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Abstract

The human oral microbiome is known to play a significant role in human health and disease.
While less well studied, the feline oral microbiome is thought to play a similarly important role.
To determine roles oral bacteria play in health and disease, one first has to be able to accurately
identify bacterial species present. 16S rRNA gene sequence information is widely used for
molecular identification of bacteria and is also useful for establishing the taxonomy of novel
species.

The objective of this research was to obtain full 16S rRNA gene references sequences for feline
oral bacteria, place the sequences in species-level phylotypes, and create a curated 16S RNA based
taxonomy for common feline oral bacteria.

Clone libraries were produced using “universal” and phylum-selective PCR primers and DNA
from pooled subgingival plague from healthy and periodontally diseased cats. Bacteria in
subgingival samples were also cultivated to obtain isolates. Full-length 16S rDNA sequences were
determined for clones and isolates that represent 171 feline oral taxa. A provisional curated
taxonomy was developed based on the position of each taxon in 16S rRNA phylogenetic trees.
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The feline oral microbiome curated taxonomy and 16S rRNA gene reference set will allow
investigators to refer to precisely defined bacterial taxa. A provisional name such as
“Propionibacterium sp. feline oral taxon FOT-327" is an anchor to which clone, strain or
GenBank names or accession numbers can point. Future next-generation-sequencing studies of
feline oral bacteria will be able to map reads to taxonomically curated full-length 16S rRNA gene
sequences.
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1. Introduction

Most of what we currently know about the oral bacteria of mammals, including humans, cats
and dogs, is based on 16S rRNA gene sequences from isolates and clone libraries.
Unfortunately, 16S rRNA gene sequences in GenBank rarely have full or accurate
taxonomic attribution. Thus, the individual bacterial species in the microbiomes of
mammals, for which many bacteria have not yet been formally named, are nearly impossible
to reference specifically in scientific communications. The Bacterial Code requires full
phenotypic and genetic characterization of multiple isolates in axenic culture to formally
name a bacterial species (Lapage et al., 1992). Uncultivated bacteria can be given formal
Candidatus status if extensively characterized, but this requires substantially more than
simple 16S rRNA sequence determination. Thus, microbiologists have the difficult task of
communicating the identity of bacteria known only as 16S rRNA gene sequence-based
phylotypes. Carefully curated provisional taxonomic schemes have been established for
human and canine oral microbiomes (Dewhirst et al., 2010; Dewhirst et al., 2012). The goal
of this research is to establish a carefully curated 16S rRNA gene based provisional
taxonomy for bacteria present in the oral cavities of cats. This taxonomic scheme will enable
investigators to reference feline oral bacterial species as clearly defined phylotypes with
Feline Oral Taxon numbers and species level taxonomic attribution linked to full 16S rRNA
gene reference sequences. This study was not designed to examine the differences between
the microbiomes of cats with and without periodontal disease, but simply to identify bacteria
from cats in each group for future next generation sequencing studies.

Some phyla described in this research that may be unfamiliar to some readers. The phyla
Chlorobi, Chloroflexi, SR1, Synergistetes, and TM7 have been discussed extensively in a
recent publication on host-associated lesser known phyla and candidate divisions
(Camanocha and Dewhirst, 2014).

Understanding the species comprising the oral microbiome of the cat is important for at least
two reasons. Firstly, it is likely that as in humans, the feline oral microbiome has a profound
influence on the oral and systemic health of cats. Secondly, associating oral bacterial species
with specific feline health or disease conditions requires knowledge of the bacterial species
present and having the means to precisely and rapidly identify them. This is easily
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accomplished when a 16S rRNA gene based taxonomy and reference sequence set have
been established.

2. Materials and Methods

2.1 Subject recruitment and collection of dental plaque

Twenty cats domestic short hair cats between the ages of 1 and 10 years were recruited to
the study from a UK population of client owned cats that presented at a veterinary dental
referral clinic for periodontal disease or other dental problems. Ten of the cats were
periodontally healthy and 10 had periodontitis. This ensured representation of bacterial
species from a broad spectrum of disease states. The healthy group cats had clinically
healthy gingiva with no more than low levels of localized (gingivitis 1) (Wiggs and
Lobprise, 1997). The periodontal disease group cats each had a minimum of 4 sites
displaying periodontitis of at least stage 3 (>25% attachment loss), (Wiggs and Lobprise,
1997). Exclusion criteria were: less than one year old; being a pure bred animal; and having
received antibiotics in the previous 3 months. For isolating feline oral bacterial species,
samples were taken from 5 clinically healthy domestic short hair cats (aged between 1 and 7
years old) from the WALTHAM Centre for Pet Nutrition undergoing routine dental
treatment. These studies were approved by the WALTHAM Centre for Pet Nutrition ethical
review committee.

Animals were sampled under anesthesia during their normal dental treatment. Each cat was
given a premedication of 0.02 mg/kg acepromazine (ACP 2 mg/ml) and 0.02 mg/kg
buprenorphine (Vetergesic 0.3 mg/ml) given intramuscularly. Anaesthesia was induced with
4 mg/kg propofol (Rapinovet 10 mg/ml) given intravenously, and then maintained on
inhalational isoflurane and oxygen. Initially supragingival and gingival margin plaque and
calculus were removed using a Gracey curette to prevent contamination of the subgingival
sample. A sterile periodontal probe was then used to obtain a subgingival plaque sample
from each sampling site (4-10 per cat). In the cats with periodontitis, samples were taken
from the sites with periodontal pockets, typically the maxilla 3™ premolars, the mandibular
15t molars and the canines. Samples were taken from the same tooth types in the healthy
cats. All the samples from each cat were combined and suspended in 350 pL of 50 mM Tris
(pH 7.6), 1 mM EDTA (pH 8.0), 0.5% Tween 20 and immediately stored at —20°C prior to
DNA extraction.

2.2 DNA extraction and 16S rDNA amplification

DNA extraction was performed using a DNeasy Tissue Kit (Qiagen) following the
manufacturer’s instructions for the isolation of genomic DNA from Gram-positive bacteria.
Two DNA pools, one from 10 periodontally healthy and one from 10 periodontally diseased
cats, were each amplified to make clone libraries using “universal” primers F24 5’-
GAGTTTGATYMTGGCTCAG-3" (9-27 forward) and Y36 5°-
GAAGGAGGTGWTCCADCC-3’(1525-1541 reverse) as previously described (Dewhirst et
al., 2012). The pooled DNA from the diseased cats was also amplified with Spirochaetes-
Synergistetes selective primer pair F24 / M98 3’-GTTACGACTTCACCCYCCT-3’ (1483-
1501 reverse) and the Bacteroidetes selective primer pair F24 / FO1 5’-
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CCTTGTTACGACTTAGCCC-3’ (1487-1505 reverse) for making phylum selective
libraries. The size and amount of the amplicons were examined by electrophoresis on a 1%
agarose gel. DNA was stained with SYBER Safe DNA gel stain (Invitrogen, Carlsbad, CA)
and visualized under UV light. A preparative gel was run after determining that a strong
amplicon of the correct size had been produced. The appropriate amplicon band was cut out
and purified using a Qiagen Gel Extraction kit (Qiagen, Valencia, CA).

2.3 Cloning procedures and library screening

Purified DNA was cloned using a TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA)
following the manufacturer’s instructions. Transformation was done using competent E. coli
TOP10 cells provided by the manufacturer. The transformed cells were plated onto Luria-
Bertani agar plates supplemented with kanamycin (50 pug/ml) and incubated overnight at
37°C. Each white colony was placed into a tube containing 40 puL of 10 mM Tris-HCI pH
8.0. One pL of the cell suspension was used directly as template for PCR with an M13 (-21)
forward primer and an M13 reverse primer (Invitrogen). The amplicon was checked for
correct size by electrophoresis on a 1% agarose gel. DNA from clones was purified to
remove primer and dNTPs by treatment with exonuclease and shrimp alkaline phosphatase
(Amersham, Pittsburg, PA).

Clones were screened by sequencing with primer Y31, 5’-TKACCGCGGCTGCTG-3’
(519-533 reverse). If the clone sequence differed by more than 7 bases from previously
identified feline oral reference sequences, the remaining amplicon DNA was purified using
QIAquick PCR purification kits (Qiagen, Valencia, CA) and fully sequenced with additional
primers (Dewhirst et al., 2012).

2.4 Strain isolation

Subgingival plague samples were placed in 300 pL of maximum recovery diluent (Sigma)
and dilutions of plaque (neat to 10~°) were spread onto agar plates. Strains were routinely
grown for 2 days for aerobes and up to 14 days for anaerobes, at 38°C on Columbia Blood
Agar (CBA) plates (OXOID). For isolating anaerobic strains, CBA was supplemented after
autoclaving with Hemin (5 pg/ml) and Menadione (1 pg/mL) (Sigma). For liquid culture,
Brain Heart Infusion (BHI) broth (OXOID) supplemented with yeast extract (5 g/L, Sigma)
and cysteine hydrochloride (0.75 g/L, Sigma) and adjusted to a pH of 8.5. Hemin and
Menadione were added to cooled broth after autoclaving, as above. Anaerobic strains were
incubated in a MACS1000 anaerobic workstation (Don Whitley, UK) with an atmosphere of
85% N, 10% CO,, 5% H,. After observation for growth, single colonies were sub-cultured
onto fresh CBA plates (Hemin and Menadione for anaerobes as above). Following further
incubation at 38°C as described above, colonies on agar plates were examined for purity.
Cultures were then harvested for 16S rDNA sequencing to confirm their identity and the
isolates stored at —80°C in BHI with 15% glycerol.

2.5 16S rRNA gene sequencing

Purified 16S rDNA was fully sequenced on both strands using at least 6 primers as
previously described (Dewhirst et al., 2012). Full 16S rDNA sequences were assembled
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from the ABI electropherogram files using Sequencher (Gene Codes Corporation, Ann
Arbor, MI).

Sequences were checked for the possibility of being chimeric by examining mismatches
with the aligned members of closely related taxa and by comparing trees generated using the
first 600 bases against those generated with the last 900 bases. Taxa that changed position
significantly were considered suspect and further examined using Mallard (Ashelford et al.,
2006). Chimeric sequences were discarded.

2.6 Phylogenetic analyses and provisional taxonomy

Sequences were aligned in a custom 16S rRNA gene database created by F.E. Dewhirst
(Dewhirst et al., 2010). Sequences were provisionally identified and taxonomically placed
by BLASTN analysis against several 16S rRNA gene databases: the Canine Oral
Microbiome reference set (Dewhirst et al., 2012), the Human Oral Microbiome Database
(Dewhirst et al., 2010), National Center for Biotechnology Information (Altschul et al.,
1990), Ribosomal Database Project (Cole et al., 2014) and Greengenes (DeSantis et al.,
2006). Neighbor Joining trees were generated for all feline clone and strain sequences by
phyla, including sequences for relevant reference species. Sequences were assigned to
genera or higher taxonomic level based on analysis of tree branching rather than simple
BLAST similarity. A cutoff of approximately 95% sequence similarity was generally used
for genus assignment. However, some genera such as Treponema are substantially broader.
In all cases, a sequence was placed in a genus only if it had higher similarity to that genus
than the similarity between members of neighboring genera. Sequences that could not be
placed in a genus were assigned to the most specific higher taxonomic level.

Sequences were clustered into phylotypes with a definition of 98.5% similarity for full 16S
rRNA gene sequences. Each phylotype, whether corresponding to a named taxon or not, was
given a Feline Oral Taxon (FOT) number in the range of 001 to 370. The numbering is
discontinuous as some FOT numbers were removed when taxa with greater than 98.5%
similarity were merged or chimeras identified.

Trees for use in this publication were created by export of aligned sequences from our RNA
sequence database into MEGA version 6 (Tamura et al., 2013). The evolutionary history
was inferred using the neighbor-joining method (Saitou and Nei, 1987). Bootstrap test (500
replicates) were performed using the method of Felsenstein (Felsenstein, 1985). The
evolutionary distances were computed using the Jukes-Cantor method (Jukes and Cantor,
1969). Missing data (aligned sequence columns) were excluded on a pairwise basis. Trees
were exported from MEGA into Microsoft Word in vector format and text edited to create
the final figures.

2.7 Feline oral 16S rRNA reference set

The full 16S rRNA gene sequences of 207 clones and 41 isolates representing 171 feline
oral taxa were deposited in GenBank under BioProjectID PRINA260360 and individual
accession numbers KM461942-KM462187. Accession numbers are also included for each
clone or isolate in the phylogenetic trees in Figs. 1-4.
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3. Results

3.1 Clone library and isolate analyses

Four 16S rDNA libraries were created from amplicons using “universal” primers and one
library each was created from the Spirochaetes-Synergistetes and the Bacteroidetes selective
primers. Approximately 160 colonies were picked from each “universal” library and 75 from
each phylum selective library for a total of 777 clones analyzed by initially sequencing
approximately 500 bases at the 5’end of the 16S rDNA. Twenty-two clones were eliminated
from further analysis for being chimeric or having mixed or poor reads, yielding 755 clone
sequences. Full 16S rDNA sequences were obtained for 207 potentially novel taxa. These
sequences were collapsed into 133 16S rRNA gene phylotypes based on a 98.5% sequence
similarity definition as has been done for the human and canine oral microbiomes (Dewhirst
et al., 2010; Dewhirst et al., 2012). These full length 16S rDNA sequences formed the initial
core of our feline oral microbiome taxonomic database. Feline oral isolates were obtained
from WALTHAM cats and were identified by 16S rDNA sequencing and BLASTN analysis
using this feline oral microbiome reference sequence set. Sequences from 41 out of 236
isolates did not match this reference set and represented 38 additional feline oral taxa for the
current total of 171 16S rRNA gene based feline oral species and phylotypes.

3.2 Taxonomic analysis

The taxonomic position of each 16S rDNA sequence was determined by BLASTN analysis
of multiple 16S rRNA gene databases and by constructing phylogenetic trees. Figures 1-4
show neighbor-joining trees for 248 feline reference sequences representing 171 feline oral
taxa Where sequences for a phylotype were >98.5% similar to the sequence of the type
strain of a named organism, the phylotype was designated as that species. Phylotypes that
fell into named genera were designated “Genus sp.”. Those which could be identified only at
a higher taxonomic level were designated “Higher-taxon bacterium”. Each phylotype,
whether formally named or not, was given a Feline Oral Taxon (FOT) number. A full
provisional six taxonomic level scheme (phylum, class, order, family, genus, and species)
for feline oral bacteria is presented in Supporting Table S1.

Feline oral taxa in eleven phyla were identified in this study: Firmicutes, 72; Proteobacteria,
38; Bacteroidetes, 26; Spirochaetes, 16; Actinobacteria, 10; Synergistetes, 4; Chlorobi, 1;
Chloroflexi, 1; Fusobacteria, 1; SR1, 1; and TM7, 1.

3.3 Firmicutes, Actinobacteria and Fusobacteria

Feline oral bacterial taxa in phyla Firmicutes, Actinobacteria and Fusobacteria are shown in
Figs. 1 & 2. The unnamed genera in each family are given designations such as “[G-1]" to
indicate it is an unnamed genus in that family. Roman numerals after a family name refer to
the Collins nomenclature for Clostridial families (Collins et al., 1994). Thus,
“Peptostreptococcaceae X111 [G-1] bacterium” refers to a taxon in an unnamed genus ‘G-1’
in Collins Clostridial family XIII (see top Fig. 2). Within the Firmicutes there are 15 named
genera: Catonella, Clostridium, Enterococcus Filifactor, Finegoldia, Globicatella,
Helcococcus, Parvimonas, Peptococcus, Peptostreptococcus, Proteocatella, Schwartzia,
Saphylococcus, Streptococcus, and Tissierella, and 26 genus level clades which are
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currently unnamed. Within the Actinobacteria named genera include: Actinomyces,
Corynebacterium, Propionibacterium, Leucobacter and Pseudoclavibacter. All but one of
the 10 taxa identified came from sequencing isolates rather than from clone libraries. The
Fusobacteria phyla had only one genus detected, Fusobacterium. The class
Peptostreptococcaceae X| is shown in Fig. 2. The three named and nine unnamed genera
level clades are designated with filled circles. The unnamed genera are marked using genus
numbers which exactly corresponds to the genus numbering scheme used for canine oral
taxa (Dewhirst et al., 2012).

3.4 Proteobacteria

A phylogenetic tree for feline oral bacteria in the phylum Proteobacteria is shown in Fig. 3.
The five major classes of Proteobacteria are marked with Greek letters. There are taxa in
eight named genera of Betaproteobacteria: Aquaspirillum, Brachymonas, Comamonas,
Conchiformibius, Neisseria, Ottowia, Proprionivibrio, and Xenophilus. There are taxa in
five named genera of Gammaproteobacteria: Cardiobacterium, Luteimonas, Moraxella,
Pasteurella, and Senotrophomonas, as well as two unnamed genera. Sphingomonas
sanguinis is the sole representative of the Alphaproteobacteria. The Deltaproteobacteria
contains members in the named genera Desulfobublus, Desulfomicrobium, and
Desulfovibrio, as well as in one unnamed genus in the family Desulfovibrionales. The
Epsilonproteobacteria includes two members of the genera Campylobacter and Wolinella.

3.5 Bacteroidetes, Chlorobi, TM7, and SR1

A phylogenetic tree for the Bacteroidetes and six other phyla is shown in Fig. 4. The phylum
level clades are marked with filled circles and numbered ‘1’ through *7°. Named genera in
the phylum Bacteroidetes, ‘1’°, include Alloprevotella, Bacteroides, Bergeyella,
Capnocytophaga, Petrimonas, Porphyromonas, and Tannerella. Taxa in five unnamed
Bacteroidetes genera were also identified. Seven of 26 taxa were identified through use of
the Bacteroidetes-selective primers. Single taxa were identified representing phyla Chlorobi,
‘2’, TM7, ‘3’, and SR1, “4’.

3.6 Synergistetes, Chloroflexi, and Spirochaetes

The Synergistetes phylum is, *5°, contains four taxa which are all members of the genus
Fretibacterium. The human oral bacterium Fretibacterium fastidiosum is the type species of
the genus (Vartoukian et al., 2013). The Chloroflexi phylum, ‘6’, is represented by a single
taxon in the class Anaerolineae (Yamada et al., 2006) The phylum Spirochaetes contains
fifteen taxa which are members of the genus Treponema, and one taxon which is a deeply
branching member of an unnamed genus in the family Leptospiraceae. Thirteen of 16 taxa
identified in the Spirochaetes came from analysis of the library produced using
Spirochaetes-Synergistetes selective PCR primers.

4. Discussion

A provisional naming scheme for feline oral taxa has been proposed based on analysis of
full length 16S rRNA gene based phylotypes. Few bacterial species isolated from cats have
been formally named, but we currently have molecular tools that will eventually allow
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investigators to identify several hundred feline oral taxa. It may take many years to formally
name the most prevalent 200 feline oral bacteria, but in the meantime, investigators need a
means of precisely communicating the identity of bacteria identified in feline molecular
microbiological studies. A provisional name such as “Propionibacterium sp. feline oral
taxon FOT-327" is an anchor to which clone, strain or GenBank names or accession
numbers can point. The Human Oral Microbiome Database (www.homd.org) provides a
provisional taxonomic scheme that has been widely by investigators working on the human
oral microbiome, and serves as the model for investigators doing feline and canine
microbiology.

Many current molecular studies of bacteria in host-associated environments involve next
generation sequencing on 454 Pyrosequencing or Illumina platforms. Depending on the
length and region of the 16S rRNA gene sequenced, varying levels of taxonomic resolution
can be achieved. Reads of 200400 bases are often classified only to genus or higher
taxonomic level using RDP classifier or operational taxonomic units (OTU) based methods.
Studies of human and animal diseases have identified particular bacterial species as having
causative roles and thus being able to identify clones or strains to a species level taxon is
critically important for many types of investigations. Species level identification and
classification is significantly facilitated by having a taxonomically curated reference
sequence set. The feline oral microbiome 16S rRNA gene reference set for the 171
phylotypes described here has been deposited in GenBank. A file of aligned reference
sequences in phylogenetic order (the same order as in Figs. 1-4) is available from F.E
Dewhirst in FASTA format. Files for classification using MOTHUR (Schloss et al., 2009)
are also available from F.E. Dewhirst by request.

Molecular studies which create 16S rDNA clone libraries most often use “universal”
primers. All primers are now recognized as having biases such that libraries produced do not
include clones representing input phyla evenly. For many diseases, such as periodontitis,
phyla such as the Spirochaetes and Bacteroidetes have been documented to contain key
pathogens, but members of these phyla are not always well represented libraries made using
“universal” primers. The use of phyla-specific or phyla-selective primers can facilitate
identifying novel taxa, as was demonstrated in the current study. Twelve of 16 Spirochaetes
(mostly of the genus Treponema) and all Synergistetes (genus Fretibacterium), and several
members of the Bacteroidetes were identified from single libraries where only
approximately 70 clones were examined. Culture methods are also an important complement
to molecular methods for identifying novel taxa. In this report, all but one of the
Actinobacteria taxa were identified from isolates. Since Actinobacteria species are known to
be poorly represented in standard “universal” primer generated libraries (de Lillo et al.,
2006), cultivation or Actinobacteria-selective PCR primers should be used in future studies
to identify novel taxa in host-associated microbiomes. Use of primers developed for making
phylum-selective clone libraries of lesser-known phyla (Camanocha and Dewhirst, 2014)
could be useful for seeking taxa in phyla found in dogs and humans that have not been found
in cats, as well as increasing the number of taxa in several phyla with few representatives.

The feline oral microbiome 16S rRNA gene reference set presented here is an important step
in describing feline oral bacteria. Author F.E. Dewhirst intends to expand the feline oral
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microbiome database in the future with taxa identified in ongoing studies. Investigators with
full 16S rRNA gene sequences representing novel feline oral bacterial taxa can have these
taxa and their reference sequence added to this dataset by contacting the corresponding
author. A future step for feline oral microbiome studies will be to make BLAST analysis and
other tools available to the research community through the web as has been done for the
Human Oral Microbiome Database (www.homd.org).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1001 Peptostreptococcaceae Xlll [G-1] bacterium clone TE085 {KM462018} feline oral taxon FOT-028
Peptostreptococcaceae XllI [G-1] bacterium clone TE013 {KM461989} feline oral taxon FOT-028
Parvimonas sp. clone TL096 {KM462115} feline oral taxon FOT-132
Peptostreptococcaceae XllIl [G-2] bacterium clone TE028 {KM461993} feline oral taxon FOT-027
Finegoldia sp. strain 7209 {KM461968} feline oral taxon FOT-341
100 Finegoldia sp. strain 7204 {KM461966} feline oral taxon FOT-342
Helcococcus sp. clone TE133 {KM462036} feline oral taxon FOT-023
100 4100{ Helcococcus sp. clone TE091 {KM462022} feline oral taxon FOT-023
79t Helcococcus sp. clone TL104 {KM462117} feline oral taxon FOT-023
so— Tissierella sp. clone U016 {KM462155} feline oral taxon FOT-025
{ Tissierella sp. clone TF051 {KM462069} feline oral taxon FOT-025
100L Tissierella sp. clone TE138 {KM462039} feline oral taxon FOT-025
77 Clostridiales [F-3][G-1] bacterium strain 7015 {KM461950} feline oral taxon FOT-343
1001 Clostridiales [F-1][G-2] bacterium clone TL081 {KM462113} feline oral taxon FOT-072
Clostridiales [F-1][G-2] bacterium clone TF157 {KM462097} feline oral taxon FOT-072
L Clostridiales [F-1][G-1] bacterium clone TL023 {KM462108} feline oral taxon FOT-148
Lachnospiraceae XIVa [G-6] bacterium clone TF066 {KM462075} feline oral taxon FOT-001
100} [ achnospiraceae XIVa [G-6] bacterium clone TE151 {KM462048} feline oral taxon FOT-001
Lachnospiraceae XIVa [G-6] bacterium clone TF082 {KM462081} feline oral taxon FOT-001
Lachnospiraceae XIVa [G-6] bacterium clone TF078 {KM462079} feline oral taxon FOT-003
Lachnospiraceae XIVa [G-6] bacterium clone TF017 {KM462062} feline oral taxon FOT-003
Lachnospiraceae XIVa [G-6] bacterium clone TF153 {KM462096} feline oral taxon FOT-005
100 Lachnospiraceae XIVa [G-5] bacterium clone TE093 {KM462024} feline oral taxon FOT-021
Lachnospiraceae XIVa [G-5] bacterium clone TE107 {KM462029} feline oral taxon FOT-021
1001 Catonella sp. clone TLO06 {KM462106} feline oral taxon FOT-011
Catonella sp. clone TEQ77 {KM462015} feline oral taxon FOT-011
Catonella sp. clone TE057 {KM462007} feline oral taxon FOT-010
Catonella sp. clone TL147 {KM462124} feline oral taxon FOT-009
100t Catonella sp. clone TE075 {KM462014} feline oral taxon FOT-009
Lachnospiraceae XIVa [G-3] bacterium clone TM118 {KM462145} feline oral taxon FOT-156
Lachnospiraceae XIVa [G-2] bacterium clone TE037 {KM461999} feline oral taxon FOT-008
100 Lachnospiraceae XIVa [G-2] bacterium clone TE121 {KM462031} feline oral taxon FOT-007
1001 Peptococcus sp. clone TE089 {KM462020} feline oral taxon FOT-012

69 Peptococcus sp. clone TE004 {KM461984} feline oral taxon FOT-012
Schwartzia sp. clone TL151 {KM462125} feline oral taxon FOT-014
100t Schwartzia sp. clone TE152 {KM462049} feline oral taxon FOT-014

100 Clostridiales [F-2][G-1] bacterium clone TF152 {KM462095} feline oral taxon FOT-019
Clostridiales [F-2][G-1] bacterium clone TM008 {KM462132} feline oral taxon FOT-019
Clostridiales [F-2][G-3] bacterium clone TE102 {KM462028} feline oral taxon FOT-020
Clostridiales |l [G-3] bacterium strain 6940 {KM461945} feline oral taxon FOT-339
Clostridiales IV [G-1] bacterium clone TE084 {KM462017} feline oral taxon FOT-118
100t Clostridiales 1V [G-1] bacterium clone TE169 {KM462055} feline oral taxon FOT-118
Enterococcus hirae strain 6937 {KM461944} feline oral taxon FOT-348

Streptococcus sp. strain OH356 {KM461976} feline oral taxon FOT-345

Globicatella sp. strain 7138 {KM461962} feline oral taxon FOT-122

100! Globicatella sp. clone TE083 {KM462016} feline oral taxon FOT-122

Staphylococcus warneri strain 7191 {KM461965} feline oral taxon FOT-335

Staphylococcus sp. strain 7011 {KM461949} feline oral taxon FOT-334

1001 Erysipelotrichaceae [G-1] bacterium clone TF043 {KM462068} feline oral taxon FOT-121
Erysipelotrichaceae [G-1] bacterium clone TF074 {KM462078} feline oral taxon FOT-121
Acholeplasmatales bacterium clone UI032 {KM462158} feline oral taxon FOT-303
Actinomyces sp. strain OH473 {KM461979} feline oral taxon FOT-320
Actinomyces sp. strain OH481 {KM461981} feline oral taxon FOT-321
Corynebacterium sp. strain OH450 {KM461978} feline oral taxon FOT-323
Corynebacterium mustelae strain 6960 {KM461947} feline oral taxon FOT-322
Pseudoclavibacter sp. strain 7237 {KM461973} feline oral taxon FOT-328
Leucobacter sp. strain 7042 {KM461952} feline oral taxon FOT-324

Propionibacterium acnes strain 7021 {KM461951} feline oral taxon FOT-326
Propionibacterium sp. strain 7251 {KM461975} feline oral taxon FOT-325
Propionibacterium sp. strain 7082 {KM461958} feline oral taxon FOT-327

100! Propionibacterium sp. strain OH512 {KM461982} feline oral taxon FOT-327
L Actinobacteria bacterium clone TE101 {KM462027} feline oral taxon FOT-117
[Fusobacteria — Fusobacterium sp. clone UI078 {KM462164} feline oral taxon FOT-120

- 100 Fusobacterium sp. clone TE006 {KM461985} feline oral taxon FOT-120

100

Firmicutes

62

100

® Actinobacteria

0.05

Fig. 1. Neighbor-joining tree for phyla Firmicutes, Actinobacteria and Fusobacteria
The evolutionary history was inferred using the Neighbor-Joining method (Saitou and Nei,

1987). The percentage of replicate trees in which the associated taxa clustered together in
the bootstrap test (500 replicates) are shown next to the branches (Felsenstein, 1985). The
evolutionary distances were computed using the Jukes-Cantor method (Jukes and Cantor,
1969). The scale equals 0.05 substitutions per site. Evolutionary analyses were conducted in
MEGAG®6 (Tamura et al., 2013). The branch position of clades representing the three phyla
are marked with ‘@’.
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100 | Filifactor sp. clone TE029 {KM461994} feline oral taxon FOT-047
Filifactor sp. clone TE071 {KM462013} feline oral taxon FOT-047
Filifactor sp. clone TE165 {KM462053} feline oral taxon FOT-046
Filifactor sp. clone TL101 {KM462116} feline oral taxon FOT-129
Filifactor sp. clone TL152 {KM462126} feline oral taxon FOT-128
Filifactor sp. clone TE001 {KM461983} feline oral taxon FOT-049
Filifactor villosus clone TF096 {KM462084} feline oral taxon FOT-044
Filifactor villosus clone TM005 {KM462130} feline oral taxon FOT-044
Filifactor villosus clone TE129 {KM462034} feline oral taxon FOT-044

100

2 \———— Filifactor alocis clone TL116 {KM462120} feline oral taxon FOT-125

100 - Peptostreptococcaceae Xl [G-2] bacterium clone TE033 {KM461996} feline oral taxon FOT-017
2 Peptostreptococcaceae Xl [G-2] bacterium clone TE021 {KM461991} feline oral taxon FOT-017
100 Peptostreptococcaceae Xl [G-2] bacterium clone TF001 {KM462056} feline oral taxon FOT-015
100 L Peptostreptococcaceae Xl [G-2] bacterium clone TF160 {KM462098} feline oral taxon FOT-015
Peptostreptococcaceae Xl [G-1] bacterium clone TE030 {KM461995} feline oral taxon FOT-031
Peptostreptococcaceae Xl [G-1] bacterium clone TE019 {KM461990} feline oral taxon FOT-031
Peptostreptococcaceae Xl [G-1] bacterium clone TE090 {KM462021} feline oral taxon FOT-031
Peptostreptococcaceae Xl [G-1] bacterium clone TE053 {KM462006} feline oral taxon FOT-038
Peptostreptococcaceae Xl [G-1] bacterium clone TE065 {KM462010} feline oral taxon FOT-037
Peptostreptococcaceae Xl [G-1] bacterium clone TL042 {KM462111} feline oral taxon FOT-037
Peptostreptococcaceae Xl [G-1] bacterium clone TE115 {KM462030} feline oral taxon FOT-034
Peptostreptococcaceae Xl [G-1] bacterium clone TE147 {KM462045} feline oral taxon FOT-035
% r Peptostreptococcaceae Xl [G-1] bacterium clone TM007 {KM462131} feline oral taxon FOT-036
% lpeptostreptococcaceae Xl [G-1] bacterium clone TF054 {KM462072} feline oral taxon FOT-036
WL peptostreptococcaceae Xl [G-1] bacterium clone TF111 {KM462086} feline oral taxon FOT-036
Peptostreptococcaceae Xl [G-1] bacterium clone TM051 {KM462141} feline oral taxon FOT-036
Peptostreptococcaceae Xl [G-1] bacterium clone TF170 {KM462104} feline oral taxon FOT-030
67| Peptostreptococcaceae Xl [G-1] bacterium clone TM013 {KM462135} feline oral taxon FOT-040
78 | Peptostreptococcaceae Xl [G-1] bacterium clone TM026 {KM462138} feline oral taxon FOT-040
Peptostreptococcaceae Xl [G-1] bacterium clone TF022 {KM462063} feline oral taxon FOT-040
« | Peptostreptococcaceae Xl [G-1] bacterium clone TM076 {KM462143} feline oral taxon FOT-040
Peptostreptococcaceae Xl [G-1] bacterium clone TM151 {KM462149} feline oral taxon FOT-040
Peptostreptococcaceae Xl [G-1] bacterium clone TF038 {KM462067} feline oral taxon FOT-040
1 Peptostreptococcaceae Xl [G-1] bacterium clone TE144 {KM462043} feline oral taxon FOT-042

5| 10 - Peptostreptococcaceae Xl [G-1] bacterium clone TF165 {KM462100} feline oral taxon FOT-042

Proteocatella sp. clone TF013 {KM462060} feline oral taxon FOT-050
Proteocatella sp. clone TF097 {KM462085} feline oral taxon FOT-050
% I Proteocatella sp. clone TM029 {KM462139} feline oral taxon FOT-050

)

Fig.

otec Il: Proteocatella sp. clone TE123 {KM462032} feline oral taxon FOT-051
i 10t Proteocatella sp. clone TL0O02 {KM462105} feline oral taxon FOT-051
L | _[ Proteocatella sp. clone TL154 {KM462127} feline oral taxon FOT-127
& 100 ! Proteocatella sp. clone TM022 {KM462136} feline oral taxon FOT-127
- 8—— Peptostreptococcus sp. clone TE154 {KM462050} feline oral taxon FOT-053

Peptostreptococcys peptostreptococcaceae Xl [G-3] bacterium clone TF122 {KM462087} feline oral taxon FOT-054

81 Peptostreptococcaceae Xl [G-3] bacterium clone TM152 {KM462150} feline oral taxon FOT-054

" | Peptostreptococcaceae Xl [G-3] bacterium clone TF132 {KM462088} feline oral taxon FOT-054

o Peptostreptococcaceae Xl [G-3] bacterium clone TF063 {KM462074} feline oral taxon FOT-054
Peptostreptococcaceae Xl [G-3] bacterium clone TE043 {KM462001} feline oral taxon FOT-054
Peptostreptococcaceae Xl [G-3] bacterium clone TF015 {KM462061} feline oral taxon FOT-059
Peptostreptococcaceae Xl [G-3] bacterium clone TE142 {KM462041} feline oral taxon FOT-058
Peptostreptococcaceae Xl [G-3] bacterium clone TE150 {KM462047} feline oral taxon FOT-060
Peptostreptococcaceae Xl [G-3] bacterium clone TF080 {KM462080} feline oral taxon FOT-061
Peptostreptococcaceae Xl [G-3] bacterium clone TF002 {KM462057} feline oral taxon FOT-062

100 - Peptostreptococcaceae Xl [G-4] bacterium clone TE132 {KM462035} feline oral taxon FOT-069
Peptostreptococcaceae Xl [G-4] bacterium clone TE034 {KM461997} feline oral taxon FOT-069
Peptostreptococcaceae Xl [G-4] bacterium clone TE060 {KM462009} feline oral taxon FOT-071
Peptostreptococcaceae Xl [G-4] bacterium clone TF071 {KM462077} feline oral taxon FOT-065
Peptostreptococcaceae Xl [G-5] bacterium clone TE145 {KM462044} feline oral taxon FOT-068
Peptostreptococcaceae Xl [G-5] bacterium clone TF167 {KM462102} feline oral taxon FOT-068
Peptostreptococcaceae Xl [G-5] bacterium clone TF149 {KM462094} feline oral taxon FOT-067
Peptostreptococcaceae Xl [G-5] bacterium clone TL0O57 {KM462112} feline oral taxon FOT-067
Peptostreptococcaceae Xl [G-10] bacterium clone TL146 {KM462123} feline oral taxon FOT-135
Peptostreptococcaceae Xl [G-10] bacterium clone TE068 {KM462011} feline oral taxon FOT-063
Peptostreptococcaceae Xl [G-10] bacterium clone TL110 {KM462118} feline oral taxon FOT-134
Peptostreptococcaceae Xl [G-13] bacterium clone TL039 {KM462110} feline oral taxon FOT-137
Peptostreptococcaceae Xl [G-11] bacterium clone TE156 {KM462051} feline oral taxon FOT-064
Peptostreptococcaceae Xl [G-8] bacterium clone TL142 {KM462122} feline oral taxon FOT-136

—
0.05

2. Neighbor-joining tree for class Peptostreptococcaceae X1 of phylum Firmicutes

The tree was constructed as described in Fig. 1. The 12 genus level clades are labeled by

gen

us name or unnamed genus designation as discussed in the text.

Vet Microbiol. Author manuscript; available in PMC 2016 February 25.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Dewhirst et al. Page 14

100 f Neisseria shayeganii clone TE097 {KM462026} feline oral taxon FOT-076
Neisseria shayeganii clone TM092 {KM462144} feline oral taxon FOT-076
Neisseria zoodegmatis strain OH476 {KM461980} feline oral taxon FOT-353
Neisseria sp. strain 7054 {KM461953} feline oral taxon FOT-352
Neisseria sp. clone TL032 {KM462109} feline oral taxon FOT-145
Neisseria sp. clone TF142 {KM462092} feline oral taxon FOT-078
Conchiformibius kuhniae clone TF093 {KM462083} feline oral taxon FOT-077
Aquaspirillum sp. clone TE039 {KM462000} feline oral taxon FOT-080
Aquaspirillum sp. clone TE047 {KM462004} feline oral taxon FOT-080
Aquaspirillum sp. clone TE149 {KM462046} feline oral taxon FOT-080
Aquaspirillum sp. clone TE011 {KM461987} feline oral taxon FOT-080
Aquaspirillum sp. clone TF138 {KM462090} feline oral taxon FOT-079
00 L Aquaspirillum sp. clone TF011 {KM462059} feline oral taxon FOT-079
— Aquaspirillum sp. clone TE159 {KM462052} feline oral taxon FOT-082
B Propionivibrio sp. strain 7232 {KM461972} feline oral taxon FOT-359
——] 100 | Brachymonas sp. clone TF133 {KM462089} feline oral taxon FOT-073
100 100 Brachymonas sp. clone TF067 {KM462076} feline oral taxon FOT-073
Brachymonas sp. clone TF025 {KM462064} feline oral taxon FOT-073
Brachymonas sp. clone TM011 {KM462134} feline oral taxon FOT-160
Comamonas testosteroni clone TM062 {KM462142} feline oral taxon FOT-171
1001 100 — Xenophilus sp. strain 7126 {KM461961} feline oral taxon FOT-360
Xenophilus sp. strain 6932 {KM461943} feline oral taxon FOT-361
Ottowia sp. clone TM121 {KM462146} feline oral taxon FOT-161

100  Moraxella sp. clone TE094 {KM462025} feline oral taxon FOT-089
a g Moraxella sp. clone TF146 {KM462093} feline oral taxon FOT-089

100

Moraxella sp. clone TM157 {KM462151} feline oral taxon FOT-163
Moraxella sp. strain 7205 {KM461967} feline oral taxon FOT-350

100 Moraxella sp. strain 7006 {KM461948} feline oral taxon FOT-351
Moraxella sp. clone TE168 {KM462054} feline oral taxon FOT-087
Moraxella sp. clone TM141 {KM462148} feline oral taxon FOT-087
Moraxella sp. clone TE049 {KM462005} feline oral taxon FOT-087

Pasteurella canis strain 7076 {KM461956} feline oral taxon FOT-354
100 Pasteurella sp. strain 7059 {KM461954} feline oral taxon FOT-355
Pasteurella multocida strain 6929 {KM461942} feline oral taxon FOT-356
Pasteurellaceae [G-2] bacterium strain 7161 {KM461963} feline oral taxon FOT-357
100

Pasteurellaceae [G-2] bacterium strain 7117 {KM461960} feline oral taxon FOT-358
Cardiobacterium sp. clone TF052 {KM462070} feline oral taxon FOT-092
Cardiobacterium sp. strain 6950 {KM461946} feline oral taxon FOT-346

100 p Stenotrophomonas sp. clone TF090 {KM462082} feline oral taxon FOT-090
4_|_£[ Stenotrophomonas sp. clone TM047 {KM462140} feline oral taxon FOT-090

Luteimonas sp. clone TM135 {KM462147} feline oral taxon FOT-166
Xanthomonadaceae [G-1] bacterium clone TE092 {KM462023} feline oral taxon FOT-091

100  Desulfovibrionales [G-1] bacterium clone TE012 {KM461988} feline oral taxon FOT-094
Desulfovibrionales [G-1] bacterium clone TE070 {KM462012} feline oral taxon FOT-094
Desulfomicrobium orale clone TF141 {KM462091} feline oral taxon FOT-093

Desulfovibrio sp. strain 7062 {KM461955} feline oral taxon FOT-347

Desulfobulbus sp. clone TF005 {KM462058} feline oral taxon FOT-096

Desulfobulbus sp. clone TF036 {KM462066} feline oral taxon FOT-096

Sph/ngomonas sp. strain 7240 {KM461974} feline oral taxon FOT-338
Campylobacter sp. clone TF166 {KM462101} feline oral taxon FOT-100
Campylobacter sp. clone TM004 {KM462129} feline oral taxon FOT-100

WoI/neIIa sp. clone TE044 {KM462002} feline oral taxon FOT-098
Wolinella sp. clone TF058 {KM462073} feline oral taxon FOT-098

—
0.05

Fig. 3. Neighbor-joining tree for phylum Proteobacteria
The tree was constructed as described in Fig 1. The five Proteobacteria classes are marked

with Greek letters.
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1001 Porphyromonas sp. clone TE143 {KM462042} feline oral taxon FOT-110
Porphyromonas sp. strain 7080 {KM461957} feline oral taxon FOT-110
Porphyromonas sp. clone TL155 {KM462128} feline oral taxon FOT-139
Porphyromonas canoris clone U042 {KM462159} feline oral taxon FOT-305
Porphyromonas macacae strain 7086 {KM461959} feline oral taxon FOT-332
Porphyromonas circumdentaria clone TE141 {KM462040} feline oral taxon FOT-102
100| Porphyromonas circumdentaria clone TE045 {KM462003} feline oral taxon FOT-102
82t Porphyromonas circumdentaria clone TE136 {KM462038} feline oral taxon FOT-102
Porphyromonas sp. clone TF034 {KM462065} feline oral taxon FOT-107
Porphyromonas sp. clone TF169 {KM462103} feline oral taxon FOT-109
Porphyromonas gulae clone TF053 {KM462071} feline oral taxon FOT-105

70t Porphyromonas gulae clone U004 {KM462153} feline oral taxon FOT-105
Tannerella forsythia clone UI050 {KM462161} feline oral taxon FOT-307
Petrimonas sp. clone TE087 {KM462019} feline oral taxon FOT-112
Alloprevotella sp. clone TE007 {KM461986} feline oral taxon FOT-114
Alloprevotella sp. clone TM010 {KM462133} feline oral taxon FOT-167
Alloprevotella bacterium clone UI031 {KM462157} feline oral taxon FOT-309
Bacteroides sp. clone TF162 {KM462099} feline oral taxon FOT-113
Bacteroides sp. clone UI002 {KM462152} feline oral taxon FOT-308
Bacteroides tectus strain 7210 {KM461969} feline oral taxon FOT-336
100 Bacteroides sp. strain 7213 {KM461970} feline oral taxon FOT-337
Bacteroidia [G-2] bacterium clone UI005 {KM462154} feline oral taxon FOT-310
Bacteroidia [G-4] bacterium clone TE022 {KM461992} feline oral taxon FOT-115
Bacteroidia [G-5] bacterium clone TL094 {KM462114} feline oral taxon FOT-141
Bacteroidia [G-6] bacterium clone UI046 {KM462160} feline oral taxon FOT-312
Bergeyella zoohelcum strain OH357 {KM461977} feline oral taxon FOT-329
Capnocytophaga sp. strain 7171 {KM461964} feline oral taxon FOT-330
Capnocytophaga sp. clone TE126 {KM462033} feline oral taxon FOT-116
Capnocytophaga sp. clone TM023 {KM462137} feline oral taxon FOT-168
2 92— Capnocytophaga sp. clone UI030 {KM462156} feline oral taxon FOT-311
-03— Chlorobi bacterium clone TE058 {KM462008} feline oral taxon FOT-101
TM7 bacterium clone UI069 {KM462163} feline oral taxon FOT-314
SR1 bacterium clone U063 {KM462162} feline oral taxon FOT-313
731 Fretibacterium sp. clone UJ024 {KM462172} feline oral taxon FOT-218
100} Fretibacterium sp. clone UJ035 {KM462175} feline oral taxon FOT-218
9L Fretibacterium sp. clone UJO71 {KM462184} feline oral taxon FOT-218
8L Fretibacterium sp. clone UJ037 {KM462177} feline oral taxon FOT-218
Fretibacterium sp. clone UJ018 {KM462170} feline oral taxon FOT-222
Fretibacterium sp. clone UJ016 {KM462168} feline oral taxon FOT-215
00| Fretibacterium sp. clone UJ060 {KM462182} feline oral taxon FOT-215
Fretibacterium sp. clone UJ043 {KM462178} feline oral taxon FOT-215
6 Fretibacterium sp. clone UJ033 {KM462174} feline oral taxon FOT-223
- 8—— — Anaerolineae bacterium strain 7229 {KM461971} feline oral taxon FOT-333
67— Treponema sp. clone UJ078 {KM462187} feline oral taxon FOT-206
Treponema sp. clone UJ009 {KM462166} feline oral taxon FOT-207
Treponema sp. clone UJ046 {KM462179} feline oral taxon FOT-205
Treponema sp. clone UJ076 {KM462186} feline oral taxon FOT-208
Treponema sp. clone UJ022 {KM462171} feline oral taxon FOT-209
Treponema sp. clone UJ057 {KM462180} feline oral taxon FOT-210
951 Treponema denticola clone UJ075 {KM462185} feline oral taxon FOT-201
Treponema denticola clone UJ002 {KM462165} feline oral taxon FOT-201
Treponema denticola clone UJ059 {KM462181} feline oral taxon FOT-201
Treponema sp. clone UJ031 {KM462173} feline oral taxon FOT-202
Treponema sp. clone UJ017 {KM462169} feline oral taxon FOT-211
Treponema sp. clone TL120 {KM462121} feline oral taxon FOT-144
Treponema sp. clone TL111 {KM462119} feline oral taxon FOT-143
Treponema sp. clone TL015 {KM462107} feline oral taxon FOT-142
Treponema sp. clone UJ012 {KM462167} feline oral taxon FOT-212
Treponema sp. clone TE135 {KM462037} feline oral taxon FOT-123
69 Treponema sp. clone UJ036 {KM462176} feline oral taxon FOT-213
Leptospiraceae bacterium clone UJ066 {KM462183} feline oral taxon FOT-214

0.05

Fig. 4. Neighbor-joining tree for Bacteroidetes, Spirochaetes, Synergistetes and other phyla
The tree was constructed as described in Fig 1. The phyla are indicated by numbers as

follows: Bacteroidetes, 1; Chlorobi, 2; TM7, 3; SR1, 4; Synergistetes, 5; Chloroflexi, 6; and
Spirochaetes, 7.

Vet Microbiol. Author manuscript; available in PMC 2016 February 25.



