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Abstract

Bacteria from the Saccharibacteria phylum (formerly known as TM7) are ubiquitous members of the human oral microbiome and are
part of the Candidate Phyla Radiation. Recent studies have revealed remarkable 16S rRNA diversity in environmental and mammalian
host-associated members across this phylum, and their association with oral mucosal infectious diseases has been reported. However,
due to their recalcitrance to conventional cultivation, TM7’s physiology, lifestyle, and role in health and diseases remain elusive. The
recent cultivation and characterization of Nanosynbacter lyticus type strain TM7x (HMT_952)—the first Saccharibacteria strain coisolated
as an ultrasmall obligate parasite with its bacterial host from the human oral cavity—provide a rare glimpse into the novel symbiotic
lifestyle of these enigmatic human-associated bacteria. TM7x is unique among all bacteria: it has an ultrasmall size and lives on the surface
of its host bacterium. With a highly reduced genome, it lacks the ability to synthesize any of its own amino acids, vitamins, or cell wall
precursors and must parasitize other oral bacteria. TM7x displays a highly dynamic interaction with its bacterial hosts, as reflected by
the reciprocal morphologic and physiologic changes in both partners. Furthermore, depending on environmental conditions, TM7x
can exhibit virulent killing of its host bacterium. Thus, Saccharibacteria potentially affect oral microbial ecology by modulating the oral
microbiome structure hierarchy and functionality through affecting the bacterial host’s physiology, inhibiting the host’s growth dynamics,
or affecting the relative abundance of the host via direct killing. At this time, several other uncharacterized members of this phylum have
been detected in various human body sites at high prevalence. In the oral cavity alone, at least 6 distinct groups vary widely in relative
abundance across anatomic sites. Here, we review the current knowledge on the diversity and unique biology of this recently uncovered

group of ultrasmall bacteria.
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A monumental milestone in human microbiology within the
past few decades was uncovering the vast microbial abundance
and diversity associated with the human body (Peterson et al.
2009; Chen et al. 2010; Dewhirst et al. 2010). These microbial
communities coevolve with their host and significantly influ-
ence health and disease in humans (Nishihara and Koseki
2004; Ley et al. 2006). Due to its easy access and clinical rel-
evance, the human oral cavity has become a model for
advanced microbiome analysis to gain an understanding of
microbial ecology and functionality (Chen et al. 2010; Edlund
et al. 2013; Edlund et al. 2015; Baker et al. 2017; Nowicki
et al. 2018). However, a significant portion (=30%) of oral
microbial species remains uncultivable (http://www.homd.org);
thus, their metabolic potential, physiologic properties, eco-
logic function, and influence in human health are unknown. A
primary example is the bacterial phylum Saccharibacteria (for-
merly known as phylum TM7 and referred to as such in this
review). Members of the TM7 phylum are ubiquitous in the
human oral microbiome, and accumulating evidence links their
association with periodontal disease. However, due to the lack
of cultivated representatives, knowledge of TM7 was scarce
until the recent cultivation of the first oral strain, which pro-
vided the first view on its unique cell size and lifestyle and the
means to study these bacteria (He et al. 2015). In this review,
we provide an update on the current knowledge of this enig-
matic bacterial phylum.

TM7: Ubiquitous yet “Enigmatic”
Bacterial Phylum Associated with the
Human Oral Cavity

General Introduction to TM7

TM7 16S rRNA gene sequences were first detected from a peat
bog sample in northern Germany (TM stands for Torf, mittlere
Schicht; German for “a middle layer of peat”) in the mid-1990s
by using a culture-independent molecular approach (Rheims,
Rainey, and Stackebrandt 1996; Rheims, Sproer, et al. 1996)
with highly divergent sequences from a number of additional
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candidate bacteria, such as TM6 (McLean et al. 2013). TM7
was later proposed as a distinct bacterial phylum based on par-
tial 16S rDNA sequences (Hugenholtz et al. 1998; Hugenholtz
et al. 2001) and designated “Candidate Division TM7.”
Subsequently, its presence has been detected in extremely
diverse natural habitats, including soil, seawater, underground
water, rhizospheres, deep-sea sediments, a wastewater treat-
ment plant, hot springs, termite guts, and mammals (Hugenholtz
etal. 2001; Brinig et al. 2003; Kumar et al. 2003; Nakajima et al.
2005; Dewhirst et al. 2012; Kindaichi et al. 2016; Dudek et al.
2017; Zhang et al. 2017; Starr et al. 2018), with 16S rRNA-
based molecular approaches. As of 2011, 255 TM7 phylotypes
have been indicated by 16S rRNA gene sequencing, with 160
listed as environmental, 42 as animal associated, and 53 as
human associated (Dinis et al. 2011). This list continues to
expand as studies unveil new phylotypes (i.e., distinct
sequences with no cultured representatives) from increasingly
diverse environmental niches (Liu et al. 2012; Lowe et al.
2012; Segata et al. 2012; Winsley et al. 2014; Dudek et al.
2017; Zhang et al. 2017; Starr et al. 2018). Single-cell sequenc-
ing approaches then provided the first fragmented partial
genomes of the oral TM7a (Marcy et al. 2007) and the soil
harboring TM7 bacterium GTLI1 (Podar et al. 2007). While
valuable, these incomplete genomes provided limited power to
predict the functional capacities present in this diverse phylum
(Dinis et al. 2011). In 2013, 4 complete TM7 genomes were
assembled through differential coverage binning sampled from
an activated sludge bioreactor (Albertsen et al. 2013).
“Candidatus Saccharibacteria” was proposed as the new phy-
lum name for TM7 based on the genomic analysis, which sug-
gested that these bacteria, with reduced genomes, consume
primarily sugar compounds.

While TM7 bacteria can be found in a wide distribution of
habitats, their physiology, lifestyle, and ecologic role or patho-
genic nature (for host-associated phylotypes) remained elusive
due to their apparent recalcitrance to conventional cultivation
methods. Attempts were made to isolate TM7 bacteria but
failed to achieve sustainable growth. A soil-slurry membrane
system, which combined a polycarbonate membrane as growth
support and a soil extract as growth substrate, was imple-
mented to cultivate the environmental TM7 phylotypes as tiny
microcolonies (Ferrari et al. 2005; Abrams et al. 2012), albeit
with no success in further enrichment. Intriguingly, these
microcolonies were composed of a mixture of bacterial spe-
cies, suggesting that TM7 may require cocultivation to propa-
gate (Abrams et al. 2012). These results were consistent with
previous studies evaluating uncultivable microorganisms from
the environment, which revealed that many recalcitrant bacte-
ria rely on metabolic cooperation with other species for the
provision of nutrients (Zengler et al. 2002; Vartoukian et al.
2010; Pham and Kim 2012). Furthermore, using a cultivation-
independent metagenomic approach, Banfield and colleagues
recovered the complete genome of a TM7 representative
(RAAC3) from an acetate-stimulated aquifer sediment (Kantor
etal. 2013). Genomic analysis revealed that RAAC3 is missing
pathways for biosynthesis of nucleotides, lipids, and amino

acids and suggested that TM7 could be auxotrophic and meta-
bolically dependent on other organisms (Kantor et al. 2013).

Human Oral TM7

TMT7 bacteria are commonly found constituents of the human
microbiome and are detected in various human body sites,
including the gastrointestinal tract, skin, and female genital
tract (Brinig et al. 2003; Eckburg et al. 2005; Fredricks et al.
2005; Gao et al. 2007). Additionally, 16S rRNA gene sequenc-
ing indicates that TM7 has been continuously prevalent in the
human oral microbiome from Neanderthals (Weyrich et al.
2017) to modern-day Homo sapiens (Brinig et al. 2003). The
association of TM7 with inflammatory mucosal diseases, such
as vaginosis and inflammatory bowel disease, has been sug-
gested from studies that found TM7 sequences differentially
abundant in the disease state (Brinig et al. 2003; Fredricks et al.
2005; Kuehbacher et al. 2008). TM7 is typically found at low
abundance—approximately 1% of the whole oral microbial
population—based on culture-independent molecular analyses
(Brinig et al. 2003; Podar et al. 2007); however, an increase of
TM7 members (as high as 21% of the whole oral bacterial
population in some cases) was detected in patients with muco-
sal infections (Rylev et al. 2011). Even greater abundances of
TM7 were associated with gingivitis severity and periodontal
disease (Paster et al. 2002; Brinig et al. 2003; Rylev et al. 2011;
Liu et al. 2012; Kistler et al. 2013; Camelo-Castillo et al. 2015;
Sousa et al. 2017; Nowicki et al. 2018). Certain oral TM7 phy-
lotypes—such as TM7 clones AF125206 (HMT 356, 99.7%
identity) and AY 134895 (HMT _952, strain: TM7x, 98.9%
identity)—can even be detected on or within the host crevicu-
lar epithelial cells (Paster et al. 2002). Moreover, the reduction
in the abundance of TM7 can be consistently observed in
plaque-induced gingivitis after treatment intervention (Huang
et al. 2016). This clinical evidence suggests the correlation of
TM7 with gingivitis and periodontitis and therefore justifies
that several TM7 taxa have been included in the core microbi-
ome associated with periodontitis (Abusleme et al. 2013).
Despite these associations, no causative relationship between
TM7 and periodontal diseases has been established, which
warrants further study.

Oral TM7: Biodiversity and Biogeography

As high-throughput DNA sequencing studies accumulated,
many inadvertently grouped these candidate phylum sequences
into bins designated as “other” or “unclassified,” primarily as a
result of lacking close representative sequences in databases.
In addition, although some related sequences were deposited
into databases, many were not classified as being phylogeneti-
cally related to TM7, which we now hypothesize to be driven
by sequence divergence across the phylum. Thorough 16S
rRNA gene sequence analyses from publicly available data-
bases have subsequently revealed the diversity of TM7 across
many environments. Development of the Human Oral
Microbiome Database (Chen et al. 2010)—which contains
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deposited full-length 16S rRNA gene sequences with group-
level designations—allows evaluation of the distribution of
these TM7 sequences in data sets that originally did not report
group-resolved TM7 hits. One study performed this type of
contemporary “reanalysis” with recently developed oligotyp-
ing techniques (250-bp sequences grouped at 99% sequence
identity), which were applied across the oral samples within
the Human Microbiome Project high-throughput 16S rRNA
marker gene data set (Eren et al. 2014). The distribution of the
oligotypes reported indicated a best “hit” match with TM7
groups G1, G3, and G5, which were found across 9 oral sites in
humans with no oral disease (Eren et al. 2014). Consequently,
recent studies based on available 16S rRNA gene phylogeny
revealed 6 major TM7 phylum groups (G1 to G6), which are
detected in the oral cavity alone (Camanocha and Dewhirst
2014). Collectively, the groups vary in prevalence across sub-
jects within the oral cavity, and the enrichment of some groups
within specific anatomic sites is evident (Fig. 1). Over 2
decades past the first reported 16S rRNA sequence in 1996
(Rheims, Rainey, and Stackebrandt 1996), only genomes from
the G1 group have been uncovered from single cells or metage-
nomic binning approaches. Very recent studies, however,
uncovered additional genomes from the other diverse groups
within the phylum from humans and mammals (McLean et al.
2018), including the dolphin oral cavity (Dudek et al. 2017).

TM7x: The First Cultivated TM7 Strain

TM7x: An Obligate Parasite That Infects Oral
Bacteria

He et al. (2015; McLean et al. 2016) combined targeted antibi-
otic enrichment with a newly developed culturing medium that
supports the growth of multiple TM7 phylotypes within an in
vitro multispecies oral microbial community (Tian et al. 2010;
Edlund et al. 2013). In doing so, the authors were able to
achieve the successful coisolation of the first cultivable repre-
sentative of TM7, Nanosynbacter lyticus type strain TM7x
(HMT_952), with its host bacterium, Actinomyces odontolyti-
cus actinosynbacter strain XHO0O01.

Initial observations showed for the first time that TM7x has
an ultrasmall cell size (200 to 300 nm) and was attached to a
bacterial host. The TM7x genome is also reduced (about 700
genes) and lacks the ability to produce membrane lipids or
nucleotides. Additionally, genes required for de novo biosyn-
thesis of essential amino acids, nucleotides, and cofactors are
lacking (He et al. 2015), which could explain the previous
failed attempts in isolating TM7 species as a pure monoculture.
TM7x has a high coding density genome and ranks among the
smallest bacteria found in the human body in both genome size
and gene count to date. TM7x falls within the G1 phylum
group, which has several environmental G1 relatives; this
group contains members from mixed sources, from mammals
to deep groundwater (McLean et al. 2018). In comparison to
the environmental genomes available, the oral TM7x genome
is smaller and has therefore likely become reduced within
mammalian hosts over time (He et al. 2015). The gene loss,
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Figure |. Saccharibacteria (TM7) biogeography in the oral cavity. With
the accumulated availability of 16S rRNA gene sequences in databases,
the phylogenetic diversity of the phylum results in at least 6 major
taxonomic groups, which are detected at various levels in the oral cavity.
Pie charts displaying the percentage distribution of the different groups
within the phylum across oral cavity sites were derived from a reanalysis
of the Human Microbiome Project data (https://hmpdacc.org/) with
recently established reference sequences from the different groups.

however, is clustered mostly within a single genomic region.
The rest of the genome is highly syntenic when compared with
the metagenomically derived and closed environmental
genomes isolated from an aquifer (RAAC3) as well as a sludge
bioreactor (“Ca. Saccharibacteria aalborgensis”; He et al.
2015). The genome of TM7x bears some similarities to known
bacterial symbionts in insects (McCutcheon and Moran
2011)—specifically, the highly reduced gene content with
diminished functional capacity and auxotrophy for various
vitamins as well as amino acids. Unlike TM7x, insect symbi-
onts are generally reliant on a eukaryotic host instead of a free-
living bacterium.

Further studies demonstrated a highly dynamic interaction
between TM7x and its bacterial host in response to physical
association and environmental conditions, such as oxygen
level and nutritional availability. This is reflected by their
reciprocal morphologic and physiologic changes during epi-
symbiotic growth (Bor et al. 2016). Specifically, XHOO1 cells
grow as short rods when alone but exhibit elongated cell
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Figure 2. Genome scale metabolic maps of the XHO0| and TM7x interaction. Curated, genome scale metabolic models of XH00| and TM7x derived
from collaboration with the Biocyc team, which is publically available (https://biocyc.org/). There is a major contrast in the predicted functions for each
of these bacteria. Actinomyces odontolyticus XHOO| has 123 pathways and 774 reactions and 50| predicted enzymes. The reduced genome parasite
TM7x is auxotrophic for all essential amino acids and in comparison has only 20 pathways and |51 reactions with 101 predicted enzymes. XHOO|:
Actinomyces odontolyticus strain XHO00; TM7x: Nanosynbacter lyticus type strain TM7x.

morphology when physically associated with TM7x under
nutrient-replete conditions. In contrast, upon starvation, TM7x-
associated host cells manifest a variety of cell morphologies,
including swollen cell body, clubbed ends, and even cell lysis.
In addition, a large portion of the TM7x cells transform from
ultrasmall cocci into more elongated cells under starvation
condition (Bor et al. 2016). Transcriptomic gene profiling of
the roughly 2,000 genes in XHOOI revealed roughly 340 dif-
ferentially regulated genes. A total of 70 genes were upregu-
lated (>3-fold) when XHO0O1 was physically associated with
TM7x. Most interesting, of the 35 most upregulated genes, 8
(23%) encoded functions related to the stress response, and 8
more (23%) were involved in carbohydrate metabolism (He
etal. 2015). The gene expression data aligned with the physical
observation that the association of TM7x resulted in a slightly
reduced growth in XHO001, a characteristic feature of a para-
sitic relationship (Bor et al. 2016). Overall, the combined

physiologic, genomic, and transcriptional characteristics led to
the classification of TM7x as an obligate epibiont that is para-
sitic (an epiparasite; He et al. 2015).

Although epiparasitism is widespread between microorgan-
isms and the domain Eukarya (Bidartondo et al. 2002), TM7x
represents the first epiparasite discovered within the domain
Bacteria that requires other bacteria as a host (Bor et al. 2016).
Interestingly, similar symbiotic relationships have been
reported in the domain Archaea. The first evidence was
reported in 2002, when a nanosized hyperthermophilic
archaeon, Nanoarchaeum equantum, was found to proliferate
while attached to a specific archaeal host, a member of the
genus Ignicoccus (Huber et al. 2002). Like TM7x, N. equitans
is an obligate parasite with reduced genome capacity that can-
not sustain host-free independent cellular growth. In high cell
density, N. equitans is inhibitory and prevents Ignicoccus host
growth (Jahn et al. 2008). Further studies indicated that these
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Figure 3. Flux balance analysis of the XHOO| and TM7x interaction. Flux balance analysis using the
Seed Model (http://modelseed.org/) enables a cursory prediction of the possible metabolic interaction
between the two species in minimal media with glucose as the carbon source. Lactate under these
conditions is the predicted substrate for TM7x metabolism. Colored nodes represent compounds and
lines with numbers represent the predicted flux of metabolites. XHOOI: Actinomyces odontolyticus strain

XHO001; TM7x: Nanosynbacter lyticus type strain TM7x.

ultrasmall archaeal “parasites” can be found in various envi-
ronmental settings, particularly in extreme environments,
including deep-sea hydrothermal vents (Huber et al. 2002),
acid mine drainage (Baker et al. 2006), and hot springs (Wurch
et al. 2016). These nanoarchacum species are members of a
larger lineage termed DPANN Archaea, which are inferred to
be mostly symbionts, based on genomic information similar to
Candidate Phyla Radiation (CPR), and it was even shown that
they share similar metabolic traits (Castelle and Banfield
2018).

One of the key features of parasites is their metabolic
dependency on their hosts, which is evident from the minimal
metabolic pathways predicted in TM7x, as shown in Figure 2.
These annotated genes in pathways are derived from our
collaboration with BioCyc (Pathway/Genome Database
Collection) and displayed with Pathway Tools (Caspi et al.
2016; Karp et al. 2016). XH001 genome is teeming with a mul-
titude of pathways that can satisfy the cellular requirements of
TM7x (Fig. 2). At the genome scale, the flux balance model
(Orth et al. 2010)—which predicts the metabolic interactions
of TM7x and XHO0O0! in minimal media—indicates that lactate
is likely the main carbohydrate source for TM7x derived from

conditions (He et al. 2015; Bor et al.
2016). This long-term, stable relation-
ship is possible because the TM7x/
XHO001 coculture appears to maintain
a subpopulation of uninfected XH001
bacterial cells, which accounts for
~28% to 52% of the population on
average (Bor et al. 2018). While the TM7x-infected host cell
population in the coculture displays reduced growth and
severely inhibited cell division, the uninfected XH001 popula-
tion exhibits normal cell division and could serve as a reservoir
to facilitate another infection cycle by TM7x via horizontal
transmission (Bor et al. 2018).

Further knowledge was gained by infecting naive host cells
with isolated TM7x in the laboratory—specifically, an inde-
pendent Actinomyces odontolyticus isolate from the human
oral cavity (designated XHOO1n) that had not been exposed to
TM7x. Bor et al. (2018) observed that XH0O1n suffered a dra-
matic cell death, which was a result of an overwhelmingly high
number of TM7x cells (on average >50) infecting individual
host cells. This virulent killing is transient, however, where the
XHO001n cells can quickly evolve a reduced susceptibility to
TMT7x infection and enter a stable, long-term epiparasitic rela-
tionship akin to XHO0O01. This reduced susceptibility is hypoth-
esized to be driven by rapid host evolution via genetic
adaptation, where genome sequencing revealed that these sta-
ble host cells gained multiple mutations in the transporter and
regulatory genes, potentially allowing partial protection from
infection (Bor et al. 2018).
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The rapidly developed long-term association between TM7x
with XHO001n was also observed through infection of a number
of closely related Actinomyces species with TM7x (Bor et al.
2018). The ability of TM7x to quickly adapt to multiple hosts
postinfection and the subsequent establishment of the stable
epiparasitic relationship could allow TM7 species to associate
with many bacterial lineages and persist within the oral cavity
or other natural environmental niches. This is an intriguing evo-
lutionary question that warrants further investigation.

TM7x: A Parasite with Benefits

As an obligate epiparasite, TM7x represents a burden to its
host bacteria and exerts various negative impacts, including
increased stress responses (Bor et al. 2016), reduced cellular
growth rate and division (Bor et al. 2016), and even cell lysis
under nutrient starvation conditions in batch culture (He et al.
2015). However, recent studies indicated that the association
with TM7x is potentially beneficial to the host bacteria—for
example, by promoting biofilm formation (Bedree et al.
2018).

In most ecologic habitats, including the human oral cavity,
microbes form complex and highly structured multispecies
communities known as biofilms. This structure is facilitated
through an intricate extracellular matrix consisting of polysac-
charides, proteins, DNA, and lipids, and it is an essential part
of the many microbial lifecycles in the oral cavity (Bowen
etal. 2018). It protects oral bacteria from saliva flow, daily oral
hygiene interventions, and clearance by the human immune
system, thereby allowing persistence within the oral cavity
(Sanz et al. 2017). Bedree et al. (2018) recently demonstrated
that the association of TM7x with XHO001 promotes biofilm
formation partially via autoinducer-2 (AI-2) quorum sensing
(QS). This was validated by chromosomal deletions of key
Al-2 QS genes, [uxS and IsrB, encoding the AI-2 QS molecule
synthase and binding receptor, respectively, in XH001, which
resulted in biofilm formation deficiencies of TM7x-associated
XHO001 (Bedree et al. 2018). In addition to TM7x and its host
withstanding physical disturbances within oral cavity, a plau-
sible advantage could be that of evading the immune system in
vivo by directly reducing inflammation via biofilm formation.
While this recent study did not directly evaluate this possibility
in the oral cavity, existing literature reports that biofilm-inducing
bacteria impede activation of the immune system (Donlan and
Costerton 2002; Domenech et al. 2013) and diminish the pro-
inflammatory response by reducing TNF-o production
(Thurlow et al. 2011). This is consistent with the observation
that TM7x association repressed XHOOI-induced TNF-a
expression in macrophages, which suggests that TM7x may
prevent detection of XHO001 by macrophages or possibly
directly suppress TNF-a expression in macrophages (He et al.
2015). Altogether, these data are suggestive of ultrasmall bac-
teria potentially having the capacity to modulate the normal
host immune response (He et al. 2015). The full molecular
mechanism behind this QS-regulated, enhanced biofilm forma-
tion phenotype in TM7x-associated XH001 remains to be elu-
cidated. Furthermore, determining if biofilm formation could

provide evolutionary fitness in the survival of TM7x’s bacte-
rial hosts merits further investigation.

Conventionally, a parasitic relationship is commonly
defined as one partner gaining benefit at the expense of its
counterpart. While recent evaluation of the epiparasitic rela-
tionship between TM7x and XH001 corroborates the increas-
ing lines of evidence showing that while parasites negatively
affect the growth of their hosts, they could offer evolutionary
advantages by enabling the persistence of their host species
(Dunn et al. 2008). Thus, in assessing the benefits and disad-
vantages of parasitism, the outcome of the relationship should
not solely be studied in isolation but rather in a natural
context.

Beyond TM7x: Into the Ultrasmall
World

TM7 and Candidate Phyla Radiation

CPR is a newly described bacterial major lineage (superphy-
lum) containing >70 phyla, potentially accounting for >25% of
bacterial diversity, and until recently, no cultured representa-
tive had been reported (Brown et al. 2015; Hug et al. 2016;
Castelle and Banfield 2018). This discovery has greatly
expanded the view of microbial diversity but simultaneously
engendered fundamental questions that remain unanswered
regarding their biology and their potential influence on micro-
bial ecology. TM7, in addition to the SR1 and GNO2 phyla, is
among the only CPR that is detected within the human micro-
biome and specifically enriched in the oral cavity (Camanocha
and Dewhirst 2014). Other members of the TM7 and CPR
share characteristics with TM7x, including highly reduced
genomes, restricted metabolic capacities, and an inferred
ultrasmall cell size (Kantor et al. 2013; Brown et al. 2015; Luef
et al. 2015; McLean et al. 2018). Strikingly, since most avail-
able genomes reveal numerous absent biosynthetic pathways
across the CPR lineage, they are predicated to have a symbiotic
lifestyle similar to TM7x (Kantor et al. 2013; McLean et al.
2013; Brown et al. 2015; Castelle and Banfield 2018). TM7x
represents the first cultivated member of CPR and has thus far
enabled detailed studies of these ultrasmall epiparasites, such
as their dynamic interaction with their hosts, their host prefer-
ence and range, their biofilm formation, and their pathogenic
potential (Fig. 4). As the impetus for studying the CPR
increases (Brown et al. 2015; Attar 2016; Burstein et al. 2016;
Castelle et al. 2017; Danczak et al. 2017; Castelle and Banfield
2018), TM7x/XH001 may continue to provide fundamental
knowledge on the underlying mechanisms governing the life-
style of bacteria with reduced genomes, such as those belong-
ing to the CPR group.

Novel Approach for Isolating and Cultivating
TM7 Strains

Cultivation of the first TM7x strain with its bacterial host
XHO001 has provided invaluable knowledge. The requirement
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Future
Perspectives

The obligate epiparasitic rela-
tionship between TM7x and
XHO001 represents a novel yet
presumably common and long-
established interspecies interac-
tion in the oral microbiota, as
suggested by the presence of
CPR from ancient to modern
humans  (Camanocha  and
Dewhirst 2014; Weyrich et al.
2017; Baker et al. 2018). There
is strong evidence that CPR
organisms, particularly TM7,
interact with the core members
of the microbiome, such as
Actinomyces, and play a critical
yet poorly understood function
in the development of the human
community  composition  in
health and disease (Abusleme et
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Figure 4. TM7x represents the first CPR bacteria cocultivated with its host. (a) Current view of the tree of
life highlights TM7 and CPR (tree inferred from concatenated ribosomal gene data set provided by Hug et al.
2016). (b) Fluorescence in situ hybridization image shows the epiparasitic relationship between TM7x and its
bacterial host XHO0I. (c¢) TM7x/XHO00! provides a better understanding of bacterial epiparasitic interaction:
(1) a detailed mechanistic understanding of the dynamic parasitic interaction between TM7x and its host
bacterium XHO001; (2) the host selection and host range of TM7x; (3) the impact of interaction on bacterial
physiology; and (4) pathogenic potential. CPR, Candidate Phyla Radiation. XHOO|: Actinomyces odontolyticus

strain XHO00; TM7x: Nanosynbacter lyticus type strain TM7x.

of TM7x to grow only with a host bacterium and the discovery
of the ability of TM7x to horizontally infect new host bacteria
(Bor et al. 2018) have recently led to a novel host “baiting”
methodology (http://www.homd.org/doc/Saccharibacteria
Isolation and Cultivation.pdf). The efficacy of this isolation
methodology in part prompted organization of the inaugural
Forsyth Institute symposium “The Uncultivable Bacteria”
(October 2018). The conclusion of the symposium consisted of
a hands-on workshop demonstrating TM7 bacteria isolation
and cultivation from the human oral cavity. This symposium
enabled exposure and dissemination of critical cultivation
knowledge to the global research community. This cultivation
methodology has resulted in stable cultures of several new
TM?7 strains of different species (unpublished data), greatly
expanding the current isolated TM7 bacterial representatives.
The addition and sequencing of new cultivated TM7 strains are
pivotal to elucidating the molecular underpinnings of this
novel parasitic mechanism as well as the universal TM7 bacte-
rial ecology. It is anticipated that the attendees at this sympo-
sium and abroad will implement the validated method to isolate
even more TM7 bacteria from diverse environments. This
method removed a major roadblock and paved the way for cul-
tivating and studying TM7 strains, and it may enable isolation
of other oral candidate phyla that are otherwise difficult to cul-
tivate, including “yet to be cultivated” species from the GN02
and SR1 phyla in humans.

al.  2013; Costalonga and
Herzberg 2014; Baker et al.
2017). The distinct interactions
between TM7 and their bacterial
hosts may have a considerable
impact on oral microbial ecol-
ogy at various levels. Depending
on local microenvironments,
TM7 species could modulate the
oral microbiome structure hierarchy and functionality through
affecting their bacterial host’s physiology, inhibiting host
growth dynamics, or influencing the relative abundance of the
host via direct killing. It is also possible that bacterial species
carrying TM7 parasites could invade other hosts or host niches
via parasite-mediated competition, effectively using the para-
sites as biological weapons, similar to how human intestinal
bacteria, such as certain Enterococcus faecalis strains, use
phage as a bioweapon to kill off competitors (Duerkop et al.
2012). Furthermore, the observed TM7x repression of the
XHO001-induced TNF-oo mRNA expression in macrophages
implies that interactions between TM7 species and their bacte-
ria are likely to be more complex than a simple metabolic
dependency and may affect the human host responses (He et al.
2015), thus indirectly modulating human oral microbiome.
While accumulating evidence has established enrichment and
subsequent association of these ultrasmall parasites of bacteria
with disease states, the next critical step is to investigate the
causation between TM7 and oral infectious diseases. As inter-
est in the study of ultrasmall bacteria increases, the isolation
and investigation of additional TM7 strains and other CPR
bacteria will provide much-needed knowledge on the biology
of this distinct bacterial lineage and will confirm whether any
of the findings obtained from studies on the human associated
TM7x-XHO001 pair are generalizable.
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