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The microbiome associated with equine 
periodontitis and oral health
Rebekah Kennedy1, David Francis Lappin1, Padraic Martin Dixon2, Mark Johannes Buijs3, Egija Zaura3, 
Wim Crielaard3, Lindsay O’Donnell1, David Bennett4, Bernd Willem Brandt3 and Marcello Pasquale Riggio1*

Abstract 

Equine periodontal disease is a common and painful condition and its severe form, periodontitis, can lead to tooth 
loss. Its aetiopathogenesis remains poorly understood despite recent increased awareness of this disorder amongst 
the veterinary profession. Bacteria have been found to be causative agents of the disease in other species, but cur-
rent understanding of their role in equine periodontitis is extremely limited. The aim of this study was to use high-
throughput sequencing to identify the microbiome associated with equine periodontitis and oral health. Subgingival 
plaque samples from 24 horses with periodontitis and gingival swabs from 24 orally healthy horses were collected. 
DNA was extracted from samples, the V3–V4 region of the bacterial 16S rRNA gene amplified by PCR and amplicons 
sequenced using Illumina MiSeq. Data processing was conducted using USEARCH and QIIME. Diversity analyses were 
performed with PAST v3.02. Linear discriminant analysis effect size (LEfSe) was used to determine differences between 
the groups. In total, 1308 OTUs were identified and classified into 356 genera or higher taxa. Microbial profiles at 
health differed significantly from periodontitis, both in their composition (p < 0.0001, F = 12.24; PERMANOVA) and 
in microbial diversity (p < 0.001; Mann–Whitney test). Samples from healthy horses were less diverse (1.78, SD 0.74; 
Shannon diversity index) and were dominated by the genera Gemella and Actinobacillus, while the periodontitis 
group samples showed higher diversity (3.16, SD 0.98) and were dominated by the genera Prevotella and Veillonella. 
It is concluded that the microbiomes associated with equine oral health and periodontitis are distinct, with the latter 
displaying greater microbial diversity.

© 2016 Kennedy et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Introduction
Periodontal disease has long been recognised as a com-
mon and painful equine oral disorder and its substan-
tial welfare impact was acknowledged at the start of the 
twentieth century being described as “the scourge of the 
horse’s mouth” [1, 2]. More recently, studies have shown 
the presence of periodontitis in up to 75% of horses [3, 
4] with prevalence increasing with advancing age. A 
dental survey noted that classical (i.e. plaque-induced) 
periodontal disease was rare in horses, but periodon-
tal disease induced by food impaction due to abnormal 
spacing between the cheek teeth was common [5]. The 
condition is often associated with the presence of cheek 
teeth diastemata [6] and can also be present secondary to 

other oral disorders such as supernumerary, displaced or 
rotated teeth [7]. Dropping of feed (quidding) and diffi-
culty eating are the main clinical signs [8], although these 
can be subtle and easily overlooked. More recent clinical 
studies have reinforced the importance of equine peri-
odontitis, currently recognised as a common and very 
painful equine dental disease [6, 8]. Two forms of peri-
odontal disease exist, namely gingivitis and periodontitis. 
Gingivitis is completely reversible and is recognised by 
the classic signs of bleeding, inflammation, redness and 
swelling of the gums. Periodontitis attacks the deeper 
structures that support the teeth, damaging the sur-
rounding bone and periodontal ligament, resulting in 
tooth loss. Despite the importance of this condition there 
have been few recent studies into its aetiopathogenesis.

Bacteria have been shown to be the causative agents in 
feline, canine and human periodontal disease and so it is 
highly likely they play a crucial role in the pathogenesis of 
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the equine condition. Involvement of bacteria in equine 
periodontal disease was recently acknowledged [9, 10]. 
However, understanding of the equine oral microbiome is 
limited and merits further study and little is known about 
the role bacteria play in equine periodontitis [9]. Studies 
in other species have estimated that around 50% of oral 
bacteria cannot be cultured by conventional approaches 
due to nutritional and fastidious growth requirements 
[11] and thus the number and variety of bacterial species 
present in the oral microbiome has been greatly underes-
timated to date.

It is now possible to determine almost the entire com-
munity of bacteria, both commensal and pathogenic, that 
inhabit the equine oral cavity, in both health and peri-
odontitis using culture-independent methods. To date, 
the majority of approaches have used Sanger sequencing 
to determine bacterial 16S rRNA gene sequences. This 
approach allows detection not only of cultivable species 
but also of fastidious bacteria that may be uncultivable, 
and also of novel species that may be important in the 
pathogenesis of disease. This method has already been 
used to determine the bacterial species present in canine 
[12] and ovine [13] periodontal disease lesions.

The aim of this study was to determine the microbial 
profiles associated with the healthy equine oral cavity and 
equine periodontitis using high-throughput sequencing 
of the bacterial 16S rRNA gene. This approach provides 
far greater depth, coverage, accuracy and sensitivity than 
that offered by Sanger sequencing in assessing the com-
position of complex microbial communities, uncovering 
microbial diversities that are orders of magnitude higher 
and with considerably less bias [14].

Materials and methods
Sample classification
Ethical approval was granted prior to the start of the 
study by the University of Glasgow School of Veteri-
nary Medicine Ethics and Research Committee and by 
the University of Edinburgh Veterinary Ethical Review 
Committee. All horses involved in the study presented 
either to the Weipers Centre Equine Hospital, Univer-
sity of Glasgow or the Royal (Dick) School of Veteri-
nary Studies, University of Edinburgh for routine dental 
examination, investigation of dental disease or had been 
humanely euthanatised for reasons unrelated to the oral 
cavity and sent for post-mortem examination. Follow-
ing a thorough oral examination horses were categorised 
as either “orally healthy” or “periodontitis” and placed 
into two groups accordingly. The orally healthy group 
had no evidence of gingival inflammation, no periodon-
tal pockets and no evidence of any other oral pathology. 
The “periodontitis” group had obvious gingival inflam-
mation and periodontal pockets of over 5 mm in depth. 

No antimicrobial drugs had been given in the previous 
8 weeks to any horse involved in the study.

Sample collection
Once food debris was removed, an equine dental 
curette was used to collect subgingival plaque sam-
ples from a single periodontal pocket (depth greater 
than 5 mm) of 24 horses with clinical periodontitis and 
placed into 0.5  mL fastidious anaerobe broth (FAB). 
A swab of the gingival margin with sufficient pres-
sure to also collect material from the gingival crevice 
on the buccal aspect of cheek teeth 307–308 (Modified 
Triadan Numbering System) was taken from 24 orally 
healthy horses using an Amies Transport Swab (VWR 
International, Lutterworth, UK). One periodontitis 
affected sample was lost for further sample processing, 
resulting in 23 samples from periodontitis cases and 24 
samples from healthy horses being available for analy-
sis. Post-mortem samples were collected within 1 hour 
of euthanasia.

Sample processing and DNA extraction
Supragingival and subgingival plaque samples were each 
vortex mixed for 30  s and Amies transport swabs were 
immersed in 0.5  mL FAB and mixed to remove bacte-
ria. A crude DNA extract was prepared from each sam-
ple by digestion with proteinase K (100 µg/mL) at 60 °C 
for 60 min, followed by boiling for 10 min. Further DNA 
purification was conducted using a bead beating tech-
nique where 150  µL of each sample was mixed with 
200 µL phenol saturated with Tris–HCl (pH 8.0), 250 µL 
glass beads (0.1 mm) suspended in TE buffer and 200 µL 
lysis buffer. Samples were then placed in a BioSpec Mini-
Beadbeater for 2 min at 2100 oscillations/min and DNA 
extracted with the AGOWA mag Mini DNA Isolation Kit 
(AGOWA, Berlin, Germany).

High‑throughput sequencing
For each sample, the V3–V4 region (which gives opti-
mal taxonomic coverage and taxonomic resolution) of 
the bacterial 16S rRNA gene was generated by PCR with 
primers 341F (CCTACGGGNGGCWGCAG) and 806R 
(GGACTACHVGGGTWTCTAAT). Primers contained 
Illumina adapters and a unique 8-nucleotide sample 
index sequence key [15]. Amplicon libraries were pooled 
in equimolar amounts and purified using the Illustra™ 
GFXTM PCR DNA and Gel Band Purification Kit (GE 
Healthcare, Eindhoven, The Netherlands). Amplicon 
quality and size was analysed on an Agilent 2100 Bioana-
lyzer (Santa Clara, CA, USA). Paired-end sequencing of 
amplicons was conducted on the Illumina MiSeq plat-
form using the v3 kit generating 2 × 301 nucleotide reads 
(Illumina, San Diego, USA).
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Analysis of sequencing data
Sequencing reads were merged [16], processed and clus-
tered with USEARCH version 8.0.1623 [17]. After merg-
ing (minimum and maximum merged length, 380 and 
438, respectively), the sequences were quality filtered 
(max. expected error rate 0.002, no ambiguous bases 
allowed) and clustered into operational taxonomic units 
(OTUs) using the following settings: -uparse_maxdball 
1500, only de novo chimera checking, usearch_global 
with -maxaccepts 8 -maxrejects 64 -maxhits 1. QIIME 
version 1.8.0 [18] was used to select the most abundant 
sequence of each OTU and assigned a taxonomy using 
the RDP classifier [19] with a minimum confidence 
of 0.8 and the 97% representative sequence set based 
on the SILVA rRNA database, release 119 for QIIME 
[20]. Attributes such as oxygen utilisation, Gram stain 
and shape were assigned at genus level as previously 
described [21].

Statistical analysis
In order to normalise the sequencing depth, the data-
set was randomly sub-sampled to 16 000 reads per 
sample. Diversity analysis (Shannon Diversity Index, 
Chao-1 estimate of total species richness), data ordina-
tion by principal component analysis (PCA) and assess-
ment of differences between microbial profiles of the 
two groups by one-way PERMANOVA were performed 
using PAleontological STatistics (PAST; v3.02) software 
[22]. PERMANOVA was used with Bray–Curtis similar-
ity distance. For PCA, the OTU dataset was additionally 
normalized by log2-transformation. The difference in 
diversity of the genera detected in both health and dis-
ease was compared and analysed statistically using the 
Mann–Whitney U test in SPSS (version 21.0). To deter-
mine which OTUs and taxa contribute to differences 
between the groups, linear discriminant analysis effect 
size (LEfSe) [23] was used.

Results
Sample demographics
The majority (16 of 24; 66.7%) of the periodontitis sam-
ples originated from the Royal (Dick) School of Vet-
erinary Studies, University of Edinburgh, three (12.5%) 
originated from the Weipers Centre Equine Hospital, 
University of Glasgow and five (20.8%) were post-mor-
tem samples. The mean age of sampled horses with peri-
odontitis was 13.2 years (range 3–27 years); 13 (54%) of 
these horses were mares and 11 (46%) were geldings. Of 
the 24 orally healthy horses sampled, 20 (83.3%) were col-
lected at the Weipers Centre Equine Hospital, University 
of Glasgow, two (8.3%) at the Royal (Dick) School of Vet-
erinary Studies, University of Edinburgh and two (8.3%) 
were post-mortem samples. The average age of this group 

was 11.7  years (range 4–27  years); 16 (66.7%) of horses 
were geldings and eight (33.3%) were mares. Of all mares 
included in the study, 52% had periodontitis and 40% 
of all geldings had periodontitis. There was however no 
statistically significant difference between healthy and 
periodontitis affected horses by gender (p =  0.383; Chi 
square test) or by age (p = 0.242; Mann–Whitney test).

A diverse range of breeds were sampled, although 19 
of 48 (39.6%) were native ponies: Welsh Cob (n  =  6), 
Welsh Pony (n =  4), Dartmoor Pony (n =  1), Shetland 
Pony (n =  2), Connemara Pony (n =  2), Exmoor Pony 
(n = 2), Highland Pony (n = 1), Fell Pony (n = 1). Eleven 
of 48 horses (22.9%) were Cobs or Cob crossbreeds and 
four horses (8.3%) were Thoroughbred (TB) or TB cross-
breeds. Icelandic horses accounted for three (6.3%) of 
the samples. The remaining 11 (22.9%) horses were of 
a variety of breeds: Arabian (n =  3), Irish Sports Horse 
(n = 3), Gelderlander (n = 1), Trakehner (n = 1), Warm-
blood (n = 2), Irish Draft (n = 1). No significant differ-
ence was observed between breed and the presence of 
periodontitis.

Sequencing output
Sequencing generated a total of 4  170 177 reads. After 
quality processing the OTU table contained 1  342 927 
reads that were clustered in 1334 OTUs. The num-
ber of reads per sample ranged from 16 272 to 49 685 
(median 27 855, mean 28 573, SD 7943). After subsam-
pling at equal depth of 16 000 reads/sample, 1308 OTUs 
remained in the dataset that was used for the further 
analyses.

Microbial profile analyses
Principal component analysis revealed clear differences 
between the equine oral microbiomes in oral health 
and periodontitis (Figure  1). Healthy samples clustered 
together and showed lower variability compared to peri-
odontitis samples. The difference between microbial 
profiles of the two groups was statistically significant 
(p  <  0.0001, F =  12.24, PERMANOVA). Microbial pro-
files from healthy horses were statistically significantly 
less diverse (p  <  0.001, Mann–Whitney test), both by 
actual species richness (number of OTUs) (Figure  2A) 
as well as by estimated species richness or Chao-1 
(Figure  2B) and Shannon Diversity Index (Figure  2C). 
On average, samples from healthy horses harboured 161 
OTUs (SD 116, range 64–568), while samples from peri-
odontitis affected horses contained 252 OTUs (SD 81, 
range 85–380). 

Compositional differences between the groups
Linear discriminant analysis (LDA) effect size (LEfSe) 
was used to assess the differences between the two 
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groups of samples both at the OTU level and at the genus 
or higher taxonomic level. From all 1308 OTUs, 266 
OTUs were statistically significantly different between 
the healthy and periodontitis groups (p < 0.05, LDA > 2). 
Of these, 64 OTUs had an absolute LDA score above 3 
(Additional file 1), the majority of which (51 of 64 OTUs) 
were associated with disease.

At the genus level, from 356 genera or higher taxa, 107 
taxa were statistically significantly different between the 
two groups (p < 0.05). Of these, 69 taxa had LDA scores 
above 3 and, again, the majority (52 of 69 taxa) were asso-
ciated with disease (Figure  3). The most discriminative 
genera between health and disease were Gemella and 
Actinobacillus in health and Prevotella and Veillonella in 
periodontitis, respectively (Figure 4). 

From 179 entries at the family level, 51 were signifi-
cantly different between health and disease (p  <  0.05) 
(Figure  5). The majority (N =  38) of these were associ-
ated with disease, while only 13 microbial families were 
positively associated with health (Additional file 2). Inter-
estingly, periodontitis samples had significantly higher 
relative abundance of Methanobacteriaceae (p = 0.0001) 
and Thermoplasmatales (p  <  0.0001) (both families 
belong to the domain Archaea).

With regard to inferred Gram stain and shape, strongly 
significant differences were observed between healthy 
and diseased samples (**p  <  0.0001, *p  <  0.05, Mann–
Whitney test; data not shown).

Discussion
Despite the difficulty in permanently resolving equine 
periodontitis, its high prevalence and substantial effect on 
welfare, few original research studies on its aetiopatho-
genesis have been published. In humans, the disease is 
known to be multifactorial and although bacteria play 
a major role in the aetiopathogenesis of periodontitis in 
other species, their role in equine periodontitis has only 
recently received investigation [9]. Few studies have inves-
tigated the oral microbiome of the horse in oral health or 
disease. Recently, the microbiome of the equine gingival 
sulcus was investigated by pyrosequencing pooled sam-
ples from 200 sulcus sites in two orally healthy horses [24]. 
Twelve phyla were identified, the most prevalent being 
Gammaproteobacteria (28.8%), Firmicutes (27.6%) and 
Bacteroidetes (25.1%). The study suggested that there are 
many similarities between the equine subgingival micro-
biota and the subgingival microbiota detected in human, 
feline and canine studies. Putative periodontal pathogens 
such as Treponema, Tannerella and Porphyromonas spe-
cies were detected at low levels in these samples. In addi-
tion, many bacteria identified were not closely related to 
other known bacteria and the authors suggested these 
may represent “equine-specific” taxa. As few previous 

Figure 1 Two-dimensional ordination of equine microbial 
profiles at oral health and periodontal disease by principal 
component analysis (PCA). The OTU data was subsampled at  
16 000 reads/sample and log2-transformed before the PCA.

Figure 2 Diversity analysis on equine microbial profiles at 
health and periodontal disease. A Observed species richness or 
number of OTUs/sample; B estimated species richness or Chao-1 and 
C Shannon diversity index. Healthy microbiomes were statistically 
significantly less diverse than microbiomes with periodontal disease 
(p < 0.001, Mann–Whitney test).
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studies have been performed investigating the equine 
oral microbiome, it is highly likely that novel, previously 
undetected bacteria will be identified when using modern, 
culture-independent techniques.

The current study was the first to use high-throughput 
16S rRNA gene sequencing to compare the bacterial 
populations present in equine oral health and periodon-
titis and revealed a statistically significant dissimilarity 

between the bacterial populations found in equine oral 
health and in equine periodontitis lesions and repre-
sents a considerable advance on what has previously been 
documented for the oral microbial community in both 
healthy and diseased horses. In the current study, 60% 
of horses aged 10  years or above were affected by peri-
odontitis and of all diseased horses, 70% were 10  years 
or older. Mares were found to be slightly more likely to 

Figure 3 Visualisation of most significant taxa (genus or higher level) that differentiate between health and periodontal disease in 
equine microbiomes. In total 107 taxa were significantly different. Only 69 taxa that had LDA scores above 3 are shown. The taxa are ranked by 
the effect size in LEfSe.
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have periodontitis than geldings (52% of mares compared 
to 40% of geldings), although this difference was not sta-
tistically significant. Due to the large variety of breeds 
sampled and the relatively small sample numbers, no 
particular breed disposition to disease could be identi-
fied. Further larger scale studies may be useful to exam-
ine links between equine periodontitis and age, sex and 
breed.

In this cross-sectional study it is impossible to equate 
the results with disease aetiology and pathogenesis. A 
potential limitation of this study is that samples were col-
lected from both live and dead horses and that this could 
add further variability to the results. However, all sam-
ples were collected within 1 hour of death (usually much 
quicker) and, since DNA from live and dead bacteria was 
detected rather than live cells per se, it is very unlikely 
that any changes in the microbiomes would be attribut-
able to death of the horses. In any case, individual healthy 
oral samples (whether from live or dead horses) demon-
strated noticeable variation in the composition of their 
microbiomes but were more similar to each other than 
to those from horses with periodontitis, and vice versa. 
Longitudinal studies starting with young healthy horses, 
and follow-up on their periodontal status and microbiota 
of the oral cavity until development of periodontal dis-
ease would be required. The periodontal pocket found in 

diseased horses constitutes a new niche in an oral ecosys-
tem that will select for a different microbiome and this 
may explain the significant increase in microbiome diver-
sity noted in the periodontitis cases in comparison with 
the orally healthy horses. Increased microbiome diversity 
has also been noted in samples taken from human perio-
dontitis patients in comparison to orally healthy controls 
[25, 26].

Environmental differences present between the healthy 
equine gingival sulcus and diseased periodontal pockets 
may be particularly striking in the horse, as equine den-
tal anatomy allows for formation of particularly deep 
periodontal pockets which may measure over 15 mm in 
severe cases [9]. It is possible that during disease progres-
sion, the environmental changes occurring as a shallow 
gingival sulcus becomes a deep periodontal pocket allows 
a new group of bacteria to flourish whilst providing a 
less optimal environment for the growth of others. In the 
current study, significant differences were seen in both 
the expected shape and Gram staining characteristics of 
bacteria detected in oral health and periodontal pockets, 
with Gram negative rods, spirochetes and mycoplasma 
more evident in periodontitis.

Spirochetes have long been associated with human 
periodontitis [27] and more recently spirochetes were 
detected within the epithelium of equine periodontal 

Figure 4 The relative abundance of most discriminative genera between health and disease. A Gemella and B Actinobacillus in health; C 
Prevotella and D Veillonella in periodontitis, based on LDA scores in LEfSe. Values are expressed as a percentage.
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pockets [9]. Treponema denticola is well recognised 
as a periodontal pathogen in man, acting as one of the 
three “red complex” bacteria found in severe periodon-
titis lesions alongside Porphyromonas gingivalis and 
Tannerella forsythia [28]. In another study, DNA corre-
sponding to Treponema species was detected in 78.2% of 
horses with clinically overt equine odontoclastic tooth 
resorption hypercementosis (EOTRH) compared to 38% 
of unaffected horses and Tannerella DNA was found in 
38.4% of diseased horses compared to 19% of unaffected 
horses [10]. In the current study, abundance of both the 
Tannerella and Treponema genera was significantly 
increased in periodontitis.

The most discriminative genera between health and 
disease were the genera Gemella and Actinobacillus in 
health and Prevotella and Veillonella in periodontitis, 

respectively. In equine periodontitis, the abundance of 
bacteria belonging to the Prevotella and Veillonella gen-
era was significantly increased in comparison to oral 
health. Several species of Prevotella have been shown to 
be involved in human periodontitis, such as Prevotella 
intermedia and Prevotella melaninogenica [29]. Sev-
eral species of Veillonella have been isolated from both 
healthy gingival sulci and diseased periodontal pockets in 
man. However, Veillonella parvula has been significantly 
associated with chronic periodontitis [30]. Interestingly, 
Prevotella intermedia and Prevotella nigrescens have 
been shown to stimulate cytokine production by activa-
tion of Toll-like receptor 2 and Veillonella parvula has 
been shown to stimulate cytokine production by activa-
tion of both Toll-like receptor 2 and Toll-like receptor 4 
[31]. This is of potential importance as the production 

Figure 5 Taxonomic representation of statistically significant differences between the healthy and periodontitis samples at family or 
higher taxonomic level. All 51 significantly different taxa had LDA scores above 3. Differences are represented in colour (shades of red periodon-
tal disease, green health).
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of a destructive inflammatory response in periodontal 
tissue by stimulation of the innate immune system by 
periodontopathogenic bacteria is thought to be central in 
disease pathogenesis in man [32].

In equine oral health, significantly higher relative 
abundances of the genera Gemella (p < 0.0001) and Act-
inobacillus were noted in comparison to periodontitis, 
indicating that these genera comprise part of the normal 
oral flora of the horse. Bacteria belonging to the Gemella 
genus have been found to constitute high proportions of 
the microbiota of the dorsal surface of the human tongue 
[33]. In addition, Actinobacillus equi has been frequently 
isolated from the oral cavity of healthy horses [34, 35]. 
Given that no previous studies have characterised the 
equine oral microbiome in such detail, it is highly likely 
that many novel or previously uncharacterised bacte-
ria are present in both oral health and periodontitis and 
additional studies would be required to further deter-
mine the composition of the equine oral microbiome.

In conclusion, the two cohorts of horses examined har-
boured highly distinct microbial profiles, with samples 
from periodontally affected horses being more diverse 
than samples from the healthy horses. Further, prefer-
ably longitudinal, studies are required to determine 
which bacteria are actively involved in the pathogenesis 
of disease.

Abbreviations
FAB: fastidious anaerobe broth; LDA: linear discriminant analysis; LEfSe: linear 
discriminant analysis effect size; OTU: operational taxonomic unit; PCA: princi-
pal component analysis.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Infection and Immunity Research Group, Dental School, University of Glas-
gow, 378 Sauchiehall Street, Glasgow G2 3JZ, UK. 2 Division of Veterinary Clini-
cal Studies, Royal (Dick) School of Veterinary Studies and Roslin Institute, Uni-
versity of Edinburgh, Easter Bush Veterinary Campus, Roslin, Midlothian EH25 
9RG, UK. 3 Department of Preventive Dentistry, Academic Centre for Dentistry 
Amsterdam, University of Amsterdam and VU University Amsterdam, Gustav 
Mahlerlaan 3004, 1081 LA Amsterdam, The Netherlands. 4 School of Veterinary 
Medicine, University of Glasgow, 464 Bearsden Road, Glasgow G61 1QH, UK. 

Authors’ contributions
RK conducted the experiments and was involved in preparation of the 
manuscript. DFL participated in study design, analysis of data and preparation 
of the manuscript. PMD collected and provided clinical specimens for the 
study and was involved in preparation of the manuscript. MJB conducted the 
high-throughput sequencing. EZ carried out bioinformatics analysis and was 

Additional files

Additional file 1. OTUs that differed significantly between the 
groups. The output was created in LEfSe.

Additional file 2. Microbial families of higher taxa that differed 
significantly between the groups. The output was created in LEfSe. 
The same taxa are visualised in Figure 5.

involved in preparing the manuscript. WC was involved in high-throughput 
sequencing and manuscript preparation. LEO assisted with interpretation of 
data. DB was involved in study design and preparation of the manuscript. BWB 
carried out bioinformatics analysis and was involved in preparing the manu-
script. MPR conceived the study, participated in its design and was involved in 
manuscript preparation. All authors read and approved the final manuscript.

Acknowledgements
The authors thank the Horserace Betting Levy Board for their generous finan-
cial support through a Veterinary Research Training Scholarship (VET/RS/249) 
for RK, and staff at the Royal (Dick) School of Veterinary Studies, University of 
Edinburgh and at the School of Veterinary Medicine, University of Glasgow 
for their assistance with sample collection. LEO was funded by a BBSRC Case 
studentship (BB/K501013/1).

Received: 7 January 2016   Accepted: 17 March 2016

References
 1. Colyer JF (1906) Variations and diseases of the teeth of horses. Trans 

Odontol Soc GB 38:42–74
 2. Little WL (1913) Periodontal disease in the horse. J Comp Pathol Therap 

26:240–249
 3. Baker GJ (1970) Some aspects of equine dental disease. Equine Vet J 

2:105–110
 4. Ireland JL, McGowan CM, Clegg PD, Chandler KJ, Pinchbeck GL (2012) 

A survey of health care and disease in geriatric horses aged 30 years or 
older. Vet J 192:57–64

 5. Dixon PM, Tremaine WH, Pickles K, Kuhns L, Hawe C, McCann J, McGorum 
BC, Railton DI, Brammer S (1999) Equine dental disease part 2: a long-
term study of 400 cases: disorders of development and eruption and 
variations in position of the cheek teeth. Equine Vet J 31:519–528

 6. Dixon PM, Ceen S, Barnett T, O’Leary JM, Parkin TD, Barakzai S (2014) A 
long-term study on the clinical effects of mechanical widening of cheek 
teeth diastemata for treatment of periodontitis in 202 horses (2008–
2011). Equine Vet J 46:76–80

 7. Casey MB, Tremaine WH (2010) Dental diastemata and periodontal 
disease secondary to axially rotated maxillary cheek teeth in three horses. 
Equine Vet Educ 22:439–444

 8. Dixon PM, Barakzai S, Collins N, Yates J (2008) Treatment of equine cheek 
teeth by mechanical widening of diastemata in 60 horses (2000–2006). 
Equine Vet J 40:22–28

 9. Cox A, Dixon P, Smith S (2012) Histopathological lesions associated with 
equine periodontal disease. Vet J 194:386–391

 10. Sykora S, Pieber K, Simhofer H, Hackl V, Brodesser D, Brandt S (2014) Isola-
tion of Treponema and Tannerella spp. from equine odontoclastic tooth 
resorption and hypercementosis related periodontal disease. Equine Vet J 
46:358–363

 11. Socransky SS, Gibbons RJ, Dale AC, Bortnick L, Rosenthal E, Macdonald JB 
(1963) The microbiota of the gingival crevice of man. I. Total microscopic 
and viable counts and counts of specific organisms. Arch Oral Biol 
8:275–280

 12. Riggio MP, Lennon A, Taylor DJ, Bennett D (2011) Molecular identification 
of bacteria associated with canine periodontal disease. Vet Microbiol 
150:394–400

 13. Riggio MP, Jonsson N, Bennett D (2013) Culture-independent identifica-
tion of bacteria associated with ovine ‘broken mouth’ periodontitis. Vet 
Microbiol 166:664–669

 14. Song S, Jarvie T, Hattori M (2013) Our second genome–human metagen-
ome: how next-generation sequencer changes our life through microbi-
ology. Adv Microb Physiol 62:119–144

 15. Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD (2013) 
Development of a dual-index sequencing strategy and curation pipeline 
for analyzing amplicon sequence data on the MiSeq Illumina sequencing 
platform. Appl Environ Microbiol 79:5112–5120

 16. Edgar RC, Flyvbjerg H (2015) Error filtering, pair assembly and error 
correction for next-generation sequencing reads. Bioinformatics 
31:3476–3482

http://dx.doi.org/10.1186/s13567-016-0333-1
http://dx.doi.org/10.1186/s13567-016-0333-1


Page 9 of 9Kennedy et al. Vet Res  (2016) 47:49 

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

 17. Edgar RC (2013) UPARSE: highly accurate OTU sequences from microbial 
amplicon reads. Nat Methods 10:996–998

 18. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello 
EK, Fierer N, Peña AG, Goodrich JK, Gordon JI, Huttley GA, Kelley ST, 
Knights D, Koenig JE, Ley RE, Lozupone CA, McDonald D, Muegge BD, 
Pirrung M, Reeder J, Sevinsky JR, Turnbaugh PJ, Walters WA, Widmann J, 
Yatsunenko T, Zaneveld J, Knight R (2010) QIIME allows analysis of high-
throughput community sequencing data. Nat Methods 7:335–336

 19. Cole JR, Wang Q, Cardenas E, Fish J, Chai B, Farris RJ, Kulam-Syed-
Mohideen AS, McGarrell DM, Marsh T, Garrity GM, Tiedje JM (2009) The 
Ribosomal Database Project: improved alignments and new tools for 
rRNA analysis. Nucleic Acids Res 37:D141–D145

 20. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J, Glöck-
ner FO (2013) The SILVA ribosomal RNA gene database project: improved 
data processing and web-based tools. Nucleic Acids Res 41:D590–D596

 21. Whitman WB, Goodfellow M, Kämpfer P, Busse H-J, Trujillo ME, Ludwig W, 
Suzuki K-I, Parte A (eds) (2012) Bergey’s manual of systematic bacteriol-
ogy, parts A and B, vol 5, 2nd edn. Springer-Verlag, New York

 22. Hammer Ø, Harper DAT, Ryan PD (2001) PAST: paleontological statistics 
software package for education and data analysis. Palaeont Electronica 
4:9

 23. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett W, Hut-
tenhower C (2011) Metagenomic biomarker discovery and explanation. 
Genome Biol 12:R60

 24. Gao W, Chan Y, You M, Lacap-Bugler DC, Leung WK, Watt RM (2015) In-
depth snapshot of the equine subgingival microbiome. Microb Pathog 
pii:S0882–4010(15)00174–6. doi:10.1016/j.micpath.2015.11.002

 25. Paster BJ, Olsen I, Aas JA, Dewhirst FE (2006) The breadth of bacterial 
diversity in the human periodontal pocket and other oral sites. Periodon-
tol 2000 42:80–87

 26. Abusleme L, Dupuy AK, Dutzan N, Silva N, Burleson JA, Strausbaugh LD, 
Gamonal J, Diaz PI (2013) The subgingival microbiome in health and peri-
odontitis and its relationship with community biomass and inflamma-
tion. ISME J 7:1016–1025

 27. Listgarten MA, Helldén L (1978) Relative distribution of bacteria at 
clinically healthy and periodontally diseased sites in humans. J Clin Peri-
odontol 5:115–132

 28. Holt SC, Ebersole JL (2005) Porphyromonas gingivalis, Treponema denticola, 
and Tannerella forsythia: the ‘red complex’, a prototype polybacterial 
pathogenic consortium in periodontitis. Periodontol 2000 38:72–122

 29. Haffajee AD, Socransky SS (1994) Microbial etiological agents of destruc-
tive periodontal diseases. Periodontol 2000 5:78–111

 30. Mashima I, Fujita M, Nakatsuka Y, Kado T, Furuichi Y, Herastuti S, Nakazawa 
F (2015) The distribution and frequency of oral Veillonella spp. associated 
with chronic periodontitis. Int J Curr Microbiol App Sci 4:150–160

 31. Kikkert R, Laine ML, Aarden LA, van Winkelhoff AJ (2007) Activation of 
toll-like receptors 2 and 4 by gram-negative periodontal bacteria. Oral 
Microbiol Immunol 22:145–151

 32. Graves DT, Cochran D (2003) The contribution of interleukin-1 and 
tumor necrosis factor to periodontal tissue destruction. J Periodontol 
74:391–401

 33. Mager DL, Ximenez-Fyvie LA, Haffajee AD, Socransky SS (2003) Distribu-
tion of selected bacterial species on intraoral surfaces. J Clin Periodontol 
30:644–654

 34. Sternberg S (1998) Isolation of Actinobacillus equuli from the oral cavity of 
healthy horses and comparison of isolates by restriction enzyme diges-
tion and pulsed-field gel electrophoresis. Vet Microbiol 59:147–156

 35. Bisgaard M, Piechulla K, Ying Y-T, Frederiksen W, Mannheim W (2009) 
Prevalence of organisms described as Actinobacillus suis or haemolytic 
Actinobacillus equuli in the oral cavity of horses. Comparative investiga-
tions of strains obtained and porcine strains of A. suis sensu stricto. Acta 
Pathol Microbiol Immunol Scand B 92:291–298

http://dx.doi.org/10.1016/j.micpath.2015.11.002

	The microbiome associated with equine periodontitis and oral health
	Abstract 
	Introduction
	Materials and methods
	Sample classification
	Sample collection
	Sample processing and DNA extraction
	High-throughput sequencing
	Analysis of sequencing data
	Statistical analysis

	Results
	Sample demographics
	Sequencing output
	Microbial profile analyses
	Compositional differences between the groups

	Discussion
	Competing interests
	References




