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The diversity of bacterial species in the human oral cavity is well recognized, but a high proportion of them are presently unculti-
vable. Candidate division TM7 bacteria are almost always detected in metagenomic studies but have not yet been cultivated. In
this paper, we identified candidate division TM7 bacterial phylotypes in mature plaque samples from around orthodontic bonds
in subjects undergoing orthodontic treatment. Successive rounds of enrichment in laboratory media led to the isolation of a
pure culture of one of these candidate division TM7 phylotypes. The bacteria formed filaments of 20 to 200 �m in length within
agar plate colonies and in monospecies biofilms on salivary pellicle and exhibited some unusual morphological characteristics
by transmission electron microscopy, including a trilaminated cell surface layer and dense cytoplasmic deposits. Proteomic anal-
yses of cell wall protein extracts identified abundant polypeptides predicted from the TM7 partial genomic sequence. Pleiomor-
phic phenotypes were observed when the candidate division TM7 bacterium was grown in dual-species biofilms with representa-
tives of six different oral bacterial genera. The TM7 bacterium formed long filaments in dual-species biofilm communities with
Actinomyces oris or Fusobacterium nucleatum. However, the TM7 isolate grew as short rods or cocci in dual-species biofilms
with Porphyromonas gingivalis, Prevotella intermedia, Parvimonas micra, or Streptococcus gordonii, forming notably robust
biofilms with the latter two species. The ability to cultivate TM7 axenically should majorly advance understanding of the physi-
ology, genetics, and virulence properties of this novel candidate division oral bacterium.

The human oral cavity contains a diverse range of bacteria, with
current estimates of up to 1,000 species present (1). The use of

culture-independent methods for analyzing the oral microbiome
has provided new insights into the complexity of oral microbial
communities (2, 3). However, a significantly large proportion of
microorganisms from the human oral cavity remain uncultivated
(4). This has implications both for studies of human health and
disease and for taxonomic classification, which requires axenic
cultivation. When previously uncultivated bacteria have been cul-
tivated (5, 6) or domesticated (4), it has been possible to then
investigate their interactions with other oral microorganisms (7)
or obtain accurate genomic sequences (8).

The bacteria of candidate division TM7 were first detected in a
German peat bog (9) and are found in a diverse range of environ-
ments around the world (9, 10). Candidate division TM7 bacteria
have also been detected at a number of human body sites, includ-
ing the skin (10), distal esophagus (11), gut (12), and the oral
cavity (3, 13–18). Initially, TM7 was found in relatively low abun-
dance in oral cavity population samples (13), but in a more recent
study, a high abundance of TM7 in subgingival plaque seemed to
correlate with periodontal disease (3). However, it is difficult to
assess the properties of these organisms in health and disease,
because they have been uncultivable, with no pure-culture repre-
sentatives. Phylogenetic analyses indicated that there were three
subdivisions, based on 16S rRNA gene clones. The main morpho-
type in reactor sludge was Gram-variable nonbranching filaments
up to 200 �m in length, each filament composed of closely packed
cells and a cell wall with trilaminated appearance and surrounded
by a sheath (9). In other studies, using fluorescent in situ hybrid-
ization (FISH) with a TM7-specific probe, long filamentous cells
with striations were detected along with short rods and diplococci
(10). The first genomic sequence of a TM7 organism (TM7a) was

generated after single-cell isolation and whole-genome amplifica-
tion, but the sequence was fragmented and incomplete (14). Meta-
genomic sequencing data have allowed a hybrid assembly ap-
proach to reconstruct a more complete version of a TM7 group
genome (3). The final assembly is still fragmented, but 703 genes
have been identified that were not present in the original assem-
bly. Clearly, if a candidate division TM7 bacterium could be cul-
tivated in pure culture, much more information could be obtained
genetically and regarding virulence attributes.

In orthodontics, the use of fixed appliances on teeth interferes
with cleaning methods and can lead to plaque accumulation and
potentially increased risk for periodontal diseases (19, 20). Tradi-
tional culturing techniques have shown elevated numbers of peri-
odontal pathogens, such as Porphyromonas gingivalis and Tanner-
ella forsythia, present at the gingival margins during orthodontic
treatment (21). In the present study, the aim was to monitor shifts
of candidate division TM7 bacteria in plaque at the gingival mar-
gin associated with orthodontic treatment. From a supragingival
plaque culture containing at least 12 phylotypes of TM7, we were
able to domesticate a single isolate and grow this in pure culture.
The organism corresponded to the previous morphological de-
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scription of TM7 (9) by growing as long filaments, sometimes
striated, within agar plate colonies or biofilms. However, the iso-
late underwent morphological changes when grown in biofilms in
the presence of different oral bacterial species.

MATERIALS AND METHODS
Study design. Twenty patients (11 to 14 years old) ready to begin orth-
odontic treatment at Bristol Dental Hospital participated in this study
(approved by the UBHT Ethics Committee [04/Q2006/53]). Exclusion
criteria included those patients with known systemic diseases and those
who had taken antibiotics within 3 months before the start or during
treatment. Cross-randomization to opposing contralateral quadrants of
the mouth was applied (i) in the assignment of molar bands and bonded
molar tubes and (ii) for self-ligating brackets (SLB) with or without elas-
tomeric ligatures in the upper arch (19) (see Fig. S1 in the supplemental
material). Samples were obtained immediately prior to (T0), 3 months
into (T1), at completion of (T2), and 3 months after (T3) treatment (19).
Plaque samples were placed into 50 mM Tris-EDTA buffer (pH 8.0) (TE
buffer) and stored frozen at �70°C prior to processing.

Microbial culture. Plaque samples were collected from patients in
anaerobic transport medium (ATM Systems) and inoculated into fastid-
ious anaerobic broth (FAB; LabM) containing kanamycin (100 �g/ml) to
inhibit growth of Gram-negative bacteria. After 48 h of incubation at 37°C
under anaerobic conditions, samples were subcultured into FAB for up to
1 week. Portions of cultures (0.1 ml) were then inoculated onto fastidious
anaerobic agar (FAA) plates containing 5% defibrinated horse blood and
incubated for 7 days anaerobically under N2-CO2-H2 (80:10:10). Single
colonies were subsequently picked and subjected to multiple rounds of
subculturing onto fresh FAA plates until pure culture isolates were ob-
tained. All bacterial strains, including Streptococcus gordonii, Parvimonas
micra, Actinomyces oris, Fusobacterium nucleatum subsp. nucleatum, Pre-
votella intermedia, and Porphyromonas gingivalis, were cultivated on FAA
or in FAB.

DNA extraction. DNA was extracted from plaque samples or cells
harvested from broth cultures using a GeneElute bacterial genomic DNA
kit (Sigma-Aldrich Company Ltd., Dorset, United Kingdom) according
to the manufacturer’s instructions, and DNA concentrations were esti-
mated spectrophotometrically at 260 nm.

PCR for DGGE. The candidate division TM7 16S rRNA gene was PCR
amplified using oligonucleotide TM7-580F (9), containing GC clamps for
subsequent denaturing gradient gel electrophoresis (DGGE) and a TM7
reverse primer (5= GTGTAGCAGTGAAATGCGTAGATAT) within a
50-�l reaction mixture containing 1.25 U GoTaq DNA polymerase (Pro-
mega), 10 �l supplied buffer (final MgCl2 concentration of 1.5 mM), 0.2
mM each deoxynucleoside triphosphates (dNTP), 1.0 mM each primer,
and approximately 20 ng template DNA. The amplification cycle was
performed as follows: denaturation step at 94°C for 2 min; 15 cycles at
94°C for 30 s, primer annealing steps of 30 s starting at 65°C and descend-
ing 1°C each cycle, with extension at 72°C; followed by 10 cycles of 94°C,
50°C, and 72°C for 30 s each; and a final extension step of 72°C for 10 min.
Amplimers of approximately 102 bp were visualized following agarose
(1.2%) gel electrophoresis.

DGGE. PCR amplimers were separated through 10% polyacrylamide
gels containing a linear gradient of urea (40 to 50%) using a CBS Scientific
DGGE electrophoresis system and applied voltage of 30 V for 1 h and then
60 V overnight (16 h). The system was maintained at a constant temper-
ature (60°C) in 22 liters of 0.5� Tris-acetate-EDTA (TAE) buffer. The gels
were stained for 30 min in 1� TAE-containing SYBR green nucleic acid
gel stain (104 dilution) and digitally photographed with UV light transil-
lumination.

Real-time PCR. Assays were performed in 96-well plates in a DNA
Engine ThermoCycler Chromo4 real-time detector (Bio-Rad) with the
same primer sequences that were used for DGGE-PCR but without GC
clamps and with universal primers 2 and 3 for total amplifiable 16S rRNA
genes (22). The total reaction volume was 25 �l per well, and each reaction

mix contained 12.5 �l iTaq SYBR green supermix (Bio-Rad), 1.25 �l each
primer (final concentration of 6 �M), and 10 �l (�50 ng) template DNA.
The amplification cycle was performed as follows: denaturation at 95°C
for 3 min; then 30 cycles of 95°C for 15 s, 54.2°C for 45 s, 72°C for 15 s; and
then a final extension step of 72°C for 10 min. The fluorescence intensity
of SYBR green was measured automatically during the annealing steps. At
the end of each run, a melting curve analysis was performed from 70°C to
95°C, read every 0.2°C with a 0.1-s hold. Standards were dilutions of a
plasmid containing a 572-bp segment of a 16S rRNA gene closely related
(99%) to the TM7a 16S rRNA gene sequence.

Amplification of 16S rRNA. The 16S rRNA genes were amplified by
PCR under standardized conditions using TM7-specific primers (forward
primer, TM7-314F; reverse primer, TM7-910R) which amplify a fragment
of 572 bp, as previously described (9, 13). Additional TM7-specific prim-
ers utilized were 5=GATGAACGCTGGCGGCATG and 1391R (5=GACG
GGCGGTGTGTRCA). A standard protocol within a PTC-100TM ther-
mocycler (MJ Research Inc.) was used which included denaturation at
94°C for 3 min, then 34 cycles of 94°C for 1 min, 58.4°C for 45 s, 72°C for
1 min, and a final extension step of 72°C for 10 min. The PCR products
were analyzed by 1% agarose gel electrophoresis containing ethidium bro-
mide and visualized under UV light.

Cloning procedures and sequencing. Cloning of PCR-amplified
DNA was performed with a TA cloning kit (Invitrogen) according to the
instructions of the manufacturer. DNA was transformed into competent
Escherichia coli DH5� cells, and transformants were selected for kanamy-
cin resistance (50 �g/ml). Correct sizes of inserts were determined by
PCR, and the 16S rRNA gene fragments were purified (QIAquick PCR
purification kit) and sequenced.

16S rRNA gene sequencing and data analysis. Numerous clones with
inserts of the correct sizes (102 bp or 572 bp) were analyzed. For identifi-
cation of closest relatives, the sequences of the inserts were compared to
available databases by use of the Basic Local Alignment Search Tool
(BLAST) to determine approximate phylogenetic affiliations and to indi-
cate the presence of any existing sequences that might be included in the
novel divisions which had not previously been identified. Phylogenetic
trees were constructed by neighbor joining using the CLUSTAL W website
and the PHYLIP suite of programs (23).

Probe design. The compiled sequences were aligned using Clustal W
and Clustal Omega, and the alignments were refined manually. A TM7-
specific fluorescence in situ hybridization (FISH) probe (TM7-2; Cy3-G
AGTTTGTGAGTTCGAATAAT) was designed based on comparative
analysis of all sequences in the database. Probe sequence was subsequently
confirmed for specificity using the 16S rRNA gene sequences in the Ribo-
somal Database Project and the GenBank databases.

FISH. To identify the presence of TM7 in mixed-culture samples, 0.2
ml culture was centrifuged (13,000 � g, 3 min), and the pellet was fixed in
0.1 ml 4% paraformaldehyde (PFA) for 20 min on ice (2, 24). After fixa-
tion, cells were washed with 50% ethanol and mixed with 0.1 ml 0.1 M
Tris-HCl (pH 7.5) containing 5 mM EDTA and 10 mg lysozyme/ml for 10
min at 37°C to permeabilize the cells. The cells were then dehydrated with
a series of ethanol washes (3 min each) containing 50%, 80%, and 100%
ethanol. Samples were incubated with 50 �g/ml Cy3-labeled TM7-905
oligonucleotide probe (9) or Cy3-labeled universal probe EUB-338 in
hybridization buffer (0.9 mM NaCl, 20 mM Tris-HCl [pH 7.5], 25%
formamide, 0.01% sodium dodecyl sulfate) at 46°C for 90 min. Samples
were washed for 15 min at 48°C in buffer containing 0.16 M NaCl, 20 mM
Tris-HCl (pH 7.5), 5 mM EDTA, and 0.01% sodium dodecyl sulfate. Cells
were then washed in 0.4 ml ice-cold water and examined by fluorescence
microscopy. Experiments were also carried out with a newly designed
probe TM7-2 (see above) with the following modifications to the proto-
col: the initial pellet was fixed in 50% ethanol (0.15 ml) overnight at 4°C;
the cells were washed with 0.4 ml phosphate-buffered saline (PBS) and
centrifuged, and pellets were suspended in 0.5% Triton (0.1 ml) for 10
min at 22°C to permeabilize cells.
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Preparation of saliva-coated coverslips. Human whole saliva samples
were collected from a minimum of five adult volunteers (in accordance
with the Human Tissue Act and with University of Bristol ethical ap-
proval) into chilled tubes on ice, pooled, incubated for 10 min with 2.5
mM dithiothreitol (DTT), and clarified by centrifugation (10,000 � g, 10
min). The supernatant was then passed through a 0.2-�m-pore-size filter
and diluted to 10% with distilled water. Portions (0.5 ml) were transferred
to wells of a 24-well plate containing 13-mm-diameter glass coverslips,
and plates were incubated for 16 h at 4°C. Saliva-coated coverslips were
then removed from each well and utilized for biofilm experiments as
described below.

Biofilm formation. S. gordonii DL1 (Challis) was grown anaerobically
for 24 h in fastidious anaerobic broth (FAB), while TM7 isolate UB2523,
A. oris T14V, F. nucleatum subsp. nucleatum ATCC 25586, P. micra ATCC
33270, P. gingivalis ATCC 33277, and P. intermedia ATCC 25611 were
grown under anaerobic conditions for up to 7 days. Cells were harvested
by centrifugation, washed in FAB, and adjusted to an optical density at 600
nm (OD600) of 0.5 in the same broth. Suspensions (0.5 ml) were trans-
ferred to wells of 24-well plates containing saliva-coated coverslips and
incubated for 24 h (S. gordonii, A. oris, P. micra, or P. gingivalis) or 48 h (F.
nucleatum) in an anaerobic cabinet, with the well plates in a humidifying
chamber. Suspensions were aspirated from the wells, and the coverslips
were air dried and biofilms were stained with fluorescein isothiocyanate
(FITC; 1.5 mM in 0.05 M Na2CO3 containing 0.1 M NaCl) for 15 min at
22°C in the dark or with crystal violet for 5 min. Excess stain was removed
by washing the coverslips with distilled water (dH2O), and the coverslips
were then air dried, inverted onto glass slides, and visualized by micros-
copy (transmitted light, fluorescence, or confocal scanning laser).

Biomass measurement. To estimate biomass, biofilms grown on glass
coverslips were stained with crystal violet for 5 min. Coverslips were then
washed with dH2O and transferred to a fresh 24-well plate. Crystal violet
was solubilized with 10% acetic acid, and absorbance at 595 nm (A595) was
determined as a measure of biomass (25).

TEM. Colonies were collected from the surface of FAA into FAB me-
dium and centrifuged (5,000 � g, 5 min), and the cells were suspended in
FAB medium and transferred into 15-ml conical centrifuge tubes. The
suspension was centrifuged and to the pellet was added transmission elec-
tron microscopy (TEM) fixative (4% paraformaldehyde, 5% glutaralde-
hyde, 0. 1 M sodium cacodylate buffer [pH 7.2], 0.05% Tween 20; 6 ml).
Tubes were shaken gently and incubated at 22°C for 15 min. The samples
were centrifuged (3,000 � g, 2 min), the supernatant was carefully re-
moved, and the pellet was suspended in TEM fixative (2% paraformalde-
hyde, 2.5% glutaraldehyde; 2 ml). Samples were stored at 4°C overnight.
The pellets were then washed 3 times in 0.1 M sodium cacodylate buffer
(pH 7.2) and set into low-melting-point 2% agarose. The agarose pellets
were cut into �3-mm sections and incubated at 22°C for 1 h in 1% os-
mium tetroxide solution. The samples were rinsed in sterile H2O, dehy-
drated at room temperature using sequential incubations in ethanol
(30%, 50%, 75%, 90%, and 100%) and then propylene oxide, and embed-
ded in Spurr resin. The resin was cut by microtome (RMC Powertome
PC) into sections of 80 to 100 nm using a diamond knife, and sections
were collected on copper grids and imaged at 80 kV by TEM.

Confocal scanning laser microscopy (CSLM). Biofilms were stained
with FITC as described above and were visualized wet by using a Leica
TCS-SP2 confocal imaging system attached to a Leica DMIRBE inverted
microscope. Oil immersion objectives (40� and 100�) were used, and
parameters were set to optimize resolution. Analysis of the data was car-
ried out using Volocity image analysis software (Improvision).

Proteome analysis. TM7 isolate UB2523 cells were harvested from
agar plates into FAB and collected by centrifugation at 5,000 � g for 10
min. The cell pellet was suspended in 0.5 ml TE buffer and transferred to
a dismembrator tube, and an equal volume of 0.5-mm glass beads (Bio-
Spec Products Inc.) was added. The cells were disrupted using a Precellys
shaker for 30 s (three times), with cooling in ice-cold water for 1 min
between each step. Lysates were subjected to low-speed centrifugation to

sediment the beads, transferred to a fresh tube, and centrifuged again at
13,000 � g for 10 min. The pellet, containing mainly cell wall and mem-
brane fragments and associated cytoplasmic proteins, was then suspended
in 0.5 ml 0.1 M Tris-HCl (pH 6.8) buffer containing 0.1% SDS, heated at
80°C for 10 min, and centrifuged to clarify. Portions of supernatant were
electrophoresed through 5% acrylamide such that the front dye had
moved 2 cm, and the gel was fixed in 50% MeOH-7% acetic acid-water for
30 min. The top 1.5-cm portions of the separating gel lanes were then
excised, washed, and subjected to in-gel digestion with trypsin. The pep-
tides were fractionated using a Dionex Ultimate 3000 nano HPLC system
in line with an LTQ-Orbitrap Velos mass spectrometer (Thermo Scien-
tific). The raw data files were processed using Proteome Discoverer soft-
ware v1.2 (Thermo Scientific). These data were then searched against the
Swiss-Prot Eubacteria database using the Mascot algorithm and against
the TM7 partial genome sequence in the Human Oral Microbiome Data-
base (HOMD) (26) and successively analyzed using the BLAST program
(http://www.ncbi.nlm.nih.gov/BLAST/).

Statistical analyses. Results are shown as mean values and standard
errors of the means (SEM) calculated for each group of samples. For
normally distributed data, comparisons were tested with Student’s t test.
The two-tailed Mann-Whitney U test was used for comparisons between
groups. A P value of �0.05 was considered statistically significant.

Nucleotide sequence accession numbers. The 16S rRNA gene se-
quence for TM7 isolate UB2523 has GenBank accession number KM067151.
The GenBank accession numbers for additional 16S rRNA gene clones are
as follows: N1, KM251184; N2, KM251185; N3, KM251186; N4,
KM251187; N7, KM251188; N8, KM251189; N9, KM251190; and N12,
KM251191.

RESULTS
Phylogenetic analyses of TM7 during orthodontic treatment.
Plaque samples were collected from around appliances with orth-
odontic bands or bonds (see Fig. S1 in the supplemental material),
and 16S rRNA gene fragments were amplified using GC clamp
TM7 primers for DGGE to generate amplimers of approximately
102 bp. DGGE patterns are shown in Fig. 1A for PCR-amplified
samples taken from a single patient from bands or bonds at inter-
vals during orthodontic treatment (T0, T1, T2, and T3, as described
in Materials and Methods). A single, faint TM7-associated gel
band was amplified from plaque taken before commencing treat-
ment (T0). As plaque then built up around the appliances, in-
creased numbers of division TM7 gel bands appeared 3 months
after the start of the treatment (T1) (Fig. 1A). At completion of the
treatment (T2), there were at least 8 gel bands visible, but 3 months
after the appliances were removed, fewer gel bands were evident
(Fig. 1A). These profiles suggested that significant changes were
occurring in the numbers of division TM7 bacterial phylotypes
present during and after patient treatment. Each band from the
gels was excised, cloned, and sequenced, and the sequences were
compared with database sequences for identification. The den-
drogram shown in Fig. 1B includes 8 distinct division TM7 se-
quences from this one patient, each described as a numbered
clone, and 12 division TM7 16S rRNA sequences obtained by ho-
mology searches through the HOMD database (26). These phylo-
genetic analyses showed that this single individual carried at least
8 TM7 phylotypes orally.

Relative TM7 numbers over the orthodontic treatment
schedule. Real-time PCR analyses of plaque samples indicated a
statistically significant increase in the proportion of division TM7
bacteria in gingival margin plaque samples adjacent to bonded
tubes but not molar bands during treatment (Fig. 2). Three
months after appliances had been removed, the proportion of
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division TM7 sequences relative to the total had fallen to pretreat-
ment levels. Differences in TM7 proportions in plaque adjacent to
elastic or nonelastic brackets (see Fig. S1 in the supplemental am-
terial) were not significantly different (Fig. 2).

TM7 growth in mixed culture. Successive subculturing of
plaque bacteria from this single subject over several months in
FAB under anaerobic conditions enabled growth of some division
TM7 phylotypes in mixed cultures. Oral bacteria present were
identified by 16S rRNA gene sequencing and included Actinomy-
ces viscosus (naeslundii), Fusobacterium nucleatum, Prevotella den-
ticola, Shuttleworthia satelles, Streptococcus gordonii, and Veillo-
nella parvula (data not shown). DNA was extracted from samples
of the mixed populations and PCR amplified with TM7-specific
primers, and products were cloned into E. coli and sent for se-
quence analysis. Three additional division TM7 clones (desig-
nated JA1, JA2, and JA3) were identified, and these clustered with

the other clones (Fig. 1B) from samples previously sequenced
from plaque and with TM7 sequences available in the GenBank
database, including the sequence AF125206 (clone I025) (see Fig.
S2 in the supplemental material). Samples of broth were regularly
inoculated onto FAA containing 5% defibrinated horse blood,
and pure colony isolates were classified following 16S rRNA gene
sequencing.

We used FISH to investigate the presence of TM7 bacteria in
these mixed-broth cultures. Samples of cultures showed the pres-
ence of a range of morphotypes, often with long filamentous rods
present with associated organisms (Fig. 3A). These were probed
with a fluorescently labeled TM7-specific probe (see Materials and
Methods), and this reacted with the long filaments (Fig. 3B) as well
as with some smaller rods and cocci (Fig. 3B). Pure colony isolates
of bacteria from these samples were tested for TM7 sequences by
PCR. An isolated colony potentially containing TM7 bacteria was

FIG 1 Candidate division TM7 bacterial sequences in dental plaque associated with orthodontic treatment. (A) DGGE profiles, obtained by PCR with TM7
primers, of DNA extracted from plaque collected at different time points from band and bond samples in a single subject. (B) Unrooted dendrogram of candidate
division TM7 phylotypes identified following PCR from pooled plaque samples collected at different time points in panel A. The dendrogram shows clonal
diversity of TM7 sequences within one patient. Phylogenetic analysis of clone sequences (N, shaded in gray) and database sequences (AF, AM, and AY numbers)
indicated that a single individual carried at least 8 TM7 phylotypes orally. GenBank accession numbers for clones are as follows: N1, KM251184; N2, KM251185;
N3, KM251186; N4, KM251187; N7, KM251188; N8, KM251189; N9, KM251190; and N12, KM251191.

FIG 2 Quantification of candidate division TM7 bacteria in plaque samples expressed as percentage of total bacterial 16S rRNA gene copies present. Means for
20 subjects at four treatment time points (T0, T1, T2, T3) for each site of plaque collection (band, bond, elastic, and nonelastic) were calculated. Error bars are
�SEM. There were statistically significant (P � 0.05) changes in proportions of candidate division TM7 sequences associated with orthodontic bond plaque
during the orthodontic treatment.
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then sampled and subjected to FISH with a new probe designed
for specific binding to TM7 16S rRNA genes, labeled with Cy3
fluorophore. DAPI (4=,6-diamidino-2-phenylindole) staining of
cells from the colony showed the presence of filaments of various
lengths (Fig. 3C), and the TM7 probe reacted with these filaments
(Fig. 3D). The division TM7 bacterial isolate was designated
UB2523 and formed creamy-white 0.5- to 3.0-mm-diameter col-
onies on FAA (see Fig. S3 in the supplemental material). There was
no visible hemolysis on FAA containing blood. DNA was isolated
from single colonies and subjected to PCR, with TM7 primer pairs
designed to amplify fragments of 572 bp or 1,321 bp. Database
homology searches with these sequences (GenBank accession
number KM067151) identified a number of 99% homologous se-
quences from uncultured bacteria and from division TM7-desig-
nated clones.

TM7 isolate proteome. Tryptic peptides generated from pro-
teins extracted from UB2523 cells (as described in Materials and
Methods) were interrogated against sequences in GenBank with
BLASTP. Peptides were also compared directly with amino acid
sequences of predicted open reading frames (ORFs) from the
partial TM7a genomic sequence (3, 14). Some of the peptides
matched well-conserved sequences within high-abundance pro-
teins, such as enolase, elongation factor Tu, and ribosomal pro-
teins (see Table S1 in the supplemental material), and matched
other predicted peptide sequences from the unfinished TM7 ge-
nome through HOMD (see Table S1). Each identified TM7 pro-

tein was given a score that was the sum of the scores of the indi-
vidual peptides that were matched to the protein. Very few
peptides matched to each protein, because of the low sequence
coverage for TM7 in the databases. For similar reasons, only 10 to
20% of the obtained peptides matched with the TM7 sequence.
However, these data demonstrated unequivocally that the culti-
vated organism corresponded to an isolate of candidate division
TM7 bacterium.

Morphological characteristics. Samples from colonies of
UB2523 were processed for transmission electron microscopy.
Because of the lengths of the filaments, we were unable to obtain a
transverse section of a complete filament. The sections shown in
Fig. 4A represent partial filaments but were sufficient to demon-
strate that the true poles of the cells are slightly rounded. Two
features are striking: the first is that the cytoplasm of the cells
contains darkly stained irregular-surfaced depositions that could
be inorganic deposits or storage granules; the second is that most
of the cells show a bulge at some point on their cell surface that
appears to be a thickening of the underlying material between
surface layers and cytoplasm. However, this could be the visual
effect caused by a twist in the filament such that the plane of
section is slightly changed. Vertical sections of the filaments (Fig.
4B) suggested a surface fuzzy layer, reminiscent of the Gram-pos-
itive streptococcal cell surface, and an underlying cell wall similar
to that seen for many Gram-positive bacteria. In sections showing
dividing cells, the septum contained at least three densely stained

FIG 3 FISH images of candidate division TM7 bacterial cells. (A and B) Sample of culture in FAB medium of plaque from a single subject (Fig. 1) viewed by
phase-contrast microscopy (A) or probed with Cy3 fluorophore-labeled TM7-specific sequence probe TM7–905 (9) (B). The light microscopic image shows long
and segmented filaments surrounded by other bacterial forms, predominantly cocci. The probe highlights the long filaments and few smaller rods and cocci. (C
and D) Putative candidate division TM7 bacterial cells from a single FAA colony isolate, designated UB2523, stained with DAPI (C) or probed with TM7 probe
2 (D). DAPI staining showed the presence of variable-length filaments that were simultaneously labeled with TM7-specific probe 2.
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layers separating the cells (Fig. 4C), and the electron-dense depos-
its within the cytoplasm did seem to localize more toward the cell
poles. Lastly, it was evident at higher magnification (Fig. 4D) that
the cell surface layers formed a trilaminated structure, noted pre-
viously in electron micrographs of TM7 filaments in mixed envi-
ronmental samples (9).

Biofilm formation. Since biofilm formation is crucial to bac-
terial survival in the oral cavity, we investigated the ability of the
TM7 isolate to form biofilms on salivary pellicle. UB2523 TM7
formed a mat of intertwining filaments after 16 h of incubation
that stained Gram positive (Fig. 5A). At 24 h, biofilms examined
by CSLM consisted of elongated filaments ranging in length from

FIG 4 TEM images of candidate division TM7 isolate UB2523. (A) The cells were rod shaped and of variable lengths, with the ends of the cells slightly rounded.
The cytoplasm contained clusters of darkly stained material (a), and most of the cells showed one or more surface bumps (b) or swellings. These were contiguous
with the surface layers and appeared to show thickening of the underlying material. (B) Vertical cross sections of the filaments revealed an outer fibrillar surface
(c) somewhat like that of Gram-positive streptococci (32), a darkly stained trilaminated layer, and an underlying layer that was less well stained (d) and clearly
delineated from the cytoplasm. (C) Dividing filaments showed a conventional septum (e) and densely stained cytoplasmic deposits (f), possibly accumulating to
form the material marked “a” in panel A. (D) At higher magnification, it was possible to see clearly a trilaminar cell wall layer (g) overlying a surface swelling that
seemed to represent a thickening of the less-electron-dense underlying material (d). Scale bars are as indicated.

FIG 5 Candidate division TM7 bacterial adherence and biofilm formation. Isolate UB2523 cells in FAB medium were incubated with saliva-coated coverslips
anaerobically for 24 h at 37°C. (A) Biofilm stained with crystal violet and visualized by light microscopy. (B to D) Biofilm stained with FITC and visualized by
(CSLM) with a �40 (B) or �100 (C) objective lens, and corresponding vertical section (D). Scale bars are as indicated.
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20 �m to over 200 �m (Fig. 5B), and some of the filaments were
segmented and twisted (Fig. 5C). Overall thickness of the biofilms
was 20 to 30 �m, and the CSLM images of the xz plane indicated
that the bacteria formed a matted structure as opposed to a brush.

Dual-species biofilm formation. We then investigated the
ability of the TM7 isolate to form biofilms with other species of
oral bacteria, anticipating that the bacteria might have specific
preferred partnerships since they have never before been isolated
in pure culture. Consequently, strains from six different genera of
oral bacteria were cultivated under biofilm-forming conditions
with or without the TM7 isolate, and the effects on biofilm mor-
phology and biomass were determined. The immediate revelation
was that the TM7 isolate formed different morphologies accord-
ing to the bacteria present in coculture and that each of the part-
nerships had unique consequences (Fig. 6). Crystal violet stain was
utilized in these experiments for biofilm visualization and con-
comitant quantification of biomass. A. oris formed a biofilm with
small clumps of cells, but with TM7 the actinomyces formed dense
clumps associated with what appeared to be some form of extra-
cellular material, and the TM7 formed long intertwined filaments.
S. gordonii formed an evenly dispersed biofilm over the pellicle
surface, but with TM7, larger, densely stained clumps were
formed, and TM7, where visible, was present as shorter rods. P.
intermedia formed a patchy biofilm with clumps of material at
dispersed sites, but when TM7 was present, P. intermedia was
more or less absent and TM7 formed a sparse biofilm of thin rods
of up to 10 �m in length (Fig. 6). F. nucleatum formed a dual-
species biofilm containing long TM7 filaments interspersed with
F. nucleatum cells, while TM7 seemed to have an effect on P. micra
biofilms similar to that on S. gordonii, causing matrix-like deposits

to form around small TM7 filaments where they could be seen.
Lastly, the presence of the TM7 isolate resulted in P. gingivalis-
forming clusters in dual-species biofilm compared to a relatively
evenly distributed P. gingivalis monospecies biofilm. We were un-
able to select for any of these different TM7 morphotypes in pure
cultures over repeated laboratory transfers.

Biomass measurements clearly demonstrated that the biofilms
formed by TM7 together with F. nucleatum, P. micra, or S. gordonii
were greater in biomass than the sum of the individual biomasses
of the monospecies biofilms, indicating some form of synergy in
growth or stimulation of matrix production (Fig. 7). In contrast,
none of the other biofilms were significantly affected in biomass
between monospecies and dual species. The TM7 isolate was
therefore sensitive to growth modifications and to morphological
changes when present in dual-species biofilms.

CSLM images of 24-h biofilms of A. oris, with or without TM7,
showed that the biofilm growth was denser and thicker in dual
species, and that a matrix-like material surrounded the actinomy-
ces and underlying TM7 filaments (Fig. 8). F. nucleatum biofilms
took longer to develop than A. oris biofilms, but in dual-species
48-h biofilms with UB2523, the TM7 filaments could be seen very
clearly associated with, but not coaggregating with, the fusobacte-
rial rods in the background. These strains of Actinomyces and Fu-
sobacterium therefore seemed to be able to form stable dual-spe-
cies biofilms with isolate UB2523, with TM7 filaments clearly
visible within the biofilm images (Fig. 8).

DISCUSSION

The cultivable microbiota from the human oral cavity is estimated
at �50% of species present. Concerted attempts are now being

FIG 6 Dual-species biofilm formation. Cells of six different bacterial species in FAB medium were incubated with saliva-coated coverslips anaerobically for 24
h at 37°C either as monospecies or in the presence of UB2523 (TM7). Biofilms were stained with crystal violet and visualized by light microscopy. Bacterial strains
were A. oris T14V, F. nucleatum subsp. nucleatum ATCC 25586, S. gordonii DL1, P. micra ATCC 33270, P. intermedia ATCC 25611, P. gingivalis ATCC 33277. All
scale bars are 70 �m.
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made to cultivate the uncultivable (27), recognizing experimen-
tally that organisms may be uncultivable in the conventional way
because they exist in obligate metabolic associations with other
organisms. This has been suggested as a possible reason for the
inability to cultivate TM7 axenically in pure culture. However, we
have now successfully cultivated a division TM7 bacterial isolate
based upon sequencing, proteomic, and morphological data. TM7
was first discovered using environmental sequencing data and
consecutively described from soil, laboratory bioreactor, and
batch reactor sludge (9, 28) and subsequently in human subgin-
gival plaque (13). The relationships between the environmental

bacteria and human oral cavity isolates are not known. The isola-
tion of TM7 in this paper raises the possibility that this isolate
might be able to complement metabolic deficiencies in other TM7
bacteria and therefore be tagged in some way and utilized in fur-
ther attempts to isolate other TM7 organisms.

The clinical significance of finding TM7 associated with orth-
odontic bonds as opposed to bands is not clear at this time, al-
though it is likely that the plaque that accumulates around these
appliances might be more inaccessible (and remain undisturbed)
in the bond situation (Fig. S1 in the supplemental material shows
in vivo bonds and bands). It is interesting that we found the can-
didate division present in such relatively high proportions (about
3% of total sequences), which might indicate a preference for ma-
ture or undisturbed plaque. However, this is not a prerequisite for
TM7 detection, since metagenomic and microbiomic studies have
increasingly reported detection of TM7 at a variety of sites, healthy
as well as diseased (15, 18, 29).

Some of our TM7 sequences from plaque samples were unique
(e.g., clones N3 or N9) and are likely to represent new TM7 sub-
types (Fig. 1B). Other sequences were very similar to those in the
databases, e.g., clone N12 is likely to be derived from a TM7 bac-
terium very closely related to that from which the GenBank data-
base sequence AF125206 originated. The TM7 clones obtained
from broth culture clustered together with a TM7 clone previously
found in the plaque used to inoculate the broth, suggesting to us
that TM7 was able to grow in the mixed culture. Multiple phylo-
types of other oral organisms are also being detected by molecular
sequencing methods, so it is possibly unsurprising that multiple
TM7 phylotypes were detected in a single human subject. Like-
wise, it has been reported, for example, that multiple phylotypes of
Treponema can be found in a single periodontal pocket (30).

The transmission electron microscopy studies of this TM7 bac-
terium isolate showed a cell surface layer structure more like
Gram-positive bacterial cell wall. However, unlike with environ-
mental TM7 cell micrographs (9), we could not detect an outer
sheath. This might be related to the possibility that, in the envi-

FIG 7 Biomass values for monospecies or dual-species biofilms as depicted in
Fig. 6. Biomass values were measured by crystal violet staining. The light-gray
shaded bars show the biomass of monospecies UB2523 (TM7). Error bars are
�SEM for triplicate samples from two individual experiments. Ao, A. oris; Fn,
F. nucleatum subsp. nucleatum; Pg, P. gingivalis; Pi, P. intermedia; Pm, P. micra;
Sg, S. gordonii. Biomass levels were significantly (P � 0.05) increased over and
above the sum of the individual biomasses for dual-species biofilms of TM7
with F. nucleatum, S. gordonii, or P. micra. There were no statistically signifi-
cant increases or decreases from the sum of the monospecies biomass com-
pared to the biomasses of the dual-species biofilms for the other organisms.

FIG 8 CSLM images of dual-species biofilms of UB2523 (TM7) with A. oris and F. nucleatum. (A) A. oris and UB2523 top view (xy) and side view (xz); (B) F.
nucleatum and UB2523 (xy and xz stacks). In panel A, the biofilm contains matrix-like material, while in panel B, long filaments of UB2523 (TM7) may be easily
differentiated from F. nucleatum cells. Scale bars 	 30 �m.
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ronment, more protection is required against adverse conditions,
such as desiccation or temperature, than in the relatively more
stable conditions of the human mouth. The trilaminated structure
of the outer layers was similar to that reported for the environ-
mental organisms (9), but it is not clear at this time what these
layers represent. The thickness of the triple layer was rather less
than the thickness of the outer fibrillar layer, estimated at about 50
nm. It is possible that the organism produces a surface protein
array, and a detailed cell wall analysis of both carbohydrate and
protein components should be able to determine the biochemical
composition and molecular structure of a possible outer layer.
The organism maintained long filaments under biofilm condi-
tions, and cell units were visible within these filaments as de-
scribed for the environmental organisms (9).

An interesting feature was the appearance of at least one bulge
along the length of most filaments. These are unlikely to be arti-
facts as a result of processing, because they are too regular in ap-
pearance and not associated with any disruptions of the cell outer
layers. We believe that these could represent surface twists in the
filaments, not related directly to septum formation (cell division),
as they are not localized specifically to the septum. As further
evidence of the twist hypothesis, potential twists could be envis-
aged in the biofilm filaments (Fig. 5C), and some of these fila-
ments clearly seem to contain lines of cell units.

The TM7 isolate described formed biofilms as mats. The clos-
est associations of the bacteria were with A. oris and F. nucleatum,
where biofilms of the two organisms growing together could be
observed. However, A. oris did not form a synergistic relationship
with TM7 UB2523 (Fig. 6). Specific physical interactions were not
apparent under the conditions used, so it seemed that the organ-
isms were coexisting and not coaggregating. We regularly detected
Fusobacterium sequences during the enrichment procedures on
plaque, and Fusobacterium spp. were one of the highest detectable
genera present in microarray studies of orthodontic plaque (19).
The TM7 did not seem to form a biofilm with P. intermedia;
rather, it appeared to be inhibitory to this strain. In other dual-
species biofilms, cells of TM7 could be seen present as more darkly
staining entities. With P. micra, TM7 was present sparsely as short
filaments, but the biofilm was hugely increased in biomass over P.
micra alone, with dense clusters of bacteria surrounded by matrix.
With S. gordonii, TM7 cells were present as very short rods that
collected masses of S. gordonii cells with matrix production, pos-
sibly extracellular DNA (eDNA). Since sucrose was not present in
the growth medium, it was unlikely that conditions would favor
the production of extracellular glucans. With P. gingivalis, longer
filaments of TM7 could be seen present within large clusters of P.
gingivalis bacteria surrounded by matrix. Given the recurrence of
the matrix observations, it would be important to determine the
chemical nature of these matrix substances and which of the or-
ganisms in the dual-species biofilms are producing them. Clearly,
TM7 has the ability to modulate biofilm growth of other oral
bacteria, to form biofilms with a range of different oral bacterial
species, and to be itself growth modulated by these species. Such
interactions could promote (or inhibit) the development of a dis-
ease-associated oral microbial community.

Taken collectively, these results show that this TM7 organism
from the human mouth has almost all of the morphological char-
acteristics of the TM7 organisms that were identified within bio-
reactor sludge (9) but were never able to be cultivated. The pres-
ence of candidate division TM7 in dual-species interactions has

multiple effects upon the biofilms produced by other bacteria. The
TM7 bacteria can vary in morphology from very long filaments in
monoculture (
200 �m) to shorter filaments (20 �m) or small
rods or cocci (�1 �m) in the presence of Gram-positive strepto-
cocci and P. micra. The morphological transformations must be
closely related to the metabolic conditions of the mixed cultures or
as a result of signaling from the partner bacteria in the biofilm.
These morphological changes in the presence of different bacteria
may go some way in explaining our FISH images (Fig. 3B) and the
various morphological descriptions of putative TM7-like organ-
isms in soil as cocci and filamentous cells (9) and as long and short
filaments (9) in cultures of bacteria from dental samples. The abil-
ity to cultivate this isolate axenically now opens up the possibility
for a more complete biochemical and genetic analysis of the or-
ganism, testing of virulence and pathogenic attributes (3, 31), and
advancing understanding of this novel candidate division bacte-
rium that has until now remained elusive.
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