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Abstract

Introduction. Feline odontoclastic resorptive lesion (FORL) is one of the most common and painful oral diseases of the cat. It is
characterised by tooth resorption due to destructive activity of odontoclasts. FORL can result in tooth loss. While the aetiology
of FORL is not clearly understood, it is thought to be multifactorial and bacteria are likely to play a major role.

Hypothesis. Dysbiosis of the normal feline oral microbiota leads to an alteration in commensal bacteria populations, which
results in the development of FORL.

Aim. The purpose of the current study was to determine the composition of the microbiomes associated with feline oral health
and FORL.

Methodology. Supragingival plague was collected from 25 cats with a healthy oral cavity and 40 cats with FORL. DNA was
extracted from each sample, the V4 region of the 16S rRNA gene amplified by polymerase chain reaction and amplicons
sequenced. Diversity and species richness analyses were performed, principal component analysis was used to explore differ-
ences between the oral microbiomes of healthy cats and those with FORL, and linear discriminant analysis effect size was used
to assess differences between the groups.

Results. The six most abundant bacterial genera identified were Bergeyella, Capnocytophaga, Lampropedia, Morexella, Porphy-
romonas and Treponema. Two-step cluster analysis of the data identified two FORL sub-groups (FORL-1, FORL-2). The FORL-2
sub-group was very similar to the healthy group, whilst the FORL-1 sub-group was clearly different from both the FORL-2
sub-group and the healthy groups. In this analysis, Capnocytophaga (P <0.001) and Lampropedia (P <0.01) were found at signifi-
cantly lower levels and Porphyromonas at a slightly higher level in the FORL-1 sub-group compared to the healthy and FORL-2
sub-groups. Microbial diversity was found to be less in the FORL-1 sub-group than in the healthy group. Lampropedia sp., a
phosphate-accumulating oral commensal species, was significantly lower in the FORL-1 sub-group.

Conclusion. The oral microbiota associated with the FORL-1 sub-group is distinct from that found in the healthy group and
FORL-2 sub-group. Lampropedia species may influence the local calcium-phosphate ratio, which could be a factor in tooth and
bone resorption observed in FORL.

INTRODUCTION older than 6years of age and its incidence increases with age [2, 3].

Feline odontoclastic resorptive lesion (FORL), more commonly A general prevalence range of 20-72% has been reported (3, 4].

known as tooth resorption, is the second most prevalent disease Tooth resorption in cats refers to a process by which permanent
of cats after periodontal disease [1]. It affects over 60% of cats teeth are progressively destroyed by the activity of odontoclastic
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cells [5, 6]. It manifests as erosion on the tooth surface at the
gingival border that causes destruction of cementum, dentine and
the periodontal ligament that can eventually penetrate the pulp
cavity and ultimately leads to tooth loss if left untreated. Bone-like
tissue replaces resorbed cementum and dentine and tooth fracture
may occur due to enamel resorption. Thus, it is a painful disease
that causes much distress in affected animals.

FORL can be classified into five stages based on the extent of
tooth destruction [3]; stage one is the mildest form (mild dental
hard tissue loss, lesions extend into cementum only) whereas
stage five is the most severe form (no crown, only root remnants
remaining). The disease can also be classified into type one
and type two lesions based upon radiographic appearance
of the root. Type one lesions occur just above the gingivae at
the cervical margin of the tooth with surrounding inflamed
gingivae, and display resorption of the crown above the gum
line but the root remains intact. Type two lesions commence
at the tooth surface, the gingivae at the crown exhibiting
granulomatous tissue with the abnormal tooth being replaced
by alveolar bone and the periodontal ligament space is either
narrow or missing; ankylosis of the root is also apparent. Unfor-
tunately, despite the progressive nature of FORL, its aetiology
remains poorly understood.

There are several methods for treating FORL [3]. Fluoride therapy
is used if the lesion is early stage (mild), involves enamel only
and there is no radiographic abnormality. The tooth is cleaned
to remove the plaque and calculus, polished and treated with
fluoride gel. Restoration (filling) is recommended for moderately
severe lesions involving enamel and dentine but not the root
canal, particularly for important teeth. If the lesion is moderate
to severe, the crown is missing or there is root pathology present
on radiography, root canal therapy may be considered, although
extraction is recommended. Unfortunately, none of these treat-
ments can prevent the development or progression of FORL.
Removal of teeth is the only treatment to provide a long-term
resolution [7] following radiographic examination [8]. Therefore,
the development of improved treatment and prevention methods
is highly desirable.

The potential role of vitamin D in FORL has been examined
but produced conflicting data. Some studies have shown that
the prevalence of FORL was greater in cats with lower serum
levels of vitamin D [9, 10], while other studies demonstrated
that chronic excess levels of vitamin D in the feline diet corre-
lates with the presence of FORL [3, 11].

Although the relationship between FORL and periodontal
disease is unclear, the release of cytokines as a result of
periodontal disease may lead to FORL due to odontoclast
migration. Vitamin D, as well as inflammatory cytokines,
have been shown to stimulate osteoclast formation [12].
One study has shown that elevated expression of the
pro-inflammatory cytokines IL-1p and IL-6 may play a
role in the mediation of osteoclast activity in FORL [13],
and elevated expression of IL-1pB, IL-6 and an additional
pro-inflammatory cytokine (TNF-a) was found in cats
with FORL [14]. Inflammation is therefore likely to play a
significant role in FORL.

However, it is apparent that FORL is a multifactorial disease
and since it is an inflammatory disease it would be prudent to
consider this inflammation could be due to bacterial involve-
ment. Indeed, bacteria are known to play a key role in other
important oral diseases of animals, including periodontal
disease of the cat [15], dog [16] and horse [17], and feline
chronic gingivostomatitis (FCGS) [18].

We hypothesise that, in FORL, the normal oral polymicrobial
microbiota becomes dysbiotic and leads to a disturbance of
the microbial synergy within the bacterial community in
which they thrive. In turn, this causes alteration of commensal
bacteria that results in the initiation and / or propagation of
FORL. Therefore, the aim of this study was to compare the
bacteria associated with the microbiomes of FORL and feline
oral health, using high-throughput sequencing of bacterial
16S rRNA genes. Such knowledge will aid understanding
of the bacteria associated with FORL and aid in developing
strategies to prevent or treat this important and common
feline disease.

METHODS
Ethical approval

Study protocols were reviewed and approved by the Nestlé
Purina PetCare Animal Care and Use Committee and
complied with all regulations set forth in the United States
Department of Agriculture (USDA) SDA Animal Welfare
Act: https://www.aphis.usda.gov/animal_welfare/downloads/
bluebook-ac-awa.pdf.

Collection of clinical samples

Oral samples (25 orally healthy and 40 FORL) were collected
from cats at the Nestlé Purina PetCare facility (St. Joseph,
MO, USA). Dental examinations involved visual and tactile
dental examination by two trained veterinarians as part of the
standard veterinary oral evaluation of cats, and samples for
the study were collected by the same personnel.

The healthy group comprised 14 males and 11 females with
a mean age of 4.9 years (range 1.7 to 7.5years). In the FORL
group, there were 28 males and 12 females with a mean age
of 7.2 years (range 2.9 to 11.4years). All cats in both groups
were domestic shorthair.

Clinical classification of FORL was based on appearance of
the tooth by radiography and defined as two distinct types (I
and II) [3]. Cats with obvious erosion of enamel and dentine
at the base of the tooth with localised gingival inflamma-
tion were deemed to be suffering from FORL; orally healthy
control cats exhibited no signs of any oral disease. All cats
were free of systemic illnesses and had not received antibiotic
therapy in the preceding 6 months.

Supragingival plaque was collected from each cat using a
sterile swab, sampling the upper left, upper right, lower
left and lower right teeth, as appropriate, to give maximal
sampling coverage. Each swab was placed in a 1.5ml centri-
fuge tube and then totally immersed in 1 ml of RNAlater
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Table 1. Genera unique to feline oral health and FORL

Oral health FORL
Bergeyella Acetitomaculum
Fusibacter Actinomyces
Gammaproteobacteria Alysiella

Methylobacterium Bacteroides (2)*

Moraxella Bergeyella
Porphyromonas Catonella
Clostridium
Fusibacter (2)*
Helicobacter (2)*

Leptotrichia (2)*
Methanimicrococcus
Moraxella (2)*
Peptococcus
Prevotella
Rothia (2)*
Sphingomonas
Staphylococcus (3)*

Treponema (3)*

*Values in brackets indicate the number of different OTUs that
were assigned to that genus.

Genera identified by analysis of microbiome composition as being
unique to either oral health or FORL.

(Sigma Aldrich, St Louis, MO, USA), stored for 24h at 4 °C
then stored at —80 °C until required for processing.

Processing of clinical samples and isolation of DNA

Swabs were centrifuged for 15min at 13000 g, supernatant
removed, sample resuspended in 150 ul TE buffer and sample
swabs were then sonicated for 30s. The sonicate was trans-
ferred to an Eppendorf 96x2000 ul DeepWell plate (Merck,
Kenilworth, NJ, USA), centrifuged for 15min at 13000g
and the precipitate resuspended in 150 pl TE buffer. Samples
were then transferred to a plate containing 0.25 ml lysis buffer
(AGOWA mag Mini DNA Isolation Kit, AGOWA, Berlin,
Germany), 0.3 g zirconium beads (diameter, 0.1 mm; Biospec
Products, Bartlesville, OK, USA) and 0.2ml phenol in each
well. Samples were homogenised at 2100 oscillations per min
for 2 min using a Mini-Beadbeater (Biospec Products). Finally,
DNA was isolated using the AGOWA mag Mini DNA Isola-
tion Kit in accordance with the manufacturer’s instructions.

High-throughput sequencing of bacterial 16S rRNA
genes

Amplicon libraries of the V4 hypervariable region of the
16S rRNA gene were produced for each sample using the
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Arcobacter M Healthy
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Agquabacterium
Aquicella
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Fig. 1. Most significant taxa associated with feline oral health and
FORL. Taxa (at genus or higher level) that differentiate between the
microbiomes of feline oral health (green) and FORL (red). Fifteen taxa
were significantly different between the two groups. Only taxa with an
LDA score of three or above are shown. Taxa are ranked by the effect
size in LEfSe.

forward primer 515F (GTGCCAGCMGCCGCGGTAA) and
the reverse primer 806R (GGACTACHVGGGTWTCTAAT).
These primers contained Illumina adaptors and a unique
8-nucleotide sample index sequence key [19]. Amplicon
libraries were pooled in equimolar amounts and purified
using the Illustra GFXTM PCR DNA and Gel Band Purifica-
tion Kit (GE Healthcare, Eindhoven, The Netherlands). The
quality and size of amplicons were analysed on an Agilent
2100 Bioanalyzer (Santa Clara, CA, USA). Amplicons were
pair-end sequenced using the Illumina MiSeq platform v2
kit which generated 2x251 nucleotide reads (Illumina, San
Diego, USA).

Sequencing output analysis

Sequence reads were quality filtered using Trimmomatic
version 0.32 and then merged using fastq-join implemented
in QIIME version 1.8.0 [20]. Sequences were clustered into
operational taxonomic units (OTUs) using USEARCH version
8.0.1623 [21] after being quality filtered with USEARCH
(maxee 0.5). Using QIIME version v 1.8.0 [22], the most abun-
dant sequence of each OTU was selected. The representative
sequence of each cluster was assigned a taxonomy using the
RDP cdlassifier [23] with a minimum confidence of 0.8 and
the 97% representative sequence based on the siLva rRNA
database (release 119) for QIIME [24]. Raw sequencing reads
are available under NCBI BioProject number PRJNA720563.

Statistical analysis

An a priori power calculation with an alpha of 0.05 would
require a minimum of 17 samples per group in a para-
metric analysis, such as a t-test. However, it was likely that
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Fig. 2. Most abundant genera or higher taxa identified in feline oral health and FORL. Distribution of the most prevalent genera or higher
taxa in feline oral health and FORL. The average number of OTUs for each taxon are shown for feline oral health (green) and FORL (red).

a non-parametric test would be more appropriate and that
therefore the minimum number of samples required per
group would be at least 20. To accommodate for multiple
analyses with sufficient statistical power, more than 20
samples were analysed in each group.

Diagnosis was cross tabulated against sex and the Fisher’s
exact test was used to determine significant differences
and the age difference between groups was determined by
a Mann-Whitney U test in SPSS (version 21.0). The 65 cats
analysed (25 healthy and 40 FORL) were separated into five
bins of 13 animals based on age. The expected number of cats
per bin for health and FORL was five and eight, respectively.
Frequency weights were calculated by dividing the expected
number of cats per group per bin by the actual number of
cats per group per bin. Weights for gender were determined
in a similar manner.

Analysis of sequencing data

Normalisation of sequencing depth was carried out by random
sub-sampling of the dataset to 50% of the reads per sample.
Sequencing data were analysed using several statistical
programmes. The OTU dataset was reduced by log-2 trans-
formation in order to conduct principal component analysis
(PCA).

PCA, diversity analyses (species richness, Chao-1 index,
Simpson index, Shannon diversity index) and assessment

of differences between microbial profiles of the two
groups (health and FORL) by one-way PERMANOVA
were performed using PAleontological STatistics (PAST;
v3.02) software [25]. The Mann-Whitney test in SPSS
(version 21.0) was used to compare the diversity and
species richness output. Taxa and OTUs that determined
differences between the two groups were identified using
linear discriminant analysis (LDA) effect size (LEfSe)
[26].

Two-step cluster analysis

As the complex clinical data were not collected from the
cats at the time of sampling, a two-step cluster analysis
was undertaken. Categorical variables were the diagnosis
(healthy or FORL) and the sex of the cats. Continuous
variables were cytokines (IL-1f, TNF-a) and chemokines
(IL-8, RANTES, KC and MCP-1) analysed by a Luminex
multiplex assay in saliva samples collected from the
cats (data not shown), the 20 most abundant bacteria
and species richness. The clusters determined by the
analysis were analysed further for statistical differences
in sex (Fisher’s exact test) and age (Kruskal-Wallis test).
Frequency weights for the clusters were determined and
applied. The diversity indices and microbial profiles in
the clusters were analysed with the Kruskal-Wallis test
and Dunn’s post-test.
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Fig. 3. Two-dimensional ordination of feline microbial profiles in oral
health and FORL by principal component analysis (PCA). Identified
0TUs were randomly subsampled to 50% and log,-transformed prior
to the PCA. Green dots represent the microbiomes of feline oral health
(n=25) and the red squares represent the microbiomes associated with
FORL (n=40). Significant overlap was observed between the two groups
with no clustering evident, indicating that the microbiomes within and
between each group were not significantly different in composition.

RESULTS
Effect of age, sex and dentition

There were no statistically significant differences in sex
between the healthy and FORL group (P=0.15), but the age
was significantly lower in the healthy group (P <0.001). All
the healthy cats had full dentition. Although radiographic
data was only available for 18 cats of the 40 cats with FORL,
these animals had between one and eight teeth affected by
the disease.

Sequencing data output

Following quality processing of the data, 794064 reads were
obtained, with 441 distinct OTUs comprising 21 phyla, 39
classes, 78 orders; 125 families and 136 genera. Reads per
sample ranged from 5888 to 19292 (median 11902, mean
12216, SD 2926). The mean number of OTUs in the healthy
and FORL samples was similar: 1245942622 (healthy),
12065+3124 (FORL).

Composition of the healthy and FORL samples

At the genus or higher taxonomical level, 441 OTUs were
identified, of which 317 were found in the healthy group
and 404 were found in the FORL group. Of these, nine were
unique to cats with healthy oral cavities and six of these were
identified to genus level (Table 1). In cats with FORL, 41
unique OTUs were identified of which 28 were identified to
genus level (Table 1).

Linear discriminant analysis (LDA) effect size (LEfSe) was
used to assess the differences between the two groups at

the genus level and at the OTU level (Fig. 1). Fifteen OTUs
showed a statistically significant difference between the
healthy and FORL groups (P <0.05, LDA score of at least 3),
of which 14 OTUs were associated with FORL (LDA score
of at least 3.0) and one OTU was associated with health
(LDA score of at least 3.0).

The most abundant OTUs identified in the samples are
shown in Fig. 2. The genus Moraxella was the most abundant
OTU identified in both health and FORL. The next most
abundant OTUs represented the genera Porphyromonas,
Lampropedia, Capnocytophaga, Bergeyella and Treponema.
The number of OTUs for the genera Moraxella, Lampro-
pedia, Capnocytophaga, Bergeyella and Treponema were
slightly higher in health compared to FORL, whereas the
number of OTUs for Porphyromonas was slightly higher in
FORL. These differences were statistically significant for
Capnocytophaga and Lampropedia (both P <0.05).

Analysis of microbial profiles

PCA was used to explore differences between the oral
microbiomes in health and FORL (Fig. 3). PCA showed
significant overlap of both the healthy and FORL groups,
with no distinct clustering observed between the groups.
The difference between the microbial profiles in health
and FORL was not statistically significant (P=0.077). No
significant difference in species richness or diversity was
observed between the healthy and FORL groups (Fig. 4).

Two-step cluster analysis

Following cluster analysis three clusters were identified,
and two cats were identified as outliers. The major predic-
tors in cluster formation were FORL, salivary biomarkers
(chemokines, IL-1p) and species richness. Cluster one was the
healthy group and comprised 25 cats. Two distinct sub-groups
within the FORL group were identified, FORL-1 (cluster two;
12 cats) and FORL-2 (cluster three; 28 cats).

There were no statistically significant differences in age
between the FORL-1 and FORL-2 sub-groups (P=0.198),
but there was a significant difference between the healthy
group and each of the two FORL sub-groups (P <0.01). There
were no statistically significant differences in sex of the cats
between any of the healthy, FORL-1 and FORL-2 groups, and
although male cats were predominant in FORL-1 this was not
statistically significant (P=0.279).

One cat belonging to FORL-1 sub-group had the highest
number of teeth extracted (five) due to FORL. Cats in the
FORL-1 sub-group had an average of 3£1.6 teeth affected as
compared to cats from the FORL-2 sub-group who had an
average of 1.5+0.7 affected teeth.

Principal component analysis of clusters

PCA showed that the FORL-2 sub-group possessed a very
similar microbiome composition to the healthy group, with
these two groups clustering close together and distinctly from
the FORL-1 sub-group (Fig. 5). Following data reduction
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Fig. 4. Diversity analysis of microbiomes in feline oral health and FORL. (a) Observed species richness (number of OTUs per sample). (b)
Chao-1 index. (c) Shannon diversity index. (d) Simpson index. Samples from feline oral health (n=25) are shown in green and those from
FORL (n=40) are shown in red. No statistically significant differences in species richness or species diversity were observed between

oral health and FORL.

using PCA there was a highly significant difference in the
PERMANOVA (P=0.0001) in the post-test analysis between
the following groups of cats: healthy and FORL-1 (P <0.0001),
FORL-1 and FORL-2 (P <0.0001). There was no significant
difference between healthy and FORL-2 (P=0.238).

OTU distribution between clusters

Three OTUs were unique to the FORL-1 sub-group in
comparison to the FORL-2 sub-group and none of these
unique OTUs were identified to the genus level. The FORL-1
sub-group contained 337 OTUs and 401 OTUs were found
in the FORL-2 sub-group; there were 70 differences in the
OTUs between the FORL-1 and FORL-2 sub-groups, of which
49 were identified to the genus level. Sixty-five OTUs were
found only in healthy cats, of which 47 were identified to
the genus level (Table 2). Fifteen OTUs were unique to the
FORL-1 sub-group in comparison with the healthy group, of
which 12 were identified to the genus level (Table 2).

Diversity analyses of clusters

Statistically significant differences (P <0.001) were observed
among all three groups (healthy, FORL-1, FORL-2) for each of
the four analyses (Fig. 6). The FORL-1 sub-group appeared to
differ in several respects, with lower values for microbial species
diversity and lower average numbers of OTUs when compared
to both the healthy group and the FORL-2 sub-group.

Most abundant genera identified in clusters

Following two-step cluster analysis, the six most abundant genera
found in both the healthy and the FORL-1 and FORL-2 sub-
groups of cats were Bergeyella, Capnocytophaga, Lampropedia,
Moraxella, Porphyromonas, and Treponema. These were the same
genera identified prior to two-step cluster analysis. Significant
differences were observed for Capnocytophaga (P <0.001) and
Lampropedia (P <0.01) between the FORL-1 sub-group and the
healthy group, and between the FORL-1 and FORL-2 sub-groups.
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Fig. 5. PCA plot of sub-groups identified following two-step cluster
analysis. Green dots represent the microbiomes of feline oral health
(n=25), red squares represent the microbiomes of the FORL-1 sub-
group (n=12) and yellow triangles represent the microbiomes of the
FORL-2 sub-group (n=28). Following two-step cluster analysis, the
oral health group and FORL-2 sub-group clustered together (but were
distinct from the FORL-1 sub-group), indicating similarity in their
microbiome composition.

DISCUSSION

FORL is an extremely prevalent inflammatory oral disease
of cats. Despite this, its aetiology remains largely unknown.
The current study is the first to investigate the possible
involvement of bacteria in the aetiology of FORL, and to also
compare the microbiome of FORL with that of orally healthy
cats. High throughput 16S rRNA gene sequencing identified
441 OTUs across the healthy and FORL group (353 OTUs in
the healthy group, 396 OTUs in the FORL group). No asso-
ciation between FORL and any specific bacterial species was
found. Furthermore, species richness and diversity indices
and PCA of the microbiome data failed to demonstrate
differences between the healthy and FORL groups. Two-step
cluster analysis was then applied and successfully identified
two sub-groups of FORL (FORL-1 and FORL-2). The FORL-1
sub-group was clearly distinct from the FORL-2 sub-group
and healthy group as shown by PCA and species diversity and
richness indices. The FORL-2 sub-group possessed micro-
biome profiles most similar to the healthy group. A limitation
of this study is that the severity of FORL in clinical specimens
was not graded according to the previously described five
clinical stages [3]. It would logically be expected that cases
in the FORL-2 sub-group would be less severe, since their
microbiome data most closely aligns with the samples within
the healthy group, and by the same token one would expect
the FORL-1 sub-group to be comprised of more severe cases.
Despite this, it is evident that cats in the FORL-1 sub-group
had an altered microbiome compared to the FORL-2 sub-
group and the healthy group. Since the oral microbiome is

Table 2. Comparison of genera unique to feline oral health and the

FORL-1 sub-group

not in FORL-1

Genera (OTUs) found in feline oral health but

Genera (OTUs) found in FORL-1 but not in feline

oral health

Acetitomaculum
Acinetobacter (2)*
Actinomyces
Aquicella

Bacillus
Bacteroides
Bergeyella (2)*
Campylobacter
Enhydrobacter
Filifactor
Fusibacter
Helicobacter
Hydrotalea
Incertae sedis
Lactobacillus
Leptotrichia
Luteimonas
Lysobacter
Marinobacter
Methylobacterium (2)*
Micrococcus
Moraxella (3)*
Nitriliruptor
Paracoccus
Peptococcus
Prevotella (2)*
Pseudomonas (2)*
Rothia
Sediminibacterium
Silanimonas
Sorangium
Sphingobium
Staphylococcus
Streptococcus
Treponema
Uncultured species (3)*
Uncultured Roseobacter

Vogesella

Alysiella

Bacteroidetes

Clostridiales bacterium (3)*

Fastidiosipila
Helicobacter
Methanimicrococcus
Peptosteptococcus (2)*
Sphingomonas

Treponema

Comparison of the genera (OTUs) identified by analysis of microbiome composition in the most closely related
healthy group and FORL-1 sub-group, that are unique to either health or FORL-1.
*Values in brackets indicate the number of different OTUs that were assigned to that genus.
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Fig. 6. Diversity analysis of microbiomes in feline oral health and FORL following two-step cluster analysis. (a) Observed species
richness (number of OTUs per sample). (b) Chao-1 index. (c) Shannon diversity index. (d) Simpson index. Samples from feline oral health
(n=25) are shown in green, those from FORL-1 sub-group (n=12) are shown in red and those from FORL-2 sub-group (n=28) are shown in
yellow. Following two-step cluster analysis, statistically significant differences in species richness and diversity were observed between

all three groups ***P <0.001.

polymicrobial in nature, a slight change in this polybiotic
synergy could lead to dysbiosis which results in inflammation
that may exacerbate FORL.

The healthy feline oral microbiota has recently been charac-
terised in both health and disease. Using high throughput 16S
rRNA gene sequencing, the most prevalent genera in the oral
microbiota of cats with a healthy oral cavity were identified
[27]. These included unclassified Pasteurellaceae (18.7%),
Moraxella (10.9%), Thermomonas (6.9%), an unclassified
Comamonadaceae (5.6%), Neisseria (4.9%), an unclassified
Moraxellaceae (4.4%) and Pasteurella (4.3%). Of these genera
only Moraxella was one of the six most abundant genera iden-
tified in the current study.

Differences in the healthy feline microbiome between cats fed
wet and dry diets have been reported [28]. Greater bacterial
diversity was observed in cats fed a dry diet, and these cats
had a higher abundance of Porphyromonas sp. (P <0.01) and
Treponema sp. (P <0.01) compared to those fed a wet diet;
the most commonly found phyla in both groups were Bacte-
roidetes (31%), Firmicutes (24%) and Proteobacteria (21%).
Similarly, the current study identified the most dominant
phyla as Bacteroidetes (50%) and Proteobacteria (33.3%) (data
not shown). Interestingly, one of the genera that Adler et al.
[28] showed to be significantly different between the wet and

dry diets was Lampropedia, which was found at higher levels
in cats fed a wet diet. However, in the current study all cats
were fed a carefully controlled and monitored mixed wet and
dry diet, therefore the type of diet is highly unlikely to be a
confounding factor that could have affected oral microbiome
composition. The current study identified Lampropedia in
both the healthy and FORL groups. Adler et al. [28] also found
Porphyromonas sp. (P <0.01) and Treponema sp. (P <0.01) at
significantly different prevalence between the groups, but the
present study found these two species in both the healthy and
FORL groups without any significant differences in preva-
lence between them.

Harris et al. [29] investigated the microbiota associated
with feline oral health, gingivitis and mild periodontitis.
The most abundant genera in healthy gingivae were Porphy-
romonas, Moraxella and Fusobacteria, whereas the family
Peptostreptococcaceae were most abundant in gingivitis and
mild periodontitis. PCA demonstrated distinct differences
between the microbiomes of health and gingivitis, and an
overlap between the healthy and mild periodontitis micro-
biomes [29]. Similar findings were evident in the current
study, where the microbiomes of health and the FORL-1
sub-group were distinct whereas an overlap was observed
between the healthy group and the FORL-2 sub-group. Most



Thomas et al., Journal of Medical Microbiology 2021;70:001353

of the bacteria identified in the healthy group and FORL-2
sub-group were similar to those found by Harris et al. [29].
In the current study Capnocytophaga was one of the most
abundant genera found in both health and FORL but was
found at a significantly lower level in the FORL-1 sub-group
(P <0.001) when compared to healthy and FORL-2 sub-group.
However, Harris et al. [29] found this genus to be significantly
more abundant in health than in either gingivitis or mild peri-
odontitis, but no significant difference was observed between
the latter two groups. Further differences were evident in the
abundance of the genera Morexella, Bergeyella and Treponema
between the two studies. Whilst Harris et al. [29] noted that
Moraxella and Bergeyella zoohelcum were more abundant in
health than disease and Treponema was associated with mild
periodontitis, the current study demonstrated that Morexella,
Bergeyella and Treponema were some of the most abundant
genera in health and disease without any significant statistical
differences between the cohorts.

The bacteria associated with feline chronic gingivostomatitis
(FCGS), another important feline oral disease, has been inves-
tigated [18]. The genus Capnocytophaga was predominant in
health and Pastuerella multocida subsp. multocida was most
strongly associated with FCGS, as determined by 16S rRNA
gene sequencing. Culture-dependent methods confirmed
Pastuerella multocida subsp. multocida as the predominant
species in FCGS, whereas Pasteurella pneumotropica was most
prevalent in oral health.

A provisional curated taxonomy and 16S rRNA gene refer-
ence sequence bank for the feline oral microbiome has been
established. Representing 171 feline oral taxa, this resource
will be an important tool and reference database to further
our understanding of feline bacterial taxa associated with oral
health and disease [30].

No specific bacterial genera or species were found to be asso-
ciated with either health or disease in the current study. The
six most abundant genera identified in the current study were
Lampropedia (54.3%), Capnocytophaga (47.2%), Treponema
(31.1%), Bergeyella (30.8%), Moraxella (29.3%) and Porphy-
romonas (25.5%), and are regarded as being part of the normal
feline oral microbiota [18, 27, 29, 30]. Capnocytophaga and
Lampropedia were found at significantly lower levels in the
FORL-1 sub-group compared to the FORL-2 sub-group and
healthy group. Bergeyella and Porphyromonas were also found
to be amongst the most abundant genera isolated and identi-
fied by culture-dependent methods in the same sample set
used in the current study (unpublished data).

While it was not possible to associate specific bacteria with
FORL in the current study, an altered microbiota was identi-
fied in a sub-group of cats with the disease. Since clear differ-
ences in the microbiomes of the healthy and FORL groups
were not observed, a two-step cluster analysis was performed.
This analysis identified two sub-groups of FORL, namely
FORL-1 and FORL-2. The FORL-2 sub-group was very similar
in microbiome composition to the healthy group whilst the
FORL-1 sub-group microbiomes were distinct from those
found in both the healthy group and FORL-2 sub-group. This

may reflect the severity of disease, with cats in the FORL-1
sub-group having more advanced disease compared to those
in the FORL-2 sub-group. Unfortunately, radiographic data
was only available for 18 of the 40 cats with FORL. Despite
this, it was still possible to demonstrate that cats in the FORL-1
sub-group had a greater number of affected teeth (3+1.6) as
compared to cats from the FORL-2 sub-group (1.5+0.7). The
limited clinical data regarding FORL-affected tooth numbers
appears to support this view, because the number of teeth
affected could be an indication of disease severity in the cats
belonging to the FORL-1 sub-group as compared to the cats
belonging to the FORL-2 sub-group. However, since only
limited radiographic data for cats with FORL were available
due to resource constraints, further studies are required to
confirm this observation.

Although there are no reports of Lampropedia being associ-
ated with FORL, they generally exist as part of the normal
feline oral microbiota [28]. Certain species of Lampropedia
are associated with phosphate accumulation [31] and are
found in phosphate rich environments [32]. In a study
investigating the microbiome in cats with nasal neoplasia,
Lampropedia was identified in the nasal cavity but this did
not indicate any association with the disease [33]. The current
study appears to be the first to associate Lampropedia with
a feline disease. Significantly lower mean serum Ca/PO4
ratio levels have been demonstrated in cats with FORL when
compared to cats without FORL [34]. It is unknown whether
Lampropedia has any role in the lowered Ca/PO4 ratio noted
in FORL. It is possible that changes in the microenvironment
of the oral cavity may alter the levels of Lampropedia species
and may possibly influence the oral calcium / phosphate ratio,
which in turn may cause bone resorption. The Ca/PO4 ratio
was not estimated in the current study. Since not all species of
Lampropedia can accumulate phosphate, further studies are
required to identify specific Lampropedia species in the feline
oral cavity and their association with phosphate metabolism,
as well as a possible role in FORL.

In conclusion, this study suggests that the feline oral micro-
biota exists in complex polymicrobial communities and
slight changes in this polymicrobial environment may lead
to enhanced communal virulence and inflammation, which
may result in the development of FORL in susceptible cats.
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