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The human oral cavity contains a number of different habitats, including the teeth, gingival sulcus, tongue,
cheeks, hard and soft palates, and tonsils, which are colonized by bacteria. The oral microbiome is comprised
of over 600 prevalent taxa at the species level, with distinct subsets predominating at different habitats. The
oral microbiome has been extensively characterized by cultivation and culture-independent molecular methods
such as 16S rRNA cloning. Unfortunately, the vast majority of unnamed oral taxa are referenced by clone
numbers or 16S rRNA GenBank accession numbers, often without taxonomic anchors. The first aim of this
research was to collect 16S rRNA gene sequences into a curated phylogeny-based database, the Human Oral
Microbiome Database (HOMD), and make it web accessible (www.homd.org). The HOMD includes 619 taxa
in 13 phyla, as follows: Actinobacteria, Bacteroidetes, Chlamydiae, Chloroflexi, Euryarchaeota, Firmicutes, Fuso-
bacteria, Proteobacteria, Spirochaetes, SR1, Synergistetes, Tenericutes, and TM7. The second aim was to analyze
36,043 16S rRNA gene clones isolated from studies of the oral microbiota to determine the relative abundance
of taxa and identify novel candidate taxa. The analysis identified 1,179 taxa, of which 24% were named, 8% were
cultivated but unnamed, and 68% were uncultivated phylotypes. Upon validation, 434 novel, nonsingleton taxa
will be added to the HOMD. The number of taxa needed to account for 90%, 95%, or 99% of the clones examined
is 259, 413, and 875, respectively. The HOMD is the first curated description of a human-associated micro-

biome and provides tools for use in understanding the role of the microbiome in health and disease.

The microorganisms found in the human oral cavity have
been referred to as the oral microflora, oral microbiota, or
more recently as the oral microbiome. The term microbiome
was coined by Joshua Lederberg “to signify the ecological
community of commensal, symbiotic, and pathogenic microor-
ganisms that literally share our body space and have been all
but ignored as determinants of health and disease” (37). The
term microbiome has been embraced by the Human Microbi-
ome Project and investigators who believe an understanding of
human health and disease is impossible without fully under-
standing the collective microbiome/human “superorganism.”
This work describes the identification and phylogeny of the
most prevalent oral taxa.

The oral cavity, or mouth, includes several distinct microbial
habitats, such as teeth, gingival sulcus, attached gingiva,
tongue, cheek, lip, hard palate, and soft palate. Contiguous
with the oral cavity are the tonsils, pharynx, esophagus, Eusta-
chian tube, middle ear, trachea, lungs, nasal passages, and
sinuses. We define the human oral microbiome as all the mi-
croorganisms that are found on or in the human oral cavity and
its contiguous extensions (stopping at the distal esophagus),
though most of our studies and samples have been obtained
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from within the oral cavity. Studies have shown that different
oral structures and tissues are colonized by distinct microbial
communities (2, 39). Approximately 280 bacterial species from
the oral cavity have been isolated in culture and formally
named. It has been estimated that less than half of the bacterial
species present in the oral cavity can be cultivated using an-
aerobic microbiological methods and that there are likely 500
to 700 common oral species (47). Cultivation-independent mo-
lecular methods, primarily using 16S rRNA gene-based cloning
studies, have validated these estimates by identifying approxi-
mately 600 species or phylotypes (47; http://www.homd.org).

The oral cavity is a major gateway to the human body. Food
enters the mouth and is chewed and mixed with saliva on its
way to the stomach and intestinal tract. Air passes through the
nose and mouth on the way to the trachea and lungs. Micro-
organisms colonizing one area of the oral cavity have a signif-
icant probability of spreading on contiguous epithelial surfaces
to neighboring sites. Microorganisms from the oral cavity have
been shown to cause a number of oral infectious diseases,
including caries (tooth decay), periodontitis (gum disease),
endodontic (root canal) infections, alveolar osteitis (dry
socket), and tonsillitis. Evidence is accumulating which links
oral bacteria to a number of systemic diseases (58), including
cardiovascular disease (6, 32), stroke (31), preterm birth (46),
diabetes (25), and pneumonia (4).

For most of the history of infectious diseases, medical prac-
titioners focused on individual organisms in pure culture
through the perspective of Koch’s postulates. With the realiza-
tion that essentially all surfaces of humans, animals, plants, and
inanimate objects, which have air or water interfaces, are cov-
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ered by complex microbial biofilms (26), microbiologists have
refocused on microbial communities (30). Caries, periodonti-
tis, otitis media, and other infections are now recognized to be
caused by consortia of organisms in a biofilm rather than a
single pathogen (30). It is the premise of the NIH-supported
Human Microbiome Project (51, 64) that we need to know the
identity of all of the major organisms comprising the human
microbiome to fully understand human health and disease and
that we must have tools to rapidly identify members of the
microbiome to carry out meaningful clinical research. Culture-
independent approaches, like the 16S rRNA gene-based mo-
lecular cloning methods, have largely replaced cultivation stud-
ies for this task, as the molecular methods can reveal the
identities of currently uncultivated microorganisms.

While 16S rRNA gene clone studies have revealed the hid-
den diversity of the microbial world, clone sequences with no
taxonomic anchors currently fill GenBank, and articles refer to
novel phylotypes by reference to cryptic clone numbers (69).
Taxa known only as 16S rRNA phylotypes cannot be formally
named, as naming requires growth and full phenotypic char-
acterization. Candidatus status can be used to name unculti-
vated or mixed-culture organisms but still requires character-
ization significantly beyond a 16S rRNA sequence. Thus, there
is a critical need for a provisional naming system for species/
phylotypes of the human microbiome, so that investigators and
the literature can point to provisionally named taxa rather than
clone sequences.

The first goal of this research was to develop a provisional
taxonomic scheme for the unnamed human oral bacterial iso-
lates and phylotypes and provide this information in an online
publicly available database, namely, the Human Oral Microbi-
ome Database (HOMD) (www.homd.org). The second goal
was to analyze the 36,043 16S rRNA gene oral clone sequences
available from our laboratories to determine the number of
clones observed for each human oral taxon and to identify
additional taxa not included in the initial setup of the HOMD.

MATERIALS AND METHODS

This report is based on analysis of 16S rRNA gene sequences from 36,043
clones and over 1,000 isolates. Both clone-based and culture-based studies were
performed under appropriate Institutional Review Board approval. The 16S
rRNA gene sequences, from both clone- and culture-based studies, were ob-
tained in our laboratories over the past 20 years. The protocols listed below
represent our current methods.

Bacterial culture studies. The bacterial isolates came from studies targeting a
wide range of oral health and disease statuses, including periodontitis, caries,
endodontic infections, and noma. The strains were provided mostly by the lab-
oratories of Tanner, Socransky, and Wade and from the culture collection of
Lillian V. Holdeman Moore and the late W. E. C. (Ed) Moore.

Fresh isolates or strains were cultured on BHI+HK (brain heart infusion agar
[Becton, Dickinson and Co., Sparks, MD] at 26 g, yeast extract at 5 g, and hemin
at 2.5 mg, and menadione at 250 pg in 500 ml H,O plus 25 ml sheep’s blood
[Northeast Laboratory Services, Winslow, ME]), FAA (fastidious anaerobe agar
[Acumedia Manufacturers, Inc. Lansing, MI] at 26 g, yeast extract at 5 g, and
hemin at 2.5 mg in 500 ml H,O plus 25 ml sheep’s blood), and BUA (Biolog
universal agar [Biolog Inc., Hayward, CA] at 26 g in 500 ml H,O supplemented
with 25 ml sheep’s blood). Subsequent passages were performed using the me-
dium on which the strain grew best. Strain identification was performed by the
“Touch PCR” method, where a wire probe or pipette tip was just touched to the
colony and a minute sample was transferred directly to a tube for amplification
of the 16S rRNA gene operons (see PCR details below). If this quick method did
not work, a loopful of cells was collected and placed in 50 pl of 50 mM Tris
buffer, pH 7.6, with 1 mM EDTA and 0.5% Tween 20. Proteinase K (200 pg/ml)
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was added and incubated at 55°C for 2 h. Proteinase K was inactivated by being
heated at 95°C for 5 min. A total of 1 ul of this preparation was used for PCR.

16S rRNA gene clone library-based studies. Table S1 in the supplemental
material describes the study source for all clones. Specific details on patient
populations, sampling protocols, and sequencing methods used in published
studies are given in the references listed in this table. In brief, 16S rRNA gene
clone libraries were created from and analyzed in unpublished studies and the
following published studies: treponemes in a subject with severe destructive
periodontitis (10); treponemes from several subjects with periodontitis and acute
necrotizing ulcerative gingivitis (ANUG) (18); subgingival plaque from healthy
subjects and subjects with periodontitis, HIV periodontitis, and acute necrotizing
ulcerative gingivitis (ANUG) (47); dental plaque from children with caries (7);
endodontic lesions (45); subjects with advanced noma lesions (49); subjects with
necrotizing ulcerative periodontitis in HIV-positive subjects (1, 50); dorsum
tongue microbiota in subjects with halitosis (36); dental caries in adults (44);
normal biota of healthy subjects at subgingival, supragingival, dorsal tongue,
ventral tongue, hard palate, vestibule, and tonsil sites (2); periodontitis in adults
(15); aggressive periodontitis (22); caries-active and caries-free twins (14); root
caries in elderly subjects (52); ventilator-associated pneumonia (5).

DNA purification from clinical samples. Dental plaque from teeth or subgin-
gival periodontal pockets was collected using sterile Gracey curettes. Plaque
from the curette was transferred into 100 pl of TE buffer (50 mM Tris-HCI, pH
7.6; 1 mM EDTA). Bacteria on soft tissues were sampled using nylon swabs. The
material from the swab was dispersed into 150 pl of TE buffer. DNA extraction
was performed using the UltraClean microbial DNA isolation kit (Mo Bio
Laboratories, Carlsbad, CA) by following the manufacturer’s instructions for the
isolation of genomic DNA from Gram-positive bacteria.

16S rRNA gene amplification. Purified DNA samples were generally amplified
with universal primers F24/Y36 to construct broad-coverage libraries. The se-
quences of primers are given in Table S2 in the supplemental material. Addi-
tional libraries seeking expanded coverage of BacteroidetessTM7/SR1 groups or
Spirochaetes/Synergistetes groups were amplified with F24/F01 or F24/M98 selec-
tive primers, respectively. PCR was performed in thin-walled tubes using a
PerkinElmer 9700 Thermo Cycler. The reaction mixture (50 pl, final volume)
contained 1 pl of the purified DNA template, 20 pmol of each primer, 40 nmol
of deoxynucleoside triphosphates (ANTPs), 2.5 unit of Platinum Tag polymerase
(Invitrogen, Carlsbad, CA), and 5 ul 10X PCR buffer (200 mM Tris-HCI, pH 8.4;
500 mM KClI). A hot-start protocol was used in which samples were preheated at
94°C for 4 min, followed by amplification using the following conditions: dena-
turation at 94°C for 45 s, annealing at 60°C for 45 s, and elongation at 72°C for
2 min, with an additional 1 s for each cycle. Thirty cycles were performed,
followed by a final elongation step at 72°C for 15 min. Amplicon size and amount
were examined by electrophoresis in a 1% agarose gel stained with SYBR Safe
DNA gel stain (Invitrogen, Carlsbad, CA) and visualized under UV light. After
verification that a strong amplicon of the correct size was produced, a preparative
gel was run, and the full-length amplicon band was cut out and DNA purified
using a Qiagen gel extraction kit (Qiagen, Valencia, CA).

Cloning procedures. Size-purified 16S rRNA gene amplicons were cloned
using a TOPO TA cloning kit (Invitrogen, Carlsbad, CA) by following the
manufacturer’s instructions. Transformation was performed using competent
Escherichia coli TOP10 cells provided by the manufacturer. Transformed cells
were plated onto Luria-Bertani agar plates supplemented with kanamycin (50
pg/ml) and incubated overnight at 37°C.

Library screening. Approximately 90 colonies were picked for each library and
were placed into tubes containing 40 wl of 10 mM Tris-HCI, pH 8.0. A total of
1 wl of the cell suspension was used directly as the template for PCR with
Invitrogen vector M13 (—21) forward and M13 reverse primers. Electrophoresis
on a 1% agarose gel was used to verify the correct amplicon size. PCR product
for preliminary sequencing with primer Y31 (positions 519 to 533, reverse) was
treated with exonuclease and shrimp alkaline phosphatase to remove primers
and dNTPs. Five microliters of PCR product was combined with 0.4 pl exonu-
clease I (10 U/pl; USB Corporation, Cleveland, OH) and 0.4 .l shrimp alkaline
phosphatase (1 U/ul; USB Corporation, Cleveland, OH). The reaction mixture
was incubated at 37°C for 15 min and then deactivated at 85°C for 15 min. The
PCR products from clones chosen for full sequencing with eight additional
primers were further concentrated and purified using QIAquick PCR purifica-
tion kits (Qiagen, Valencia, CA).

16S rRNA gene sequencing. Purified DNA was sequenced using an ABI Prism
cycle sequencing kit (BigDye Terminator cycle sequencing kit) on an ABI 3100
genetic analyzer (Applied Biosystems, Foster City, CA). The sequencing primers
(see Table S2 in the supplemental material) were used in quarter-dye reactions
by following the manufacturer’s instructions.
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16S rRNA data analysis. Sequence information determined using primer Y31
(positions 519 to 533, reverse) allows preliminary identification of clones. Clones
or strains whose sequences appeared novel (differing by more than 7 bases from
previously identified oral reference sequences in the first 500 bp) were fully
sequenced on both strands (approximately 1,540 bases) using 6 to 8 additional
sequencing primers (see Table S2 in the supplemental material). Sequences were
assembled from the ABI electropherogram files using Sequencher (Gene Codes
Corporation, Ann Arbor, MI).

Aligned 16S rRNA database. All full-length human oral 16S rRNA gene
sequences which we believed represented novel taxa and those of named human
oral species available in GenBank were entered into a new Aligned Reference
Sequence Database. More than 100 nonoral sequences were also entered to link
oral phylogenetic clusters to named taxa. The basic program set for data entry,
editing and sequence alignment, secondary structure comparison, similarity ma-
trix generation, and phylogenetic tree construction was written by F. E. Dewhirst
in Microsoft QuickBasic and has been previously described (48) (the program is
available from F. E. Dewhirst). Trees for this work were made by exporting
aligned sequences from our database into MEGA version 4 (60). Similarity
matrices were corrected for multiple base changes at single positions by the
method of Jukes and Cantor (33). Similarity matrices were constructed from
the aligned sequences by using only those sequence positions for which 95%
of the strains had data. Phylogenetic trees were constructed using the neigh-
bor-joining method of Saitou and Nei (56). Bootstrapping was performed
using 1,000 resamplings.

Creation of the human oral microbiome 16S rRNA gene reference set. The
sequences for named species, isolates, and clones were obtained primarily by
sequencing efforts in our laboratories or from GenBank. The list of named oral
organisms was compiled from the literature and relied heavily on literature
reports from investigators at the Forsyth Institute (20, 21, 59, 61, 62) and from
Lillian Holdeman Moore and W. E. C. Moore (41, 42, 43), formerly at the
Anaerobe Laboratory at the Virginia Polytechnic Institute. To the initial list of
oral microorganisms, we added exogenous pathogens, such as Corynebacterium
diphtheriae, Bordetella pertussis, Treponema pallidum, Neisseria gonorrhoeae, and
several other species which are causative agents of oral lesions and diseases. For
the 16S rRNA gene sequences of strains or clones that did not match the named
species, we created novel 16S rRNA gene-based phylotypes. We define a phy-
lotype as a cluster of full-length 16S rRNA gene sequences that have greater than
98.5% similarity to one another (=23 base mismatches per 1,540 bases) and have
less than 98.5% similarity to neighboring taxa (species or phylotypes). Each
species and phylotype was assigned a human oral taxon (HOT) number, starting
at 001. Prior to assigning the HOT numbers, all provisional sequences were
compared, and those with sequences having greater than 98.5% similarity were
merged into single taxa, except for validly named species, which retained indi-
vidual HOT numbers regardless of rRNA gene sequence similarity. Sequences
were checked for the possibility of being chimeric using multiple methods.
Neighbor-joining trees were generated using the first 600 bases and compared
with trees using the last 900 bases. Taxa that changed position in the two trees
were further examined with the Chimera Check program at the Ribosomal
Database Project (11) and with Mallard (3). The first and last 100 bases of all
clone sequences described below were analyzed by BLASTN analysis against the
HOMD Reference Set. The distance between end matches was captured from a
distance matrix file for all full-length HOMD references sequences. All se-
quences with ends being more than 10% different were rejected as chimeric. The
script for this program is available from us. The HOMD reference sequences and
clone sequences were rescreened using Chimera Slayer (courtesy of Brian Haas,
the Broad Institute [http://sourceforge.net]).

Analysis of 16S rRNA gene sequences obtained from clone studies. Clone
sequences were subject to BLASTN analysis against the HOMD Reference
Sequence Set (version 10). Because the first 500 bases of the 16S rRNA molecule
generally contain almost half the variability of the full sequence, a match cutoff
of 98% similarity with 95% coverage was used as the identification criteria.
Those sequences that did not match a human oral taxon sequence were subject
to BLASTN analysis against all sequences at the Ribosomal Database Project
(RDP; release 10, update 3) (11) and Greengenes (16). Because many clone
queries can match the same RDP or Greengenes subject match, a set of unique
reference matches was generated. Because this set could contain multiple entries
representing a single phylotype, the external database match sequences were
clustered as described below. Unique human oral taxon numbers were assigned
to each unique phylotype. The clones that did not meet the match criteria to the
HOMD, RDP, or Greengenes were clustered into novel taxa defined by the 98%
identity with 95% coverage criteria. Clustering was performed by first sorting the
clones by length. The first clone was considered a novel taxon and placed in a first
taxon folder, and its sequence was declared a reference sequence. Each succeed-
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ing clone sequence was compared by BLASTN to the reference sequence(s) and,
if matched, added to that taxon folder. If the BLASTN match failed, the clone
sequence was used to establish a new taxon folder and added to the reference
sequence list. The scripts for these analyses can be obtained from T. Chen.
Extended human oral taxon numbers (A01 to H70) were assigned for each novel
cluster/folder.

Nucleotide sequence accession numbers. The 16S rRNA gene sequences for
the 34,753 clones analyzed are available for download at the Human Oral
Microbiome Database website (http://www.homd.org) and from GenBank under
accession numbers GU397556 to GU432434. GenBank accession numbers for
each taxon in the seven phylogenetic tree figures are included with each taxon
label. Additional full-length 16S rRNA gene sequences deposited for this work
include GenBank accession numbers FJ577249 to FJ577261, FJ717335,
FJ717336, FJ7173350, GQ131410 to GQ131418, and GU470887 to GU470911.

RESULTS AND DISCUSSION

Human Oral Microbiome Database. The backbone of the
HOMD is its set of reference 16S rRNA gene sequences, which
are used to define individual human oral taxa and to create
the phylogenetic and taxonomic structures of the database.
The initial reference set of 16S rRNA gene sequences for the
HOMD consisted of over 800 full-length sequences (each of
which is greater than 1,500 bases) of named oral bacteria from
the oral microbiological literature and strain and clone phylo-
types generated from our sequencing and cloning studies. Af-
ter entering and aligning these sequences in our RNA data-
base, neighbor-joining trees were generated. A total of 78
chimeras were identified and removed from the database. Us-
ing a 98.5% sequence similarity cutoff for defining a phylotype,
the approximately 800 sequences were placed in 619 taxa. Each
taxon was given a human oral taxon (HOT) number (arbitrary
number starting at 001). All of the human oral taxa were
placed in a full taxonomic classification, including domain,
phylum, class, order, family, genus, and species, which can be
viewed in Table S4 in the supplemental material. Placement of
species in higher taxa was based solely on tree position. For
example, Eubacterium saburreum was placed in the family
Lachnospiraceae and not Eubacteriaceae. Eubacterium sabur-
reum is not closely related to the type strain of the genus
Eubacterium, Eubacterium limosum, and will need to be placed
in a new genus and subsequently renamed. The HOMD tax-
onomy is one of several selectable taxonomies available at the
Greengenes website (16) (http://greengenes.lbl.gov). When the
HOMD is selected as the taxonomy, the operational taxonomic
unit (OTU) numbers equal the human oral taxon numbers.

A summary of the phylogenetic distribution of these 619 taxa
is presented in Table 1. It is notable that 65.6% of the taxa
have been cultured. This percentage greatly exceeds that in
many natural environments where less than 1% has been cul-
tivated. The six major phyla, Firmicutes, Bacteroidetes, Pro-
teobacteria, Actinobacteria, Spirochaetes, and Fusobacteria, con-
tain 96% of the taxa. The remaining phyla, Euryarchaeota,
Chlamydia, Chloroflexi, SR1, Synergistetes, Tenericutes, and
TM7, contain the remaining 4% of the taxa.

A detailed presentation of the phylogenies of the 619 oral taxa
can be seen in the phylogenetic trees shown in Fig. 1 to 7. The
percentage of times a node was present in the resampling is
shown only when it was greater than 50%. The name of each
taxon is followed by its designated HOT number, clone or
strain number, GenBank accession number, number of clones
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TABLE 1. Phylogenetic distribution of 619 taxa in HOMD version 10

No. (%) of:
Phylum " . Unnamed Unnamed
Taxa’ Named species cultivated taxa“ uncultivated taxa?

Bacteria

Firmicutes 227 (36.7) 120 (52.9) 45 (19.8) 62(27.3)

Bacteroidetes 107 (17.3) 39 (36.4) 27(25.2) 41 (38.3)

Proteobacteria 106 (17.1) 70 (66.0) 9(8.5) 27 (25.5)

Actinobacteria 72 (11.6) 37(51.4) 25 (34.7) 10 (13.9)

Spirochaetes 49 (7.9) 11 (22.4) 3(6.1) 35(71.4)

Fusobacteria 32(5.2) 12 (37.5) 4(12.5) 16 (50.0)

™7 12 (1.9) 0(0.0) 0(0.0) 12 (100.0)

Synergistetes 10 (1.6) 2(20.0) 0(0.0) 8 (80.0)

Chlamydiae 1(0.2) 1 (100.0) 0(0.0) 0(0.0)

Chloroflexi 1(0.2) 0(0.0) 0(0.0) 1 (100.0)

SR1 1(0.2) 0(0.0) 0(0.0) 1 (100.0)
Archaea

Euryarchaeota 1(0.2) 1 (100.0) 0(0.0) 0(0.0)
Total 619 (100) 293 (47.3) 113 (18.3) 213 (34.4)

“ Taxa refer to named species and to phylotypes with or without cultivable members. Phylotypes are defined as clusters whose members have 98.5% full 16S rRNA

sequence similarity. The data in this table are based on those in HOMD version 10.

> Named species are those with validly published names.

¢ Unnamed cultivable taxa are phylotypes that have at least one extant isolate.

@ Uncultivated taxa are phylotypes known only from clone sequences.

of the taxon observed in this study, and a symbol indicating
each taxon’s naming and cultivation status.

Firmicutes and Tenericutes. The phylum Tenericutes and the
classes Bacilli and Erysipelotrichia of the phylum Firmicutes are
shown in Fig. 1. The taxa belonging to the Firmicutes class
Clostridia are shown in Fig. 2 and 3.

The class Bacilli (Fig. 1, clade designated with an encircled
“1”) contains 86 taxa. It includes the genus Streptococcus,
whose members are the most abundant bacterial species in the
mouth. The related, but less frequently studied, genera
Abiotrophia, Gemella, and Granulicatella are also extremely
common, and three species from these genera were among the
10 taxa most frequently detected in our clone libraries. Abiotro-
phia and Granulicatella require the addition of pyridoxal to
grow on blood agar media and were formerly known as the
nutritionally variant streptococci (12, 55).

The class Erysipelotrichia (Fig. 1, clade designated with an
encircled “3”) contains the following four oral organisms: Bul-
leidia extructa, Solobacterium moorei, Erysipelothrix tonsillarum,
and Lactobacillus [XVII] catenaformis. The meaning of the
roman number in square brackets is explained below.

The Firmicutes class Clostridia is shown in Fig. 2 and 3. For
the taxonomy of the Clostridia, a widely used classification is
that described by Collins et al. (13). Therefore, in the Clostridia
trees, Eubacterium infirmum is written Eubacterium [XI][G-1]
infirmum to indicate that it is a misnamed Eubacterium sp.
falling in Collins cluster XI and that it and neighboring taxa
represent a novel genus, as yet unnamed, designated [G-1].
NCBI, and RDP taxonomies, for the most part, remain based
on historic names rather than phylogenetic position, even when
genera are known to be polyphyletic, thus creating illogical
placements at the family and higher taxonomic levels. The
major oral clades, corresponding roughly to family-level divi-
sions, are marked in Fig. 2 as follows: Collins cluster XI (en-

circled “1”); the family Peptostreptococcaceae (encircled “27);
Collins cluster XIII (encircled “3”); a novel family level cluster,
with no named species, designated F-1 (encircled “4”); Collins
cluster XV, the Eubacteriaceae sensu stricto (encircled “57);
Collins cluster XIVa, the Lachnospiraceae (encircled “6”); the
Peptococcaceae (encircled “7”); Collins cluster VIII, the Syn-
trophomonadaceae (encircled “8”); and a novel family-level
cluster, with no named species, designated F-2 (encircled “9”).
The largest family of the Clostridia is the Veillonellaceae (pre-
viously called Acidaminococcaceae), as shown in Fig. 3. The
vast majority of human oral Clostridia fall in the families Lach-
nospiraceae, Peptostreptococcaceae, and Veillonellaceae.

All members of the Veillonellaceae, shown in Fig. 3, are
Gram negative and include the genera Anaeroglobus, Centi-
peda, Dialister, Megasphaera, Selenomonas, and Veillonella. 1t is
striking that a clade of Gram-negative organisms occurs in an
otherwise Gram-positive phylum.

Tenericutes. The phylum Tenericutes (Fig. 1, designated with
an encircled “4”) has recently been created and was previously
the class Mollicutes within the Firmicutes (38). Mycoplasma
species have been detected in the saliva of 97% of individuals
(68). Relatively few mycoplasmas have been detected in the
clone libraries reported here, but representatives of Myco-
plasma hominis, Mycoplasma salivarium, and Mycoplasma fau-
cium were found. Tenericutes [G-1] sp. oral taxon 504 is very
deeply branching and has tentatively been placed with the
Tenericutes awaiting further information.

Actinobacteria. The phyla Actinobacteria and Fusobacteria
are shown in Fig. 4, and their clades are marked by an encir-
cled “1” and an encircled “5,” respectively. Out of eight named
Actinobacteria orders, oral taxa have thus far been found only
in the orders Actinomycetales (Fig. 4, encircled “2”), Bifidobac-
teriales (encircled “3”), and Coriobacteriales (encircled “4”).

Actinomycetales (Fig. 4, encircled “2”) include the genera
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Streptococcus sp. -- Oral Taxon 423 -- Clone C2MKM128 -- AY278630 -- 1 - W
Streptococcus mitis -- Oral Taxon 677 -- Strain ATCC 49456 -- AF003929 — 1968 -- @
Streptococcus pneumoniae -- Oral Taxon 734 -- Strain ATCC 33400 -- AF003930 -- 62 - @
Streptococcus sp. -- Oral Taxon 064 — Clone EK048 -- AF385574 — 460 -- B*
Streptococcus sp. -- Oral Taxon 431 — Clone C4AKMO023 -- AY278633 -- 140 -- B*
Streptococcus infantis -- Oral Taxon 638 -- Strain GTC849 — AB008315 -- 208 -- ®
Streptococcus mitis bv 2 -- Oral Taxon 398 - Clone P2PA_41 -- AY207051 -- 410 - @
Streptococcus sp. -- Oral Taxon 058 -- Clone BM035 -- AY005043 - 251 -
Streptococcus sp. -- Oral Taxon 071 — Strain Hans H6 -- AY005041 - 189 -- W
Streptococcus oralis -- Oral Taxon 707 -- Strain ATCC 35037 -- AF003932 -- 20 -- @
Streptococcus sp. -- Oral Taxon 070 -- Strain Hans 12F -- GQ422711 -- 131 - W&
Streptococcus sp. -- Oral Taxon 074 -- Strain T4-E3 -- AF385526 — 53 --
Streptococcus sp. -- Oral Taxon 486 -- Clone GK051 -- AY349413 --3 - W
Streptococcus sp. -- Oral Taxon 061 -- Clone DN0O25 -- AF432131 --49 -l
Streptococcus sp. -- Oral Taxon 068 -- Clone FP015 -- AF432137 --32 - W
Streptococcus sp. -- Oral Taxon 055 — Clone AAOO7 -- AY005046 -- 2 -- O
Streptococcus sp. -- Oral Taxon 487 - Clone GM006 -- AY349414 -1 -- O
Streptococcus parasanguinis I/ -- Oral Taxon 411 -- Clone C2MKMO06 -- AY278629 -- 365 — @
Streptococcus parasanguinis | -- Oral Taxon 721 -- Strain ATCC 15912 - AF003933 -- 64 — @
Streptococcus sp. -- Oral Taxon 057 -- Clone BE024 -- AF385550 — 22 --
Streptococcus australis -- Oral Taxon 073 -- Strain T1-E5 -- AF385525 -- 178 -- @
Streptococcus sp. -- Oral Taxon 066 - Clone FN051 -- AF432135 -- 127 -- ®
Streptococcus sp. -- Oral Taxon 069 -- Clone FP064 -- AF432139 -- 1 - O
Streptococcus peroris -- Oral Taxon 728 - Strain GTC848 - AB008314 -- 20 -- @
Streptococcus sp. -- Oral Taxon 065 -- Clone FN0O42 -- AF432134 -- 23 -- B
Streptococcus sp. -- Oral Taxon 067 -- Clone FO042 -- AF432136 -- 2 -- O
Streptococcus salivarius -- Oral Taxon 755 -- Strain ATCC 13419 -- M58839 -- 121 -- @
99 L Streptococcus vestibularis -- Oral Taxon 021 -- Strain ATCC 49124 -- AY188353 --61 - @
= Streptococcus sanguinis -- Oral Taxon 758 -- Strain ATCC 10556 -- AF003928 -- 851 -- @
Streptococcus sp. -- Oral Taxon 056 -- Clone AY020 -- AF385545 - 30 -- B
Streptococcus cristatus -- Oral Taxon 578 -- Strain NCTC12479 -- AB008313 - 325 -- @
Streptococcus gordonii -- Oral Taxon 622 -- Strain ATCC 10558 -- AF003931 - 478 -- @
Streptococcus sinensis -- Oral Taxon 767 - Strain HKU4 -- AF432856 -- 33 -- @
Streptococcus anginosus -- Oral Taxon 543 - Strain ATCC33397 - AF104678 -- 561 -- @
Streptococcus intermedius -- Oral Taxon 644 -- Strain ATCC27335 -- AF104671 -- 334 —- @
92 Streptococcus constellatus -- Oral Taxon 576 -- Strain ATCC27823 -- AF104676 -- 158 - @
Streptococcus pyogenes -- Oral Taxon 745 - Strain JCM 5674 -- AB023575 - 0 -- @
Streptococcus agalactiae -- Oral Taxon 537 -- Strain ATCC 27956 -- AF015927 -2 -- @
Streptococcus mutans -- Oral Taxon 686 -- Strain NCTC 10449 - AJ243965 - 1499 - @
Streptococcus downei -- Oral Taxon 594 -- Strain ATCC 33748 -- AY188350 -- 49 -- @
Streptococcus sobrinus -- Oral Taxon 768 -- Strain NCTC 12279 -- AJ243966 -- 73 -- @
Lactococcus lactis -- Oral Taxon 804 -- Strain ATCC 19435 -- M58837 -- 208 - @
Enterococcus faecalis -- Oral Taxon 604 - Strain NA -- Y18293 -- 138 -- @
9 Enterococcus casseliflava -- Oral Taxon 801 -- Strain 32 -- AF039899 - 282 -- ®
98 Enterococcus saccharolyticus -- Oral Taxon 802 -- Strain ATCC 43076 - AF061004 -- 0 - @

99

84

60! 99

51 539 Enterococcus saccharominimus -- Oral Taxon 803 - Strain LMG 21727 -- AJ626902 -- 47 -- @
50 9 Granulicatella adiacens -- Oral Taxon 534 -- Strain GIFU12706 -- D50540 - 513 - @
_l E Granulicatella elegans -- Oral Taxon 596 -- Strain 2640-91 -- Y15408 -- 135 -- @
Abiotrophia defectiva -- Oral Taxon 389 -- Clone P4PA_155 -- AY207063 -- 236 --

Dolosigranulum pigrum - Oral Taxon 813 -- Strain NCFB 2975 -- X70907 0-@
l—-———— Alloiococcus otitis -- Oral Taxon 831 —- Strain NA -- AY957475 -0 - @
99 Lactobacillus sp. -- Oral Taxon 418 -- Strain C4M_55 -- AY278619 -- 17 - W

50 99 Lactobacillus sp. -- Oral Taxon 424 -- Strain CAM_47 -- AY278620 - 11 --
Lactobacillus brevis -- Oral Taxon 558 -- Strain K9 -- AF090328 -- 1 -- @
Lactobacillus paracasei -- Oral Taxon 716 -- Strain JCM 8130 -- D79212 -- 104 - ®
9oLy Lactobacillus casei -- Oral Taxon 568 - Strain JCM 1136 -- D16552 - 0 -- @
98— Lactobacillus rhamnosus -- Oral Taxon 749 -- Strain F11 -- AF243146 -- 44 - @

Lactobacillus salivarius -- Oral Taxon 756 — Strain ATCC 11741 -- AF089108 -- 33 —- @

95 Lactobacillus vaginalis -- Oral Taxon 051 -- Clone CX036 -- AYO05048 -- 86 -- @
Lactobacillus oris -- Oral Taxon 709 -- Strain DSM 4864 -- X94229 -- 27 -- @
Lactobacillus sp. -- Oral Taxon 052 -- Strain DoxG2 -- GQ422710 --0 - W
Lactobacillus coleohominis -- Oral Taxon 816 -- Strain DSM 14060 -- AM113776 -- 3 -- @
1 Lactobacillus reuteri -- Oral Taxon 818 -- Strain DSM 20016 -- L23507 -- 0 -- @

Lactobac:l/us fermentum -- Oral Taxon 608 -- Strain ATCC 14931 -- M58819 -- 60 - @
Lactobacillus gasseri -- Oral Taxon 615 -- Strain DSM 20243 -- M58820 -- 0 -- @
Lactobacillus johnsonii -- Oral Taxon 819 -- Strain ATCC 33200 -- AJ002515--1 -- @
Lactobacillus iners -- Oral Taxon 838 — Strain CCUG 28746 - Y16329 -- 4 -- @
Lactobacillus jensenii -- Oral Taxon 839 — Strain KC36b -- AF243159 -- 0 - @
Lactobacillus sp. -- Oral Taxon 461 -- Clone HT070 -- AY349383 -- 102 -- O
Lactobacillus crispatus -- Oral Taxon 817 -- Strain DSM 20584 -- Y17362 -- 10 -- @
Lactobacillus acidophilus -- Oral Taxon 529 -- Strain ATCC 4356 -- AB008203 -- 4 -- @
Gemella morbillorum -- Oral Taxon 046 -- Strain 933-88 -- Y13366 -- 544-- @
99 Gemella haemolysans -- Oral Taxon 626 -- Strain ATCC 10379 -- L14326 —- 536 -- @
G lla sanguinis -- Oral Taxon 757 - Strain C24KA -- AY005051 — 56 -- @
0 L Gemela bergeriae - Oral Taxon 555 - Strain A31SC -- AY005050 -- 87 -- @
L 99 Paenibacillus sp -- Oral Taxon 786 — Strain F0064 — GQ422747 -0 - W
Paenibacillus sp. -- Oral Taxon 048 -- Clone CA007 -- AF385540 -- 9 -- O
Bacillus clausii -- Oral Taxon 045 -- Strain O-4 -- AB043853 -- 12 - @
Listeria monocytogenes -- Oral Taxon 825 -- Strain R1653 -- EU090894 -- 0 - @
Bacillus fusiformis -- Oral Taxon 614 -- Strain DSM 2898 -- M77486 -- 279 -- @
Bacillus subtilis -- Oral Taxon 468 -- Strain ATCC 6633 -- AB018486 — 45 -- @
Bacillus anthracis -- Oral Taxon 824 -- Strain Delta Ames -- AF155951 - 0 -- @
Staphylococcus warneri -- Oral Taxon 076 -- Strain ATCC 27836 -- L37603 -- 3 -- @
Staphylococcus aureus -- Oral Taxon 550 -- Strain ATCC 12600 -- D83357 -- 15 -- @
Staphylococcus caprae -- Oral Taxon 567 -- Strain ATCC 35538 -- AB009935 -- 3 - @
Staphylococcus epidermidis -- Oral Taxon 601 -- Strain ATCC 14990 -- D83363 -- 3 - @

© Lactobacillus[XVII] catenaformis -- Oral Taxon 569 -- Strain ATCC 25536 -- M23729 -- 9 -- @
Erysipelothrix tonsillarum -- Oral Taxon 484 -- Strain NA -- AB034201 -0 - @
95 Bulleidia extructa -- Oral Taxon 603 -- Strain DSM 13220 -- AF220064 -- 11 -- ®
99 Solobacterium moorei -- Oral Taxon 678 -- Strain JCM 10647 -- AB031058 -- 20 -- @

Mollicutes [G-1] sp. -- Oral Taxon 504 -- Clone MB1_G23 -- DQ003614 - 1 -- O
99— Mycoplasma pneumoniae -- Oral Taxon 732 — Strain ATCC 15531 — M29061 -- 0 -- @
—— Mycoplasma genitalium -- Oral Taxon 616 -- Strain G37 - X77334 --0 - @
99 Mycoplasma lipophilum -- Oral Taxon 656 -- Strain ATCC 27104 -- M24581 --0 - @
97 Mycoplasma fermentans -- Oral Taxon 607 -- Strain ATCC 19989 -- M24289 — 0 - @
9 Mycoplasma hominis -- Oral Taxon 632 -- Strain PG21 -- AJ002265 -- 1 -- @
71 Mycoplasma orale -- Oral Taxon 704 -- Strain ATCC 23714 -- AY796060 -- 0 -- @
99 Mycoplasma faucium -- Oral Taxon 606 - Strain DC333 - AF125590 -- 5 - @
98 Mycoplasma salivarium -- Oral Taxon 754 -- Strain PG20 -- AF125583 - 3 -- @
Mycoplasma buccale -- Oral Taxon 561 -- Strain CH20247 -- AF125586 -- 0 -- @

Q 99

99

52 99

~[®

)

0.05

FIG. 1. Neighbor-joining tree for human oral taxa in the phylum Tenericutes and the classes Bacilli and Erysipelotrichia of the phylum Firmicutes.
The name of each taxon is followed by the oral taxon number, clone or strain number, GenBank accession number, the number of clones out of
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Actinomyces, Rothia, Kocuria, Arsenicicoccus, Microbacterium,
Propionibacterium, Mycobacterium, Dietzia, Turicella, and
Corynebacterium. Bifidobacteriales (Fig. 4, encircled “3”) in-
clude the genera Bifidobacterium, Gardnerella, Scardovia, and
Parascardovia. These genera are found primarily in dental car-
ies and in denture plaque (40), except for Gardnerella, which is
isolated primarily from the vagina. Coriobacteriales (Fig. 4,
encircled “4”) include the following genera with oral members:
Atopobium, Cryptobacterium, Eggerthella, Olsenella, and Slackia
17).

Fusobacteria. The phylum Fusobacteria includes the follow-
ing two genera frequently detected in the mouth: Fusobacte-
rium and Leptotrichia. An unnamed and uncultivated genus,
Fusobacteria [G-1], contains two taxa, with Fusobacteria [G-1]
sp. oral taxon 220 being relative common with 47 clones de-
tected.

Bacteroidetes. The 107 Bacteroidetes taxa, shown in Fig. 5,
fall into the genera Prevotella, Bacteroides, Porphyromonas,
Tannerella, Bergeyella, Capnocytophaga, and eight that are un-
named.

Prevotella is the largest genus, with approximately 50 species.
The majority have been cultivated. The clade marked with an
encircled “0” in Fig. 5, including Prevotella tannerae through
Prevotella sp. oral taxon 308, warrants separate genus status, as
it shares less than 80% 16S rRNA similarity with the main
cluster of Prevotella (oral taxa 313 through 304).

In Fig. 5, eight currently unnamed genera (comprised of 1 to
5 phylotypes each) are marked by encircled “1” through encir-
cled “8.” These taxa are deeply branching and have no closely
related named species. Bacteroidaceae [G-1] sp. oral taxon 272
(encircled “17”) is both cultivable and common, with 210 clones
observed. Three strains in the Moores’ collection labeled Pre-
votella zoogleoformans have been identified as belonging to oral
taxon 272. Bacteroidales [G-2] sp. oral taxon 274 (encircled
“27) is also cultivable and common, with 51 clones observed
and an isolate designated “Bacteroides D59 identified from
the Moores’ collection. The six remaining unnamed genera,
marked encircled “3” through encircled “8,” have, as yet, no
cultivated isolates, but Bacteroidetes [G-3] sp. oral taxon 281 is
common with 54 clones in our collection.

Bergeyella zoohelcum, the only named species of the genus, is
a member of the canine oral microbiome and a human patho-
gen from dog bites (65). The two human oral Bergeyella taxa
are uncultivated.

Proteobacteria. All five classes of Proteobacteria, Alphapro-
teobacteria, Betaproteobacteria, Gammaproteobacteria, Deltap-
roteobacteria, and Epsilonproteobacteria, contain taxa detected
in the human oral cavity. These taxa are shown in Fig. 6, where
the classes are labeled with their corresponding Greek letters.

Betaproteobacteria include the genera Neisseria, Eikenella,
Kingella, Simonsiella, Achromobacter, Bordetella, Lautropia,
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Burkholderia, Ralstonia, Delftia, Variovorax, and Leptothrix.
Most of these genera are aerobes. Gammaproteobacteria in-
clude oral taxa in the following five families: Xanthomona-
daceae (Fig. 6, encircled “1”), Cardiobacteriaceae (encircled
“2”), Pseudomonadaceae (encircled “3”), Moraxellaceae (encir-
cled “4”), Enterobacteriaceae (encircled “5”), and Pasteurel-
laceae (encircled “6”). The Xanthomonadaceae family (Fig. 6,
encircled “17) includes Stenotrophomonas maltophilia, which is
an ubiquitous environmental organism that is an opportunistic
pathogen which can cause nosocomial infections (57) but also
can contaminate laboratory reagents and show up in cloning
libraries as an artifact, as can many members of the Proteobac-
teria (63). BLAST interrogation of the GenBank database with
Haemophilus parainfluenzae sequences frequently results in a
match with accession no. AB098612, labeled “Terrahaemophi-
lus aromaticivorans,” an isolate from petroleum sludge. This
species has not been formally proposed and, in our opinion,
was likely a human oral H. parainfluenzae contaminant in their
sample.

Deltaproteobacteria include species in the genera Desulfovib-
rio, Desulfomicrobium, Desulfobulbus, and Bdellovibrio. Epsi-
lonproteobacteria include the genera Campylobacter, Helico-
bacter, and the misnamed “Bacteroides ureolyticus,” which falls
just inside or adjacent to the genus Campylobacter (66).

The Spirochaetes phylum is shown as the clade marked with
an encircled “1” in Fig. 7. All human oral taxa identified to
date in the phylum Spirochaetes are members of the genus
Treponema. Over 70% of the 49 identified taxa have thus far
resisted cultivation. The number of proposed taxa has de-
creased from 57 to 49 relative to our initial description of the
oral treponemes (18), as some of the taxa with greater than
98.5% 16S rRNA sequence similarity were combined.

The Chlamydia phylum is marked with an encircled “2” in
Fig. 7. Chlamydophila pneumoniae has been detected in dental
plaque (39a) and is a recognized lung pathogen. Chlamydia
were not observed in our cloning studies, perhaps because the
common 9 to 27 (E. coli numbering) 16S rRNA PCR forward
primer contains two mismatches with Chlamydia sequences
(24). Use of the YM+3 forward primer set (24) may remedy
this problem in future studies.

The Chloroflexi phylum is marked with an encircled “3” in
Fig. 7. A single Chloroflexi phylotype has been identified. Chlo-
roflexi are abundant in studies of wastewater treatment sludge
(8). A closely related phylotype (>95% similarity) has been
found in the canine oral cavity (F. E. Dewhirst, unpublished
observation), suggesting there are multiple mammalian host-
associated species in the phylum Chlorofiexi.

Synergistetes taxa are shown in the clade marked with an
encircled “4” in Fig. 7. Ten taxa in the phylum Synergistetes
have been identified (34, 35). This recently described phylum
includes a number of genera and phylotypes that have been

34,879 that were identified as this taxon, and a symbol indicating that the taxon is a named species (@), an unnamed cultivated taxa (M), or an
uncultivated phylotype ([J). The tree was constructed with MEGA 4.3 using the Jukes and Cantor correction neighbor-joining distance matrix.
Comparisons with missing data were eliminated pairwise. The numbers to the left of the branches indicate the percentage of times the clade was
recovered out of 1,000 bootstrap resamplings. Only bootstrap percentages greater than 50 are shown. Roman numerals in square brackets following
a genus name indicate Collins’ Clostridia cluster numbers (17). Major clades are marked as follows: encircled “1,” Bacilli; encircled “2,” Firmicutes;
encircled “3,” Erysipelotrichia; and encircled “4,” Tenericutes (previously know as the class Mollicutes within Firmicutes).
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100 — Eubacterium [XI][G-1] infirmum — Oral Taxon 105 -- Strain A35MT — AF287761
Eubacterium [XI][G-1] sulci -- Oral Taxon 467 -- Strain ATCC 35585 -- AJO06963 -- 20 -- @
Peptostreptococcaceae [XI][G-1] sp. - Oral Taxon 383 -- Clone P2PC_46 -- AF538856 - 19 -- O
— Eubacterium [XI][G-6] minutum -- Oral Taxon 673 -- Strain ATCC 33089 - U13037 -- 19 - @
0 —— Eubacterium [XI][G-6] nodatum - Oral Taxon 694 -- Strain ATCC 33099 -- Z36274 -- 2 -- @
r Peptostreptococcaceae [XI][G-4] sp. - Oral Taxon 369 -- Clone MCE10_174 -- AF481212 -- 24 -- O
100 — Peptostreptococcaceae [XI][G-4] sp. - Oral Taxon 103 -- Strain PUS9.170 -- AJ012604 - 11 --O
Peptostreptococcaceae [XI][G-2] sp. - Oral Taxon 091 -- Clone CK047 — AF287762 - 5 - 0O
Mogibacterium timidum -- Oral Taxon 042 -- Strain ATCC 33093 -- U13042 -- 94 -- @
100 Mogibacterium pumilum -- Oral Taxon 742 -- Strain ATCC 700696 -- AB021701
'?E&
9

0————=foug

1@
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o 100

00 Eubacterium [XIVaj[
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100

Mogibacterium neglectum -- Oral Taxon 691
Mogibacterium diversum -- Oral Taxon 593 -- Strain ATCC 700923 - AB037874 -- 2 -- @
Mogibacterium vescum - Oral Taxon 008 -- Strain ATCC 700697 -- AB021702 - 11 -- @

Peptostreptococcaceae [XI][G-5] sp. - Oral Taxon 493 -- Clone JH012 -- AY349373 -- 1 -- 0O
Eubacterium [XI1][G-5] saphenum — Oral Taxon 759 - Strain -- U65987 -- 130 -- @
Eubacterium [Xl][G-3] brachy -- Oral Taxon 557 -- Strain ATCC 33089 - U13038 --0 -- @
Peptostreptococcaceae [XI][G-3] sp. - Oral Taxon 495 -- Clone JS001
Peptostreptococcaceae [XI][G-3] sp. — Oral Taxon 382 -- Clone P2PC_29 -- AF538855 -- 0 -- O
— Peptostreptococcus stomatis -- Oral Taxon 112 -- Clone CK035 - AF287763 -- 191 -- @
100 —— Peptostreptococcus anaerobius -- Oral Taxon 542 -- Strain NCTC 11460 -- AY326462 -- 10 -- @
Filifactor alocis -- Oral Taxon 539 -- Strain ATCC 35896 - AJO06962 -- 108 - @
[ Peptostreptococcaceae [XI][G-7] sp. - Oral Taxon 081 -- Clone BB142 -- AF287764 --3 -0
Peptostreptococcaceae [X1][G-7] sp. - Oral Taxon 106 -- Strain AO3MT -- AF287765 -2 - Ml
bacterium [XI][G-7] yurii -- Oral Taxon 377 -- Strain ATCC 43713 -- L34629 -- 40 -- @
H—_Parwmonas mlcra -- Oral Taxon 111 -- Clone BS044 -- AF385559 -- 237 - @
100 Parvimonas sp. -- Oral Taxon 110 — Clone AJ062 -- AF287767 — 54 — B
63 Parvimonas sp. -- Oral Taxon 393 -- Strain P4P_31 -- AY207059 - 8 -- @
Finegoldia magna -- Oral Taxon 662 - Strain ATCC 15794 -- D14149--0 - @
Peptostreptococcaceae [XIII][G-1] sp. -- Oral Taxon 113 —- Clone DA014 -- AF287766 -- 18 -- O
[3) Peptostreptococcaceae [XIII][G-2] sp. -- Oral Taxon 790 - Clone EX153 -- AY134899 -- 1 -- O
100 o Anaerococcus tetradius -- Oral Taxon 788 - Strain F0127 —- GQ422749 -1 -- ®
9 L Anaerococcus prevotii -- Oral Taxon 738 -- Strain ATCC 9321 -- D14139 -0 -- @
Peptoniphilus sp. -- Oral Taxon 375 -- Strain E3_32 -- AF481225--8 -l
Peptoniphilus asaccharolyticus -- Oral Taxon 548 -- Strain ATCC 14963 —- D14138 -0 - @
Peptoniphilus sp. -- Oral Taxon 386 -- Clone P4PA_156 -- AF538859 -- 4 -- Bl
Peptoniphilus indolicus -- Oral Taxon 840 -- Strain ATCC 29427 - D14147 -4 -- @
Peptoniphilus sp. -- Oral Taxon 836 -- Strain F0141 -- GQ422750 -- 22 - @
Peptoniphilus lacrimalis -- Oral Taxon 648 -- Strain JCM 8139 -- D14141 --0 - @
Clostridiales [F-1][G-1] sp. -- Oral Taxon 093 -- Clone CK059 -- GQ422712 -- 10 - O
Clostridiales [F-1][G-2] sp. -- Oral Taxon 402 -- Clone P4PA_66 — AY207065 -- 4 -- O
Eubacterium limosum -- Oral Taxon 655 -- Strain ATCC 8486 -- M59120 -- 0 - @
100 r Pseudoramibacter alactolyticus -- Oral Taxon 538 -- Clone CK057 -- AF287778 -- 197 — @
Lachnospiraceae [G-8] sp. -- Oral Taxon 500 -- Clone JM048 -- AY349389 -- 5 -- O
?8 Lachnospiraceae [G-1] sp. -- Oral Taxon 082 -- Clone BE088 -- AF385552 -- 15 -- M
9 sp. -- Oral Taxon 107 -- Strain C27KA -- AF287777 -- 54 -- W
-1] saburreum -- Oral Taxon 494 -- Clone IR009 -- AY349376 -- 109 - @
99 Lachnospiraceae [G-1] sp. -- Oral Taxon 083 -- Clone BR088 -- AF385557 -- 3 -- O
Lachnospiraceae [G-1] sp. -- Oral Taxon 089 -- Clone CK004 -- AF287776 -- 2 -- O

(6] o o Lachnospiraceae [G-1] sp. -
97 Lachnospiraceae [G-2] sp. --
76 Lachnospiraceae [G-3] sp. -- Oral Taxon 096 -- Clone DO008 - AF385508 -- 20 -- W
Lachnospiraceae [G-2] sp. -- Oral Taxon 100 -- Clone EI074 -- AF385573 -- 58 - O

Johnsonella ignava — Oral Taxon 635 -- Strain ATCC 51276 -- X87152 - 13 - @

100 Johnsonella sp. -- Oral Taxon 166 — Clone CK051 -- AF287774 -- 11 -- O

— Lachnospiraceae [G-7] sp. -- Oral Taxon 086 -- Clone BU061 -- AF385567 -- 4 -- O

100 — Lachnospiraceae [G-7] sp. -- Oral Taxon 163 -- Clone AH153 - AF287769 --2 -- O
Butyrivibrio sp. -- Oral Taxon 094 -- Clone DAQ74 -- AF287768 -2 - O

Catonella morbi -- Oral Taxon 165 -- Clone EZ006 — AF385577 -- 92 -- @

Catonella sp. -- Oral Taxon 164 -- Clone BR063 -- AF385556 -- 10 - O

Catonella sp. -- Oral Taxon 451 -- Clone FLO37 -- AY349369 - 4 - O
Lachnospiraceae [G-5] sp. -- Oral Taxon 080 -- Clone BB124 -- AF287772 -- 4 -- O
Lachnospiraceae [G-5] sp. -- Oral Taxon 455 -- Clone GI038 -- AY349374 -- 1 -- O
Lachnospiraceae [G-6] sp. -- Oral Taxon 090 -- Clone CK030 -- AF287773 -- 1 -- O
Lachnospiraceae [G-4] sp. -- Oral Taxon 097 -- Clone DO016 -- AF385510 - 10 -- O
Lachnospiraceae [G-4] sp. -- Oral Taxon 419 -- Clone C4ALMO087 -- Ay278618 — 33 -- B
Lachnospiraceae [G-4] sp. -- Oral Taxon 373 -- Clone MCE9_173 -- AF481221 -- 15 --0O

Lachnospiraceae [G-1

J. BACTERIOL.

~-57--@

~3-@
— Strain ATCC 700924 — ABO37875 - 3 -- @

- AY349378 --2--0O0

sp. -- Oral Taxon 496 -- Clone JI012 - AY349379 -- 1 -- O
ral Taxon 088 -- Clone CHO17 -- AF287775 -1 -0

Shuttleworthia

100
62

(O

- Oral Taxon 095 -- Clone DNO50 —- AF385507 -- 76 -- @

Oribacterium sp. -- Oral Taxon 078 -- Clone AO068 -- AF287771 -5 - W
Oribacterium sp. -- Oral Taxon 372 -- Clone MCE9_31 -- AF481220 -- 46 - B
Oribacterium sp. -- Oral Taxon 102 -- Clone FB046 -- GQ422713 -- 16 - O
Oribacterium sinus -- Oral Taxon 457 -- Clone JNO88 — AY349377 -- 48 -- ®
100 Oribacterium sp. -- Oral Taxon 108 -- Strain FTB41 -- AF287770 --22 - W
— Peptococcus sp. -- Oral Taxon 167 -- Strain GEA8 -- GQ422727 - 17 -- W
100 — Peptococcus sp. -- Oral Taxon 168 -- Clone _I070 -- AF287780 - 2 - O
Syntrophomonadaceae [VIII][G-1] sp. -- Oral Taxon 435 — Clone P4PB_66 - AY341821 --3 -- O
100 Clostridiales [F-2][G-1] sp.

. -- Oral Taxon 075 -- Clone _FO058 -- AF287779 --64 -- O

(9] Clostridiales [F-2][G-2] sp. -- Oral Taxon 085 -- Clone BU014 -- AF385563 -- 24 — O

97 —— Clostridiales [F-2][G-3] sp.

. -- Oral Taxon 366 -- Clone MCE3_9 —- AF481208 -- 2 - O

100 ——— Clostridiales [F-2][G-3] sp. -- Oral Taxon 381 -- Clone P4PB_122 -- AF538854 -- 2 -- O

0.05

FIG. 2. Neighbor-joining tree for human oral taxa in the class Clostridia of the phylum Firmicutes. Labeling and methods used are as described
in Fig. 1. Major clades are marked as follows: encircled “1,” Collins XI; encircled “2,” Peptostreptococcaceae; encircled “3,” Collins XIII; encircled
“4,” unnamed family F1; encircled “5,” Collins XV, Eubacteriaceae; encircled “6,” Collins XIVa, Lachnospiraceae; encircled “7,” Peptococcaceae;
encircled “8,” Collins XIII, Syntrophomonadaceae; and encircled “9,” unnamed family F2.

previously misclassified as belonging to either the Deferribac-
teres or Firmicutes (28). Oral strains and clones fall into two
main groups, with one which is readily cultivable and includes
the named species Jongquetella anthropi (34) and Pyra-
midobacter piscolens (19). Most oral sequences fall into the
second group (oral taxon 363 through 359), which until re-
cently had no cultivable representatives. However, Vartoukian
et al. (67) have successfully cultured a member of this group by

a combination of coculture and colony hybridization-directed
enrichment. Members of this phylum are selectively amplified
and appear in significant numbers in 16S rRNA gene libraries
generated with “Spirochaeta/Synergistetes” selective primer pair
F24/M98 (see Table S2 in the supplemental material).

The TM7 phylum is marked with an encircled “5” in Fig. 7.
There are 12 TM7 phylotypes of this phylum shown in Fig. 7.
The name TM7 comes from Torf, mittlere Schicht, clone 7 (or
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58 Selenomonas sp. -- Oral Taxon 146 -- Clone EW084 -- AF385503 -- 7 -- Bl
Selenomonas sp. -- Oral Taxon 138 -- Clone DS071 -- AF366274 -- 20 -- B
Selenomonas infelix -- Oral Taxon 639 - Strain ATCC 43532 -- AF287802 -- 112 - @
Selenomonas flueggei -- Oral Taxon 125 -- Clone AH132 -- AF287804 -- 23 -- @
Selenomonas dianae -- Oral Taxon 139 -- Clone DY027 - AF385492 - 105 -- @
Selenomonas sp. - Oral Taxon 126 — Clone AJ036 -- AF287800 -- 14 -- O
Selenomonas sp. -- Oral Taxon 481 — Clone IK0O04 -- AY349407 -- 14 - B
Selenomonas sp. - Oral Taxon 479 -- Clone GT010 -- AY349405 -- 36 - W
Selenomonas sp. - Oral Taxon 388 - Clone P4PA_36 -- AF538861 - 3 - O
Centipeda periodontii -- Oral Taxon 726 — Strain DSM 2778 -- AJO10963 -9 - @
Selenomonas sp. -- Oral Taxon 149 — Clone FT050 -- AY349403 - 49 - W
Selenomonas sp. - Oral Taxon 136 — Clone DO042 - AF385514 -3 - W
Selenomonas sp. - Oral Taxon 478 — Clone Gl064 - AY349404 --6 -l
Selenomonas noxia -- Oral Taxon 130 -- Clone CI002 - AF287798 -- 360 -- @
Selenomonas sp. - Oral Taxon 140 -- Clone EL028 -- GQ422720 -- 70 - W
Selenomonas artemidis -- Oral Taxon 124 - Clone AA024 -- AF287797 -- 56 — @
Selenomonas sp. -- Oral Taxon 137 -- Clone DS051 -- AF366273 -- 19 - Wl
Selenomonas sp. - Oral Taxon 133 - Cone CS024 -- AF287796 -- 10 - W
Se/enomonas sp. -- Oral Taxon 501 — Clone JI021 -- AY349409 -- 2 -- O
Selenomonas sp. -- Oral Taxon 143 - Clone EW051a -- AF385497 -- 1 -- 0
Selenomonas sp. -- Oral Taxon 442 -- Clone P4PA_145 -- AY341820 -- 6 -- O
10%;“_':Selenomonas sputigena -- Oral Taxon 151 - Clone _K168 - GQ422722 -- 305 - @
90 Selenomonas sp. - Oral Taxon 134 — Clone DD020 -- AF287794 -- 11 - B
Mitsuokella sp. -- Oral Taxon 131 -- Clone CS002 -- AF287795 -- 167 - O
Mitsuokella sp. -- Oral Taxon 521 -- Clone MB5_P06 -- DQ003628 -- 19 -- O
86 Mitsuokella multiacida -- Oral Taxon 684 -- Strain NCTC 10934 -- X81878 -- 0 -- @
62 Veillonellaceae [G-1] sp. -- Oral Taxon 150 -- Clone _K024 - GQ422721 -- 30 -- O
_%EVeillonellaceae [G-1] sp. - Oral Taxon 132 -- Clone CS015 -- AF287791 — 30 - O
Veillonellaceae [G-1] sp. - Oral Taxon 129 -- Strain FNA3 -- GQ422718 - 18 -- W
Veillonellaceae [G-1] sp. -- Oral Taxon 148 -- Clone EZ011 -- AF385578 -- 10 -- 0
Veillonellaceae [G-1] sp. -- Oral Taxon 135 -- Clone DMO071 -- AF287790 -- 9 -- 00
Veillonellaceae [G-1] sp. -- Oral Taxon 155 -- Strain FYA47 -- GQ422724 - 115-- W
Veillonellaceae [G-1] sp. -- Oral Taxon 145 -- Clone EW079 -- AF385502 -- 28 - O
82 Veillonellaceae [G-1] sp. -- Oral Taxon 483 -- Clone JS031 -- AY349410 - 2 - O
75, Veillonella parvula -- Oral Taxon 161 -- Clone _X042 -- AF287781 -- 2304 -- @
100 |—FE—

100

100

|

100

98 Veillonella dispar - Oral Taxon 160 — Clone _X031 -- GQ422726 -- 848 -- ®

100 Veillonella sp. -- Oral Taxon 158 — Clone BI029 - GQ422725 -- 39 - W
1 L— veillonella atypica -- Oral Taxon 524 -- Clone MB5_P17 -- DQ003631 -- 208 - @
Veillonella sp. -- Oral Taxon 780 -- Clone HBO016 -- DQ087189 -- 28 — W
62 Anaeroglobus geminatus -- Oral Taxon 121 -- Clone BB166 -- AF287783 -- 154 -- @
s o |&|_' Megasphaera sp. — Oral Taxon 123 — Clone CS025 -- AF287784 - 43 -- O
1 Megasphaera micronuciformis -- Oral Taxon 122 -- Clone BUO57 -- AF385566 -- 114 -- @
i) Megasphaera sp. - Oral Taxon 841 - Clone Y14 -- DQ666094 -- 0 -- O
57 I Dialister micraerophilus -- Oral Taxon 843 — Strain ADV 04.01 -- AF473837 - 13 -- @
Dialister sp. -- Oral Taxon 119 -- Clone BS016 - AF287786 - 15 - O
100 - Dialister invisus — Oral Taxon 118 — Strain GBA27 — AF287788 — 459 - @
61 83 Dlahster pneumosintes -- Oral Taxon 736 -- Strain ATCC 33048 -- X82500 -- 185 - @
98 ter sp. -- Oral Taxon 502 -- Clone MD028 -- GQ422739 -- 10 - O

L ]
I 1

0.05

FIG. 3. Neighbor-joining tree for human oral taxa in the Veillonellaceae (previously Acidaminococcaceae) family of the class Clostridia of the

phylum Firmicutes. Labeling and methods used are as described in Fig. 1.

peat, middle layer, clone 7), a study of organisms in a German
peat bog (53). Organisms in this phylum are frequently de-
tected in many environments (29), but despite the efforts of
several laboratories, no members of this phylum have been
cultivated, except as microcolonies (23).

The SR1 phylum is marked with an encircled “6” in Fig. 7.
The Sulfur River 1 lineage is now recognized as a phylum
distinct from OP11 (Obsidian Pool, candidate division 11),
with which it was previously grouped (27). Earlier publications
referred to SR1 sp. oral taxon 345 as clone X112 in phylum
OP11 (47). Clones of oral taxon 345 have been obtained from
several distinct individuals. This species is enriched in 16S
rRNA gene libraries generated with “Bacteroidetes/TM7/SR1”
selective primer pair F24/F01 (see Table S1 in the supplemen-
tal material). A closely related species (>95% similarity) has
been found in the oral cavities of cats and dogs (F. E. Dewhirst,
unpublished observation), indicating that there are multiple
mammalian host-associated species in the SR1 phylum.

Web-based Human Oral Microbiome Database. The taxo-
nomic scheme and sequence database described above formed
the basis for creating a publically accessible web-based Human
Oral Microbiome Database (http://www.homd.org). It is a re-
source for phylogenetic, taxonomic, genomic, phenotypic and
bibliographic data related to the human oral microbiome and
is supported by a contract from the National Institute for
Dental and Craniofacial Research to facilitate research by the

oral microbiome community. The database was formally
launched on 1 March 2008. The HOMD hardware, program
architecture, and website navigation have been described in a
separate publication (9). Briefly, the HOMD contains a taxon
description page for each taxon with full taxonomy, its status as
a named species, an unnamed isolate or an uncultivated phy-
lotype, its type or reference strain number, and links to the
literature. As a taxon moves from a phylotype, to an isolate,
and to a named species, the database tracks the name and
status of the bacterium and provides a stable link to the liter-
ature. The community can provide input to taxon descriptions
and statuses using the HOMD interface. The HOMD contains
a BLASTN tool for identifying the 16S rRNA sequences of
isolates or clones. Hundreds of sequences can be submitted at
one time, and the results can be downloaded as an Excel file
showing the top four hits in the database for each query se-
quence. For some groups of taxa, 16S rRNA gene sequence
analysis of partial sequences does not allow unequivocal iden-
tification at the species level. The HOMD BLASTN tool out-
put allows easy detection of ambiguous identifications. It also
contains visualization and analysis tools for examining the par-
tial and completed genomes for any taxa of the human oral
microbiome. It is likely that genomes for over 300 oral taxa will
be available on the HOMD by the end of the Human Micro-
biome Project (51).
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Actinomyces sp. -- Oral Taxon 169 -- Clone AG004 -- AF287747 - 61 - W
Actinomyces sp. -- Oral Taxon 175 -- Clone EP0O05 -- AY008314 -- 52 — W
Actinomyces sp. -- Oral Taxon 171 -- Clone BL0O08 — AF385553 - 73 --
Actinomyces sp. -- Oral Taxon 170 -- Clone AP064 -- AF287749 -- 36 -- B
Actinomyces naeslundii /- Oral Taxon 688 -- Strain NCTC 10951 -- X82453 - 0 -- ®
Actinomyces naeslundii - Oral Taxon 176 — Clone EP011 -- AY008315 -- 79 - @
Actinomyces radicidentis -- Oral Taxon 746 - Strain CCUG 36733 -- AJ251986 - 0 -- @
Actinomyces sp. -- Oral Taxon 179 -- Strain B19SC -- AF287748 -- 0 -- B
Actinomyces sp. -- Oral Taxon 177 -- Clone EP053 -- AY008316 -- 10 — W
Actinomyces sp. -- Oral Taxon 448 -- Clone IP073 -- AY349365 -- 107 -- O
Actinomyces oricola -- Oral Taxon 708 -- Strain CCUG 46090 -- AJ507295 - 1 - @
Actinomyces gerencseriae -- Oral Taxon 618 -- Strain DSM 6844 — X80414 -- 36 - @
Actinomyces israelii -- Oral Taxon 645 -- Strain CIP 103259 -- X82450 - 107 - @
Actinomyces sp. -- Oral Taxon 449 -- Clone IP081 -- AY349366 -- 2 -- [
Actinomyces sp. -- Oral Taxon 414 -- Clone C3ALM064 -- AY278610 -- 7 -- O
Actinomyces sp. -- Oral Taxon 525 -- Clone MB6_CO03 -- DQ003632 -- 13 - O
Actinomyces sp. - Oral Taxon 446 -- Clone 10076 -- AY349363 - 12 -- O
Actinomyces georgiae -- Oral Taxon 617 -- Strain DSM 6843 -- X80413 -1 - @
Actinomyces sp. -- Oral Taxon 178 -- Strain B27SC -- AF287750 -- 12 -l
Actinomyces meyeri -- Oral Taxon 671 — Strain CIP 103148 -- X82451 --0 -- @
Actinomyces sp. -- Oral Taxon 181 -- Strain Hal-1065 -- AF385521 - 11 -l
Actinomyces odontolyticus -- Oral Taxon 701 -- Strain NCTC 9935 -- X80504 - 11 -- @
Actinomyces sp. -- Oral Taxon 180 -- Strain C29KA -- AF287751 - 22 -l
Actinomyces sp. -- Oral Taxon 172 -- Clone CT047 — AF385504 -- 13 -
Mobiluncus mulieris -- Oral Taxon 830 -- Strain CCUG 20071 -- AJ427625 - 0 - @
Actinobaculum sp. -- Oral Taxon 183 - Clone EL0O30 -- AY008311 --21 -l
Arcanobacterium haemolyticum -- Oral Taxon 811 -- Strain CIP 103370 - AJ234059 --0 - @
Rothia dentiocariosa -- Oral Taxon 587 -- Strain ATCC 17931 -- M59055 -- 207 — @
Rothia sp. -- Oral Taxon 188 -- Strain CCUG 25688 - Y13025 --21 - W
Rothia mucilaginosa -- Oral Taxon 681 -- Strain DSM 20746 -- X95483 -- 33 - @
Kocuria sp. -- Oral Taxon 189 -- Clone AW006 -- AF385532 -- 2 -- O

98 Arsenicococcus sp. -- Oral Taxon 190 -- Strain B46KS -- AF287753 — 0 - Bl
== Microbacterium sp. — Oral Taxon 186 — Strain C24KA -- AF287752 -1 -l
00 Microbacterium sp. — Oral Taxon 185 — Clone AV005b -- AF385527 -- 2 -- O
6 Propionibacterium acidifaciens -- Oral Taxon 191 -- Strain FMAS -- AF287756 — 159 -- B
90 Propionibacterium sp. -- Oral Taxon 192 — Strain C3KA -- GQ422728 -0 - &

100 Propionibacterium sp. -- Oral Taxon 194 - Clone BNO85 - AF287757 — 1 — O

99 Propionibacterium propionicum -- Oral Taxon 739 -- Strain DSM 43307 - AJ315953 — 107 -- @
Propionibacterium avidum -- Oral Taxon 552 -- Strain DSM 4901 — AJO03055 -2 —- @

Propionibacterium acnes -- Oral Taxon 530 - Strain 63597 -- AF145256 - 70 - @
Propionibacterium sp. -- Oral Taxon 193 - Strain Met-C3 - GQ422729 -- 1 - W

Mycobacterium tuberculosis -- Oral Taxon 822 -- Strain NA -- X52917 --0 - @

Mycobacterium leprae -- Oral Taxon 823 -- Strain NA -- X53999 - 0 - @
Mycobacterium neoaurum - Oral Taxon 692 -- Strain ATCC 25795 -- M29564 -- 1 - @
Dietzia sp. -- Oral Taxon 368 - Strain E9_2 -- AF481211 --9-- ®
Turicella otitidis -- Oral Taxon 832 —- Strain 234 -- X73976 -0 - @
Corynebacterium durum -- Oral Taxon 595 -- Strain IBS G15036 -- Z97069 -- 28 -- ®
Corynebacterium matruchotii -- Oral Taxon 666 -- Strain CIP 81.82 -- X82065 —- 169 - ®
Corynebacterium diphtheriae -- Oral Taxon 591 -- Strain CIP 100721 -- X82059 -- 0 -- @
Corynebacterium sp. - Oral Taxon 184 — Strain A43SC - AF287754 -0 --
Corynebacterium mucifaciens -- Oral Taxon 835 -- Strain DMMZ 2278 -- Y11200 -- 0 -- @

Gardnerella vaginalis -- Oral Taxon 829 -- Strain NML 060420 -- EF194095 -- 1 -- @

100 39
100

100

73

99

Bifidobacterium dentium -- Oral Taxon 588 - Strain ATCC 27534 -- D86183 -- 55 -- @
Bifidobacteriaceae [G-2] sp. -- Oral Taxon 407 -- Clone C5AKMO003 -- AY278612 -- 1 -0
Bifidobacteriaceae [G-1] sp. -- Oral Taxon 198 -- Strain H6-M6 -- AF385524 -0 - W
Parascardovia denticolens -- Oral Taxon 586 -- Strain DSM 10105 -- D89331 - 17 -- @
Scardovia wiggsiae -- Oral Taxon 195 -- Clone CX010 -- AF287758 -- 23 - W

Scardovia inopinata -- Oral Taxon 642 -- Strain DSM 10107 -- AB029087 --6 -- @

92 Slackia exigua - Oral Taxon 602 - Strain ATCC 700122 - AF101240 -2 - @
_%E Cryptobacterium curtum -- Oral Taxon 579 -- Strain ATCC 700683 -- AB019260 -- 31 -- @
Eggerthella lenta —- Oral Taxon 654 -- Strain ATCC25559 - AF292375 -0 - @

(4) 100 Atopobium sp. - Oral Taxon 199 - Clone _C019 -- AF287760 -- 1 - W

89 99 Atopobium rimae -- Oral Taxon 750 -- Strain ATCC49626 — AF292371 - 164 -- @
100 Atopobium parvulum -- Oral Taxon 723 — Strain ATCC22793 -- AF292372 - 103 — @

Atopobium minutum -- Oral Taxon 674 -- Strain NCFB 2751 - X67148 --0 -- @

74 Atopobium vaginae -- Oral Taxon 814 -- Strain VA14183_00 -- AF325325 -0 -- @
Atopobium sp. -- Oral Taxon 416 - Clone C3MLMO018 -- AY278623 - 101 -- O
Atopobium sp -- Oral Taxon 810 -- Strain F0209 -- EU592966 —- 1 - B
Olsenella sp — Oral Taxon 809 -- Strain F0206 -- EU592965 - 0 — W
Olsenella profusa — Oral Taxon 806 -- Strain D315A-29 — AF292374 - 33 -- @
Olsenella sp. -- Oral Taxon 807 -- Strain FO004 -- EU592964 - 8 -- B
Olsenella uli -- Oral Taxon 038 — Strain ATCC49627 — AF292373 - 14 -- @
Fusobacterium sp. — Oral Taxon 205 -- Clone FL002 — GU350452 - 1 - O
Fusobacterium nucleatum ss. vincentii -- Oral Taxon 200 - Strain ATCC 49256 -- NZ_AABF02000026 - 469 -- @
Fusobacterium nucleatum ss. animalis -- Oral Taxon 420 — Clone C4AKMO080 -- AY278616 -- 255 -- @
Fusobacterium nucleatum ss. nucleatum -- Oral Taxon 698 -- Strain ATCC 25586 -- AJ133496 -- 18 - @
Fusobacterium nucleatum ss. polymorphum - Oral Taxon 202 - Clone BS019 - AF366265 -- 156 -- @
Fusobacterium sp. — Oral Taxon 203 -- Clone CY024 -- AF287809 -- 29 -- O
Fusobacterium sp. — Oral Taxon 370 -- Strain E9_12 -- AF481217 --32 - W
Fusobacterium periodonticum -- Oral Taxon 201 -- Clone BS011 -- AF432130 - 53 -- @
Fusobacterium necrophorum -- Oral Taxon 690 -- Strain D4 -- AF044948 -0 -- @

100 Fusobacteria [G-1] sp. - Oral Taxon 210 -- Clone BB002 -- AF287807 -1 -0
9 100 Fusobacteria [G-1] sp. -- Oral Taxon 220 -- Clone FB074 -- AF385542 -- 47 — O
100 Sneathia sanguinegens -- Oral Taxon 837 -- Strain NA —- L37789 --0 -- @
Sneathia amnionii -- Oral Taxon 844 —- Strain AMN-1 -- AY078425 -0 - @

70 100 1O(ieptolrichia sp. -- Oral Taxon 217 -- Clone DT031 — AF366276 -- 2 - O
I"|:_‘: Leptotrichia sp. -- Oral Taxon 392 -- Clone P2PB_51 - AY207053 -- 5 -- O
Leptotrichia sp. -- Oral Taxon 212 -- Clone BU064 -- AY008309 - 15 -- O0
Leptotrichia sp. -- Oral Taxon 215 -- Clone DR011 -- AF385518 -- 17 — O
Leptotrichia sp. -- Oral Taxon 221 -- Clone FP036 -- AF432138 - 1 -- O
98 Leptotrichia sp. -- Oral Taxon 219 -- Clone EI022 -- AF385572 - 9 - [0
99 Leptotrichia goodfellowii -- Oral Taxon 845 -- Strain LB57 - AY029807 -- 0 -- @
_100|___— Leptotrichia sp. -- Oral Taxon 218 -- Clone EI013 -- AF385571 -4 - O
Leptotrichia sp. -- Oral Taxon 498 -- Clone 1K040 -- AY349387 - 15 - ®
Leptotrichia sp. -- Oral Taxon 225 -- Strain FEA2 -- GQ422731 -7 - &
Leptotrichia buccalis -- Oral Taxon 563 -- Strain NA —- L37788 — 12 -- @
Leptotrichia hofstadii -- Oral Taxon 224 - Strain FACS5 -- AF287813 - 17 - @
eptotrichia sp. -- Oral Taxon 223 -- Clone _F138 -- AF287814 -2 - O
Leptotrichia sp. -- Oral Taxon 213 -- Clone DAO69 -- AF287811 -- 12 -- O
Leptotrichia shahii -- Oral Taxon 214 -- Clone DE081 -- AF366268 -- 8 -- @
Leptotrichia sp. -- Oral Taxon 463 -- Clone GT020 - AY349385 -- 9 - 0
Leptotrichia sp. -- Oral Taxon 462 -- Clone GT018 - AY349384 -- 8 -- O
100 Leptotrichia wadei -- Oral Taxon 222 -- Strain A39FD -- AF287816 -- 50 — @
91 Leptotrichia sp. -- Oral Taxon 417 -- Clone C3MKM102 -- AY278621 -- 8 -- O

97

52

0.05

FIG. 4. Neighbor-joining tree for human oral taxa in the phyla Actinobacteria and Fusobacteria. Labeling and methods used are as described
in Fig. 1. Major clades are marked as follows: encircled “1,” phylum Actinobacteria; encircled “2,” order Actinomycetales; encircled “3,” order
Bifidobacteriales; encircled “4,” order Coriobacteriales; and encircled “5,” phylum Fusobacteria.
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Prevotella sp. -- Oral Taxon 313 -- Clone FMOO5 -- AF432133 -- 19 - O
Prevotella sp. -- Oral Taxon 314 -- Clone FU048 -- AY349393 -- 15 — W
Prevotella melaninogenica -- Oral Taxon 469 — Clone GI030 -- AY349395 -- 78 - @
Prevotella histicola -- Oral Taxon 298 -- Clone BE073 -- AF385551 -- 47 - Wl
Prevotella sp. -- Oral Taxon 306 -- Clone DO027 -- AF385511 - 11 - M
Prevotella veroralis -- Oral Taxon 572 -- Strain ATCC 33779 -- L16473 -1 - @
Prevotella sp. -- Oral Taxon 782 -- Strain FO012 -- GQ422745 -1 - W
Prevotella sp. -- Oral Taxon 396 -- Clone P4PB_83 -- AY207050 -- 1 -- 0
Prevotella denticola -- Oral Taxon 291 -- Clone AHO05 -- AY005053 -- 61 -- @
Prevotella multiformis -- Oral Taxon 685 -- Strain PPPA21 -- AB182483 -2 - @
Prevotella sp. -- Oral Taxon 310 -- Clone DR022 -- GQ422737 -- 1 -- O
Prevotella pallens -- Oral Taxon 714 -- Strain 9423 - Y13106 -- 9 -- @
Prevotella intermedia -- Oral Taxon 643 -- Strain ATCC 25611 -- L16468 -- 55 -- @
Prevotella nigrescens -- Oral Taxon 693 -- Strain NCTC 9336 -- X73963 -- 76 -- @
Prevotella sp. -- Oral Taxon 443 -- Clone P4PB_24 -- AY331415 -1 --O
Prevotella sp. -- Oral Taxon 820 -- Strain P2A_FAAD4 -- AF537212 --0 -- @
Prevotella oulorum -- Oral Taxon 288 -- Strain CO8KA -- GQ422734 -- 13 - @
Prevotella sp. -- Oral Taxon 309 -- Clone DO045 -- AF385515 - 1 - O
Prevotella maculosa -- Oral Taxon 289 -- Clone AA016 -- AYO05058 -- 18 - @
7 Prevotella oris -- Oral Taxon 311 -- Clone _F045 -- AYO05056 -- 153 -- @

864 Prevotella salivae -- Oral Taxon 307 -- Clone DO033 -- AF385512 — 7 - @
\'——————— Prevotella bivia -- Oral Taxon 556 -- Strain ATCC 29303 -- L16475--0 -- @
Prevotella multisaccharivorax -- Oral Taxon 794 -- Strain JCM 12954 -- AB200414 - 12 - @

Prevotella sp. -- Oral Taxon 305 -- Clone DO014 -- AF385509 - 1 - O
85 Prevotella sp. - Oral Taxon 293 -- Clone AO009 -- AY005059 —- 1 - O
99 s Prevotella sp. - Oral Taxon 292 -- Clone AH125 -- AY005060 — 13 -- O
100 Prevotella sp. -- Oral Taxon 300 -- Clone BR014 -- AF385554 -- 18 - [0

Prevotella buccalis -- Oral Taxon 562 -- Strain ATCC 35310 -- L16476 -- 0 -- @

66

100

99

&|— Prevotella micans -- Oral Taxon 378 - Strain E7_56 E3 -- AF481228 -6 - @
Prevotella sp. -- Oral Taxon 299 -- Clone BI027 -- AY005064 —- 8 - W

100 revotella sp. -- Oral Taxon 376 -- Strain E7_34 -- AF481226 -- 18 - ®
100 Prevotella sp. -- Oral Taxon 515 - Clone MB3_P13 -- DQ003622 -- 1 -- O
Prevotella sp. -- Oral Taxon 315 -- Clone FWO035 -- AY349394 - 2 - [0
Prevotella dentalis -- Oral Taxon 583 -- Strain DSM 3688 -- X81876 -- 2 -- @
Prevotella buccae -- Oral Taxon 560 -- Strain ATCC 33690 -- L16478 -- 9 -- @
Prevotella baroniae -- Oral Taxon 553 -- Clone PUS9.180 -- AJ012605 -- 5 -- @
Prevotella sp. -- Oral Taxon 526 -- Clone P4P_53 -- AY944134 --9 - O
Prevotella pleuritidis -- Oral Taxon 303 - Clone CY006 -- AYO05063 - 21 -- @
Prevotella sp. -- Oral Taxon 296 -- Clone AU069 -- AY005062 -- 4 - O
Prevotella enoeca — Oral Taxon 600 -- Strain ATCC 51261 -- AJO05635 - 0 - @
Prevotella oralis -- Oral Taxon 705 -- Strain ATCC 33269 -- AY323522 -- 42 - @
Prevotella sp. -- Oral Taxon 781 -- Strain FO055 -- GQ422744 -8 - W
Prevotella marshii -- Oral Taxon 665 — Strain E9_34 -- AF481227 --4 - @
Prevotella sp. -- Oral Taxon 475 -- Clone IKO53 -- AY349401 -- 1 - W
Prevotella sp. -- Oral Taxon 301 -- Clone BS041 -- AF385558 -- 1 -- [0
Prevotella shahii -- Oral Taxon 795 -- Strain JCM 12083 -- AB108825 -0 - @
Prevotella sp. -- Oral Taxon 317 -- Strain B31FD -- AYO05061 -- 65 - W
Prevotella sp. -- Oral Taxon 472 -- Clone GU027 -- AY349398 - 15 --
5 — Prevotella loescheii -- Oral Taxon 658 -- Strain ATCC 15930 -- L16481 -0 -- @

Prevotella sp. -- Oral Taxon 304 -- Clone DAO58 -- AY005065 -- 5 - O

75

Prevotella tannerae -- Oral Taxon 466 - Strain A7T3%C 51253 -- AJO05634 - 64 -- @

99 OI

revotella sp. -- Oral Taxon 302 -- Strain F0020 -- GQ422

P
98 Prevotella sp. -- Oral Taxon 474 -- Clone D019 -- AY349400 — 4 - O
98 o Prevotella sp. -- Oral Taxon 473 -- Clone HF050 -- AY349399 — 31 --
(1) 86 Prevotella Sg -- Oral Taxon 308 -- Clone DO039 -- AF385513 -- 10 - O
a sp. -- Oral Taxon 272 -- Clone _X083 -- AYO05066 -- 210 - l

cteroidaceae éG_—j é

Bacteroides tectus - Oral Taxon 78 train FO041 - GQ422748 -0 -- @

I 94 % Bacteroides heparinolyticus - Oral Taxon 630 -- Strain ATCC 35895 -- L16487 -2 -- @
(2] 100 Bacteroides zoogleoformans -- Oral Taxon 465 -- Strain ATCC 33285 - L16488 -0 - @
Bacteroidales [G-2] sp. -- Oral Taxon 274 -- Clone AU126 -- AY005072 - 51 -- @

Tannerella sp. -- Oral Taxon 286 -- Clone BU063 -- AY008308 —- 16 -- O

Tannerella sp. -- Oral Taxon 808 -- Clone BU045 -- AF385565 -- 1 -- 0

Tannerella forsythia -- Oral Taxon 613 -- Strain FDC 338 -- L16495 -- 88 -- @

Porphyromonas endodontalis -- Oral Taxon 273 -- Clone AJ002 - AY005067 -- 83 -- @

Pl Porphyromonas sp. -- Oral Taxon 285 -- Clone _F016 -- AY005069 E 9 - 2[3 =

100]
L— Porphyromonas sp. -- Oral Taxon 395 - Clone P4GB_100 -- AY2070!
— Porphyromonas uenonis -- Oral Taxon 785 -- Strain F0120 -- GQ422746 -0 -- ®

100 — Porphyromonas asaccharolytica -- Oral Taxon 547 — Strain ATCC 25260 -- L16490 -0 -- @
Porphyromonas gingivalis -- Oral Taxon 619 -- Strain DSM 20709 -- X73964 -- 89 -- ®

96

Porphyromonas sp. -- Oral Taxon 279 -- Clone CW034 -- AY008310 - 42 - B
Porphyromonas sp. -- Oral Taxon 278 — Clone BS045 -- AF385560 -- 5 -- 00
orphyromonas sp. -- Oral Taxon 275 - Clone AWO032 -- AF393476 -- 2 -- [0
Porphyromonas catoniae -- Oral Taxon 283 -- Clone DS033 -- AF366271 - 14 -- @
Porphyromonas sp. -- Oral Taxon 277 -- Clone BR0O37 -- AF385555 -- 2 -- [0

Porphyromonas sp. -- Oral Taxon 284 -- Clone EP003 -- AY008313 --5 -- ®
Bacteroidetes [G-6] sp. — Oral Taxon 516 - Clone MB3_P19 -- DQ003623 -- 2 - O

100— Bacteroidetes [G-3] sp. — Oral Taxon 281 - Clone DA065 -- AY005070 - 54 -- O

—Bacteroidetes [G-3] sp. -- Oral Taxon 365 - Clone MCE7_164 -- AF481206 -- 20 - 0
Bacteroidetes [G-3] sp. — Oral Taxon 503 —- Clone MB1_G13 -- DQ003613 -- 1 -- O

Bacteroidetes [G-3] sp. - Oral Taxon 280 -- Clone DA064 -- AY005071 - 10 -- O

Bacteroidetes [G-3] sp. - Oral Taxon 436 - Clone P4PB_6 - AY341819 -- 1 -- O
Bacteroidetes [G-4] sp. - Oral Taxon 509 -- Clone MB2_P(|):? - DQ003619 -1 -0

[———— Bacteroidetes [G-5] sp. - Oral Taxon 507 -- Clone MB2_G17 -- DQ003617 -- 6 --
Bacteroidetes [G-5] sp. — Oral Taxon 505 -- Clone MB1_G34 -- DQ003615 -- 3 -- O

1ooﬁacteroidetes[ -5] $p. -- Oral Taxon 511 — Clone MB3_C19 -- DQ003634 - 4 -- O
100————————— Flavobacteriales [G-1] sp. -- Oral Taxon 318 -- Clone AV100 - AF385531 -- 2 - [0

————— Flavobacteriales [G-1] sp. -- Oral Taxon 321 — Clone AZ123 -- AF385549 - 3 - O
Flavobacteriales 2[6-%1 sp. -- Oral Taxon 320 - Clone AZ105 -- AF385548 - 2 - [0
-- Clone C4AMKM119 -- AY278614 - 14 -- O

'ﬂ{: Bergeyella sp. -- Oral Taxon 42
Bergeyella sp. -- Oral Taxon 322 -- Clone AK152 -- AY008691 - 4 —- O

100
L Bergeyella sp. - Oral Taxon 319 - Clone AYO17 - AF385544 - 9 -- O
100 Capnocytophaga granulosa -- Oral Taxon 325 -- Clone AHO15 -- AY005074 — 344 -- @
100 Capnocytophaga gingivalis -- Oral Taxon 337 -- Strain S3 -- AY005073 -- 202 - @
Capnocytophaga sp. -- Oral Taxon 338 -- Strain FDC 8 -- U41352 --23 - W

Capnocytophaga haemolytica -- Oral Taxon 627 -- Strain LMG 16021 -- U41 3:9 -0--@

100 | 77 apnocytophaga sp. -- Oral Taxon 329 -- Clone BR085 -- TBS -- 39 --
61 r(: Capnocytophaga sp. -- Oral Taxon 332 -- Clone DS022 -- AF366270 -- 2 -- B
Capnocytophaga sputigena -- Oral Taxon 775 -- Strain ATCC 33612 -- X67609 - 38 -- @
Capnocytophaga sp. -- Oral Taxon 326 -- Clone BB167 -- AY005076 -- 7 -
Capnocytophaga ochracea -- Oral Taxon 700 -- Strain ATCC 33596 -- L14635 -0 - @
Capnocytophaga sp. -- Oral Taxon 336 -- Clone _X089 -- AYO05080 -- 7 -- B
Capnocytophaga sp. - Oral Taxon 324 -- Clone AA032 -- AY005079 — 1 -
Capnocytophaga sp. -- Oral Taxon 380 -- Strain P4G_35 - AF538853 - 1 - W
Capnocytophaga sp. -- Oral Taxon 335 -- Clone _X066 -- AYO05078 -- 2 --
Capnocytophaga sp. -- Oral Taxon 334 -- Clone EL043 -- AY008312 -- 1 --O
Capnocytophaga sp. -- Oral Taxon 323 -- Strain A47ROY -- AY005077 --0 - W
apnocytophaga sp. -- Oral Taxon 412 -- Strain C2MKM106 -- AY278613 -7 - W

e
(7]
78
74
o7
100
55
64

L ]

) 1

0.05

FIG. 5. Neighbor-joining tree for human oral taxa in the phylum Bacteroidetes. Labeling and methods used are as described in Fig. 1. Encircled
“0” through “8” symbols refer to clades discussed in the text.
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90

Neisseria sp. -- Oral Taxon 014 -- Clone AP015 -- AY005025 - 59 - B
Neisseria sp. -- Oral Taxon 015 -- Clone AP060 -- AY005026 - 0 - O
Eikenella sp. -- Oral Taxon 009 -- Clone BM052 — L06166 - 1 - O
Eikenella corrodens -- Oral Taxon 577 -- Strain 1664276 -- AF320620 -- 30 -- ®
Eikenella sp. -- Oral Taxon 011 - Strain UB-204 -- L06165 - 1 -- W
Neisseria elongata -- Oral Taxon 598 -- Strain ATCC 25295 -- L06171 -- 40 -- @
Kingella denitrificans -- Oral Taxon 582 — Strain UB-294 -- L06166 — 30 -- @

Kingella sp. -- Oral Taxon 012 - Clone DEQ12 -- AF366267 -- 10 -- O

Kingella sp. -- Oral Taxon 459 - Clone 1D059 -- AY349381 - 1 -- O
Simonsiella muelleri -- Oral Taxon 683 — Strain ATCC29453T -- AF328147 --5 - @
Neisseria sp. -- Oral Taxon 523 -- Clone MB5_P15 -- DQ003630 -- 2 -- OO
Kingella kingae -- Oral Taxon 646 -- Strain ATCC 23330 -- AY551999 --0 — @
Kingella oralis -- Oral Taxon 706 -- Strain CCUG 30450 -- L06164 -- 88 -- ®

Neisseria sp. -- Oral Taxon 499 -- Clone JC012 -- AY349388 -- 11 - O
Neisseria bacilliformis -- Oral Taxon 013 —- Clone AK105 -- AY005029 - 54 -- @
Neisseria sp. -- Oral Taxon 020 -- Strain B33KA -- AY005028 -- 5 - B
Neisseria sp. -- Oral Taxon 018 -- Clone AP132 -- AY005027 - 5 - O
Neisseria flava — Oral Taxon 609 — Strain U40 -- AJ239301 - 110 - @
Neisseria sicca -- Oral Taxon 764 -- Strain Q13 -- AJ239292 -- 98 -- @
Neisseria mucosa -- Oral Taxon 682 — Strain LNP405 -- AJ239282 - 115 -- @
Neisseria pharyngis -- Oral Taxon 729 -- Strain NCTC 4590 -- AJ239281 —- 81 -- @

Neisseria lactamica -- Oral Taxon 649 — Strain NCTC 10617 -- AJ239286 -- 0 -- @
Neisseria polysaccharea -- Oral Taxon 737 -- Strain ATCC 43768 -- L06167 --0 -- @
Neisseria meningitidis -- Oral Taxon 669 -- Strain M8067 -- AF382273 -- 60 -- ®
Neisseria gonorrhoeae -- Oral Taxon 621 -- Strain NCTC 83785 — X07714 --0 -- ®
Neisseria weaveri -- Oral Taxon 092 - Strain CDC 8142 -- L10738 --0 -- @
Neisseria flavescens -- Oral Taxon 610 - Strain LNP444 -- AJ239280 -- 115 - @
52— Neisseria subflava -- Oral Taxon 476 - Strain U37 -- AJ239291 -- 51 -- @
Achromobacter xylosoxidans -- Oral Taxon 343 -- Strain DSM 30026 Y14907 -- 30 -- ®
Bordetella pertussis -- Oral Taxon 828 -- Strain ATCC 25238 -- U04950 - 0 -- @
Lautropia mirabilis -- Oral Taxon 022 -- Clone AP009 -- AY005030 -- 138 -- @
Burkholderia cepacia -- Oral Taxon 571 -- Strain ATCC25416 -- AF097530 -- 16 - @
Rhodocyclus sp. -- Oral Taxon 028 -- Strain AOBKA -- AY005031 -- 14 - H
—100|_— Burkholderia sp. - Oral Taxon 406 - Clone AK168 -- AY005032 -- 33 -- O
96

90

Ralstonia sp. -- Oral Taxon 027 -- Strain C37KA -- AY005039 -- 0 - W
Delftia acidovorans -- Oral Taxon 023 -- Strain 158 - AJ002803 --
Variovorax paradoxus -- Oral Taxon 717 - Strain IAM 1 2373 D30793 -7-@
Leptothrix sp. -- Oral Taxon 025 -- Clone AVO11a -- AF385528 -- 11 -- O
% Leptothrix sp. -- Oral Taxon 024 -- Strain DhA-71 - AF125876 -0 - B
Leptothrix sp. -- Oral Taxon 026 -- Clone CA004 -- AF385538 -- 9 -- 00
(1) === S{eno?rophomonas maltophilia -- Oral Taxon 663 -- Strain LMG 958 -- X959283 -- 28 -- @
@ 100—— Xanthomonas sp. — Oral Taxon 037 -- Clone AY088 -- AF385546 -- 82 -- 0
100 ——— Cardiobacterium hominis -- Oral Taxon 633 -- Strain ATCC 16826 -- M35014 - 47 - @
—— Cardiobacterium valvulum -- Oral Taxon 540 -- Strain AB 2168 -- AF144696 -- 13 — @
64 Pseudomonas pseudoalcaligenes -- Oral Taxon 740 -- Strain LMG 1225 -- Z76666 -- 1 -- @
Pseudomonas stutzeri -- Oral Taxon 477 -- Strain KC -- AF063219--5 - @

Pseudomonas sp. - Oral Taxon 032 -- Clone AZ002 -- AF385547 -- 8 - O
Pseudomonas aeruginosa -- Oral Taxon 536 -- Strain LMG 1242 -- 276651 -- 133 -- @
Pseudomonas otitidis -- Oral Taxon 834 -- Strain MCC10330 -- AY953147 -4 - @

Pseudomonas fluorescens - Oral Taxon 612 -- Strain DSM 50090 -- Z76662 -- 12 - @

100 Acinetobacter baumannii -- Oral Taxon 554 -- Strain DSM 30007 -- X81660 — 27 -- ;
9 Acinetobacter sp. -- Oral Taxon 408 - Clone C4AKMO094 -- AY278636 -- 2 -- O
100 Moraxella osloensis -- Oral Taxon 711 -- Strain Ben 58 - X95304 -- 4 -- @

100 Moraxella catarrhalis -- Oral Taxon 833 -- Strain SC 87K -- U10876 -0 - @
68 — Enterobacter cancerogenus - Oral Taxon 565 -- Strain LMG 2693 -- Z96078 -- 2 -- @

o Enterobacter hormaechei - Oral Taxon 634 — Strain EN-562 -- AJ853890 -- 135 -- @

100{| ¥

98

2=

90

98 Klebsiella pneumoniae -- Oral Taxon 731 -- Strain ATCC13884 -- Y17657 -- 4 -- @

91 Escherichia coli -- Oral Taxon 574 — Strain NA -- M25588 —- 171 -- @

e 100 Enterobacter sakazakii -- Oral Taxon 753 -- Strain JCM1233 -- AB004746 -- 0 -- @
1 Yersinia pestis -- Oral Taxon 827 -- Strain NA -- L37604 -0 -- @

Proteus mirabilis -- Oral Taxon 676 - Strain ATCC 29906 - AF008582 -- 30 -- ®
[Gom] 7_6: Haemophilus ducreyi -- Oral Taxon 821 -- Strain ATCC 33921 -- AY513483 --0 —- @
100 Haemophilus sp. -- Oral Taxon 035 —- Clone BJO21 -- AY005034 -- 11 - O

(6) 100[ Haemophilus parainfluenzae -- Oral Taxon 718 -- Strain CIP 102513 -- EU083530 - 18 - @

100 10(7)'errahaemophllus aromaticivorans -- Oral Taxon 826 -- Strain 127W - AB098612 -- 280 -- @

Haemophilus aegyptius -- Oral Taxon 535 -- Strain NCTC 8502 -- M75044 -- 5 —- @
Haemophilus influenzae -- Oral Taxon 641 -- Strain ATCC 33391 -- M35019 -- 100 -- @
Haemophilus sp. -- Oral Taxon 036 - Clone BJ095 -- AYO05033 -- 110 -- W

| Aggregatibacter actinomycetemcomitans — Oral Taxon 531 -- Straln ATCC 29522 -- M75036 -9 -- @
— 100E Aggregatibacter aphrophilus -- Oral Taxon 545 -- Strain ATCC 333 -@
87 Aggregatibacter paraphrophilus -- Oral Taxon 720 -- Strain ATCC 29241 - M75042 -6--@
59, Aggregatibacter sp. -- Oral Taxon 513 —- Clone MB3_C38 -- DQ003635 - 4 -- O
99 Aggregatibacter sp. - Oral Taxon 458 — Clone JM053 - AY349380 -- 12 — M
Aggregatibacter segnis -- Oral Taxon 762 — Strain ATCC 33393 -- M75043 -- 13 -- @
0'— Aggregatibacter sp. -- Oral Taxon 512 - Clone MB3_C24 -- DQ003621 - 5 -- B
100— Desulfovibrio sp. -- Oral Taxon 040 - Clone BB167 -- AY005035 -- 3 -- O
— Desulfovibrio fairfieldensis -- Oral Taxon 605 -- Strain DSM12803 -- AJ251630 -0 —- @
Desulfomicrobium orale -- Oral Taxon 703 -- Strain DSM12838 -- AJ251623 -2 -- @
Desulfobulbus sp. -- Oral Taxon 041 — Clone _R004 -- AY005037 - 32 -- O
Bdellovibrio sp. - Oral Taxon 039 -- Clone CA006 -- AF385539 -- 1 -- O
Erythromicrobium ramosum -- Oral Taxon 747 -- Strain DSM 8510 -- AF465837 -- 2 -- @
Sphingomonas sp. - Oral Taxon 007 -- Strain 4b -- AJ223452 -- 2 -- O
Sphingomonas sp. - Oral Taxon 006 -- Clone FI012 -- AY349411 -1 - 0O
Sphingomonas sp. - Oral Taxon 003 -- Clone AV069 -- AF385529 -- 2 -- O
Sphingomonas sp. - Oral Taxon 004 -- Clone AW030 -- AF385533 -- 1 -- O
Brevundimonas diminuta -- Oral Taxon 590 - Strain IFO 3140 -- D49422 -0 - @
Caulobacter sp. - Oral Taxon 002 -- Strain TWE165 -- DQ493433 -- 2 -- O
Afipia broomeae — Oral Taxon 559 -- Strain ATCC 49989 -- U87759 -2 -- @
Bradyrhizobium elkanii -- Oral Taxon 597 -- Strain USDA 76 -- U35000 -- 0 -- @
Afipia sp. genomospecies 4 -- Oral Taxon 636 -- Strain G8569 -- U87774 -- 4 -- O
Afipia sp. genomospecies 8 -- Oral Taxon 652 -- Strain G9018 -- U87769 -- 1 -- O
[ Agrobacterium tumefaciens -- Oral Taxon 485 -- Strain DMS 30105 - M11223 - 10 - @

100

84

78

Bartonella sp. -- Oral Taxon 001 -- Strain A28SC -- GQ422708 -- 0 - M
100 Ochrobactrum anthropi - Oral Taxon 544 - Strain LMG 3331 - AM114398 - 19 -- @
U5 Defluvibacter lusatiensis - Oral Taxon 660 -- Strain s1 - NR_025312 -- 14 - ®
62 Rhizobium Ioti -- Oral Taxon 659 -- Strain USDA 3455 -- U50166 -- 3 -- @
g [ Helicobacter pylori -- Oral Taxon 812 -- Strain ATCC 43504 -- M88157 --0 -- ®

"Bacteroides" ureolyticus -- Oral Taxon 842 -- Strain ATCC 33387 -- L04321 -0 -- @

Campylobacter concisus -- Oral Taxon 575 -- Strain FDC 288 -- L06977 -- 69 — @

Campylobacter curvus -- Oral Taxon 580 - Strain ATCC 35224 -- L04313 -6 - @

Campylobacter sputorum -- Oral Taxon 776 - Strain BU-112B -- AF022768 -- 0 -- @

Campylobacter rectus - Oral Taxon 748 - Strain ATCC 33238 -- L04317 - 12 - @

Campylobacter showae -- Oral Taxon 763 -- Strain CCUG 3054 -- L06974 -- 69 -- @
Campylobacter gracilis -- Oral Taxon 623 -- Strain ATCC 33236 - L04320 - 362 -- @

65 Campylobacter sp. -- Oral Taxon 044 -- Clone BB120 -- AYO05038 -- 6 -- O

100
92

]
0.05

FIG. 6. Neighbor-joining tree for human oral taxa in the phylum Proteobacteria. Labeling and methods used are as described in Fig. 1. The
Proteobacteria classes are marked with the corresponding Greek letters.
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Treponema sp. — Oral Taxon 237 -- Clone _G057 -- AF056337 -- 42 -- O
91 Treponema medium -- Oral Taxon 667 -- Clone _C007 -- AF023051 -- 6 -- @
Treponema sp. - Oral Taxon 231 -- Clone T021 -- AF023055 -- 21 - 0O
Treponema vincentii - Oral Taxon 029 -- Strain ATCC 33580 -- AF033309 -- 5 -- @
Treponema sp. - Oral Taxon 228 -- Clone _T031 -- AF023054 -- 25 - O
Treponema sp. — Oral Taxon 236 -- Clone AF016 — AF056338 - 8 - O
Treponema sp. - Oral Taxon 230 -- Clone _D013 -- AF023053 -- 13 -- O
Treponema sp. - Oral Taxon 226 -- Clone G054 -- AF023062 -1 -0
Treponema sp. -- Oral Taxon 238 -- Clone AT020 - AF061347 -- 9 -- O

Treponema sp. -- Oral Taxon 235 -- Clone _D047 -- AF023063 -- 3 - O
Treponema sp. — Oral Taxon 242 -- Clone AU076 -- AF182831 -1 - O

100 reponema sp. - Oral Taxon 234 -- Clone _Y001 -- AF023056 -- 10 -- O

60

(1) 100 93

78

79

63

58

(2] 97

100|

98 55

100— 71

100

(6] 81

]
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67 Pyramidobacter piscolens -- Oral Taxon 357 -- Clone BA121
—— Synergistetes [G-3] sp. -- Oral Taxon 363 —- Clone W028 - AF125202 -- 46 -- O
Synergistetes [G-3] sp. -- Oral Taxon 361 -- Clone D006 —~ AF125201 --7 -- O
100 Synergistetes [G-3] sp. -- Oral Taxon 358 - Clone BB062 -- AY005445 -- 27 - O
Synergistetes [G-3] sp. -- Oral Taxon 360 - Clone BH017 -- AF125199 -- 66 — O
99 Synergistetes [G-3] sp. - Oral Taxon 453 — Clone JV006 - AY349371 — 1 -- [0
50 Synergistetes [G-3] sp. -- Oral Taxon 362 - Clone D084 - AF125200 -- 12 -- O
65 Synergistetes [G-3] sp. -- Oral Taxon 452 - Clone JV001 -- AY349370 - 1 -- O
97 “— Synergistetes [G-3] sp. -- Oral Taxon 359 - Clone BHO07 -- AY005447 - 12 -- O
M7 [G-5] sp. -- Oral Taxon 356 —- Clone _l025 -- AF125206 -- 1 -- O

Treponema sp. - Oral Taxon 232 -- Clone _T019 -- AF023059 - 28 - O
Treponema sp. — Oral Taxon 227 -- Clone BA223 -- AF056339 -- 2 - O
Treponema sp. - Oral Taxon 239 -- Clone AF026 - AF061348 -- 11 -- O
Treponema denticola -- Oral Taxon 584 -- Strain ATCC 33520 -- M71236 -- 77 - @
Treponema putidum -- Oral Taxon 743 - Strain OMZ 844 -- AY369249 -- 0 -- @
Treponema sp. - Oral Taxon 249 -- Clone _C053 -- AF023037 -- 1 -- O
Treponema sp. - Oral Taxon 246 -- Clone _T001 -- AF023031 -1 - 0O
Treponema sp. — Oral Taxon 247 -- Clone_ _G093 - AF023032 - 27 -- O
69— Treponema sp. - Oral Taxon 253 -- Clone BQ032 -- AF182838 - 5 - 0
Treponema sp. -- Oral Taxon 517 -- Clone MB3_P23 -- DQ003624 -- 5 -- O
Treponema sp. -- Oral Taxon 250 -- Clone _D024 -- AF023028 -- 1 -- O
Treponema sp. — Oral Taxon 251 -- Clone _UOO8A -- AF056340 -- 14 -- O
Treponema sp. - Oral Taxon 256 -- Clone BB0OO3 -- AF182835 -- 5 -- O
Treponema sp. - Oral Taxon 254 -- Clone AT013 -- AF182836 -- 9 -- O
Treponema sp. - Oral Taxon 252 -- Clone BA213 -- AF056341 -- 2 -- O
Treponema sp. - Oral Taxon 255 -- Clone AT004 -- AF182833 -- 1 -- O
Treponema sp. - Oral Taxon 508 -- Clone MB2_G19 -- DQ003618 -- 3 -- O
Treponema sp. -- Oral Taxon 518 -- Clone MB4_G11 -- DQ003625 -- 5 -- 0
Treponema pallidum -- Oral Taxon 805 -- Strain Nichols -- M88726 -- 0 - @
100 Treponema maltophilum -- Oral Taxon 664 -- Strain D4B -- AF023039 -- 15 -- @
Treponema sp. -- Oral Taxon 260 -- Clone _D031 -- AF023041 -- 1 - O
Treponema lecithinolyticum -- Oral Taxon 653 -- Clone GF6 -- AF023040 -- 13 - @
Treponema sp. -- Oral Taxon 258 -- Clone _C009 -- AF023042 -- 1 - O
Treponema sp. -- Oral Taxon 490 -- Clone JU025 -- AY349417 —- 3 - O
Treponema sp. - Oral Taxon 271 -- Clone _C025 -- AF023043 -- 2 -- O
Treponema sp. — Oral Taxon 270 -- Clone DD012 -- GQ422733 -2 - O
Treponema pectinovorum -- Oral Taxon 725 -- Strain ATCC 33768 - M71237 -0 -- @
Treponema parvum -- Oral Taxon 724 -- Strain D96NR-3 - AF033304 -0 - @
5 Treponema socranskii ss socranskii -- Oral Taxon 769 -- Strain ATCC 35536 -- AF033306 - 75 - @
—IQQETreponema sp. — Oral Taxon 269 -- Strain D15A-4 -- AY005083 —- 0 — W
Treponema sp. - Oral Taxon 268 -- Strain Smibert-5 D120CR-1 -- AF033303 -8 - W
[: Treponema sp. — Oral Taxon 263 -- Clone BH022 -- AF182837 -- 5 - O
Treponema sp. - Oral Taxon 264 -- Clone BZ013 — AF385536 -- 7 -- O
100 Treponema sp. -- Oral Taxon 257 -- Strain Smibert-3 D36ER-1 -- AF023044 -- 17 - W
100 Treponema amylovorum -- Oral Taxon 541 - Strain D62CR12 — AF023045 - 4 -- @
97 Treponema sp. -- Oral Taxon 262 -- Clone AT040 -- AF182834 -- 3 -- O
Treponema sp. - Oral Taxon 265 -- Clone _UOO7A -- AF023046 -- 13 -- O
Chlamydophila pneumoniae -- Oral Taxon 733 -- Strain TW183 -- L06108 -- 0 -- @
Chloroflexi [G-1] sp. -- Oral Taxon 439 -- Clone P2PB_23 -- AY331414 -- 1 -- O
9 Jonquetella anthropi -- Oral Taxon 777 - Strain E3_33 -- AF481216 -5 - @

— AY005444 - 21 - @

(5 L TM7 [G-5] sp. -- Oral Taxon 437 -- Clone P4PB_40 -- AY331416 -- 12 -- O
60 TM7 [G-3] sp. -- Oral Taxon 351

TM7 [G-4] sp. -- Oral Taxon 355 - Clone _F061 -- AF125205 -- 1 -- O
TM?7 [G-2] sp. -- Oral Taxon 350 -- Clone BUO8O0 -- AF385568 -- 2 - O

TM7 [G-1] sp. -- Oral Taxon 346 — Clone AH040 - AF125204 —- 23 - O
TM7 [G-1] sp. -- Oral Taxon 349 — Clone BS003 -- AY005448 -- 7 — O
TM?7 [G-1] sp. -- Oral Taxon 347 - Clone BE109 -- AY005446 — 18 -- O

TM7 [G-1] sp. -- Oral Taxon 348 - Clone BNO36 -- GQ422738 - 4 - O
TM?7 [G-1] sp. -- Oral Taxon 488 -- Clone HD027 -- Ay349415 -- 1 -- 0O
TM7 [G-1] sp. -- Oral Taxon 352 - Clone DR034 -- AF385520 -- 6 — O
TM?7 [G-1] sp. -- Oral Taxon 353 — Clone EWO055 -- AF385500 - 5 - O
SR1 [G-1] sp. -- Oral Taxon 345 -- Clone _X112 -- AF125207 --7 -- O

- Clone CW040 -- AF385506 - 1 - O

FIG. 7. Neighbor-joining tree for human oral taxa in the phyla Spirochaetes, Chlamydiae, Chloroflexi, Synergistetes, TM7, and SR1. Labeling and
methods used are as described in Fig. 1. The phyla are labeled as follows: encircled “1,” Spirochaetes; encircled “2,” Chlamydiae; encircled “3,”
Chloroflexi; encircled “4,” Synergistetes; encircled “5,” TM7; and encircled “6,” SR1.

Clone analysis. To validate and expand the species included
in the HOMD and to better understand the diversity and taxon
distribution of organisms in the human oral microbiome,
36,043 clones from 633 oral 16S rRNA gene libraries con-
structed and sequenced in our laboratories were analyzed.
Following vector removal, screening for lengths of >300 bases,
and chimera checking using multiple programs, 1,290 se-
quences were rejected, leaving 34,753 for analysis. The clones
identified as potentially chimeric by the program Chimera
Slayer are listed in Table S3 in the supplemental material. A
total of 125 were validated as chimeras. Those not validated
include intragenus, intraspecies potential chimeras. The ma-

jority of these nonvalidated chimeras were found multiple
times, which also suggests that they are not chimeras. BLASTN
analyses of the remaining clones against the HOMD Refer-
ence Sequence Set version 10 yielded identification of 89.1% of
the clones in 525 oral taxa. Those not identified in the HOMD
were analyzed by BLASTN comparison to the more than
70,000 16S rRNA sequences in RDP (11) and 302,066 se-
quences in the Greengenes prokMSA unaligned set (16). Us-
ing the RDP and Greengenes databases, an additional 8.7% of
clones were matched to nonself sequences. The 2.2% of the
clones which remained unidentified were clustered into 325
novel taxa, 220 of which were singletons. The clone analysis
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TABLE 2. Phylogenetic distribution of 34,753 oral clones

% of taxa that represent:

% of clones that represent:

Phylum No. of taxa ; No. of clones (%) ;
(%) Named Unnamed Uncultivated Named Unnamed Uncultivated
species isolates phylotypes species isolates Phylotypes
Firmicutes 494 (41.9) 20.6 8.7 70.6 23,354 (67.212) 78.7 7.3 14.1
Proteobacteria 237 (20.1) 333 3.0 63.7 3,909 (11.250) 72.7 3.8 23.6
Bacteroidetes 153 (13.0) 19.0 16.3 64.7 2,571 (7.403) 58.6 24.1 17.3
Actinobacteria 133 (11.3) 353 14.3 50.4 2,641 (7.572) 55.7 20.3 24.0
Spirochaetes 73 (6.2) 9.6 2.7 87.7 577 (1.671) 33.8 43 61.9
Fusobacteria 42 (3.6) 23.8 7.1 69.0 1,356 (3.893) 76.6 4.0 19.4
Synergistetes 18 (1.5) 11.1 0.0 88.9 209 (0.605) 12.4 0.0 87.6
™7 15(1.2) 0.0 0.0 100.0 85 (0.244) 0.0 0.0 100.0
Tenericutes 4(0.3) 75.0 0.0 25.0 10 (0.028) 90.0 0.0 10.0
Deinococcus 3(0.2) 0.0 0.0 100.0 13 (0.037) 0.0 0.0 100.0
SR1 1(0.1) 0.0 0.0 100.0 7 (0.020) 0.0 0.0 100.0
Chloroflexi 1(0.1) 0.0 0.0 100.0 1 (0.003) 0.0 0.0 100.0
Acidobacteria 1(0.1) 0.0 0.0 100.0 1 (0.003) 0.0 0.0 100.0
Cyanobacteria 1(0.1) 0.0 0.0 100.0 1 (0.003) 0.0 0.0 100.0
Plant chloroplast 4(0.3) 100.0 0.0 0.0 19 (0.054) 100.0 0.0 0.00
Total 1,179 (100) 24.0 8.4 67.7 34,753 (100.000) 73.3 8.8 17.8

yielded a total of 654 additional taxa not included in the
HOMD version 10. Because novel taxa based on singletons are
suspect compared to those seen multiple times, a more con-
servative figure excluding the 220 singletons is 434 novel taxa.
These additional taxa will be added to the HOMD when they
meet the strict criteria described below.

A total of 94 of 619 taxa in the HOMD version 10 were not
represented by any clone. The list of taxa not found is provided
in Table S5 in the supplemental material. This group included
most of the extrinsic pathogens we had added to the HOMD
for completeness, such as Bordetella pertussis, Corynebacterium
diphtheriae, Mycobacterium tuberculosis, and Neisseria gonor-
rhoeae. Other taxa not seen included those which would not
have been expected to have been amplified with the “univer-
sal” primers used, such as Methanobrevibacter oralis (an ar-
chaeon) and Chlamydophila pneumoniae.

The phylogenetic distribution of clones in various phyla or
divisions is shown in Table 2. The clones were found in 11 of
13 phyla included in the HOMD version 10. As the primers
used do not amplify Chlamydiae or Archaea, the absence of
clones representing these taxa was expected. Clones for the
phyla Deinococcus (3 clones), Acidobacteria (1), and Cyanobac-
teria (1) were found. The clones for these phyla may represent
transient exogenous bacteria. Nineteen clones representing
four plants (chloroplast) were detected. As virtually all humans
eat plants, it is not surprising that plant chloroplast 16S rRNA
sequences should be detected in the oral cavity. Species iden-
tified included Triticum aestivum (wheat) and Manihot escu-
lenta (cassava, source of tapioca). For each phylum, the per-
centage of taxa and clones that represent named species,
unnamed taxa with cultivable isolates, and uncultivated phylo-
types is presented in Table 2. When analyzed by clone distri-
bution, 82% fall into cultivable named and unnamed taxa.
When analyzed by taxa distribution, the percent cultivated
drops to 32% (40% if singleton clone taxa are removed). This
divergence in percent cultivated by clone or taxa count indi-
cates that we have had great success culturing the most com-
mon species but have not yet identified isolates for the rarer

taxa. The microbiologic community has cultured between 29%
and 50% of the oral Firmicutes, Proteobacteria, Bacteroidetes,
Actinobacteria, and Fusobacteria taxa. Less than 12% of taxa in
the Spirochaetes and Synergistetes, however, have been cul-
tured. TM7, SR1, and Chloroflexi have, as yet, no cultivated
members (the phylum Chloroflexi has cultivated members but
no cultivated human oral species). The rarer taxa, such as SR1,
are present in the clone pool at level of only 1/5,000. This
implies that even if the SR1 taxon is only moderately difficult
to cultivate, it will still be challenging to find an isolate because
of its rarity.

A plot of the relative abundance of clones in each of the
1,179 oral taxa is shown in Fig. 8. Veillonella parvula was the
first ranked taxon, with 2,304 clones or 6.6% of the total clones
observed. The complete listing of the rank abundance and
relative abundance of each taxon is presented in Table S6 in
the supplemental material. Because the 34,753 clones are from
studies of different discase and health states, different oral
sites, and different primer pairs, the data set cannot be used to
infer the underlying population structure of the “oral cavity.”
We therefore do not attempt to estimate the number of species
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FIG. 8. Rank abundance graph for 34,753 16S rRNA clones ob-
tained from oral samples in 1,179 taxa. Clones were placed in taxa on
the basis of 98% BLASTN identities. The first ranked taxon was
Veillonella parvula, with 2,304 clones. Ranks 769 to 1,179 were single-
tons.
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in the oral cavity with these data. Furthermore, the question of
“how many species are present in the human oral cavity?” is
tricky, because the oral cavity is an open system where exoge-
nous microorganisms from the environment are continually
introduced by eating, drinking, and breathing. One answer to
the question of how many microbial species would be found by
exhaustive sampling of the oral cavities of the human popula-
tion over time is all microbial species present in the earth’s
biosphere. A more straightforward question which can be an-
swered for this data set is, “How many taxa are needed to
account for the 90%, 95%, 98%, or 99% of the 34,753 clones
sampled?” The answers are 259, 413, 655, and 875 taxa, re-
spectively.

Transient versus endogenous species. Because there is a
constant stream of organisms introduced into the oral cavity
from the environment, one needs to distinguish transient spe-
cies from endogenous species, those that are part of what
Theodor Rosebury called the indigenous microbes or “normal
flora” (54). Unfortunately, the distinction between transient
species and endogenous species cannot be deduced directly
from human sampling studies. Rather, it has to come from
comparing the human studies with environmental studies to
determine the frequency with which clones of a particular
genus are recovered as host associated or as environment as-
sociated. For example, species in the genus Prevotella have
been found only in the microbiota of mammals, whereas spe-
cies in the genus Sphingomonas are generally free-living spe-
cies found in the environment in cloning studies of lake sedi-
ments, soils, etc. Table S7 in the supplemental material
presents the categorization of the 169 genera currently in-
cluded in the HOMD as strongly host associated, weakly host
associated, or environmental based on a qualitative analysis of
clone sequence sources. The degree of host association for
various genera differs widely by phylogenetic position, as es-
sentially all genera from the phylum Bacteroidetes are host
associated, while nearly all genera from the Alphaproteobacte-
ria are thought to be environmental transients.

Extended Reference Set for BLAST analyses. Reference se-
quences for the 654 additional taxa identified in the clone
analysis have been added to those for the 619 HOMD taxa to
generate the Extended Reference Set (version 1), which is
available for download or use in BLAST analysis at the
HOMD website. Many sequences from the clone analysis are
only 500 bases long, and thus, the Extended Reference Set,
unlike the HOMD Reference Set 10, is composed of both full
and partial sequences. The Extended Reference Set is useful
for BLAST analysis of clone and other 5" 500-base sequences
but must be used with caution for analysis of full-length se-
quences.

Addition of taxa to the Human Oral Microbiome Database.
The 434 additional taxa identified in the clone analysis (ex-
cluding singletons) described above are candidates for addition
to the HOMD. To be added, however, ecach taxon must meet
the following criteria. (i) It must have been seen more than
once, hence the exclusion of novel singletons. (ii) A near full-
length (>1450-base) 16S rRNA gene sequence must be avail-
able for the taxon. (iii) The full sequence must be less than
98.5% similar to previously defined HOMD taxa. (iv) The full
sequence must pass chimera and sequence quality screens. (V)
If the sequence is for a named species, the sequence must
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greater than 98.5% similar to that of the type strain of the
species. (vi) If there are multiple sequences in GenBank for a
species, the longest and most accurate must be identified to
represent the species. We expect that the majority of the taxa
identified in the clone analysis will be validated and added in
updates to the HOMD by January 2011.

The human oral microbiome has been extensively studied, is
being examined as part of the Human Microbiome Project, and
will continue to be examined in the future using ever more
powerful sequencing technologies. We have created the Hu-
man Oral Microbiome Database taxonomic framework, with
oral taxon numbers to facilitate communication between in-
vestigators exploring the diversity of the oral microbiome, as
seen by 16S rRNA gene-based methods. It is critical that in-
vestigators can point to curated stably designated taxa rather
than taxonomically undefined clone sequences in disseminat-
ing research findings. Investigators with oral strain or clone 16S
RNA sequences can now definitively identify the vast majority
of them by BLASTN analysis against the reference sets avail-
able at the HOMD website (www.homd.org). Analysis of ap-
proximately 35,000 clone sequences has allowed validation of
the initial 619 species in the HOMD and identified more than
434 additional named and unnamed taxa to be added to the
HOMD once full 16S rRNA sequences are obtained and the
other criteria discussed above are met. The HOMD is the first
example of a curated human body site-specific microbiome
resource. Predominant members of the oral microbiome can
also be found in fewer numbers at other body sites, such as the
skin, gut, and vagina, and thus, the HOMD can be useful to the
entire Human Microbiome Project and infectious disease com-
munities. One can foresee the development of additional body
site-specific curated microbiome resources based on the
HOMD model or the framework of the HOMD to be ex-
panded to include the entire human microbiome.
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