction of
processed sugar during the Industrial Revolution (16). More-
over, TM7 has been implicated in association with host inflam-
matory mucosal diseases (9, 10, 17). It is particularly prevalent in
the oral cavity, although commonly at low abundance, generally

around 1% of the whole oral microbial population based on
culture-independent molecular analysis (9, 18). However, an
increase in the abundance (as high as 21% of the whole oral
bacterial community in some studies) of TM7 members was
detected in patients with various types of periodontitis (13, 15).
Furthermore, certain oral TM7 phylotypes, such as the oral
clones I025 and EW086 (National Center for Biotechology In-
formation GenBank nucleotide database accession nos. AF125206
and AY134895, respectively), are more prevalent in diseased sam-
ples, and some of these phylotypes can even be detected on or
within the host crevicular epithelial cells (14). Based on these
findings, the association of TM7 with periodontitis has been sug-
gested. The partial and highly fragmented genome from the
oral TM7 phylotype TM7a (19) provided a glimpse into its
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pathogenic potential, revealing the presence of genes encoding
several putative virulence factors, such as cytotoxic necrotizing
factor 1, hemolysin toxin protein, and type III secretion protein.
However, due to their seemingly recalcitrant nature toward
cultivation, only one single TM7 phylotype has been reportedly
cultivated, with no detailed genomic information (20). Thus,
knowledge regarding TM7 genotypes and physiological proper-
ties, as well as their potential role in the pathogenesis of oral
mucosal disease, is very limited.
In a recent study, we developed a new oral culture medium

(SHI medium) that supported the growth of many uncultivated
bacteria within a multispecies community, including several
phylotypes of TM7 (21, 22). In this work, by using targeted en-
richment approaches on SHI medium-cultivated saliva samples,
we were able to obtain a stable coculture of an oral TM7 phy-
lotype (TM7x) attached to the surface of a previously uncultivated
Actinomyces odontolyticus strain (XH001). The coculture enabled
complete sequencing of the highly reduced circular 705-kb genome
for this human-associated TM7 phylotype. Our genomic, tran-
scriptomic, and metabolomics profiles provide intriguing insights
into the unculturability, pathogenicity, and unique lifestyle of this
previously uncharacterized TM7 phylotype as a possible parasitic
epibiont of XH001.

Results and Discussion
TM7x Shows a Unique Lifestyle as a Parasitic Epibiont of Oral XH001.
Analysis of 16S rRNA gene profiles revealed that some of these
TM7 phylotypes contained an atypical base substitution (equivalent
to Escherichia coli position 912: C to U), which is known to confer
streptomycin resistance (12). Consistent with the prediction, addi-
tion of streptomycin to the in vitro oral community indeed resulted
in enrichment of one specific TM7 phylotype (named TM7x)
within the multispecies community (Fig. 1 A and B).
Next, we plated serial-diluted TM7x-enriched cultures on SHI

medium agar plates in an attempt to isolate individual TM7x
colonies, and found that TM7x-containing colonies only grew
when a previously uncultivated A. odontolyticus strain (desig-
nated XH001 in this study) was also part of the colony. Co-oc-
currence of the two species was identified in multiple saliva
samples from different human subjects; thus, this association is
independent of the sample source or the original oral community
composition. This intriguing finding prompted further investi-
gation of the relationship between TM7x and XH001. Micro-
scopic examination of independently isolated cocultures of
TM7x and XH001 showed that TM7x cells are spherical, with
a diameter of 200–300 nm, and that they are physically bound to
rod-shaped XH001 cells (Fig. 1B). Various physical and chemical
treatments were used to disrupt the attachment between TM7x
and XH001 in an attempt to isolate TM7x and XH001 sepa-
rately, including repeatedly passing the coculture through a 28-
gauge needle and filtering the mixture through a 0.22-μm filter to
separate TM7x from XH001. Although XH001 was able to form
pure single colonies on SHI medium agar plates after physical
disruption, no TM7x colonies were obtained. Addition of spent
coculture medium or heat-killed XH001 also did not yield in-
dependent growth of TM7x. Although TM7x/XH001 cells coex-
isted well under nutritionally replete environments (Fig. 1 C, a),
a different picture emerged under extended starvation con-
ditions: After 36 h or more of coculture without addition of
nutrients, the majority of XH001 cells associated with TM7x lost
their viability even though XH001 cells alone persisted under the
same starvation condition (Fig. 1 C, b). In contrast, the TM7x
cells remained vital and multiplied under the same condition
(Fig. 1 C, b). More interestingly, a subpopulation of XH001 cells
developed exospore-like structures, which coincided with a dras-
tic reduction of physically associated TM7x (Fig. 1 C, c).
Transmission EM (TEM) images revealed a severely disrupted
and most likely compromised cell membrane of XH001 (Fig. 1

D, b), which correlates with the live/dead staining results when
XH001 was physically associated with TM7x under the starvation
condition (Fig. 1 C, b). The apparently obligate surface attach-
ment to XH001 indicates an epibiotic (ectosymbiontic) lifestyle
for TM7x. Given the fact that TM7x cells can only survive in the
presence of XH001 and have a negative impact on the viability of

A

B

C

D

Fig. 1. Cultivation and coisolation of TM7x with its host species Actinomyces
spp. XH001. (A) PCR using a phylum-specific primer reveals the presence of
TM7 within SHI medium-cultivated saliva samples. (B) Light microscopy
and FISH images of XH100 monoculture (a and b) and XH100/TM7 coculture
(c and d). (B, c) Cells of XH100 with several cells of TM7x attached to them.
(B, d) Confocal laser scanning micrograph after hybridization with the cya-
nine5-labeled TM7567 (TM7x) and hexachloro-fluorescein–labeled universal
eubacterial probe EUB338. XH001 appears red, whereas TM7 appears green.
(B, e) TEM image of TM7x cell (indicated by arrows) attached to an XH001
cell. (Scale bars: 200 nm.) (C) Live/dead staining (a1, b1, and c1), and FISH (a2,
b2, and c2) images. (C, a1 and a2) XH001/TM7x coculture 24 h after in-
oculation, with approximately two TM7x cells per XH001 cell. (C, b1 and b2)
XH001/TM7x coculture 36 h after inoculation, with approximately six TM7x
cells per XH001 cell. (C, b1, Inset) Live/dead staining of monoculture of
XH001 36 h after inoculation. (C, c1 and c2) XH001/TM7x coculture 96 h after
inoculation. For live/dead staining, live cells appear green and dead cells
appear red; whereas for FISH, XH001 appears red and TM7x appears green.
(D) TEM images showing the cell membrane of XH001 at/near the TM7x
attachment site 24 h (a) and 36 h (b) after inoculation. (Insets) Original
images from which D (a and b) are derived. (Scale bars: B, a–d and C, 1 μm; D,
200 nm.)
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XH001 under extended starvation conditions, it is reasonable to
consider that the type of relationship between TM7x and XH001
is parasitic overall rather than mutualistic or commensal.
It is worth mentioning that multiple TM7 phylotypes were

observed in our original saliva samples based on PCR denaturing
gradient gel electrophoresis analysis. Also, although 16S rRNA
gene analysis suggested that most TM7 phylotypes are resistant
to streptomycin, only TM7x was successfully enriched after
streptomycin selection. One possible explanation could be that,
like TM7x, which requires host species XH001 for supporting its
growth, other TM7 phylotypes might also need specific oral
partner species to achieve optimal growth. Whereas XH001
happened to be highly resistant to streptomycin as well, the
partner species for other TM7 phylotypes might not be strepto-
mycin-resistant, resulting in no apparent enrichment of other
TM7 phylotypes under streptomycin selection.
To determine the host specificity of TM7x further, associated

TM7x cells were separated from their host XH001 by repeatedly
passing the coculture through a 28-gauge needle and filtering the
mixture through a 0.22-μm filter to collect TM7x cells. Isolated
TM7x cells were mixed with different Actinomyces species,
including A. odontolyticus strains XH001 and American Type
Culture Collection 17982, Actinomyces naeslundii, Actinomyces
viscosus, and Actinomyces meyeri. Cocultures were incubated an-
aerobically at 37 °C, and samples were monitored under mi-
croscopy periodically. As shown in Fig. 2, during a 72-h
observation period, only XH001 was able to establish a physical
association with TM7x, forming “grape on a vine” structures as
observed for the TM7x/XH001 coculture in Fig. 1. Our result
suggested that TM7x is likely to have a narrow host range. Al-
though the host range has not yet been fully established and
awaits further investigation, it is tempting to suspect that TM7x
and its preferred host, XH001, might have undergone coevolution
during their establishment within the oral cavity. In this regard,
one interesting finding was that polyamine metabolism is unique
in TM7x compared with environmental TM7 representatives. A
spermidine synthase [Enzyme Commission (EC) 2.5.1.16] and an
S-adenosylmethionine decarboxylase proenzyme (EC 4.1.1.50) are
present. These genes are evolutionarily most closely related to
members of A. odontolyticus species, including XH001, and may
represent lateral gene transfer (LGT) between TM7 and XH001
resulting from their close interaction during coevolution. In
nearly all cases, and more commonly in multicellular eukar-
yotes, recruitment of foreign genes and novel metabolic
capabilities is highly favored by symbiotic associations (23).
A similar symbiotic relationship has been reported in Archaea,

where a nanosized hyperthermophilic archaeon, Nanoarchaeum
equitans, grows attached to the surface of a specific archaeal
host, a member of the genus Ignicoccus (24). N. equitans is an
obligate symbiont and is unable to grow when separated from its
host, and too high a burden of N. equitans cells inhibits Igni-
coccus growth, suggesting a parasitic behavior (25). To the best

of our knowledge, what we are reporting is the first example of
parasitic ectosymbiosis between two different species of bacteria.
Unlike the N. equitans/Ignicoccus pair, far more dynamic inter-
actions can be observed between TM7x/XH001 with different
phases, including coexistence and induction of lysis, as well as
exospore formation in XH001 by TM7x. These intriguing inter-
actions are currently under further investigation.

TM7x Represses XH001-Induced TNF-α mRNA in Macrophages. A
number of 16S rRNA gene sequencing-based studies have im-
plicated TM7 as a potential pathogen because it can be detected
more frequently in human body sites with inflammatory mucosal
diseases, such as vaginosis, inflammatory bowel disease, and
periodontitis (9, 10, 17) (Fig. S1). Similarly, strains of A. odon-
tolyticus related to XH001 have been associated with pathogen-
esis (26). The TM7x/XH001 coculture obtained in this study
allowed researchers to examine the virulence potential of TM7x
for the first time to our knowledge. For these studies, both
XH001 alone and a coculture of TM7x/XH001 cells were used to
infect J2 immortalized bone marrow macrophages (BMMs) and
examined for their ability to modulate the expression of key
cytokine-encoding genes. As shown in Fig. 3, XH001 is a strong
inducer of TNF-α gene expression, consistent with observations
for other Actinomyces species (27). Interestingly, when TM7x was
physically attached to XH001, induction of TNF-α gene expres-
sion was greatly reduced, suggesting that TM7x can either pre-
vent detection of XH001 by macrophages or possibly suppress
TNF-α gene expression in macrophages. One of the crucial roles
of macrophages in the host/defense system is to recognize
pathogens and induce inflammation, a process characterized
by the production of many inflammatory cytokines, including
TNF-α (28). This experiment provided the first evidence, to our
knowledge, that TM7x could indeed modulate the immune
response. The data also suggest that the interactions between TM7x
and XH001 are more complex than a simple metabolic dependency.

Conserved Gene Synteny but Further Genome Reduction Is Evident in
TM7x Compared with Environmental TM7 Genomes. The enigmatic
nature of the TM7 phylum has made it a major target for ge-
nomic capture. The first partial TM7 genomes included an oral
phylotype (19), as well as a soil-derived TM7 phylotype (18).
However, due to the lack of in vitro cultures, these early efforts
relied on assembling the genome from single-cell amplifications,

XH001 A.odontolyticus 
   ATCC 17982 

A. naeslundii A. viscosus A. meyeri

Fig. 2. Host specificity of TM7x. Microscopic images of different Actino-
myces species infected with isolated TM7x. Cultures were monitored under
a microscope periodically up to 72 h, and random photographs were taken.
Representative images are shown. (Scale bars: 1 μm.)

Fig. 3. Induction of TNF-α production in macrophages by Actinomyces spp.
XH001 monoculture and Actinomyces spp. XH001/TM7x coculture. Macro-
phages were treated with XH001 alone, XH001/TM7x coculture with a dif-
ferent multiplicity of infection (MOI), or Pam3CSK4 (P3C) as a positive control
for 8 h. TNF-α mRNA was quantified using quantitative PCR. Fold induction
was normalized to medium control. Each assay was performed in triplicate.
Average values ± SD are shown. A Student t test (unpaired, two-tailed) was
used for statistical analysis. An asterisk indicates a significant difference
between the two values (P < 0.05).
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which resulted in valuable but highly fragmented and partial
genomes (Table S1). Recently, sophisticated binning of meta-
genomic assemblies derived from complex aquifer (29) and
sludge bioreactor communities (30) has produced two additional
environmental TM7 genomic datasets (Table S1). The in vitro-
grown coculture of TM7x and XH001 achieved in this study
provided DNA of sufficient quality and quantity to obtain the
first complete circular genome, to our knowledge, of this human-
associated TM7 (Tables S1 and S2). TM7x has a reduced ge-
nome size (705,138 bp), with 699 coding sequences and 43
RNAs. The presence of 96 (of 111) single-copy marker genes
nearly universally found in free-living bacteria (Table S1) and
used for genome completeness estimation in other potentially
symbiotic candidate phyla, such as TM6 (31), is in overall
agreement with other published TM7 genomes (30). The co-
culture cells also allowed the generation of the first tran-
scriptomic map, to our knowledge, for this TM7x genome using
RNA sequencing (RNASeq) (Fig. S2), which enabled prediction
of transcriptomic start sites and putative intergenic small RNAs
(Table S2). It also served to validate the transcription of pre-
dicted ORFs, with the majority of the coding regions being
transcribed over a wide dynamic range under coculture con-
ditions with XH001 (94% of genes covered more than 10-fold
over 85% of their length) (Fig. S2).
Comparative genomics revealed remarkably highly conserved

gene synteny that has been maintained between TM7x and the
aquifer and sludge bioreactor-associated TM7 (Fig. 4). A large
fraction of the TM7x genome is syntenic to these two genomes
(alignment results in 95% of the TM7x genome being in syntenic
blocks) at the protein level, and nearly two-thirds of the TM7x
proteins show high sequence similarity (i.e., average amino acid
similarity in alignments is 72%, with an expected value cutoff of

1e−8, and matches covering >80% of the length of the TM7x
genes) (Fig. S3). Further genome reduction in this human-
associated strain, compared with the environmental TM7 genomes,
is evident, and the strain-specific variation clusters mostly within
a single genomic region (Fig. 4). These findings beg future in-
vestigation into the evolution of this phylum and the small number
of genes gained or lost that possibly occurred during adaptation to
the human host environment.

Genome Properties of TM7x Are Consistent with the Observed Lifestyle
as an Obligate Symbiont. The combination of genomic and tran-
scriptomic data allowed further analyses of how these genome
features relate to the observed parasitic epibiont phenotypes
described above. TM7x, in particular, has a high coding density
genome (Fig. S4) and ranks among the smallest bacteria found in
nature or the human body in both genome size and gene count to
date (Fig. 3B). These facts, as well as analysis of its functional
repertoire in relation to other known parasitic and mutualistic
bacteria (Fig. S5), are consistent with its observed lifestyle as an
obligate parasite instead of a free-living bacterium. Similar to
other TM7 genomes, TM7x lacks genes necessary for de novo
biosynthesis of any essential amino acid. Interestingly, these
missing key biosynthetic pathways are complete in the genome of
XH001, which could potentially account for TM7x metabolic
dependency on XH001. It has been shown that for many reduced
genomes, the pathways lost most frequently are those pathways
with more enzymatic steps and higher energy requirements, in-
cluding amino acid biosynthesis pathways (23, 32). The insect
endosymbiont Buchnera spp. (33) and the parasitic N. equitans
(25) encode no known amino acid transporters in their genomes.
Buchnera relies on the host to provide nonessential amino
acids, presumably through host transporters, and in return,

Fig. 4. Comparative genomic analyses. (A) Genome synteny maintained between highly reduced genomes of human oral and environmentally derived TM7
phylum members. The RAAC3 and Saccharimonas aalborgensis genomes were assembled from environmental metagenomic reads into single contigs. The
closed TM7x genome was assembled from an Actinomyces sp. (XH001) and TM7x symbiotic coculture. Related syntenic blocks between genomes are joined
with colored ribbons revealing the larger number of syntenic regions and the maintained order of genes within each genome. From the inner ring to the
outer ring, the colored blocks display the shared syntenic regions at increasing resolution. (B) Relationships between the microbial genome size of all finished
genomes available in the Integrated Microbial Genomes Database (n = 2,086) and the number of predicted gene sequences. Smaller finished genomes are
shown in the main panel. The three complete genomes representing members of the candidate phylum TM7 (TM7x, RAAC3, and S. aalborgensis) are marked
with a color. (Inset) All microbial genomes that have less than 6 Mbp are shown, with the TM7x genome highlighted with a red marker.
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the bacterium provides essential amino acids to the host. Bac-
terial endosymbionts that have lost genes for biosynthesis of
amino acids have documented domain-level LGT to the host
genome to provide these missing amino acids. N. equitans is
an obligate epibiotic parasite that cannot import substrates from
the environment, and therefore must stay attached to its host
archaeon Ignicoccus to survive (26). Presumably, N. equitans
acquires pathways from its host that are not encoded in its tiny
genome, which include biosynthesis of amino acids, nucleotides,
or cofactors (25). In the case of Ignicoccus, there are no apparent
detrimental effects of the parasite N. equitans during normal
growth, yet in the association between TM7x and XH001, TM7x
clearly degrades and induces exospore formation in its host. In
contrast, a motile obligate epibiotic bacterial predator, Micavi-
brio aeruginosavorus, missing only the biosynthetic capacity for
seven amino acids and no apparent transporters, forms the basis
for explaining its obligate parasitic lifestyle (34). Another pred-
ator, Bdellovibrio bacteriovorus, is capable of synthesizing 11
amino acids but has a large repertoire of 113 transporters for
transporting amino acids, peptides, or amines (35). As a phylum,
TM7 appears somewhat different from these types of inter-
actions because they may not synthesize any essential amino
acids. A transporter for Arg (Arg/ornithine antiporter) com-
pletes the full Arg deiminase pathway. An amino acid ABC
transporter for charged and polar amino acids is present (His/
Glu/Gln/Arg/opine family). However, it is still unclear how most
other amino acids are acquired, although gaining essential amino
acids through the several identified peptidases is likely. Fur-
thermore, the TM7x genome contains a notably high number of
genes encoding proteins with transmembrane domains, possibly
including uncharacterized transporters (Table S3) to obtain
nutrients from XH001. However, it is interesting to note that the
genome contains a relatively low percentage of genes encoding
proteins with signal peptides (Fig. S4).
The complete genomic information of TM7x also provided

clues to the possible molecular basis for its underlying patho-
genic nature. We found that despite its relatively small genome,
TM7x contains many pathogenesis-related virulence gene homo-
logs, including two virulence islands encoding separate type IV
secretion systems and membrane-associated virulence-related
proteins, such as OmpA (36) and LemA (37), as well as choline-
binding proteins (38) (Table S2). It is particularly interesting
to point out that the TM7x genome contains various ORFs
encoding predicted proteins with toxin-antitoxin (TA) domains,
such as VapC, VapB, and xenobiotic response element (39), as
well as an abortive infection protein homolog known to promote
cell death and limit phage replication within a bacterial pop-
ulation (40). These proteins could potentially play roles for
TM7x to maintain its parasitic status against XH001.

Transcriptomic and Metabolic Responses of XH001 to the Presence of
TM7x. In an effort to investigate XH001/host cellular response
and/or adaptations to the presence of TM7x, we conducted
comparative transcriptomic and metabolomic studies of TM7x-
associated XH001 and XH001 monocultures alone. Analyzing
and comparing whole-genome expression (via RNASeq) and
secreted molecule profiles [via liquid chromatography (LC) MS
(41)] could also reveal gene functions and gene products that are
associated with XH001 and are potentially important for the
successful establishment of a symbiotic relationship, which would
allow for later targeted genetic and molecule manipulations. Our
transcriptomic data showed that roughly 340 genes in XH001
were differentially regulated (greater than threefold; false
discovery rate, P < 0.01) under coculture conditions (Table S4).
A total of 70 XH001 genes were up-regulated more than
threefold when XH001 was physically associated with TM7x. Of
the 35 most up-regulated genes, eight (23%) encode functions
related to general stress responses. Besides genes encoding

proteins homologous to general stress proteins (accession nos.
ActOdo67396_0867, ActOdo67396_0743, ActOdo67396_0069,
and ActOdo67396_1406) and a few stress-related transcriptional
regulators (ActOdo67396_0857 and ActOdo67396_1614), a gene
(ActOdo67396_0259) that encodes a ribosomal subunit interface
protein, which binds to ribosomal machinery and inhibits protein
biosynthesis, was increased almost 13-fold. Additionally, a four-
fold increase was observed for YbaK (ActOdo67396_1917),
which encodes a Cys-tRNAPro deacylase that prevents the ad-
dition of amino acids to the tRNA molecule, thus inhibiting
protein translation.
Some of the most highly up-regulated genes corresponded to

four TA-encoding systems, including the following: prevent-host-
death family protein (ActOdo67396_0959), toxin component
GNAT family (ActOdo67396_0525), addiction module toxin-
RelE family (ActOdo67396_0988), and YefM TA system
(ActOdo67396_1874). Increasing evidence indicates that these
chromosomal TAs could potentially function as stress regulators
involved in different stress responses (42, 43). Furthermore, the
association with TM7x also induced turgor stress-related
responses, which were manifested by an eightfold increase in the
gene-encoding potassium efflux system KefA homolog and
a more than threefold down-regulation of potassium uptake
protein-encoding gene. These changes could be a response to the
increased turgor pressure when XH001 is associated with TM7x,
as indicated by its often-enlarged cell shape compared with
XH001 alone. Considering the up-regulation of the many stress-
related genes in XH001 when physically associated with TM7x,
the transcriptomic data, together with phenotypic observation
that long cocultivation could lead to the lysis of XH001 cells
under starvation conditions, supports our hypothesis that TM7x
forms a parasitic rather than commensal epibiont relationship
with XH001. Furthermore, we also found that the presence of
TM7x induced up-regulation of many genes necessary for bio-
synthesis of essential amino acids, as well as genes encoding
transporters in XH001 (Table S4), whereas a strong repression
of ompA expression, known to encode an immunogenic protein,
was monitored, which could contribute to the observed re-
duction in TNF-α gene expression. Interestingly, two genes
(ActOdo67396_0146 and ActOdo67396_1612) encoding puta-
tive membrane proteins were up-regulated in the presence of
TM7x, and their potential roles in TM7x/XH001 interaction
warrant further investigation.
A focused metabolomic study revealed many putative mole-

cules that were uniquely produced in the coculture (Fig. S6). By
comparing all obtained MS2 spectra (i.e., ionization spectra of
precursor ions) from LC/MS with the extensive Global Natural
Products Social Molecular Networking database (gnps.ucsd.
edu), it was clear that most of these putative molecules have not
yet been identified. However, the cyclic peptide cyclo(L-Pro-L-
Val) was uniquely identified in the coculture (Fig. S6). In a pre-
vious study of the role of cyclic dipeptides in quorum sensing in
Gram-negative bacteria, cyclo(L-Pro-L-Val) inhibited the 3-oxo-
C6-homoserine lactone molecule that is the natural ligand
for activation of the lux operon via the LuxR protein in E. coli
JM109 (pSB401) (44). Cyclo(L-Pro-L-Val) also activated violacein
pigment production in Chromobacterium violaceum, which cau-
ses acute toxicity response in nanoflagellates (44). The roles of
these potential signaling molecules may be of critical importance
for the interaction between TM7x and XH001, as well as for the
human immune response, and needs to be addressed further to
gain a more complete understanding of key mechanisms in oral
health and disease.

Future Perspective
In summary, we are reporting a major breakthrough in TM7
research. Our unique culturing approach led to the in vitro
domestication of a human-associated TM7 phylotype, which
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enabled us to explore its physiological and pathological na-
ture. TM7x’s small cell size, reduced genome, lack of bio-
synthetic capacity for amino acids, and possible killing of
XH001 under extensive starvation represent features consis-
tent with its lifestyle as a parasitic bacterium. The fact that it
appears to “mask” XH001-induced immune responses makes
it even more interesting. Questions arise, such as why TM7x
associates with XH001 (an A. odontolyticus strain) as its
partner (host) and how these two species may interact with
each other at the molecular level during metabolism and
pathogenesis. We are also highly interested in the ecology
and evolution of the TM7 phylum, especially its unique
relationships with Actinomyces spp. Further detailed geno-
mic, transcriptomic, and metabolomic investigations of TM7x
will help to reveal answers to these intriguing questions for this
fascinating bacterium.

Materials and Methods
Detailed experimental procedures are provided in SI Materials and Methods.
TM7x was cultivated in SHI medium (22) as part of a human saliva-derived
microbial community and enriched via streptomycin selection. Saliva sample
collection was performed under University of California, Los Angeles, In-
stitutional Review Board no. 09-08-068-02A as previously described (22).

Briefly, saliva samples were collected from two healthy individuals (one male
and one female, 30 and 32 y of age, respectively) and informed consent was
obtained from these subjects. The TM7x phylotype was coisolated with
XH001 as singles colonies by plating TM7x-enriched culture on SHI solid agar
plates. The physical association between TM7x and XH001 was observed by
FISH using confocal laser scanning microscopy and TEM. XH001 alone and
XH001/TM7x coculture were used to infect J2 BMM cells, and quantitative
PCR was conducted to monitor their TNF-α induction. Furthermore, XH001/
TM7x cocultures grown in the SHI medium were shotgun-sequenced and
assembled using SPAdes, followed by contig binning and annotation as de-
scribed by McLean et al. (31) to assemble the genomes independently. Genome
completeness for all TM7x and published TM7 assemblies was estimated based
on 111 universal, single-copy genes.
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