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Members of the uncultivated bacterial division TM7 have been detected in the human mouth, but little
information is available regarding their prevalence and diversity at this site. Human subgingival plaque
samples from healthy sites and sites exhibiting various stages of periodontal disease were analyzed for the
presence of TM7 bacteria. TM7 ribosomal DNA (rDNA) was found in 96% of the samples, and it accounted for
approximately 0.3%, on average, of all bacterial rDNA in the samples as determined by real-time quantitative
PCR. Two new phylotypes of this division were identified, and members of the division were found to exhibit
filamentous morphology by fluorescence in situ hybridization. The abundance of TM7 rDNA relative to total
bacterial rDNA was higher in sites with mild periodontitis (0.54% = 0.1%) than in either healthy sites (0.21%
* 0.05%, P < 0.01) or sites with severe periodontitis (0.29% = 0.06%, P < 0.05). One division subgroup, the
1025 phylotype, was detected in 1 of 18 healthy samples and 38 of 58 disease samples. These data suggest that
this phylotype, and the TM7 bacterial division in general, may play a role in the multifactorial process leading

to periodontitis.

It has been well established that a view of the microbial
world based on cultivable species vastly underestimates the
diversity present in most environments. In 1998, Hugenholtz et
al. constructed a tree that reflected the phylogeny of the do-
main Bacteria based on all 16S rRNA gene sequences in Gen-
Bank and identified 36 divisions or putative divisions (distin-
guished by ribosomal DNA [rDNA] sequence differences of
approximately 20 to 25%) (8). One candidate division with no
cultivated representatives is TM7. Although this division takes
its name from the German peat bog from which the first se-
quence was obtained (Torf, mittlere Schicht, or peat, middle
layer) (25), additional TM7 sequences deposited by several
other investigators have demonstrated that members of this
division are present in extremely diverse environments, includ-
ing soil, freshwater, seawater, hot springs, mouse feces, and
termite guts (9). The wide environmental range of this division
suggested that it also might be human associated. Indeed, a
survey of bacterial diversity in human subgingival plaque sam-
ples by broad-range PCR detected TM7 bacteria in several
patients (24). Five TM7 phylotypes were identified, one of
which, represented by clone 1025, was suggested as a putative
pathogen because it was found only in patients with various
oral diseases.

While there is a general consensus that bacteria play a caus-
ative role in the development of periodontal disease, no single
species is invariably detected at sites of disease. In almost all
previous studies, the search for pathogens has been limited to
cultivable species, a group that is estimated to comprise less
than half of the oral flora (11, 24, 28). The initial detection of
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TM?7 division members within the subgingival crevice by mo-
lecular methods suggested that further analysis of this major
group of bacteria at this important human-associated site
might shed light on its significance within the local complex
microbial community. To explore the relationship of TM7 bac-
teria to the paradigm of successive colonization and to the
development of local disease, we examined plaque from sites
representing a continuum of periodontal disease. Our ap-
proaches included qualitative and quantitative molecular
methods for bacterial community analysis. We chose real-time
PCR (also known as 5" nuclease assay) for its high sensitivity
and adaptability to high-throughput operation and used fluo-
rescence in situ hybridization (FISH) as a complementary and
confirmatory approach. Using these techniques, we found that
members of the TM7 division are widespread in the oral flora
of both healthy and diseased sites and that the subgroup 1025
is found primarily at diseased sites.

MATERIALS AND METHODS

Study population. Forty-six volunteers were enrolled at the University of
California, San Francisco (UCSF), School of Dentistry in the Center for Clinical
Research (Division of Periodontology). The use of human subjects in this inves-
tigation was approved by the Stanford University Administrative Panel on Hu-
man Subjects in Medical Research and the UCSF Committee on Human Re-
search. All volunteers read and signed a consent form approved by the UCSF
committee. Participants were at least 21 years old and were missing no more than
14 teeth. Individuals were excluded if they were diabetic, human immunodefi-
ciency virus positive, pregnant, lactating, or had taken antibiotics in the previous
3 months, since these factors have been implicated in altering bacterial compo-
sition (7, 14, 16, 21, 27). All volunteers completed a survey regarding smoking
history (i.e., current smoker, former smoker, or never smoked), age, gender, and
race. The average age of the patients was 47.3 years (standard deviation, 12.4
years; range, 23 to 74 years). The study population included 26 males (15
Caucasian subjects, 7 African American subjects, 1 Hispanic subject, 2 Asian
subjects, and 1 Middle Eastern subject) and 20 females (10 Caucasian subjects,
5 African American subjects, and 5 Hispanic subjects). Twelve subjects were
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TABLE 1. Primers and probes used for PCR, FISH, and real-time PCR

E. coli 16S rTRNA Reference or sequence (5’ to 3'), if designed for

Name Use gene positions this study
Bac-8F Bacterial real-time PCR primer 8-27 3
Bac-515R Bacterial real-time PCR primer 515-533 12
Bac-338R Bacterial and 1025 real-time PCR 338-355 17

probe and FISH probe

TM7-910F TMT real-time PCR primer 930-910 CAT AAA GGA ATT GAC GGG GAC
TM7-1177R TM7 PCR and real-time PCR primer 1177-1200 GAC CTG ACA TCA TCC CCT CCT TCC
TM7-1093F TMT7 real-time PCR probe 1093-1113 AGT CCA TCA ACG AGC GCA ACC
TM7-905 TM?7 FISH probe 905-926 9
1025-135F 1025 real-time PCR primer 135-154 CCC TGC AGT GAG GGA TAA GA
1025-590R 1025 real-time PCR primer 590-611 GTT TTC ATC GCT CGC TAA CIT G
1025-136 1025 FISH probe 136-155 GTC TTA TCC CTC ACT GCA GG
Control probe Negative control for FISH 519-536 20

current smokers, 2 subjects were former smokers, and 32 subjects had never
smoked.

Healthy volunteers (n = 4) had no probing depths (PD) greater than 4 mm and
mean full-mouth clinical attachment loss (CAL) of =0.5 mm. Forty-two subjects
had generalized chronic periodontitis (diagnosed by presence of periodontal
pockets and bleeding on probing [BOP] of >30% of all teeth present). All
subjects were free of other diseases of oral soft tissues. The periodontal status of
each person was determined by measuring CAL to the nearest millimeter at the
mesiobuccal, buccal, distobuccal, mesiolingual, lingual, and distolingual sites
around each tooth with a calibrated periodontal probe.

Sample collection. Six to 12 samples were collected from each subject, from
healthy sites as well as sites exhibiting gingivitis or periodontitis. Clinical assess-
ments at each site included the presence or absence of BOP, PD, and CAL.
Clinical assessments and sample collections were performed by one of us
(G. C. A)). Each site was classified as healthy (no BOP, CAL = 1 mm, and PD
= 3 mm), exhibiting gingivitis (BOP, CAL = 1 mm, and PD = 4 mm), mild
periodontitis (BOP, CAL = 2 mm and = 3 mm, and PD = 4 mm), moderate
periodontitis (BOP, CAL = 4 mm and = 5 mm, and PD = 4 mm), or severe
periodontitis (BOP, CAL = 6 mm, and PD = 4 mm). Supragingival plaque was
removed from tooth surfaces before sampling, and subgingival plaque was col-
lected by using Hartzell R-1 and R-2 curettes (a maximum of 2 curettes’ worth
of plaque was collected). A separate sterile curette was used for each plaque
sample. A sample was taken from the dorsum of the tongue with a sterile plastic
spatula. The samples were placed in 200 wl of sterile water (which had been
subjected to filtration and +y-irradiated so as to destroy PCR-detectable DNA)
and divided into two aliquots. One aliquot was prepared for FISH as described
below. The other aliquot was frozen immediately and kept at —80°C before
further processing.

One hundred thirty-seven samples were studied by one or more techniques. In
total, 36 samples were taken from sites classified as healthy, 5 samples were taken
from sites classified as gingivitis, 17 samples were taken from sites classified as
mild periodontitis, 21 samples were taken from sites classified as moderate
periodontitis, 53 samples were taken from sites classified as severe periodontitis,
and 5 samples were taken from the tongue. The mean = standard deviation of
CAL and PD measurements for each study group were: healthy, CAL = 0.4 =
0.5 mm and PD = 2.6 = 0.6 mm; gingivitis, CAL = 1.0 = 0 mm and PD = 3.4
* 0.9 mm; mild periodontitis, CAL = 2.2 * 0.4 mm and PD = 4.2 * 0.9 mm;
moderate periodontitis, CAL = 4.8 = 0.4 mm and PD = 5.7 = 0.7 mm; severe
periodontitis, CAL = 7.9 = 1.7 mm and PD = 7.9 = 2.0 mm.

Samples from 16 patients were studied by qualitative PCR alone, samples from
7 patients were studied by FISH alone, samples from 27 patients were studied by
real-time PCR alone, samples from 5 patients were studied by both qualitative
PCR and FISH, a sample from 1 patient was studied by both qualitative and
real-time PCR, and a sample from 1 patient was studied by all three methods.
From all of these patients, 25 samples were studied by qualitative PCR alone, 11
samples were studied by FISH alone, 91 samples were studied by real-time PCR
alone, 8 samples were studied by both qualitative PCR and FISH, 1 sample was
studied by both qualitative and real-time PCR, and 1 sample was studied by all
three methods.

As part of an initial analysis, we performed a qualitative PCR assay on 35 of
these samples from 21 patients; this group of samples comprised 10 samples from
healthy sites, 1 sample from a site exhibiting mild periodontitis, 3 samples from
sites of moderate periodontitis, and 21 samples from sites of severe periodontitis.

In later stages of this investigation, 20 samples from 12 patients were studied with
FISH: 9 samples were from healthy sites and 11 samples were from severe-
periodontitis sites. A further 93 samples from 25 patients were analyzed by
real-time PCR. This set included 21 samples from healthy sites, 5 samples from
gingivitis sites, 16 samples from mild-periodontitis sites, 18 samples from mod-
erate-periodontitis sites, 28 samples from severe-periodontitis sites, and 5 sam-
ples from the tongue.

Sample preparation. A rigorous cell lysis procedure was developed. One
hundred microliters of cell lysis buffer (100 mM Tris-HCI [pH 7.4], 20 mM
EDTA, 5 M guanidine isothiocyanate, 2% Triton X-100) and 50 wg of proteinase
K were added to 100 wl of sample (modified from references 6 and 22). This
mixture was incubated at 65°C for 30 min. After the addition of 0.1 g each of
three sizes of baked zirconia beads (0.1, 0.5, and 1 mm) and 100 wl of water, the
mixture was agitated in a FastPrep FP120 machine (Qbiogene, Carlsbad, Calif.)
at 4.0 m/s for 30 s. The lysate was centrifuged at 16,000 X g for 1 min to pellet
the beads, and the supernatant was removed to a fresh tube. As previously
described, the supernatant was treated with 1.15% hexadecyltrimethylammo-
nium bromide (Sigma, St. Louis, Mo.) to bind proteins and polysaccharides and
facilitate their separation from the DNA, and then nucleic acids were isopropa-
nol precipitated (33). After air drying, they were resuspended in 50 pl of water.

PCR and cloning. A TM7-specific primer was designed by using the public
database sequences belonging to that division and the probe design function of
the ARB software package (31). Primer and probe sequences and positions are
listed in Table 1. TM7-1177R was used in conjunction with the broad-range
bacterial 16S rRNA primer Bac-8F to amplify TM7 16S rDNA from oral samples
prepared as described above. The PCR mix contained 1 wl of the sample DNA
solution, 10 pmol of each primer, 1X PCR buffer II (Applied Biosystems, Foster
City, Calif.), 1.5 mM MgCl,, 0.6 mM concentrations of deoxynucleoside triphos-
phates, and 1.25 U of AmpliTaq DNA polymerase (other than the buffer, PCR
reagents were from Perkin Elmer, Boston, Mass.). The reaction conditions were
96°C for 3 min; 35 cycles of 94°C for 1 min, 64°C for 1 min, and 72°C for 2 min;
and a final extension at 72°C for 3 min. PCR products of the appropriate size
were cloned by using the TOPO-TA kit (Invitrogen, Carlsbad, Calif.) following
the manufacturer’s instructions.

Sequencing and phylogenetic analysis. Eighty-five clones containing TM7 bac-
terial 16S rRNA gene fragments (from 7 patients) were subjected to one se-
quencing reaction with primer Bac-8F and the BigDye sequencing chemistry
(Applied Biosystems). Six clone inserts were completely sequenced with an
average of 3.5-fold coverage. The sequences were named with the prefix SBG
(for subgingival).

Initial alignment of amplified sequences was performed with the automated
16S rDNA sequence aligner of the ARB software package (31) against a data-
base of 12,569 complete and partial rDNA sequences. Ambiguously and incor-
rectly aligned positions were aligned manually on the basis of conserved primary
sequence and secondary structure. Similarity matrices were generated from 180
masked (unambiguously aligned) positions. Following the proposition of Kroes
et al., sequences with =99% identity were considered to be of a single phylotype
(11). A single representative clone from each phylotype was chosen for further
phylogenetic analysis. These clones were fully sequenced and aligned, and sim-
ilarity matrices were generated from 1,076 masked positions. The phylogenetic
associations of all representative sequences were determined by using a maxi-
mum-likelihood algorithm (18). The 16S rDNA sequences of Shewanella putre-
faciens and Escherichia coli were used as out-groups to root the tree. These
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TABLE 2. Characteristics of the three real-time PCR assays
developed in this study

Maximum of the
dynamic range
(no. of IDNA
target copies)

Sensitivity
(no. of IDNA
target copies)

Approx amplicon

Assay target length (bp)

All bacteria 525 <10 =107
TM7 division 276 <10 =10°
1025 subgroup 441 <1,000 =10°

associations were confirmed using parsimony algorithms and a least-squares fit
(4) of evolutionary distances (with Jukes-Cantor correction). The tree was boot-
strapped with 100 replicate samples of the data set (5).

FISH. Our protocol combined previously published procedures (1, 19), with
modifications as follows. Fifty microliters of plaque sample collected in sterile
water was mixed immediately with 50 ul of a solution of 2X phosphate-buffered
saline-20% formalin, and cells were dispersed by sonication with a 3-mm-diam-
eter microtip probe at maximum speed for 20 s in a calibrated XL.2020 ultrasonic
processor (Heat Systems, Inc., New York, N.Y.). Appropriate dilutions of cells
were transferred to glass slides with wells etched with Teflon and coated with
AddCell (to enhance cell adhesion) (Eric Scientific Company, Portsmouth, N.J.)
and air dried. Cells were posttreated with 10 wl of methanol-formalin (90:10,
vol/vol) per well for 15 min, rinsed with distilled water, and air dried.

Oligonucleotides (Table 1) labeled with Cy3 or Cy5 (Operon, Alameda, Calif.)
were added at a 5-ng/ul concentration. Hybridization took place in 10 pl of
hybridization buffer per well (19). The concentration of formamide in the hy-
bridization buffer had been established previously for the probes Bac-338 (15)
and TM7-905 (9). Because no cultivable strain contains fewer than three mis-
matches to the 1025-136 probe, the 20% formamide used for this probe was
determined based on its melting temperature as calculated with Lathe’s equation
(13). For each sample, hybridization to each probe was carried out in three
separate wells.

Slides were incubated at 46°C for 2 h in the dark and then rinsed with 46°C
water and placed in wash buffer (20 mM Tris-HCI [pH 7.2], 0.01% sodium
dodecyl sulfate, and 0.225 M NaCl, as recommended for the probes in references
9 and 34) at 48°C for 15 min in the dark. Slides were quickly immersed in water
and dried in a hybridization oven at 30°C for 5 min.

To visualize all cells, 10 pl of 2 uM YO-PRO-1 iodide (a general nucleic acid
dye) (Molecular Probes, Eugene, Oreg.) was added to each well for 10 min.
Slides were rinsed in water and air dried. Slides were mounted with the antifade
solution Vectashield (Vector Laboratories, Inc., Burlingame, Calif.) under a 24-
by 50-mm cover glass and sealed with nail polish.

FISH counts and micrographs were executed on a Nikon Eclipse TE300 laser
scanning confocal microscope with a Nikon Plan Apo 100X objective lens and
Bio-Rad LaserSharp MRC-1024 software with 1,024- by 1,024-pixel resolution.
At least 30 YO-PRO-1-labeled cells in each of 10 randomly selected fields per
well were observed, and the number of cells labeled with the specific probe was
recorded. The results for the three replicate wells were averaged. Filaments were
counted as one cell, but the number of cells in each filament was noted. No cells
were fluorescent after hybridization with a control probe (the reverse comple-
ment of a broad-range 16S rDNA probe) or without any probe under nonstrin-
gent conditions. In addition, no cells became labeled with the 1025-136 probe
that were not also labeled with the TM7-905 probe.

Real-time PCR assays. Three separate real-time PCR assays were developed
and optimized to quantify total bacteria, relative abundance of TM7 division
members, and relative abundance of TM7 subgroup 1025 members. The reac-
tions were carried out in an ABI Prism 7900HT sequence detection system
(Applied Biosystems). Each reaction included 1X TagMan Universal PCR mix
with no AmpErase UNG (Applied Biosystems), 0.5 U of AmpliTaq Gold DNA
polymerase (Applied Biosystems), and 1 pl of prepared DNA template in addi-
tion to the specific primers and probes described below. Characteristics of the
final assays are listed in Table 2. All probes were conjugated to 5’ 6-carboxy-
fluorescein and 6-carboxy-tetramethylrhodamine.

Each sample was assayed in duplicate on two separate days, and the 4 mea-
surements were averaged. The intraexperimental coefficient of variation (CV)
was calculated as:

SD,;

i +q)2
intraexperimental CV = # (1)
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metal-contaminated soil clone K20-27 (AF145827)
oral clone SBG1 (this study, AY144353)
oral clone 1025 (AF125206)

oral clone SBG2 (this study, AY144354)

mouse feces clone F16 (AJ400239)
oral clone F061 (AF125205)

oral clone SBG3 (this study, AY144355)
oral clone BE109 (AY005446)

100r— oral clone SBG6 (this study, AY144358)
oral clone AH040 (AF125204)

0.10

FIG. 1. Phylogeny of representative 16S rDNA sequences of oral
TM7 phylotypes. The tree was created by using a maximum-likelihood
algorithm and 1,076 positions. The 16S rDNA sequences of S. putre-
faciens and E. coli were used as out-groups to root the tree. Phylotypes
detected in this study are named with the prefix SBG (for subgingival).
The two sequences highlighted in gray are novel phylotypes detected in
this study. Bootstrap values greater than 50 are shown. The bar rep-
resents evolutionary distance. Accession numbers are given in paren-
theses.

where g, and g; are the quantities calculated from two duplicate reactions with
the same sample, SD;; is the standard deviation of ¢; and g;, and n is the number
of samples. To determine interexperimental coefficient of variation, g; and g; for
each sample in each experiment were averaged to produce a single quantity (Q).
These values were used to calculate the interexperimental coefficient of variation
with the equation:

SD,,

E (Q.+0)2
n

interexperimental CV = 2)
where O, and Q, are the quantities calculated in two independent experiments
with the same sample, SD,,, is the standard deviation of O, and Q,, and 7 is the
number of samples.

The total-bacteria assay used the primers Bac-8F and Bac-515R (9 pmol of
each per reaction mixture), and probe Bac-338R (2 pmol per reaction mixture).
The cycling conditions were 95° for 10 min followed by 50 cycles of 95°C for 30's,
55°C for 30 s, 60°C for 45 s, 65°C for 15 s, and 72°C for 15 s. The threshold was
set at 0.01, with the baseline measured from cycles 3 to 15. The standards for this
assay were dilutions of a plasmid containing the E. coli 16S rRNA gene. The
specificity of the assay was tested by adding either no DNA or 1.8 ng of human
DNA, neither of which produced a signal. The sensitivity and specificity of the
assay were not altered when a plasmid containing a cloned 16S rRNA gene from
a TM7 division member was used for the standards.

Three TM7 division-specific primer/probe sequences were designed by using
the complete set of TM7 sequences deposited in GenBank as well as sequences
obtained during the course of this study. The TM7-division real-time PCR mix
included 10 pmol of primer TM7-910F, 1 pmol of primer TM7-1177R, and 1.2
pmol of probe TM7-1093F. The cycling conditions were 95°C for 10 min followed
by 40 cycles of 95°C for 30 s and 61°C for 1 min. The threshold was set at 0.15,
with the baseline measured from cycles 3 to 16. This assay was tested for
specificity by using the cloned 16S rRNA gene from Bordetella holmesii, which
has the fewest mismatches to the primers and probes of any known non-TM7 16S
rRNA gene (one mismatch to primer TM7-910F, 3 mismatches to primer TM7-
1177R, and 2 mismatches to the probe TM7-1093F). This template was not
amplified when present in up to 10® copies. Human DNA also was not amplified,
nor was product detected in reactions containing no DNA. The standards were
dilutions of a plasmid containing SBG6 (Fig. 1). No systematic bias was evident
in the sensitivity or specificity of the assay with cloned 16S rRNA sequences from
two widely divergent oral members of the TM7 division (SBG1 and SBG6) (Fig.
1). To ensure that the processed plaque specimens did not contain real-time PCR
inhibitors, 1 pl of samples that tested negative for TM7 rDNA by real-time PCR
was added to the standard reactions. No effect on the quantification of the
standards was observed.

Two primers were designed for the 1025 group of the TM7 division by using
the sequences of the published 1025 clone (accession number AF125206) and
three 1025-related clones obtained in the course of this study. The 1025 real-time
PCR assay used 0.5 pmol of primer 1025-135F, 2.0 pmol of primer 1025-590R,
and 1.0 pmol of probe Bac-338R. The cycling conditions were 95°C for 10 min
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FIG. 2. FISH images of TM7 and 1025 bacteria. Panel A shows cells staining with YO-PRO-1 iodide (nonspecific nucleic acid dye), panel B

shows cells in the same field that hybridize with the TM7 bacterial division probe (labeled with Cy5), and panel C shows a cell that hybridizes with

the 1025 subdivision-specific probe (labeled with Cy3).

followed by 40 cycles of 95°C for 30 s, 50°C for 30 s, 55°C for 15 s, and 60°C for
45 s. The threshold was set at 0.08, with the baseline measured from cycles 8 to
19. Sensitivity was tested by including the cloned 16S rRNA gene from a non-
1025 TM7 member (SBG2) which contains 4 mismatches to primer 1025-135F, 11
mismatches to primer 1025-590R, and no mismatches to the probe Bac-338R.
This fragment did not generate detectable product when present in up to 107
copies, nor was product generated in reactions with human DNA or no added
DNA. The standards for this assay were dilutions of a plasmid containing the
insert SBG1, the fully sequenced 16S rRNA gene closely related to that of
sequence 1025 (Fig. 1). Adding 1 pl of 1025-negative samples to the standard
reactions did not affect the quantification of the standards.

Limitations of real-time PCR for analysis of uncultivated species in bacterial
communities. In all of the real-time PCR assays developed for this study, two
standard curves generated independently with the same samples gave slightly
different best-fit lines, resulting in as much as a 10-fold difference in the estima-
tion of DNA quantity in the experimental samples. This may have been due to
small variations in template quantity during creation of the standard dilution
series, whose effect was magnified in the log-scale conversion in the calculations.
Since a separate standard curve was used in each set of reactions, this produced
average interexperimental coefficients of variation above 0.5. To decrease the
impact of this variability on the calculated quantities of target in unknown
samples, an average standard curve was created for each reaction which could be
utilized to quantify every sample. To do this, the standard dilutions were assayed
in triplicate in two (for the TM7 assay) or three (for the bacteria assay) separate
reactions, and the average of the three C; values (the cycle at which the signal
passes a predetermined threshold value) was used for each standard dilution on
each day to create a single standard curve. When this average standard curve was
used to estimate DNA quantity in plaque samples, the coefficients of variation
for the assays were significantly lower than when separate standard curves were
used (0.39 versus 0.54 for the bacterial assay and 0.21 versus 0.61 for the
TM7-division assay).

RESULTS

TM?7 prevalence and diversity in subgingival samples. In an
initial assessment of TM7 prevalence in subgingival plaque
samples, a qualitative PCR assay with a TM7 division-specific
primer produced bands of the expected size in 30 of 35 sam-
ples. The detection limit of this reaction was approximately 10°
rDNA target copies. The PCR products from four positive
samples from healthy sites and three positive samples from
periodontitis sites were cloned and sequenced with a single
reaction from the 5’ end to provide an overview of TM7 divi-
sion diversity in the subgingival crevice. Of the 85 TM7 bacte-
ria 16S rDNA sequences obtained, 62 were phylogenetically
most similar to clone AH040 and all 7 samples contained
sequences of this type. One disease sample also contained

sequences that most closely matched sequence 1025, which was
previously found in 4 out of 24 patients with certain forms of
periodontal disease (2 with refractory periodontitis and 2 with
acute necrotizing ulcerative gingivitis) and 0 out of 6 healthy
patients (24). A more sensitive and quantitative assessment of
TM?7 bacteria and subgroup 1025 prevalence was provided by
using real-time PCR (see below).

Phylogeny of representative oral TM7 clones. Six represen-
tative amplified 16S rRNA genes located in different branches
of the TM7 division were chosen from the 85 screened clones
for complete sequencing. Four of these sequences were =99%
identical to previously published sequences. The other two
sequences, SBG2 and SBG3, represent two new phylotypes of
the TM7 division. Both are most similar to the previously
published sequence BE109 (92.6 and 93.4% similar, respec-
tively). The phylogeny inferred from these sequences is dis-
played in Fig. 1. The topology of this tree is congruent with
previously published trees of TM7 division members (9, 24).

Morphology of oral TM7 and 1025 bacteria. We used FISH
to explore the morphological diversity of TM7 division mem-
bers in the subgingival crevice. The TM7 division probe labeled
both short and long filaments from 4 to 30 pm long (12 wm on
average, 52 filaments measured) and 1 to 1.5 wm thick (Fig.
2B). Long filaments were composed of multiple cells (visible
on the microscope, although difficult to distinguish in repro-
ductions), each ranging from 3 to 4 wm long. The 1025 phylo-
type probe labeled only long filaments, averaging 20 pm long
(range, 10 to 30 pm; 21 filaments measured) and 1 wm thick
(Fig. 2C).

Quantification of TM7 in subgingival specimens. Because
we expected that the total amount of subgingival plaque and
the quantity of bacteria per sample would differ, we developed
real-time quantitative PCR assays to measure the quantity of
total bacterial IDNA as well as the amount of TM7 rDNA (Fig.
3A). This allowed us to compare the relative abundance of
TM?7 across many samples. Almost all samples (86 of 90, 96%)
contained detectable TM7 rDNA, including all 7 samples from
periodontally healthy subjects. Figure 3B depicts the percent-
ages of bacterial rDNA that were detected in the TM7-specific
assay for samples in the five disease categories. Although the
proportion of TM7 rDNA in healthy samples was not different
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FIG. 3. Quantification of rDNA from Bacteria and TM7 division
members. (A) Average number of bacterial and TM7-division rDNA
target copies detected in subgingival crevices with various disease
states measured by real-time PCR. (B) Average number of TM7 rDNA
target copies as a percentage of the total bacterial rDNA copy number
at healthy and diseased sites. Mild-periodontitis sites have significantly
higher proportions of TM7 than healthy or severe-periodontitis sites
(P < 0.001 and 0.005, respectively). SEs are indicated.

from that in severe-periodontitis samples, the percentage of
TM7 rDNA in mild-periodontitis samples (0.54% = 0.10%
[standard error {SE}]) was significantly higher than in both
healthy (0.21% = 0.05%, P < 0.01 [Student’s ¢ test]) and
severe-periodontitis samples (0.29% =+ 0.06%, P < 0.05).
Tongue samples were included for comparison.

Samples from Caucasian patients had lower proportions of
TM7 rDNA (0.22% = 0.03% [SE], n = 33) than those from
Asian patients (0.49% * 0.15%, n = 8, P < 0.008) and black
patients (0.37% = 0.05%, n = 37, P < 0.05). Although this
analysis did not include data on socioeconomic status, which
has been correlated with both ethnicity and periodontal health,
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the finding that race is associated with subgingival microflora
composition in adult periodontitis is consistent with previous
studies (27). There was no correlation between the relative
abundance of TM7 rDNA and either gender (proportion of
TM7 rDNA in samples from males = 0.32% = 0.045% [SE], n
= 42; proportion of TM7 rDNA in samples from females =
0.33% = 0.052%, n = 38; P = 0.94), smoking status (propor-
tion of TM7 rDNA in samples from current smokers = 0.372%
* 0.061%, n = 25; proportion of TM7 rDNA in samples from
patients who never smoked = 0.323% = 0.046%, n = 48; P =
0.52), or age (point biserial correlation coefficient = —0.041).

About 9% of the reactions had an intraexperimental coeffi-
cient of variation (between duplicate reactions in the same
plate) of greater than 1. These reactions were repeated, and
the samples were excluded from the analyses if the coefficient
of variation was still greater than 1. The interexperimental
coefficient of variation (between reactions performed on sep-
arate dates) of 7% of the samples was greater than 1, and these
were excluded from further analyses. The average intra- and
interexperimental coefficients of variation were both approxi-
mately 0.4 for the bacterial assay and 0.2 for the TM7-division
assay. The 1025 subgroup assay, which was performed only
once, had an intraexperimental coefficient of variation of 0.2.

We used FISH as an independent method to corroborate the
real-time PCR findings. TM7 cells were counted in 20 samples
(9 from healthy sites and 11 from sites with severe periodon-
titis) by using FISH. The range of TM7 relative abundance (as
a percentage of total bacteria labeling with the broad-range
bacterial probe Bac-338) in these samples was 0% to 6.3%.
The average percentage of TM7 bacteria was not significantly
different in samples from healthy sites (2.1% = 0.76% [SE])
and those from sites with severe periodontitis (1.5 = 0.43%, P
= (0.47). TM7 bacteria in samples from sites with mild and
moderate periodontitis cannot be compared because of low
numbers of samples of these types. No differences in arrange-
ment or morphology of TM7 bacteria were observed between
healthy and disease samples.

Quantification of subgroup 1025. The 1025 subgroup of the
TM?7 division, which was previously found only in subgingival
samples from sites with disease (24), was also examined by
real-time PCR. Overall, 1025 rDNA was detected in 51% (39
of 76) of the samples (with a sensitivity of detection of 1,000
rDNA target copies/ul). Healthy samples were significantly
less likely to be positive (1 of 18) for 1025 rDNA than samples
from diseased sites (38 of 58, P < 0.001 [Fisher’s exact test])
(Table 3). Among the samples which were positive for the 1025
phylotype, the amount of 1025 as a percentage of total bacterial
rDNA was highly variable (from 0.002 to 1.25%), but in all
cases, it was well above the detection threshold for the 1025
real-time PCR assay (at least 10-fold higher than the threshold,
and on average about 500-fold higher). Therefore, the lack of
detection of 1025 bacteria in healthy samples was not due to
the fact that these samples had fewer total bacteria than the
disease samples.

Because of the relatively low numbers of patients with 1025,
the mean percent 1025 in different disease categories was sig-
nificantly different only in mild periodontitis (0.099% =
0.036% [SE]) compared to moderate periodontitis (0.297% =
0.086%, P < 0.05), but there appeared to be a trend towards a
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TABLE 3. Detection of 1025-subgroup DNA by real-time PCR in
relation to disease category

Percentage
of samples
. No.of Mo of samples with
Disease status samples with detectable detectable
1025 rtDNA 1025
rDNA
Healthy 18 1 6
Gingivitis 5 4 80
Mild periodontitis 17 11 65
Moderate periodontitis 15 10 67
Severe periodontitis 21 13 62
Total 76 39 51

greater relative abundance of 1025 bacteria in more-advanced
stages of disease (Fig. 4).

DISCUSSION

TM7 is a cosmopolitan and highly divergent division of bac-
teria. The human oral TM7 bacteria appear to form a mono-
phyletic group within the division, along with a putative mem-
ber whose sequence was isolated from mouse feces, suggesting
that the ability to colonize mammals may be a conserved fea-
ture of this group of TM7 phylotypes (Fig. 1). Oral TM7 cells
visualized by FISH were larger than the TM7 bacteria previ-
ously visualized by transmission electron microscopy in labo-
ratory-scale bioreactor sludge samples (9). This difference may
reflect true variation in the morphotypes of TM7 bacteria
found in the mouth versus reactor sludge, or it may be an
artifact caused by the different visualization methods employed
(electron microscopy may cause contraction while measure-
ments taken by epifluorescence, as performed in this study,
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FIG. 4. Abundance of 1025 rDNA relative to total bacterial rDNA
in subgingival plaque at sites with various states of disease. Only sites
with detectable quantities of 1025 are included. SEs are indicated. The
difference between relative abundance at sites with mild and moderate
periodontitis was significant at P < 0.04.
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may be slight overestimates due to light refraction). In addi-
tion, bacteria in the nutrient-rich milieu of the subgingival
crevice may grow to larger sizes than those found in nutrient-
poor environments. We did not observe any coccoid cells la-
beled with the TM?7 division probe. Cocci detected in the
sludge samples may represent phylotypes of TM7 bacteria
which are not present in the subgingival crevice, or they may
have been bacilli which appeared coccoid in the sludge samples
because of different nutrient availability.

Oral TM7 phylotypes, like other members of the division,
are not restricted to a small geographic area or a single envi-
ronmental source, based on their identification in the human
mouth in both this study and a previous study (24). Although
previous investigators detected TM7 bacteria in only a small
fraction of samples, we were able to detect members of this
division much more frequently, in nearly every sample. Nega-
tive controls were interspersed throughout the assays, ensuring
that the detection of TM7 bacteria was not due to contamina-
tion. We used a technique with high sensitivity (real-time PCR)
and primers designed to specifically amplify the TM7 division,
which allowed us to gain a clearer picture of its prevalence and
abundance in the subgingival crevice.

We found that TM7 bacteria made up 0.3% = 0.03% (SE)
of total bacteria in the human subgingival crevice by real-time
PCR and 1.8% = 0.4% by FISH, on average. These estimates
are reasonably consistent with the identification of TM7 bac-
teria in 1.3% of clones in a broad-range study of diversity in the
subgingival crevice (24). The presence and prevalence of TM7
in most of the samples analyzed in our study suggest that this
division is a common, and perhaps permanent, component of
the oral flora, with the capacity to maintain its growth under
the disparate conditions of health and severe disease. The
known diversity of this bacterial division is expanded by our
identification of two new phylotypes of TM7, indicating that
there are at least seven genus-level groups of this division
found in the human subgingival crevice. Considering that TM7
is a division with potentially hundreds or thousands of species,
the observed increase in the proportion of TM7 in mild-peri-
odontitis samples may be due to an expansion of the TM7
bacteria already present at the site or to the replacement of
one TM7 species by another which is better adapted to the
environment of the mild-periodontitis subgingival crevice.

There are several possible explanations for the preferential
association of TM7 with the early stages of periodontal disease.
One explanation is that members of this division require an
environmental factor which is present at optimal levels only in
the early stages of disease. Another explanation is that the
further progression of disease creates conditions in which
other organisms compete more favorably with TM7. While it is
not possible to assign a causal role to TM7 in the development
of periodontal disease, the significant increase in relative abun-
dance of this division at sites with mild periodontitis indicates
its close link with the changing conditions present in the sub-
gingival crevice as periodontal health deteriorates.

The 1025 subgroup was previously associated with some
forms of periodontal disease (24) and therefore seemed to be
an attractive choice for a more-detailed examination. Fifty-one
percent of the samples in the present study contained a de-
tectable quantity of 1025 bacteria. 1025 rDNA was detected at
only 1 of 18 healthy sites but at 38 of 58 diseased sites. It should
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be noted that the 1025 phylotype may itself be a large group
containing some members which are more closely disease as-
sociated and others which are not.

Real-time PCR is an attractive approach for microbial com-
munity analysis because of its large dynamic range and high
sensitivity. We were able to decrease the level of interexperi-
mental variability in our real-time PCR assays by creating
average standard curves by using standards from several ex-
periments. However, we found that the variability inherent in
this type of assay does not allow for reliable detection of
differences of less than two- to threefold between groups given
the degree of intersample variation we observed. Other re-
searchers have reported similar levels of variability in real-time
PCR assay results (2, 10, 23, 32). Although it is much more
laborious, FISH provides an independent approach for esti-
mating phylotype abundance.

One factor that may have biased our results was the use of
multiple samples from sites in the same patient displaying
various degrees of disease and the possibility of intraoral site-
to-site seeding. The extent of this phenomenon is largely un-
known, but its effect would be predicted to diminish the dif-
ferences in community composition that might occur solely as
a function of disease state. Indeed, Riviere et al. (26), by using
immunocytochemical detection methods, found that spiro-
chetes and Porphyromonas gingivalis were detected more fre-
quently at healthy sites of diseased subjects than at healthy
sites in periodontally healthy subjects. However, incorporation
of bacteria into dental plaque biofilms is governed by highly
specific host-microbe and microbe-microbe interactions (29,
30). Since colonization of tooth surfaces and existing biofilms
are not random events, it is unlikely that the presence of
microflora at diseased sites is a dominant ecological determi-
nant of the types of bacteria that colonize healthy sites. If the
latter were true, one would expect to find that most sites in a
given patient have the same amount of periodontal disease,
which is clearly not the case. Therefore, in this study we pre-
sumed that each site provides a unique environment for bac-
teria and supports its own microbiota, relatively independent
of other sites in the mouth. In support of this assumption, we
frequently observed patients with detectable 1025 rDNA at
some sites while other sites within the same patient had no
1025.

This study explored the disease associations of an unculti-
vated division of bacteria. As molecular detection methods are
increasingly applied to problems of human health and disease,
it is useful to consider the criteria that should be used to
evaluate whether a species which is detected solely by its ge-
netic material is pathogenic. Importantly, the detection and
quantity of the genetic material of a pathogen should be tem-
porally associated with disease. The presence of the genetic
material should reliably predict the development of disease,
and the amount of genetic material should decrease with res-
olution of disease. Another criterion for evaluating pathoge-
nicity is that the genetic material should be spatially distributed
in or on tissue in a disease-specific manner, that is, it should be
found in higher quantities at sites of disease than at healthy
sites from the same patient. Paired samples from individual
subjects are useful in this regard. Accurate quantification is
also necessary in order to address these issues, especially given
the sensitivity and nonquantitative features of PCR when used
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in a qualitative format. We have been able to determine that
the 1025 phylotype is rarely present in healthy samples, but
data from a greater number of samples will be required before
a more complete understanding of the role of these and other
TM7 division members in oral disease can be achieved.
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