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Abstract

The canine oral microbiota is poorly understood comparetthdd
of humans. The aim of this work was to improve understandfrthe®
canine oral microbiota. This was achieved by surveying #mere oral
microbiota, determining coaggregation interactions leefwits mem-
bers, and developing a laboratory microcosm.

Bacteria were isolated from the dental plaque and salivaogkd
and isolates were identified by comparative 16S rRNA genaeses
ing. From 339 isolates, 84 phylotypes belonging to 37 gemenae
identified. Approximately half were identified to speciesee and
28 % of these were also members of the human oral microbibtiaty T
eight phylotypes were tentatively identified as candid&i® species.

The genera most frequently isolated from saliva watgnomyces
StreptococcusandGranulicatella PorphyromonasActinomycesand
Neisseriawere most frequently isolated from plaque. On average, se-
guences from this study fiiered by almost 7 % in the 16S rRNA gene
compared to similar organisms from humans.

Targeted PCR was used to detect culture resistant baateneca-
nine plaque. Successful amplification indicated tBpirochaetesind
candidate division TM7 bacteria were present, howeverdéetities of
the originating organisms were not determined.

The entire cultivable plaque microbiota from a single dog \&a-
sessed for coaggregation reactions. Eight (6.7 %) unicieeaictions
were detected from 120 crosses, indicating that the pregalef coag-
gregation is similar in the canine and human oral microlsioaenera
common to both hosts generally exhibited similar coaggregaeac-
tions, however autoaggregation was more common amongrlzaicie-
lated from dogs.

The constant depth film fermenter was used to grow microcosms
from canine plaque and saliva using a mucin containing @slfsaliva
supplemented with horse serum as the growth medium. The Imode
produced biofilms similar to natural dental plague, whichlddoe used
to investigate the canine oral microbiota further.
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m metre

min  minute
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ym  year month

Unit prefixes
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4 micro- (x10°%)
n  nano- k107°)



Contents

Abstract . . . . . . . 2

Acknowledgemenks ............................. 3
Abbreviations . . . . . ... 4
‘List of Figures‘ 10
12
‘1 Introduction‘ 14
‘1.1 Microbially-mediated oral diseases . . . . ... ... ... ... 15
1.1.1 Periodontaldiseases . ... ... ... .. .. ....... 16
1.1.2 Diseasesofthetooth . . .. ... .............. 16
1.2 Oraldiseaseinthedog . .. ... ... .. .. . . . ..., 18
1.3 Oral microbiota of humans and diags ................. 19
1.3.1 Firmicute% .......................... 20
1.3.2 Fusobacteria. . . .. .. .. ... ... .. 26
1.3.3 Actinobacteria . . . . ... ... ... ... ... ..., 27
1.3.4 Spirochaetes. . . .. .. .. ... ... .. ... ..., 30
1.35 ProteobacteriLa ........................ 30
1.3.6 Bacteroidetes. . . . . . . .. ... . 35
1.3.7 Deferribacteres. . . . . . . . ... ... .. 37
1.3.8 Candidate divisions TM7 and Oﬁ’ll ............. 37
‘1.4 Modelling the oral microbioka .................... 38
1.4.1 Invivosystems . . . . . . . .. . . ... 39
1.4.2 Planktoniénvitrosystems . . . . . . ... ... ... ... 40
‘1.4.3 Biofilminvitrosystems . . . .. ... ... ... ..... 40

5



CONTENTS

1.5 Methods of communityanalysis . . . ... ............. 43
15.1 Microscopi‘c .......................... 44
15.2 Cultural . .. .. .. ... 46
153 Molecular . . . .. .. .. .. ... 47
154 MetaboIiL: ........................... 49

‘1.6 Aims and objectivés .......................... 49

‘2 Materials and methodls 50

21 Cohorts . . .. ... 50

2.2 Clinicalscoring . . . . . . . . o i e 51

2.3 Sampling . . . . .. e 51
2.3.1 SalivLa ............................. 51
2.3.2 Plague. . . . . . e e e 51
Su
2.5.1 Agars . . .. e e e 53
2.5.2 Canine artificial salilla .................... 54

2.6 MICIOSCOPY . . . . v i i e e e e e e e e e e 55
2.6.1 Light microsCopy . . . . v v v v v v e e e e e e 55
2.6.2 Scanning electron microscopy . . . . . . . ..o 55
2.6.3 Transmission electron microscopy . . . . . . . . . . . ... 55
2.6.4 Confocal laser scanning microscopy . . . . . . . . .. ... 56

2.7 DNAextraction . . . .. . . . . . . . ... 56

2.8 DNApurification . . .. ... .. ... .. ... 56

2.9 Polymerase chain react‘ion ...................... 57

2.10 DNA fragment analysiis ........................ 57
2.10.1 Primers . . . . . . i i e e e e e 57
2.10.2 Standard PCR conditions . . . . .. ... ... ....... 57

2.11 DNASEQUENCING . . v v v v i it e e e e e e s s e e 58

2.12 DNA sequence assembly and compa#ison ............ 0. 6

213 PCR-Cloning . . . . . . . . . e 61




CONTENTS

@Culture-based analyses 62

3.1 Introduction . . . . .. ... ... 62

3.2 Materials and metths ........................ 63
3.21 Samples. . . .. ... . ... 63
3.2.2 Viable countng ........................ 63
3.2.3 Isolate identification and storage . . . . . . .. ... ... 3 6
3.2.4 Comparative DNA sequence analyses . . . . ... ... .. 64
3.2.5 Phylogenetic analy%es .................... 65
3.2.6 Literaturesearch . . ... .. ... ... ... ....... 66

’g Results. . . . . . . . . e 66
3.3.1 Phylogeneticdiversity . . . .. ... ... ... ... .. 66
332 ViableCounts. . . . . ... ... . i 72
3.3.3 Comparison to human oral microbiota . . . . . . ... ... 74

3.4 DISCUSSION . . . . . o v o e e e 74
341 OVEIVIEW . . . o i i e e e e e e 74
3.4.2 Comparison with human and animal oral microbiota . . 76
3.4.3 Evolution, taxonomy,and ecology . . . . . ... ... ... 80

‘3.5 Conclusions . . . . . . . . ... 84

‘4 Culture-independent analyses 86
4.1 Introduction . . . . . .. ... 86
4.2 MaterialsandMethods . . . . ... ... ... .. ... ..... 87

4.2.3 PCR detection of culture-resistant bacteria. . . . .. .. ..
4.3 Results. . . . . . . . . 91

4.3.1 Community profiling (DGG%) ................ 91
4.3.2 Culture-resistantbacteria . . . . ... ... ... ...... 93
‘4.4 DISCUSSION . . . . . v v i o e e 96
4.4.1 Community Drofilin‘q ..................... 96
4.4.2 Culture-resistantbacteria . . . ... ... ... ....... 97
‘4.5 Conclusions . . . . . . . . ... 98



CONTENTS

5 Coaggregation 100
5.1 Introduction . . . . . . . . . . . ... 100
5.2 Materialsand Methods . . . . ... ... ... ... .. ... 101
5.2.1 Bacterialisolates . . . ... ... ... ... ........ 101
5.2.2 Culturepreparation . . . . . ... . ... . . ... ... 101
5.2.3 Standard coaggregationassay . . . ... ... ... .... 103
5.2.4 Budfertime courseassessment . . . .. .. ... ...... 104
5.2.5 Canine-adapted coaggregationassay . . . . . ... ... 04.1
5.2.6 Transmission electron microscopy (TEM) . . . . . .. .. 051
’; Results. . . . . . . . . e 106
5.3.1 Standard coaggregationassay . . .. ... ... ... ... 106
5.3.2 Budfertime courseassessment . . . .. .. ... ...... 106
5.3.3 _Canine-adapted coaggregationassay . . . . ... . ... 06.1
5.3.4 Transmission electron microscopy of coaggregates. . . 108
‘5.4 DiscussiJn ............................... 113
‘5.5 Conclusions . . . . . . . ... 116
‘6 In vitro microcosm developme#ut 117
6.1 Introduction . . . . . .. .. . .. ... 117
6.2 MaterialsandMethods . . . . .. .. ... ... ... ... 118
6.2.1 Constant depth film fermenter (CD%ZF) ............ 118
6.2.2 Serum addition experimlsnt .................. 121
’g Results. . . . . . . . . e 122
6.3.1 Culturalanalyses . . . ... ... ... ... ........ 122
6.3.2 Serum additi&)n ........................ 122
‘6.4 DISCUSSION . . . . . . . . e 124
6.4.1 OVerview . . . . . . . . e 124
6.4.2 Modeldesign . . . ... ... .. ... 124
‘6.5 Conclusions . . . . . . . .. .. 126
‘7 Validation of in vitro microcosn* 128
‘7.1 Introduction . . . . . . . ... 128
‘7.2 Materialsand Methods . . . . . ... ... ... .. ........ 129



CONTENTS

7.2.1 Constant depth film fermenter (CDFF) . . . . . .. ... .. 129
7.2.2 Denaturing gradient gel electrophoresis (DdGE) . ...129
7.2.3 PCR detection of culture-resistant backeria. ... 130
7.3 Results. . . . . . . . e 130
7.3.1 Culturalanalyses . . . . ... ... . . . ... . . ..., 130
7.3.2 Microscopicanalysis . . . . . . . . . . .. 134
7.3.3 __Community profiling (DGG%) ................ 138
7.3.4 Culture-resistantbacteria . . . .. ... .......... 114
‘7.4 DISCUSSION . . . . . . . . e 145
741 OVerVIEW . . . . . o e e 145
7.4.2 Modelvalidation . . ... .................. 145
‘7.5 Conclusions . . . . . . . . ... 149
‘8 Conclusionls 152
‘A Isolates data 156

168



List of Figures

1.1 Schematic diagram of the tobth .................... 17
1.2 Oral microbial phylatree . . . . ... ... ... ... ....... 20
1.3 FirmicutesandFusobacterigree . . . . . . . ... ... .. .... 26
1.4 ActinobacteriaDeferribacters Spirochaetesee . . . . . ... .. 27
1.5 Protecobacteridree . . . . . . .. . ... ... 31
1.6 Bacteroideteﬂeé ........................... 36
1.7 CDFF and flow cell photograﬂhs ................... 41
3.1 Example phylotypegrouping . . . . . . . . . v v v v i 67
3.2 Porphyromonaghylotype representativestree . . . . . . .. .. .. 68
3.3 Phylotypestree . . . . . . .. ... ... 69
3.4 Proportions of genera isolated from saﬁples T <

4.1 DGGE pureisolates and pooledplaque . . . . . . ... ... ... 2. 9
4.2 DGGE community profiles from canine plahue .......... 39
4.3 TM7clonesgel . . .. .. .. . . . . . .. 95
5.1 Coaggregation time cou}se ...................... 109
5.2 Coaggregation summary . . . . . . . . . . v 109
5.3 Haeml transmission electron micrograph . . . . ... . .. .. 110

5.4 Lepl and actino3 transmission electron micro&raph S i
5.5 Fuso3 and cory2 transmission electron micrograph . . . . .. 112

6.1 Constant depth film fermenter schematic and photodraphs. .. 119
6.2 SerumexperimentGram-stains . . . . .. ... .. ... ... .. 312
6.3 Serum addition experiment community diversity . . . . ... ... . 123

10



LIST OF FIGURES

7.1 CDFF Canine3 specific viable cants ............... 311
7.2 CDFFviablecounts . . . .. .. ... ... ............. 133
7.3 CDFF morphotyperichness . . . . . . ... ... ... ....... 134
7.4 Canine3 48 hours scanning electron micrograph . . . . . . .. 135
7.5 Canine3 8 day scanning electron microg}aph .......... 136
7.6 Canine3 8 day scanning electron micrograph with spHet&h ... 136
7.7 Confocal CDFFtimeseries . . . . . . .. . .. . ... .. ..... 137
7.8 Canine3DGGE . ... .. .. ... . .. .. .. 139
7.9 Canine4 bioflmDGGE . . . .. ... ... ... ... .. ..., 140
7.10 DGGE profiletree . . . . . . . . . . . . . ... 142
7.11 TM7 andSpirochaete®CR qeLI .................... 143
7.12 TM7clonesPCRgel . .. .. ... .. ... .. .. .. ...... 144
7.13 TMT7 clone trée ............................ 145

11



List of Tables

2.1 GingivalindeX . . . . . . . . . e e 51
2.2 Plague samplessummary . . . . . . . . .. . e 53
2.3 Composition of canine artificial saliva . . . . ... ... .. .. 54

2.4 Universal PCRprimers . . . . . . . . . i i i iii . 58
25 Standard PCRcycle . . . . . . .. . . . ... ... 58
2.6 Standard PCRmastermix . . . .. .. ... .. .. .. ... .... 59
2.7 Sequence PCRmastermix. . . . . . . . . o v v v v v v v it 59
2.8 Sequence PCRcyclingABI . . .. ... .. .. .. ... .. ..., 59
2.9 Sequence PCRcyclingBeckman . . . .. ... ........... 60
3.1 Identified phylotypes . . . . . .. ... ... ... ... .. ... . 70
3.2 Unidentified phylotypes .. . . . . . . . . . . . . .. 72
3.3 Caning¢ human oral microbiota comparislon ............. 75
3.4 Basic microbiota of dental pla&ue ................. 0 8
3.5 Candidatenewgenera. . .. . .. .. .. . ... 81
4.1 DGGEDPrimers . . . . . . . . . ittt i 88
4.2 PCR thermocycle for DGéE ..................... 89
4.3 Primers folSpirochaeteand TM7 . . . . . . . . . . . . ... ... 90
4.4 PCR conditions fopirochaeteand TM7 . . . . . . .. ... ... 91
4.5 TM7 andSpirochaetesletected by PdR ............... 94
‘4.6 TM7 clone sequence matches ..................... 95
‘5.1 Phylotypes used for coaggregaJtion ................ 102

‘5.2 Coaggregationtier . . . . . .. ... ... ... ... .. ... 105

12



LIST OF TABLES

5.3 Coaggregation summary diagram . . . . . . . . . . ... ... .. 7 10
7.1 Canine3 CDFF colony identifications . .. ... ... ... ... 321
7.2 ldentification of TM7 clones from CDFR®uent . . . . . ... .. 144
A.1 Phylotypes daka ............................ 167

13



Chapter 1
Introduction

Canis familiaris- the domestic dog, has been a companion of people for at least
14,000 years according to the fossil record (\4kzal., 2003). We have much in
common, including a tendency toféer from oral ailments such as gingivitis, peri-
odontal disease, and dental caries.

There is a wealth of literature, opinion, and products abdd for human oral
healthcare; so much that most humans do not know what to ¢hatwitowever there
is little specific information available regarding canimaldealthcare. Humans and
dogs are similar in many ways, but it is not necessarily vadigxtrapolate basic
research or acquired knowledge regarding oral healthadreden these species.

Basic research focused on the dog can help to identify iitnélsa and difer-
ences between us, and there are two clear benefits to such wicsky, focusing
on the dog will promote understanding of the canine condljtproviding a sound
foundation for improving canine healthcare. Secondlyjigdata and understand-
ing of our close companion enhances the value of the knowlatfgady accumu-
lated about humans, by providing data on a model organismoimparison.

This work is a study of the oral microbiota of dogs; the comityuaf micro-
organisms found in the oral cavity of the dog, in particula bacteria found in
dental plague and in saliva. Dental plaque is an example aflagpecies biofilm,
an intimate association of a mixed microbial consortiuracted to the surface of
the tooth. Biofilms are also found on the soft tissues of thetimdout these were
not examined in this study.
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CHAPTER 1. INTRODUCTION

The canine oral microbiota was characterised by cultusedaand culture-
independent methoddn vitro coaggregation assays were used to detect partner
species in canine dental plaque, and a laboratory microcosdel was developed
to allow plaque-like biofilms to be reproducibly grown in tladoratory.

1.1 Microbially-mediated oral diseases

The oral cavity of humans and other mammals provides a urequeonment, and
consequently has a characteristic set of microorganisnigwiave evolved to ex-
ploitit. Unlike other parts of the body, teeth are non-shied@nd therefore provide
a permanent attachment point for microorganisms. Teetlamechored in the jaw
bone and partially covered by the gums, from which gingivevcular fluid (GCF)
exudes. In addition to GCF, the oral cavity is bathed in sadimd periodically ex-
posed to food. This simplistic description of the mouth iswgh to elicit a realisa-
tion of the basis for the complex microbial community calteshtal plaque, which
has fascinated microbiologists since the first samples wbkserved microscopi-
cally by Antonie van Leeuwenhoek in the late seventeenttucgiHolt, 1978).

Oral diseases include a range of conditions, many of whicke laamicrobial
component in their aetiology. It is now well established tiha& presence of dental
plaque is in fact the primary aetiological agent of cari@sgiyitis, and periodontal
diseases. This has been demonstrated, for example, by geemmaits failing to
develop caries (Orlandt al, 1954), and by a longitudinal plague control study
in humans showing that removal of plaque, calculus, andadesgtissueféectively
halts periodontal disease (Lindhe and Nyman, 1975). Shecariportance of dental
plaque for oral health was realised, researchers havettietentify the specific
organisms involved in oral conditions, and to understaedtiechanisms by which
they induce disease or promote health.

Oral diseases mayffact the tooth itself, the supporting and surrounding struc-
tures of the tooth, or other parts of the mouth such as thekcheé tongue. In
addition, oral infections may lead to systemic infectiomdozalised infection at
other locations in the body, such as the heart.

Isogaiet al. (1989a) found the healthy salivary microbiota of dogs to bmd
inated byStreptococcusStaphylococcyd.actobacillus Fusobacteriumand Veil-
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CHAPTER 1. INTRODUCTION

lonellaspecies. Others have reported that streptococci are unoarmmthe canine
oral microbiota, but levels of enterococéictinomycespecies and Gram-negative
anaerobic rods are considerably higher than levels fourtidarhuman microbiota
(Wunderet al,, 1976). The progression of periodontal disease in the dagris
erally reported to be associated with a riséacteroidespeciesPorphyromonas
species and spirochaetes (for a review see Hennet and Has&ya).

1.1.1 Periodontal diseases

Periodontal diseases include those conditions whitdgtathe supporting and sur-
rounding tissues of the teeth, in particular the gums andgame. The descrip-
tion of periodontal diseases is relatively complex, cawga continuum of severity,
however the most common clinical presentations are gitigiand periodontitis.

Gingivitis is a reversible inflammation of the gums causedhsyactivities of
microorganisms in dental plaque, and exacerbated by theimasune response.
If left unchecked, gingivitis can progress to periodostitPeriodontitis is a severe
inflammation of the gums which results in gingival recessamal alveolar bone
loss (Figure 1.1) which is irreversible but can be halted &neful oral healthcare.
Gingival recession results in the production of a gap betvike tooth and the gum
called a periodontal pocket, which generates an oxygeretephutrient rich niche.
Alveolar bone loss results in loss of tooth attachment, dhchately leads to loss
of the dfected tooth.

1.1.2 Diseases of the tooth
Coronal caries

Coronal caries is the dissolution of dental enamel by adiddyced by the metabolic
activities of bacteria in dental plague. Certain speciastseen identified as be-
ing cariogenic, for exampl8treptococcus mutans widely regarded as the most
important causative agent of caries (Hardie and Whiley,91.99n general, the
microbiota of caries sites is dominated by Gram-positivedrda, particularlyActi-
nomycesLactobacillus PropionibacteriumandStreptococcuspecies (Munsost
al., 2004).

16



CHAPTER 1. INTRODUCTION

dental plaque

gum crown

gingival recession

(enamel)

alveolar bone periodontal pocket

irreversible bone loss

periodontal ligamenrt

Figure 1.1: Schematic diagram of the tooth and supportingtres. Periodontal
disease results in alveolar bone loss and gingival reagsagshown on the right
side of the diagram.

Caries is, however, relatively uncommon in dogs, and gdéigetaes not result
in severe decay (Isogat al, 1989b). There are several factors which may explain
the low prevalence of caries in the dog; the conical shapaettown, little fer-
mentable carbohydrate in the diet, higher salivary pH, afi@r@nces in the oral
microbiota (Hale, 1998).

Root surface caries

Root surface caries is a similar phenomenon to coronal caviéch may occur
when the root surface becomes exposed, for example as aaepatiodontal dis-
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CHAPTER 1. INTRODUCTION

ease. The acidic products of bacteria cause destructidmeabbth material as in
coronal caries, however the lack of enamel on the root regul diferent pathol-
ogy (Sheret al., 2004). Organisms implicated in root surface caries ineluakc-
tobacillusspecies (Sheat al.,, 2004),Bifidobacteriumspecies (Kaster and Brown,
1983), andActinomycespecies (Schupbadt al,, 1995).

1.2 Oral disease in the dog

The canine oral cavity is structurally and physiologicaligilar to that of the hu-
man in many respects, and is thus subject to a similar speadfuailments with
similar aetiologies, including caries and periodontakdeeses. This fact has been
used in the past to justify the use of canine oral diseasesasglal for investigating
factors relating to oral diseases of humans, particulahogontal diseases (Hamp
et al, 1997).

Gad (1968) aimed to compare periodontitis in humans and, @ogsfound that
periodontal destruction occured five times more quickly tohort of 62 dogs com-
pared to the rate of periodontal destruction in humans. Titeoa speculated that
this difference may be attributed to microbial communitiyetiences, or dierences
in the accumulation of dental deposits related to anatdnaicd behavioural dif-
ferences. Nevertheless, it was concluded that the aet&slaj human and canine
periodontitis are identical. Although dogs seem to be moseeaptible than humans
to periodontal diseases, they rarelyfeufrom caries (Lewis, 1965).

Two later studies, both using the same cohort of 162 dogse gerillustrate
the incidence and distribution of oral diseases in dogsahtiqular they show that
animal size, age, and breed are all influencing factors fartealth, and that caries
incidence is lower in dogs compared to humans.

Hampet al.(1984) found that periodontitis was common in the cohortuoing
in 54 % of dogs which they report to be similar to the period@anincidence in
humans. They also noted that periodontitis was found maguintly and with
greater severity in smaller dogs compared to larger dogagldition the incidence
of periodontitis seemed to be breed specific. A radiographidy showed that
prevalence and severity of alveolar bone loss resultingh fperiodontal disease
increased with age (Hamgt al., 1997).
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Caries incidence was relatively low at 20 %, and this is otipalar interest
because it is lower than the caries incidence in humans. Uith®s suggest that
the lower caries incidence in dogs may be a consequence timaical diferences
which reduce interdental contact in the dog, higher satiyit in the dog, or low
levels of extracellular polysaccharide producing streptai in the dog (Hamet
al., 1984).

1.3 Oral microbiota of humans and dogs

Compared to the canine oral microbiota, the human equivéerery well under-
stood and provides a useful reference for comparison. €igt shows a phylo-
genetic tree based on the 16S rRNA gene sequences of miarosmgs found in
the human oral cavity. Our understanding of microbial pggloy has been rev-
olutionised by the use of such comparisons since the patesitithe 16S rRNA
gene for this purpose was recognised by Woese in 1987. Rietodhis revolution,
difficult-to-measure phenotypic traits were used to classifyomoirganisms, result-
ing in a confused taxonomic scheme based upon artificiaifieation markers.
The 2nd edition of Bergeys Manual embraced the new 16S rRNadphylogeny
and has allowed a much more natural understanding of phyyagedevelop, based
upon DNA sequence comparisons (Garatyl., 2002). The new taxonomic outline
recognises two prokaryotic domains; tAechaea and theBacteria The onlyAr-
chaeargenus known to occur in the human oral cavitiisthanobrevibacteflepp
et al, 2004), whose species are strict anaerobes which generatgyeby reduc-
tion of hydrogen and carbon dioxide to methane. Membersistnus have been
associated with periodontal disease by a recent moleduldy $Leppet al., 2004).
Some eukaryotes (domaktukaryotg, such as the yea§tandida albicansor the
protozoanTrichomonas tenarnay also be considered indigenous oral microbiota
(Kurnatowska and Kurnatowski, 1998), but members of thealnBacteriaare by
far the most prevalent microorganisms in the mouth, botleims of numbers and
diversity.

At present the domaiBacteriacontains 24 recognised phyla (Garrgy al.,
2002), of which seven are found in the mouth. Two candidatisidns, TM7 and
OP11 are also found in the mouth but have no pure culture@septatives so are
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Proteobacteria

— Bacteroidetes
Firmicutes
'Fusobacteria
Actinobacteria
Deferribacteres
Spirochaetes
TM7 candidate division
| OP11 candidate divisiop=——
Archaea 0.03

Figure 1.2: Phylogenetic tree based on 16S rRNA gene segsieslcowing the
relationship between bacterial phyla found in the humahaanaty, and the domain
Archaea Scale bar indicates 3 % sequence divergence.

not yet recognised as phyla (Pasteal., 2001). The most recent estimates suggest
that the oral cavity of humans is home to approximately 50fcigs of bacteria
(Pasteret al, 2001), though any single mouth is unlikely to contain sudhrge
number of species. Each of the known oral phyla and theivaelemembers are
discussed below, with reference to their role in human antheadental plaque.

1.3.1 Firmicutes

TheFirmicutesphylum includes the class€dostridia, Mollicutes andBacilli. The
phylogenetic relationships between the organisms of tiy$ymn are shown in Fig-
ure/1.3.

Abiotrophia

The genudAbiotrophiawas defined in 1995 with the recognition that certain nutri-
tionally unusual streptococci did not belong in the geStreptococcusbut should
form a separate genus (Kawametaal,, 1995b), which now contains three species;
A. adjaciens, A. defectivaand A. elegans There were formerly another three
species in the genus which have been re-classifiGtasulicatellaspeciesAbiotr-
ophiaspecies are Gram-positive, catalase-negative cocci whaghgrow in chains,
and are often therefore mis-identified &geptococcuspecies. Taking this into
account, it has been shown thabiotrophiaspecies are among the predominant
microorganisms in early dental plaque of humans (Mikkelsieal, 2000). It was
also shown by the same authors that cerfebiotrophiastrains are able to produce
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CHAPTER 1. INTRODUCTION

hydrogen sulphide, which can have variotigets upon the local microhabitat and
may be considered a virulence factor in periodontal disease

Catonella

Catonella morbj the only member of the gen@atonellg is an anaerobic Gram-
negative bacillus isolated from a human gingival crevicmamted with periodontal
disease (Moore and Moore, 1994). It has been multiply degetom the human
oral cavity in a molecular study (Pastet al, 2001), but no further information
regarding this genus is available in the literature.

Centipeda

Centipeda periodontiithe only species of the gen@entipedais a Gram-negative
anaerobic motile bacterium isolated from human perioddetions (Laiet al,
1983). Two PCR based studies detedizderiodontiiin approximately 13 % of
subgingival plaque samples but found no correlation widedse state or patient
group (Sawadat al,, 2000; Siqueira Jr. and Roc¢as, 2004). One aim of thesapape
was to identify whetheC. periodontiiis associated with oral disease. However,
despite showing no association, they both conclude thttdurvork is required to
clear this matter up. This may be tied to the considerableqggnic potential of this
organism, which includes hydrogen sulphide productioniamdunosuppression,
dissuading the authors from concluding that it is innocuous

Dialister

Dialister pneumosintewas recently described as a suspected periodontal pathogen
because a PCR based study of 135 patients showed that tle@q@ees this organ-

ism is associated with periodontal disease (Contretad. 2000). This genus is
closely related to/eillonella and is one of many in the oral cavity that have been
overlooked in the past due to isolation and identificatidfialilties. Its prevalence

is now becoming recognised with the advent of molecularyeeasl, which have

led recently to the description of a new species from the aaaity of humansp.
invisus(Downeset al., 2003).
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Enterococcus

Enterococci are Gram-positive cocci indigenous to thergaestinal tractE. fae-
calis has been reported to occur in the subgingival plaque of 5%wit @eriodon-
titis patients (Ramet al, 1992), and to frequently occur in root-filled teeth with
persisting periapical lesions (Sundgwestal,, 1998).

Eubacterium

This genus contains many phylogenetically unrelated theaause it is defined
largely on the basis of negative characteristics, and as sas become a conve-
nient genus for placing fficult-to-classify species (Nakazawea al., 2002). The
Eubacteriumgenus consequently contains a diverse group of obligatelgrabic
pleomorphic rods, some of which are frequently isolatedthfperiodontitis (Moore
et al, 1983, Pasteet al, 2001). In addition Kumaet al. (2003) recently demon-
strated a strong association betwé&ersaphenunand chronic periodontitis in a co-
hort of 66 disease and 66 control subjects using a selediV®edetection method.

Filifactor

The genud-ilifactor presently contains two specids,villosus(type species), and
F. alocis formerly classified aBusobacterium aloci§Jalava and Eerola, 1999) and
first isolated from the gingival sulci of patients with petantal disease (Catt al.,,
1985).

Gemella

These Gram-positive cocci may sometimes be mistaken feptsicocci, or Gram-
negative cocci such ageisseriaunder the microscope, but they are in fact related to
AbiotrophiaandGranulicatellaspecies. The genus presently includes three species;
G. morbillorium G. haemolysansndG. palaticaniswhich was first isolated from

the oral cavity of a dog (Collinst al., 1999). These organisms are commensals of
humans and other animals, but they are also capable of gaseiious infections
such as endocarditis (Scola and Raoult, 1998).
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Granulicatella

The genusGranulicatellapresently contains only three species, all of which were
previously classified a8biotrophiaspecies (Collins and Lawson, 2000), a genus
designated to define the nutritionally variant streptoco€ranulicatellaspecies
are therefore absent from the previous literature conogroanine oral microbiota,
and presumably counts f@treptococcuandAbiotrophiaspecies are correspond-
ingly inflated.

Lactobacillus

Lactobacilli are Gram-positive rods found in small numberthe human and ca-
nine microbiota, and are recognised as an important paneaficrobial consortia
involved in the aetiology of root surface caries, which alsdudesActinomyces
andStreptococcuspecies (Sheet al., 2004). Lactobacilli are also among the dom-
inant taxa found in dental caries, and are closely relatexdiraptococci which are
also heavily implicated in caries (Munsat al., 2004). Even using 16S rRNA
gene based molecular methods, distinguishing the spetibese genera can be
problematic (Munsomet al., 2004).

Peptostreptococcus

Peptostreptococci are Gram-positive anaerobic coccihwban be isolated from
many sites of the body and are regarded as commensal orgaigugh they may
participate in polymicrobial or axenic opportunistic iofe®ns, especially abscesses.
Various species of this genus have also been implicatedircemal infections, gin-
givitis, and periodontal disease (Riggio and Lennon, 2003addition,P. micros
was identified as a member of the ‘orange’ complex by Sockaeslal. (1998),
who showed by community ordination using principal compua&nalysis that it
associates with a certain group of organisms, indicatingssiple link with other
bacteria more readily identified as pathogeRsmicroshas recently been reclas-
sified as the only member in a new genticromonas microgas recorded in a
validation list of the International Journal of Systematial Evolutionary Microbi-
ology, 50:1415-17, 2000).
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Pseudoramibacter

Pseudoramibacter alactolyticusas formerly classified aBubacterium alactoly-
ticum it is the only species of the gen®seudoramibacteand has been isolated
from various oral sites (Downex al,, 2001).

Selenomonas

Selenomonaspecies are Gram-negative rods commonly found in wateesysbut
have also been identified as being associated with peritidqiiizink et al.,, 1988;
Tanneret al,, 1998) and are often identified from oral samples.

Solobacterium

Solobacteriunspecies belong to the clas®llicuteswhich are rare in the oral cav-
ity, but S. moorehas been detected in oral samples by two recent molecutiiestu
(Pastert al., 2001; Rolphet al,, 2001).

Staphylococcus

Staphylococci may be detected in the oral microbiota, eiganerally regarded as
transient contaminants from the skin microbiota rathen ihdigenous species.

Streptococcus

The streptococci include primary colonisers of the humarhtsurface such &S.
sanguinis(formerly S. sanguis and acidogenic species such&smutanswhich
are the primary causative agents of dental caries in huntdaglie and Whiley,
1999). They are a diverse and abundant group of Gram-p@stiticci in the human
oral microbiota, typically comprising approximately 28 %otle cultivable micro-
biota in mature dental plaque (Socransky and Manganietiél), and up to 85 %
in early dental plague (Nyvad and Kilian, 1987).

The high incidence of streptococci in early dental plaqglights their impor-
tantrole in the primary colonisation of the tooth surfacéeAteeth are cleaned they
quickly acquire a complex film of salivary components of leaiel and host origin
called the pellicle. Streptococci can adhere to many cormpisnin the acquired
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pellicle, including acidic proline-rich-proteins, alplaylase, and sialic acid (for a
review see Whittakeet al., 1996).

After colonisation, the pioneer streptococci facilitatether development of the
plaque by acting as a receptor surface to which secondaoyisers must adhere
if the plaque is to develop further. An unusual feature ofdtreptococci shown by
Kolenbrandeet al. (1990), is that they commonly have partners of the same genus
to which they specifically adhere (intra-generic coaggiiega Apart from a few
Actinomycespecies which are also primary colonisers, this propertynigue in
the human oral microbiota. The authors proposed that thiife is probably an
adaptation favouring the primary colonisation of the tomihface.

In addition to their structural and developmental signiic&in dental plaque,
streptococci are also metabolically important, and attpacticular attention be-
cause of their prominent role in the aetiology of dentalesriOf the cariogenic
speciesS. mutanseems to be the most important, Butsobrinuslso plays a sig-
nificant role (Colby and Russell, 1997). These organismdymre acid by the fer-
mentation of sugars in the diet, and frequent acidic comatitimay ecologically dis-
rupt the plaque microbiota by selecting for an aciduric camity (Marsh, 2003).

Streptococci do not seem to be of such great importance inedental plaque,
as evidenced by frequent reports of low numbers of streptido canine investi-
gations. For example, Wundet al. (1976) found that streptococci comprised less
than 4 % of the supragingival plaque of two beagle dogs, areti 8yal. (1981)
noted thatS. sanguisndS. mutansvere not found in canine dental plaque. In ad-
dition, dogs rarely sfier from caries (Lewis, 1965) so cariogenic species in dogs do
not have the economic significance of cariogenic specieanmams.

Veillonella

Veillonella species are anaerobic Gram-negative cocdaileas in the oral cavity,
especially in dental plaque where they metabolise lactid pooduced by other
bacteria, producing weaker propionic and acetic acidslowaig the finding that
the presence ofeillonellaspecies in am vitro model increased the acid-producing
capacity ofS. mutangNoordaet al., 1988), and an association with carious lesions
(Beckeret al., 2002), it has been suggested tNhaillonella species may play an
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important role in caries by protecting acid producing spgchowever by the same
mechanism it is also possible that they may reduce the @miogotential of acid
producing species.

Selenomonas sputigena

Centipeda periodontii
_: Veillonella dispar

Dialister pneumosintes
Mycoplasma salivarium
Solobacterium moorei
Abiotrophia elegans
Enterococcus faecalis
Lactobacillus paracasei

Lactobacillus salivarius
Streptococcus mitis

Streptococcus oralis 0.03
Streptococcus sanguinis

Gemella morbillorium
Fusobacterium nucleatum
Leptotrichia buccalis

Mogibacterium timidum
Filifactor villosus
Peptostreptococcus micros
Peptostreptococcus prevotii
Pseudoramibacter alactolyticus
Catonella morbi

Figure 1.3: Phylogenetic tree showing the relationshipvbenh species of the
phylaFirmicutesandFusobacteridound in the oral cavity. Scale bar indicates 3 %
sequence divergence.

1.3.2 Fusobacteria

The Fusobacterigphylum is relatively small, and has only two genera commonly
found in the oral cavities of humans and dogsisobacteriumand Leptotrichia
The phylogenetic relationships between the organismsigfptiylum and thé-ir-
micutesphylum are shown in Figufe 1.3.

Fusobacterium

Fusobacteriunis an important genus of Gram-negative anaerobic rods; tipgy
cally form long filaments and are able to co-aggregate witktrather oral bacteria,
which is thought to give them an important structural rolelémtal plaque (Kolen-
branderet al,, 2002).Fusobacteriunspecies are also involved in the production of
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odours in halitosis due to their metabolism of sulphur-aomhg compounds (Lee
et al,, 2004)

Leptotrichia

The human oral cavity has been called the primary habitahisf genus which
contains several species of large fusiform rods (Eeibal., 2004), but presumably
it is also indigenous to the mouths of other animalsbuccalisis common in the
subgingival dental plaque of humans in health and diseassdRt al., 2001).

1.3.3 Actinobacteria

TheActinobacteriaare common in the human oral microbiota, for example making
up over 50 % of anaerobic isolates from dental caries (Muresah, 2004). How-
ever, the same study confirmed that the phylum was undeesepted by molecular
analyses, probably as a result of the high@content in the phylum reducing the
efficiency of theTagpolymerase used in PCR.

The phylogenetic relationships between the organismsegfiilylumActinobac-
teria and the phyldeferribacteresandSpirochaeteare shown in Figure 1.4.

1=

[—— clone BA121
clone W028 N
I_I:E clone BHO17 0.03
clone D084

Treponema socranskii
Treponema denticola
|—|_l- Treponema vincentii
Treponema medium
Figure 1.4: Phylogenetic tree showing the relationship/ben species of the phyla

; Deferribacters andSpirochaetefound in the oral cavity. Scale bar
indicates 3 % sequence divergence.
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Bifidobacterium

Bifidobacteriunspecies are common in the human intestinal tract (Matsukil,,
1999), but they are also sometimes found in the oral cavibptt subgingival sites
(Pasteret al,, 2001) and supragingival sites (Crociatial, 1996) where they have
been found in association with dental caries. Isolates wwproduce extracellular
endohydrolytic dextranases have also been found in asswciaith root surface
caries, and these organisms were able to utilise the dedzgradation products,
producing acid in the process (Kaster and Brown, 1983).

Actinomyces

MostActinomycespecies are indigenous to the mucous membranes of humans and
animals, particularly in the oral cavity (Hoylet al., 2000). They are abundant
Gram-positive rods in human dental plaque, and are imglitat gingivitis and
root surface caries (Schupbaehal, 1995). Similarly,Actinomycesspecies are
abundant in canine dental plaque, and along with streptotbey have been re-
ported to be particularly involved in primary colonisatiofhthe tooth (Hennet and
Harvey, 1991c).

A possible mechanism by which bacteria may induce inflanonadf the gin-
givaisif they elicit the production of host reactive antilies by the immune system,
and recent evidence has shown tAatinomycespecies with antigens cross reac-
tive with epithelial cells were recognised at higher fraggiein periodontal disease
patients compared to healthy individuals (@feal., 2003).

Corynebacterium

C. matruchotiihas been reported to be common in human subgingival sanipies,
is apparently more common at healthy sites (Kuetaal., 2003), however there is
little further literature relating this genus to the oravity of humans.C. kutscheri
is reported in the oral microbiota of various small animaisjuding rats, ferrets,
and hamsters (Amaet al, 2002; Fischeet al,, 1994; Amancet al., 1991).
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Propionibacterium

There is very little literature available concernifRgopionibacteriumin the oral
cavity, however it is occasionally detected (e.g. Pastat., 2001).

Rothia

R. dentocarioséas been found to be the second most prevalent organismoiat thr
cultures of healthy individuals, being isolated in 29 % fesafrom 113 people (von
Graevenitzet al, 1998). In additionR. dentocariosdas been found to be nega-
tively correlated with periodontal pocket depth and thespree of black-pigmented
bacteria in subgingival samples, indicating that it mayy@erotective role in the
host (Tanneet al., 1979).

Mogibacterium

Mogibacteriumspecies are Gram-positive anaerobic rods, all five of whieneh
been isolated from the human oral cavity, particularly iscasation with periodon-
tal disease and infected root canals. These bacteria ar®tyjpécally similar to

Eubacteriunspecies, hence the transfertftimidumto M. timidumat the time of

the new genus proposal in 2000 (Nakazawal., 2000).

Slackia

The genusSlackiawas proposed in 1999 (Wads al., 1999) to accommodateu-
bacterium exiguunand Peptostreptococcus heliotrinreducemghich were shown
by comparative 16S rRNA gene sequencing and phenotypiacteisation to
merit transfer. These Gram-positive anaerobic bacillirene calledS. exiguaand
S. heliotrinreducensespectively, and as with many of the present and forier
bacteriumspecies, they arefiicult to identify phenotypically, howeve. exiguas
often found in periodontitis and periapical infections (Wat al., 1999).

Olsenella

Lactobacillus uliis a strong producer of lactic acid originally isolated frbomman
gingival crevices and periodontal pockets (Olstml., 1991), and was reclassified
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in 2001 under the new gen@isenellaasO. uli, along withO. profusa(Dewhirst

et al, 2001). The strains on which the description for this lasigecies was based
were previously designated Bsibacteriunspecies and came from the large culture
collection of Moore and Moore in the 1970's. Recently, audtbased study on
using root canal samples from apical periodontitis sitesmébthat of the Gram-
positive bacteria, 38 % weleactobacillusspecies and 18 % wef@. uli (Chavez
de Pazt al, 2004), however there is little further information regagithis genus

in the current literature.

1.3.4 Spirochaetes

A relationship betweepirochaetesand periodontal disease has been recognised
for along time. This is perhaps in part due to the distindtigkcal morphology and
motility of spirochaetes making them easy to detect miaypsaally, despite their
fastidious requirements making them versfidult to detect by culture. Microscop-
ically, Spirochaetefrequently make up a large proportion of the subgingivalrotc
biota both in humans (Dahkt al,, 1993) and dogs (Hennet and Harvey, 1991b). At
present, all identified oraébpirochaetedvelong to the genusreponemaof which
there are over 60 known species or phylotypes (Pataft., 2001), only four of
which have been reliably maintained by culture (Chan and adgjhlin, 2000).

1.3.5 Proteobacteria

In their analysis of 2,522 clones from subgingival plaquastBret al. (2001) de-
tected 28 known species and 23 novel phylotypd3roteobacteriamost of which
were found only sporadically.

Gram-negative rods found in the human oral microbiota ideldaemophilus
species andikenella corrodenswhich are facultatively anaerobic, a@hpnocy-
tophagaand Actinobacillusspecies which are capnophiles. WhiH@aemophilus
species are not implicated in diseaB&enellg CapnocytophagandActinobacil-
lus species are implicated to varying degrees in gingivitis pedodontitis.

The phylogenetic relationships between the organismsegiiilylumProteobac-
teria are shown in Figure 1.5.
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_: Moraxella osloensis
Acinetobacter calcoaceticus
Coxiella burnetii
Cardiobacterium hominis
| E Haemophilus influenzae
Actinobacillus actinomycetemcomitans
_:Desulfovibrio fairfieldensis
Desulfobacter latus
Campylobacter rectus
AE Campylobacter sputorung o3
Campylobacter concisus
L Helicobacter pylori
Wolinella succinogenes

Neisseria subflava
Neisseria meningitidis
Kingella oralis
Simonsiella muelleri
Eikenella corrodens_

Burkholderia cepacia

Figure 1.5: Phylogenetic tree showing the relationshipvbenh species of the
phylum Proteobacterigfound in the oral cavity. Scale bar indicates 3 % sequence
divergence.

Actinobacillus

A. actinomycetemcomitamss transferred to the gendsemophilusn 1985 (Potts
et al, 1985) but the validity of this transfer has been disputeg. (as recorded in
the minutes of a meeting of the International Committee ast&yatic Bacteriology
meeting published in the International Journal of SystenRsdcteriology, 37:474,
1987). At present it is technically correct to refer to thgamism agHaemophilus
actinomycetemcomitansowever many workers, and the present work, continue to
useActinobacillus actinomycetemcomitans

A. actinomycetemcomitarcsin be isolated from many oral sites in both peri-
odontally healthy and diseased individuals, and is a memb#re indigenous hu-
man oral microbiota (Hendersa al., 2003). This organism is heavily implicated
in the pathogenesis of localised aggressive periodomtiismans (Slots, 1999), in
which a variety of virulence factors seem to be involved. ldeer, this organism is
rarely detected in the canine oral cavity (e.g. Allageal., 1997a).

Cell surface fibrils on fresh clinical isolates are assedawith the ability to
adhere and form biofilms on oral surfaces, and this featusensetimes lost upon
successive laboratory culture (Hendersoral.,, 2003)
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Campylobacter

Campylobactespecies are best known for their causative role in bactgastroen-
teritis which can be due to severaffdrent specie<;. jejunibeing by far the most
common (Butzler, 2004). Certaibampylobactespecies have also been found in
the oral microbiota; for example by the statistical clustgranalyses performed by
Socranskyet al.(1998) on DNA-DNA checkerboard hybridisation data from2i&3,
plague samples. These workers found thatectus(formerly Wolinella recta Van-
dammeet al, 1991),C. showaeandC. graciliswere often associated with nu-
cleatum Prevotellaspp., andMicromonas microsin what they termed the ‘orange’
cluster. Although the relationship of this cluster to healtatus was not addressed
directly, members of the ‘red’ clusteT (forsythusP. gingivalis andT. denticolg
which was significantly associated with periodontal dise@sre rarely found in the
absence of ‘orange’ cluster species. Pastai. (2001) found thaC. rectuswvas as-
sociated with samples from periodontal disease, whilgiracilisandC. concisus
were found in samples from healthy and diseased sites. lti@uda recent study
into periodontal risk factors in 107 Japanese high scholesits found that. rec-
tuswas present in 89 % of students, and its proportion was siginiiy related to
clinical parameters (Suda al., 2004).

Cardiobacterium

C. hominisand the recently describegd. valvarumare the only members of the
genusCardiobacterium(Han et al,, 2004). C. hominisis detected in the oral mi-
crobiota occasionally (Pastet al, 2001) but is rarely discussed in any detail by
the present literature so its role in the oral cavity remaioscure; rather this genus
gains attention because it causes bacterial endocastitisa likely source of infec-
tion in such cases is dental plaque (Lockhart, 2000).

Desulfobacterand Desulfovibrio

The first to show that sulphate-reducing bacteria residéénhuman oral cavity
were van der Hoeveet al. (1995). Using enrichment cultures they found sulphate-
reducing bacteria in the subgingival plaque of 58 % of 43vimhlials tested, and
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pure isolates of the geneesulfobacteandDesulfovibriowere found to be among
them.

Eikenella

Eikenella corrodenss a facultative anaerobe and the only member of the genus
Eikenella It has been associated with various non-oral infectiomd jscommonly
found in the oral cavity of healthy and periodontally disshndividuals (Fujise

et al, 2004; Chen and Wilson, 1992). Fujiseal. (2004) investigated the clonal
diversity of subgingivak. corrodensthey found that many subjects harbour mul-
tiple clones and that clonal diversity was higher in periudb disease compared

to healthy subjects. Clonal diversity and clonal shiftsrdume were suggested by
these authors as possibly indicating tBatorrodenscan colonise subgingival sites
more easily than many other bacteria; in any case such aig®rs highlight the
complexity of the oral microbiota.

Haemophilus

Haemophilusspecies are sometimes reported in the oral cavity of humem,
have been found to harbour amoxycillin resistance in theadg@htaque of children
(Readyet al., 2004).

The closely related organisaActinobacillus actinomycetemcomitaeshnically
belongs to the genudaemophilusthough biologically it may deserve to be in a
separate genus (see Section 1.3.5). Reporksaeimophilusspecies in the canine
oral cavity are rare.

Helicobacter

Helicobacter pyloris well known for its role in gastric disease, but it has aleeri
detected in plaque and saliva both by culture (CzesnikieM@uzik et al., 2004)
and by PCR (Gebaret al., 2004). The role of this organism in the mouth, if any, is
unclear, but it seems that the oral cavity can act as a rasévthis gastrointestinal
pathogen.
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Kingella

K. oralisis common in the oral cavity, and it may easily be mistakerEi&enella
corrodens having similar phenotypic traits and distribution, thbubere is no evi-
dence to link this organism with the aetiology of periodddiaease (Chen, 1996).

Moraxella

Moraxella catarrhalis formerlyBranhamella catarrhalisndNeisseria catarrhalis
often behaves as an upper respiratory tract commensals aitfigult to distinguish
from Neisseriaspecies sharing the same habitat, however it has becongnised
as an important cause of respiratory tract infection (Gnezhal., 2003).

Neisseria

Neisseriaspecies are often isolated from the oral cavity of humansthere is

little literature concerning their role, indicating th&iely are rarely implicated in
disease. A notable species of animal origifNisdentiag first isolated from the
dental plaque of a cow by Sneath and Barrett (1996), who stighiss organism
may play a significant role in the generation of an anaerolcoanvironment due
to their rapid consumption of oxygen.

Simonsiella

The short flat cells of the genu&imonsiellaform filaments and display gliding
motility, and have been described as oral commensals of nagnfdedlund and
Staley, 2002). They have been reported in the oral cavitisgany animals, includ-
ing cats, dogs, sheep, and humans (Kehal., 1978). Surprisingly, the incidence
of this relatively unknown genus in the oral cavity of dogssvessessed in 1977;
Nyby et al. (1977) foundSimonsiellaspecies in 66 of 67 dogs by swabbing the
palate, and came to the obvious conclusion that these aeter residents of the
canine oral cavity. There are few reportsSifnonsiellaspecies in the oral cavity
of humans and it has been suggested that they may be memrdjemainhabitants
(Carandineet al,, 1984); this is supported by the fact that none were detdryed
the exhaustive cloning excercise performed on subgingizajue by Pastest al.
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(2001), however they may be inhabitants of the soft tisssdhey appear to be in
dogs, or they may be incompatible with the cloning procedungloyed by Paster
et al.

Wolinella

Wolinella rectahas been associated with periodontal diseasedtal, 1992), but
its role in the disease process is not clear. The completengersequence oiV.
succinogeneblas been obtained due to it's similarity to the pathodeelécobacter
pylori, andCampylobacter jejunjBaaret al., 2003).

1.3.6 Bacteroidetes

A large proportion of the oral microbiota is composed of aob&e Gram-negative
rods including the gener@orphyromonasndPrevotella These genera are heav-
ily implicated in periodontal diseases, especi&tyrphyromonas gingivalis hu-
mans, which attracts a great deal of research and is foundsalexclusively at
subgingival sites, particularly those associated withgaemtal disease. Several
Capnocytophagapecies are found in the oral cavity where they may be imigica
in disease.

The phylogenetic relationships between the organismsd#cteroidetephy-
lum are shown in Figure 1.6.

Bergeyella

Bergeyella zoohelcuie an uncommon zoonotic pathogen typically associated with
cat or dog bites, it is the only representative of the geBeigeyella and was for-
merly calledWeeksella zoohelcum

Capnocytophaga

Capnocytophagapecies are indigenous to the human oral cavity both in healt
and disease, and they are considered putative periodathadgens in light of their
various virulence factors and isolation from a range ofquintal disease samples
(Ciantaret al., 2001).
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Capnocytophaga ochracia

—— Capnocytophaga cynodegmi
L— Capnocytophaga granulosa
Capnocytophaga gingivalis
Prevotella tannerae
Prevotella bivia
Prevotella oris —_—
Prevotella oulora )
Prevotella melaninogenica

Prevotella veroralis
Prevotella corporis

Prevotella pallens

Prevotella intermedia
Prevotella nigrescens

Tannerella forsythensis

Porphyromonas asaccharolytica

Porphyromonas endodontalis

Porphyromonas circumdentaria

Porphyromonas cansulci

‘EPorphyromonas cangingivalis

Porphyromonas canoris
Porphyromonas gingivalis

l: Porphyromonas macacae
Porphyromonas catoniae

Figure 1.6: Phylogenetic tree showing the relationshipvbenh species of the
phylum Bacteroidetegound in the oral cavity. Scale bar indicates 3 % sequence
divergence.

Porphyromonas

Bacteroides gingivalidas been established as a periodontal pathogen for many
years due to it's frequent isolation from periodontal deseeelated samples (e.g.
Socranskyet al, 1988), and it has therefore received much attention frea@archers.
In 1988B. gingivaliswas reclassified into the new geresrphyromonagShah
and Collins, 1988) aB. gingivalis The Porphyromonagenus was proposed to ac-
commodate the asaccharolyBacteroidespecies, and there are several species of
this fastidious anaerobic genus found in the oral cavitidsimans and animal$.
gingivalishas been reported numerous times in the canine oral miceghiot with
the assistance of 16S rRNA gene based phylogenetics it svbrg clear that iso-
lates from dogs are often affkrent species, usualB gulaewhich is distinguished
from P. gingivalisby its positive reaction to the catalase test (Foureteal.,, 2001).
Porphyromonaspecies are common in the dog and have been associated with
periodontal disease (Allaket al., 1997b; Isogaet al,, 1999), suggesting that they
may play a similar pathogenic role in dogs and humans.
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Prevotella

ThePrevotellagenus accommodates saccharolytic organisms formeriynbelg to
theBacteroidegienus. Two species éfrevotellaare frequently reported in human
plaque sample®. intermediaandP. nigrescenge.g. Mooreet al., 1987); whilst the
former may be considered a periodontal pathogen, the presdrhe latter may be
a marker for relative periodontal health (Gmur and Thuarh2002).P. intermedia
has been found to commonly reside in the canine oral cavityPadenticolawas
found to be present occasionally (Allaketral, 1997b).

Tannerella

Tannerella forsythensigas formerly classified &acteroides fusiformethenBac-
teroides forsythusuntil recently the genu$annerellawas proposed to accommo-
date it (Sakamot@t al, 2002). T. forsythensiss a fastidious fusiform found in
periodontal pockets of humans (Tanredral, 1979), and is now recognised as
an important periodontal pathogen (Genco, 1996), and itbleas suggested that
recognition of this was delayed due to it’s fastidious gfowgquirements in the
laboratory (Sanet al, 2004).

1.3.7 Deferribacteres

The Deferribacterephylum has few cultured representatives and it has never bee
isolated from the oral cavity, however a culture-independgudy has identified
two clones associated with chronic periodontitis, and lagioassociated with peri-
odontal health (Kumaet al., 2003; Pasteet al, 2001). A total of eighDeferrib-
acteresphylotypes were detected in subgingival plaque samplest#®, Rloning,
and sequencing, indicating that members of this phylum ee@igusly-overlooked
indigenous oral microbes of humans.

1.3.8 Candidate divisions TM7 and OP11

The candidate divisions TM7 and OP11 have no cultivatedeaprtatives, but they
have been identified by numerous molecular rRNA based stwdigch indicate a
great diversity of phylotypes (Hugenholéz al., 2001; Harriset al, 2004). The
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sequence diversity of the candidate division OP11 is sot ¢ghad recent analyses
have shown that it should be split into three candidate idings which themselves
are highly diverse Harrigt al. (2004). Members of TM7 and OP11 have been
detected in dental plaque, and a clone of each has been assbwiith chronic
periodontitis in humans; TM7 clone 1025 and OP11 clone X1H@n{ar et al,
2003; Pasteet al.,, 2001).

1.4 Modelling the oral microbiota

Using natural samples to investigate the microbial divgesid disease associations
of oral biofilms has provided a sound foundation for undeditag oral diseases.
For example by taking samples from patients presentifigrént clinical symptoms
and determining the bacteria present, it has been possililgtcertain species to
disease status. Such a link implicates the organism in theade process, but it
is often not clear whether this indicates a causative rola benign tendency to
proliferate in the diseased area.

Koch’s postulates (reviewed by Fredericks and Relman, L9@&e that if an or-
ganism can be isolated from a diseased site, and upon inimeuilato a healthy host
replicate the disease, then the organism can be said to tteudesease, providing
that also the parasite occurs in every case of the diseasis at found in other
diseases as a nonpathogenic parasite. Koch'’s insight hasisaicrobiologists and
clinicians well, but his postulates can not be easily ajpjieepolymicrobial condi-
tions such as periodontal diseases, which may be causee Isylergistic activity
of many diferent combinations of organisms. Despite this, experigeith germ-
free animals have been able to link certain bacteria witiodental diseases, and
such experiments can be considered the most basic or thecoraptex laboratory
models available depending upon one’s point of view.

The purpose of laboratory models is to provide reliableesgpntations of natu-
ral systems which can be manipulated and sampled in such ¢hatgonfounding
factors can be eliminated from a study, to allow the researthvary ideally just
one parameter at a time. Such systems allow causeffead ® be easily separated,
and may be set up by a large variety of techniques.

Models can be broadly categorisediasvitro or in vivo systems, depending
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on whether they are artificial or animal-based respectivielyitro models are of
greatest interest in the present work, one aim of which wdgvelop such a system
for modelling the oral microbiota of dogs, to allow the urtd&img of detailed in-
vestigations into biofilm systems of relevance to caninélogalth without causing
sufering to dogs.

In vitro models can be broadly categorised into three types depgngion the
inoculum used, which may be either a single species, a defiassortium, or a
natural sample (e.g. plaque). Attempts to understand plrgm studies on mono-
cultures have previously been described as heroic (Sis4989), in recognition
of the fact that dental plaque is strictly polymicrobialptiyh monoculture studies
certainly have some value for investigation of very spedaifieractions.

Systems inoculated with plague or saliva are often refdo@d microcosm sys-
tems, which have been defined by Wimpenny (1988) as ‘Labgratedels of the
natural system from which they originate but from which tla¢go evolve’. The
natural evolution of microcosm systems is both their stiie@gnd their weakness;
on the one hand microcosm systenfieothe possibility of the most realistic labo-
ratory models, but on the other their realism can result ior peproducibility and
analytical complexity reminiscent of the natural systeheytmodel.

Ideally of course, we would like the laboratory model to baikar to the natural
system from which it originated; by comparison with the maksystem we can
assess the usefulness of the microcosm as a model of thalrsatsiem.

1.4.1 Invivo systems

In vivo models of dental plaque have been used extensively in dess@arch, of-

ten using the dog as the model organism. Typically, the ogalth of the dog is
deliberately compromised in some way and the investigdtengts to determine
relevant changes associated with the development of @isdas example, liga-
tures may be placed around the teeth whilst feeding the arama soft diet to

promote plaque accumulation and the development of peniatidisease (Nociti
et al, 2001). Other studies have infected gnotobiotic animath suspected peri-
odontal pathogens to investigate the link between bacteriaclinical parameters
(Orlandet al., 1954).

39



CHAPTER 1. INTRODUCTION

In vivostudies may not be suitable in many cases due to the inhefgatitty of
generating reproducible conditions, their high cost, aaose of ethical concerns.

1.4.2 Planktonicin vitro systems
Batch culture

Batch culture of microorganisms can be used to investigateofnal physiology,
or to obtain high cell densities for other studies, howewer planktonic growth
phase and high nutrient concentrations employed for baittbre are unlikely to
accurately model oral biofilms.

Continuous culture

It is possible to control continuous cultures to maintainradetermined growth
rate, which may be governed by nutrient limitation to sintellgarious scenarios.
Despite gross chemical similarities, however, the plamiktmixed culture is unable
to replicate the biofilm structure of dental plaque. Thisgifitation may be useful
in some cases, and many interesting interactions have keeatified using such
systems.

Marshet al.(1983) showed that the chemostat could stably supportsivam-
munities of oral bacteria, contrary to usual chemostat thyosiin which mixed cul-
tures are displaced by a a single organism with the stromgespetitive advantage,
highlighting the importance of inter-bacterial co-oparatin dental plaque. Later,
Bradshawet al. (1994) used defined communities of oral bacteria to dematestr
that by metabolic co-operation, more diverse communitashigher overall vi-
able cell numbers and are likely to have greater ecologieailgy.

1.4.3 Biofilmin vitro systems

Biofilm models are considered generally to be the most ussfstems for mod-
elling dental plaque due to the fact that dental plaque isofilim. It is widely

recognised that the properties of biofilms are greater thasum of their planktonic
parts, therefore biofilm models are to be preferred whersiples For example, at-
tachment to a surface can induce phenotypic changes (GitSidravy, 2002), the

40



CHAPTER 1. INTRODUCTION

close association of cells in a biofilm may induce changesutjin quorum sensing
mechanism§ (Sauer and Camﬁ)er, ﬁ001), and the physicalustwaf the biofilm
has many implications for the bacteria belonging to it; fsample oxygen and
nutrient concentrations are likely to vary throughout tiefilon, and organisms in
physical proximity to each other are likely to participatennetabolic cooperation
or competition. Interestingly, contrary to early predicts and common sense, the
high resistance of biofilms to antimicrobial compounds seansome cases not to
be explained by reduced penetration or increased quen¢himderl et aIL 2008D),
though these mechanisms may play a role in other cﬁes ( ).

(a) Flow cell. (b) CDFF.

Figure 1.7: Photographs showing two models used for growingtro biofilms;
the parallel plate flow cell and the constant depth film ferree(CDFF).

Flow cell

The flow cell (Figure 1.7a) typically consists of two parhligass plates enclos-
ing a chamber through which a liquid culture medium is pasgeg@rovide a nu-
trient source to bacteria adhering to the glass plates. Aically-clear hydrox-
yapatite coating on glass has recently been demonstratedddelling the tooth
surface b)) Elliottet al. (2005), and this allows the investigator to use a more
biologically-relevant substratum material than glasowrtells allow continuous
non-destructive observation of biofilm development by wscopy (Busscher and
van der Mei, 1995), and are ideally suited for short term agimeand colonisation
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studies. The biofilm may also be sampled at the end of an erpatiby disman-
tling the apparatus.

Modified Robbins device

The Robbins device, modified by McCeyal.(1981) is essentially similar to a flow
cell, consisting of a flow chamber with removable substrasamples fitted flush
on the interior so that they do not interrupt fluid flow. Asepgmoval of biofilm
samples allows replicates and sequential samples to befakanalysis, something
which can not be done with a conventional flow cell. There ipravision for real-
time microscopic examinations to be made as there is witiwadédl, but the device
could conceivably be modified to allow this.

By their very nature, flow chamber models such as the Roblengd lend
themselves well to modelling aqueous systems with definednkr or turbulent
flow characteristics, such as dental unit water lines anuetats. As for modelling
dental plaque, flow systems can be used and seem particwigtlguited to study-
ing attachment and related phenomena, especially withisidgfined communities
(e.g. Busscheet al, 1992). Their capacity for generating complex plaque-tike
crocosms is likely to be limited due to the fact that they juleva homogeneous
environment and are fully submerged.

Perfusion

Perfusion systems can be described as those in which themeslpassed through
a porous support which serves as a substratum for the biofilmexample of this
is the device developed by Gilbeat al. (1989), which consisted of a cellulose ac-
etate membrane through which sterile growth medium wasepassupport biofilm
growth on the membrane. The great advantage of such syssetiret igrowth rate
can be controlled by the rate of addition of growth medium sinailar fashion to
that used in the chemostat.

The cellulose acetate membrane perfusion system has bebarfdeveloped
by replacing the membrane with Sorbarod filters which cdrfis concertina of
cellulose fibres (Hodgsaet al., 1995); this modification simplifies operation and in-
creases the biomass of the system. A further recent modbficaicorporated multi-
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ple Sorbarod filters in the same perfusion chamber to praeplécate biofilms, and
this system has been used to successfully grow reproduszltilery microcosms
(McBainet al., 2005).

CDFF

The constant depth film fermenter (CDFF, Figure 1.7b) is éilbiagrowth device
designed to allow biofilms to reach a steady state by mechiiyimaintaining a
constant volume (Wimpenngt al,, 1993). The system essentially consists of a
rotating turntable into which replicate discs of substnatonaterial are recessed.
Growth medium drips onto the rotating turntable, the top bich is scraped by
static blades which serve to distribute the growth mediumh lémit the biofilm
thickness to the pre-determined depth.

The CDFF was first applied to modelling dental plaque by Wilsbal. (1995),
and later by Kinnimenet al. (1996) who used a nine membered bacterial commu-
nity grown to steady state in an anaerobic chemostat as anlimo for the CDFF
which was operated under aerobic conditions. Despite baeg to atmospheric
gases, the CDFF developed steady state biofilms which weremcally domi-
nated by the strict anaerolB®rphyromonas gingivalisThe climax communities
attained after about 400 hours were found not to be the satmeée runs, and the
authors suggested that there may be a numberfk&rdnt states able to satisfy the
demands of the system. This seems likely to be the case andnsp@rtant issue
to consider when comparing experimental data between rarsgems inevitable
that the oral cavity itself would also be subject to the saotemtial for alternative
ecologies.

1.5 Methods of community analysis

The purpose of laboratory models is to provide samples mediin a controlled
fashion for subsequent analysis and interpretation toigeogiata relevant to the
system being modelled. In the case of oral biofilm models pdasrare most likely
to resemble dental plague or saliva, and the chosen metliaisatlysis used are
likely to be the same as the methods used for natural samples.
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1.5.1 Microscopic
Overview

Microscopic analyses can quickly give the investigatorkatids of information
about the physical structure of a sample, and allow courdginglentification of
physically distinct structures such agtdrent cell shapes or Gram-stain reactions.
In the absence of physically-distinguishable featuresast array of staining tech-
niques can be used to selectively mark features of intefesimany years the use of
simple staining procedures such as the Gram-stain, adidtis, and capsule stain
have allowed often undefined features of bacterial cell&tthb basis of taxonomic
differentiation. Such methods remain useful to this day, hominey are gener-
ally discovered by trial and error and limited to discrintina of gross structural
differences.

Staining and probe targeting

More sophisticated methods of staining have allowed meopg to remain a pow-
erful method in modern microbiology, in particular the usamtibodies or oligonu-
cleotide probes conjugated to various markers. Antibodasbe used to target
specific antigens exposed in a sample, particularly cefasarantigens, however
care must be taken to ensure that cross reactivity with @thiégens in the sample
does not occur. The chance of this can be greatly reducedriboional antibodies
are raised against purified proteins. For example Eleotil. (2003) successfully
labelled the CshA fibrils of variouStreptococcuspecies using monoclonal anti-
bodies raised against the purified heterologous protemfjraoing the cell surface
location of these adhesins and allowing them to be distsigad from other struc-
turally similar features.

In keeping with the modern obsession with molecular bioJagizcroscopy too
has ‘gone molecular’ since the advent of fluoresaesitu hybridisation (FISH) in
1989 (DeLonget al, 1989). This technique exploits the base-pairing propefty
nucleic acids, allowing the investigator to develop nucktid probes which will
specifically bind to other nucleic acids of complementargebaequence. Probes
used in microbiology are typically oligonucleotides diext at the structural RNA
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in ribosomes, but it is theoretically possible to target angleic acid in the cell.
There are two strong advantages to the ribosomal targegthaihe large copy
number of targets per cell, and the fact that rRNA gene sempsamave become the
sequence of choice for rapid identification by comparateeeysequencing. FISH
can therefore be used to identify bacteria from environadetlaboratory samples
to the species level with individual cell resolution undee tnicroscope, and this
technology has been extensively applied to samples of agahpbothin vitro and
in vivo.

Types of microscopy and their limitations

Resolving power in conventional microscopes is limitedlog wavelength of light
used to view the specimen; put simply, the illuminating wergth must be smaller
than the distance between two objects or they will be seemas Gonfocal laser
scanning microscopy (CLSM) is also limited by the wavelérajftlight but by using
a focused scanning laser beam coupled with a sensitivetdetéds possible to
extract depth information from the sample which is not palssiising transmission
or reflection of light in conventional microscopes.

The electron microscope overcomes the light wavelengtitdtion by using an
electron beam instead of a light beam to examine the samgdéyuncreasing the
resolution and practical magnification. Transmissiontetecmicroscopy (TEM)
works in a similar fashion to conventional light microscpopyoducing an image
devoid of depth information. Scanning electron microscapyks in a similar way
to CLSM, by scanning a focused electron beam across the saamngl detecting
reflections, producing a two dimensional image with shadgvimdicating depth in
the sample.

Electron microscopy is unfortunately limited by a requissrhof the electron
beam to be housed in a vacuum, the delicate nature of biabgjpecimens, and
the fact that electron beams are not easily deflected. Carsdly, specimens have
to be thoroughly dried and coated with electron dense nadgesuch as gold before
they can be viewed, this treatment leads to the loss of hicdbdeatures such as
extracellular polysaccharide, and the generation ofaatsf To some extent these
limitations are reduced in environmental scanning electnicroscopes, in which

45



CHAPTER 1. INTRODUCTION

the sample chamber is separated from the main vacuum systesmallows higher
pressures to be used in the sample chamber, permitting #meieation of hydrated
specimens.

1.5.2 Cultural
Overview

Microbiological analysis is strongly rooted in culturesied techniques, in particu-
lar the isolation of pure cultures to allow examination afindual taxa. Although

molecular-based methods are becoming more and more pdweufture-based

analyses remain important and a pure culture is still reguirefore a new taxon
will be given a valid taxonomic name (Christensenal, 2001). The most com-
mon culture-based measure is the total viable count, wisicisually obtained by
performing a serial dilution of a bacterial suspensiondeid by plating out the
suspension onto agar growth media. By manipulation of tbevtjr conditions such

as atmospheric gases and incorporation of inhibitory camgs in the media, vi-

able counts can be obtained for specific groups of microasgas

Limitations

There are several serious problems with culture-basedadstivhich have encour-
aged the development of molecular, microscopic, or otherratives. In particular
it is widely recognised that most microorganisms are cal@sistant, that is that
they will not grow in the laboratory, or they will only do so @xceptional circum-
stances. Sometimes these bacteria are described as tvaloigtor similar, but this
term suggests that the establishment of laboratory cligrienpossible so it is best
avoided.

The oral microbiota of humans is a special case in respedteoptoportion
of species which have been cultured; due to the long histbexperimentation,
approximately 50% of the human oral microbiota has beerudt (Pasteet al.,,
2001), much more than the cultured fraction of bacteria fobher ecosystems (e.g.
5% in soil; Bakken, 1985)

Another problem with viable counting is that many bactetiakstogether by
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virtue of their preferred biofilm mode of growth or as a consatce of the me-
chanics of cell division; any clumping of cells in the dilni series clearly results
in a reduction in the apparent number of viable cells in thea. For this reason
viable counts are usually expressed in terms of colony fegmanits (cfu).

1.5.3 Molecular
Overview

Molecular analysis techniques are those which depend uyperactions and prop-
erties of nucleic acids, in particular their informatiomabperty. Each bacterial
genome contains the instructions it needs to survive anlicad, and its tran-
scriptome at any given time would give a snapshot of the genesently being
expressed. Given this wealth of information, it is no worttiet molecular biology
has become such a powerful force in biology, however acogssid interpreting
molecular data can be far from easy.

Genome sequencing is a big and expensive undertaking, graaigh the num-
ber of completed bacterial genomes is increasing week bk wbe majority of
the microbial world is unlikely to be sequenced for a longdinThe power of en-
vironmental DNA sequencing, or metagenomics, has recdrg@n spectacularly
demonstrated by the sequencing of DNA extracted from thge8ap Sea (Ventet
al., 2004); this supposedly simple ecosystem yielded a greatsiiy of genes and
organisms, many of them new to science and together almasiidg the amount
of sequence data on GenBank. Such extravagant projectee@oening more com-
monplace, but the required sequencing capacity, not toiorettte downstream
analysis remains for now out of the reach of most laboradorie

Comparison of community analysis methods

Many molecular tools rely on the polymerase chain react®@K), which can be
used to amplify specific DNA fragments in a mixture if the flamksequences are
known. The size of the amplicon can be determined on an aga@®lso confirm
that the correct sequence was amplified, and it can then hecsedh to DNA se-
qguencing if further information is required. PCR is a geharathod which forms
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part of many other protocols requiring DNA amplificationf bua it's own PCR can
be used to quickly detect specific DNA species within a mixadle.

Practical molecular methods for analysis of microbial camities include PCR-
cloning and sequencing, community profiling by denaturiredgent gel electrop-
horesis (DGGE), and detection of specific nucleotide secpgensing microarray
techniques. Any of these methods can be used to examine atgicacid target
but they are often used in oral biology to give a phylogenati@pshot or profile of
the community based on 16S rRNA gene sequences.

The 16S rRNA gene is universally conserved among all celluiganisms due
to its critical role in the ribosome during translation ofngs to proteins. A pe-
culiarity of this gene is that it is not itself translated t@mtein, but performs its
function as a single stranded structural RNA complexed withribosomal pro-
teins. The structure of the molecule is largely determingddmplementary base
pairing between bases on the same strand, resulting in theafmn of hairpin
loops with double and single-stranded regions. This coatlwn of properties for-
tuitously results in a gene with very highly conserved ragialosely associated
with variable and hypervariable regions. Thus, primers@nathes can be designed
with specificity for species, genus, or phylum. In additioriversal primers can be
used to amplify and sequence the whole gene economicdtiyiaty phylogenetic
comparisons to be easily made.

Each molecular method has it's own particular benefits aodipms which will
influence the choice of method used. Cloning community DNAmeviously am-
plified genes (PCR cloning) has the advantage of generaliragies of large DNA
fragments which can be probed for function or used for secjngnbut compari-
son between samples idfitult because of labour and sampling issues. DGGE can
be used to fingerprint and compare samples, but is limiteadtoparison of rela-
tively short DNA fragments. Microarrays potentially allaapid throughput and
discrimination of nucleic acids by hybridisation, but dgten limit problems and a
general requirement of prior knowledge about the targaieeces, combined with
the technical challenge and cost of making arrays, limit thee.
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1.5.4 Metabolic

Metabolic tests may be performed on pure cultures or on mixgtdires, and can
reveal information about the phenotype of the organism ormanity being inves-
tigated. Typical metabolic tests include the oxidase andlase tests, which can
quickly show whether the sample has cytochrome oxidaseitgctir the capacity
to break down hydrogen peroxide respectively. Bacteridnamy has been until
recently largely based upon such phenotypic tests, whichmoa seem old fash-
ioned with the advent of molecular taxonomy. Such tests,dvew still have an
important place in microbiology because they define an asgaor community by
what it is, by observable function, rather than by potentmglied by the genome.

Metabolic profiling of soil communities has been shown to becpical and a
commercial kit is available specifically tailored to thisgi@nd and Mills, 1991).
Such analyses could also be very useful for studying oralnconities, especially
for rapid metabolic profiling of microcosms generated byolabory models. This
could be particularly powerful when combined with molecydeofiling techniques
such as DGGE, as it may be possible to correlate changes imuaaity structure to
changes in metabolic potential and use this as a means tbexianction to groups
of organisms resistant to axenic culture.

1.6 Aims and objectives

From extensive research in humans, it has become clearrthatderstanding of
the microbial ecology of the mouth is fundamental to eluttidathe aetiology of
most oral diseases (Schenkein, 1999), yet the oral ecolodjyrécrobiology of the
dog remain largely uncharacterised.

The aim of this work was to adjust the oral microbiota literatbias in favour
of the dog; by characterising the canine oral microbiotan@ring some of it's
representatives, and developing a laboratory model oheagéntal plaque to em-
power further research. In addition, it is hoped that thiskwill have a broader
relevance, particularly in the fields of oral microbiologydamicrobial ecology, and
the ultimate aim is that this work will support future devyaeent of oral healthcare
for dogs.
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Chapter 2
Materials and methods

This chapter details general methods and information wiviere used throughout
this study. Specific methods which relate only to a particcheapter are explained
in the methods section of the relevant chapter.

2.1 Cohorts

All plague samples were taken from dogs undergoing routergal treatment, ei-
ther at the Waltham Centre for Pet Nutrition (Waltham-oe-tholds, UK), or at
Beech House veterinary surgery (Surrey, UK). Saliva sasnpére taken from dogs
housed at the Waltham Centre for Pet Nutrition. Dogs houstrtaValtham Centre
for Pet Nutrition were kept in environmentally enrichedilities, and dogs sampled
at Beech House were companion animals.

The dogs sampled were four Miniature Schnauzers (femaléerezl), three
Cocker Spaniels (male; 1 entire, 2 neutered), one Cairnefgfemale), and one
Collie cross (female neutered). The Cairn Terrier had Gugghisyndrome and
was taking trilostane (Arnolds Veterinary Products Ltd, )UK steroid synthesis
inhibitor. None of the dogs had received antibiotics in thee¢ months prior to
sampling.
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2.2 Clinical scoring

Clinical scoring was performed after sampling. The paransatneasured were pe-
riodontal probing depth (PPD), bleeding on probing (BORY the gingival index
(modified for veterinary dentistry from Loe, 1967) as setiaurable 2.1.

Score Criteria

0 no gingivitis

1 Slight inflammation, i.e. slight redness but no bleeding on
probing.

2 Mild inflammation, i.e. slight redness and swelling, with
delayed bleeding on gentle probing of the gingival sulcus.

3 Moderate inflammation, i.e. the gingiva is red, swollerg an
bleeds on gentle probing of the sulcus.

4 Severe inflammation, i.e. the gingiva is red or reddisteplu
the gingival margin is swollen, tendency to spontaneous
haemorrhage on probing giod ulceration along the gingi-
val margin.

Table 2.1: Gingival index, modified for veterinary dentysiitom Loe 1967.

2.3 Sampling

2.3.1 Saliva

Canine saliva was collected in two ways; a ball was used tceentadk dog salivate,
and then the saliva was syringed out of the mouth, or sadisetiere used. After
collection, 100% dextran was added to each sample at a rafi6% v/v; sam-
ples from 5 dogs were pooled and stored at € After approximately 50 ml had
been collected, the pooled saliva was thawed and mixed, anbaliquots were
dispensed into cryovials stored at °@0to provide a standard inoculum for future
work.

2.3.2 Plaque

Plague sampling was performed under general anaesthesiagclinical scoring
by a qualified person. Dogs were premedicated with acepriomand buprenophine
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by subcutaneous injection. Anaesthesia was induced witbd®o| and maintained
on isoflurane with oxygen via a ffied endotracheal tube.

Individual plaque samples were taken with a curette or dgumtdbe from the
gingival margin, except where a periodontal pocket wasgmesn which case the
sample was taken from the base of the pocket. Nine plaguelesamwgre taken
from the buccal surfaces of upper second or third premoltsemine dogs, based
upon established common practice (e.g. Sgedl, 1981) and the observations of
Sorenseret al. (1980), who found the buccal surfaces to harbour the mogupla
increasing from the canines to a maximum on the maxillaryp#émolar, and then
decreasing in the molar regions. In addition, a single gipgaval plaque sample
was taken from an upper second premolar, and a ¢hs¢slal pooled sample was
taken from the periodontal pocket on an upper second in¢Za#), both of these
extra samples being taken from one of the nine dogs mentm@ibusly. Samples
were immediately transferred to a vial containing 1 ml ofueed transport fluid
(Syed and Loesche, 1972) for transportation to the laborato

A pooled plaque sample (CPP01) was taken from the entiretaenof three
miniature schnauzers (Petal, Poppy, Daisy) using stesigs to remove supragin-
gival plaque, reaching as close to the gingival margin asiptess The swabs were
placed immediately into a universal bottle containing 2Qeduced transport fluid
(RTF) and transported to the laboratory. The sample wasxartixed for two min-
utes, the suspension was transferred to a centrifuge toteéhan centrifuged for 15
minutes at 3000 RCF. The supernatant was removed and rdplaiteBHI and 10
% glycerol, before being vortex-mixed and dispensed in lliguats into cryovials
and stored at -7€. Details of all plaque samples are summarised in Table 2.2.

2.4 Suppliers of chemicals and reagents

Unless stated otherwise, chemicals were supplied by Siiual¢, UK) or BDH
(Poole, UK), growth media were supplied by Oxoid (BasingstdJK), and PCR
primers were supplied by Sigma Genosys (Cambridge, UK).
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Sample ID Location Gl PPD Dog Breed Age

cpO0X 206 nd nd Rosie MS 6y7m
cp02 106 nd nd Rosie MS 6y7m
cp03 106x nd nd Rosie MS 6y7m
cp04 207 1 0 Stumpy CS 1y9m
cp05 107 2 0 Errol CS 1y9m
cp06 107 2 0 Midas CS 2y3m
cp07 107 3 2 Petal MS 7y1llm
cp08 107 0 2 Poppy MS 7y1llm
cp09 107 1 2 Daisy MS 7y1llm
cpl0 2028 2 5 Daisy MS 7y1llm
cpl7 207 0 5 Susie CT 11lylm
cp62 107 2 4 Dica CC 13y2m

cpll-cp33 lefyy 0-3* 0-5* Susie CT 1lylm
cp34-cp62 entiré 0-4* 0-5* Dica CC 13y2m

Table 2.2: Summary of plaque samples showing the gingidlxr(Gl) and peri-
odontal probing depth (PPD) for each sampled tooth.

a supragingivalg distal and mesialy entire left dentitiong entire dentition, * fur-
ther information given in Table 4.5,tooth surface cleaned with chlorhexidine be-
fore sampling.

Breed abbreviations; MS Miniature Schnauzer, CS Cockeni®paCT Cairn Ter-
rier, CC Collie cross medium sized.

2.5 Growth Media

2.5.1 Agars

The growth media used for making viable counts were anaeaghe (Bioconnec-
tions, Leeds, UK) with 5% defibrinated horse blood (E&O Laiories, Bonny-
bridge, UK) (AA) for total anaerobes, Columbia agar basedqi@xwith 5% defib-
rinated horse blood (CBA) for total aerobag&illonellaagar (Difco, West Mole-
sey) forVeillonellaspecies, Mitis Salivarius agar (MS, Difco) for streptodpead
triple strength cadmium fluoride acriflavin tellurite ag@FHAT) (Zylber and Jordan,
1982) forActinomycespecies.
Plates were incubated aerobically with 5 % £Or in an anaerobic chamber

(MACS 1000, Don Whitley Scientific, Shipley, Yorkshire, Ukjth an atmosphere
containing 80 % nitrogen, 10 % hydrogen, and 10 % carbon deoat 37C. After
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3 days (aerobic plates only), and again after 7-10 days, ldtepwere examined
and each morphotype was counted and subcultured to obtegrcpliures.

2.5.2 Canine artificial saliva

The growth medium fed to the CDFF and used in other experisneat a mod-
ification of the complete artificial saliva (AS) described Byattenet al. (1998),
termed canine artificial saliva (CAS) in this study. Prati¢ml. (1998) developed
their complete saliva based upon the artificial salivasiptesly formulated by Rus-
sell and Coulter (1975) and Shellis (1978); they found tlwahlsining elements of
each and increasing the amount of mucin resulted in higrevthrrates and final
cell densities in theif. sanguibiofilms. Later work has also showed that this for-
mulation is well suited for generation of microcosm plagi@films (e.g. Pratten
and Wilson (1999)), although microcosm studies using ASate tiave mostly been
supragingival plaque models inoculated with human saliva.

CAS used in this study containsfiirent salt concentrations compared to AS
and is adjusted to pH 7.5, based upon measurements of teesatent and pH of
canine saliva made at the Waltham Centre for Pet Nutritiod an the observations
of Harveyet al.(1995). In addition, horse serum (Oxoid) was added at a f&ié&o®
V/Vv to some microcosm experiments to simulate gingival crduicfluid. Table 2.3
shows the ingredients used to make CAS.

Ingredient guantity per litre
Lab-lemco powder (Oxoid) 1.0g
Yeast extract (Oxoid) 20g

Proteose peptone (Oxoid) 5.0g
Hog gastric mucin (Sigma) 2.5¢g

Sodium chloride 2.39
Calcium chloride 0.1g
Potassium chloride 15¢g
40% Urea 1.25ml

Table 2.3: Composition of Canine Artificial Saliva. Beforeteclaving, the pH
of the medium was adjusted to 7.5 using 5 M sodium hydroxidealyvas filter-
sterilised and added after autoclaving. All salts are ardiyglmasses.
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2.6 Microscopy

2.6.1 Light microscopy

Light microscopy was carried out with brightfield illumima typically using a 3%
objective or 10& oil immersion objective. Wet preparations were covered\ait
cover slip.

2.6.2 Scanning electron microscopy

Biofilms for SEM were placed in 3 % glutaraldehyde in 0.1 M swdicacodylate
buffer and stored at’€ for at least 24 hours to fix the samples. Fixed biofilms were
dehydrated in an alcohol series by gently applying from 200%G0 % ethanol,
finishing with three changes of 100 % ethanol for 10 minuteshearhe dehy-
drated biofilms were then covered with hexamethyldisilazanen removed after
1-5 minutes and placed in a dessicator overnight to dry. dDsjgecimens were
mounted onto aluminium stereoscan stubs and coated witim anitallic layer of
gold/palladium in a Polaron E5000 sputter coater (BioRad, HessuCA, USA).
The prepared biofilms were visualised using a Cambridge 998 &nd images
were captured digitally.

2.6.3 Transmission electron microscopy

Transmission electron microscopy (TEM) was used to visedbacterial cell sur-
faces and coaggregates, using methylamine tungstate gmtveestain. Negative
staining of cells was performed on plasma glowed formvearbon coated 400
mesh copper grids (Agar Scientific, Essex). The followingtpcol, based on the
method of Handlet al. (1985), was performed quickly to prevent the grid from
drying:

1 Float 20ul culture 1 on top of grid for 1 minute.
2 Draw df culture with a damp filter paper.

3 Float 20ul culture 2 on top of grid for 1 minute (if required), and draft.o

55



CHAPTER 2. MATERIALS AND METHODS

4 Float 20ul 1 % w/v methylamine tungstate on top of the grid for 1 minute
and draw @.

2.6.4 Confocal laser scanning microscopy

Substrata with attached hydrated biofilms from the CDFF vee®ured into the
base of small petri dishes using silicone grease (Dow Cgriitidland, MI, USA)
and covered with physiological saline containing fluoressgains. The stains used
were either Syto13 (Molecular Probes, Eugene, Oregon, USAacLight™ bac-
terial viability kit (Molecular Probes). Syto13 is a gendpaNA stain used to visu-
alise all of the cells in a biofilm (fluorescence is much greatéhe bound state),
and BacLight is a two part stain which dierentially stains live and dead cells
based upon membrane integrity and metabolic activity. B3/tapplied at 0.03 %
v/v, and BacLight™™ was prepared by adding 10 of each kit component to 10
ml saline. Images were obtained using a Radiance 3000 calrfser-scan head
(Bio-Rad GmbH, Jena, Germany), in conjunction with a BX5dresbmicroscope
(Olympus UK Ltd, Southall, UK), and a 40HCX water immersion dipping lens.
Image processing was performed using ImageJ (Rasband).2005

2.7 DNA extraction

DNA was extracted from samples using a commercial DNA ekivadit (Puregene
Gentra Systems, Minneapolis, MN, USA). The manufacturessogol for Gram-
positive bacteria was followed, except that centrifugationes for pelleting cells
and DNA pellets were increased to five minutes.

2.8 DNA purification

PCR products were cleaned using a QlAquick PCR purificatibf@lagen, Valen-
cia, CA, USA) to remove excess nucleotides, enzymes, genbiNA, and other
PCR mastermix components. Cleaned DNA was typically eltdedvolume of 30

ul.
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2.9 Polymerase chain reaction

For amplification of DNA from pure bacterial cultures on ggasmall amount of a
single colony was picked with a sterile cocktail stick anckeai into 50ul water in
a PCR tube. PCR mastermix was then added and the initial P@&utation was
usually suficient to release DNA from the cells. For biofilm samples oafeitrant
pure cultures, DNA extraction was performed and an aliquad used for the PCR
template.

2.10 DNA fragment analysis

PCR products were checked on a 1 % agarose gel witlQxil=! ethidium bro-

mide. Gels were loaded with Al sucrose loading kter and 5ul PCR reaction,
and run for 50 Vh, before being photographed using a gel ingagystem with dig-
ital camera (Alphaimager, Alpha Immotech, San Leonardo, G8A). PCR DNA

marker (Amresco, Luton, UK) containing markers at 50, 151,300, 750, 1000,
1500, and 2000 bp positions was loaded onto gels to asdisiaeisin of DNA frag-

ment lengths.

2.10.1 Primers

Most PCR primers used in this study were targeted at the 16&8\r§ene. Ta-

ble (2.4 shows all of the universal primers used for generglliication of this

gene. Primers used for DGGE, and primers targeted at spehiflogenetic groups
are listed in Section 4.2.2 and Section 4.2.3 respectively.

2.10.2 Standard PCR conditions

Most PCR reactions were performed in d®olumes using the mixture shown in
Table 2.6. The standard cycling parameters were as showabie 2.5.
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Name Sequence (5’-3") Reference

27F AGAGTTTGATCMTGGCTCAG  Lane (1969)

338F AACTGAGACACGGTCCAGAC  Lane (1969)

357F CTCCTACGGGAGGCAGCAG Lane (1969)
519R GTATTACCGCGGCTGCTG Lane (1969)
907R CCGTCAATTCMTTTRAGTTT Lane (1969)

926F AAACTYAAAKGAATTGACGG Lane (1969)

1100R GGGTTGCGCTCGTTG Lane (1969)
1114F GCAACGAGCGCAACCC Lane (1969)
1492R TACGGYTACCTTGTTACGACTT _Lane (1969)

M13F (-20) GTAAAACGACGGCCAG Invitrogen protocol*
M13R CAGGAAACAGCTATGAC Invitrogen protocol*

Table 2.4: Universal PCR primers for amplification of baietet6S rRNA gene.
F=forward, R=reverse, numbers indicate gene position udigoli numbering
(except M13 primers). MC:A, Y=C:T, K=G:T, R=A:G; all 1:1.

* see Section 2.13.

Lid Repeat Condition
110C 94C 5 min

x 29| 94°C 1 min
54°C 1 min
72°C 1.5 min
72C 5 min

off pause 4C

Table 2.5: Standard PCR cycle.

2.11 DNA sequencing

DNA sequencing was carried out using the chain terminatéhateof Sangeet al.
(1977) on two diferent machines. Initial sequencing was done on an ABI 3XnrPri
Genetic analyser (Applied Biosystems, Warrington, UK)] #ater sequencing to
increase coverage of existing reads was done on a BeckmdteCG&EQ2000 au-
tomated DNA sequencer (Beckman Coulter, High Wycombe, @tput from the
machines was in the form of electropherograms, which weatyaad with Chro-
mas v1.43 (McCarthy, 1997) to obtain the DNA sequence data.
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Ingredient supplier volumeu()
sterile deionised KD 76.7

10x (Biotaq) Bioline 10.0
dNTPs (10 mM) Promega 2.0
MgCl, (Biotaq) Bioline 5.0

Forward primer (1:M) Sigma-Genosys 3.0
Reverse primer (1pM) Sigma-Genosys 3.0
Taqg (Biotaq) Bioline 0.3
Total 100.0

Table 2.6: PCR mastermix for one reaction. Template voluras typically 1ul,

and the HO volume was adjusted accordingly.

Suppliers: Bioline, London, UK; Promega Life Science, $ampton, UK; Sigma-

Genosys, Cambridge, UK.

Ingredient ABI  Beckman
Cleaned DNA template Al 1 ul

dH,O 3.5ul -

primer (10uM) 0.5ul 1l
Bigdye 2ul -
Quickstart - 8ul

Table 2.7: Sequence PCR mastermixes for one reaction, foBABand for Beck-

man CEQ2000.

Sequence PCR protocol (ABI)

Sequencing PCR reactions were prepared as shown in [Tablar®i7un on the

program shown in Table 2.8.

Lid Repeat Condition

105C x99 95°C, 10s
5°C5s
60°C 4 min

off pause 4C

Table 2.8: Sequence PCR thermal cycling parameters for ABI 3

Sequences were cleaned and analysed as follows. To eatiomeadul water,
2 ul 3M sodium acetate and 5@ 95% ethanol (-20C) were added before incu-
bation on ice for 20 minutes. The precipitated reactionsevtken centrifuged at
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14,000 RCF for 25 minutes at@. The supernatant was removed by pipette, and
250 ul 70% ethanol (-20C) was added before being centrifuged again at 14,000
RCF for 15 minutes at°€. The supernatant was removed and tubes were then
dried at 98C for a few seconds with the lid removed. The extract was spanded

in 20 ul TSR (Template Suppressor Reaction, Applied Biosystemg)wartexed,
then heated at 9& for 2 minutes, vortexed again and then placed on the sequenc
for analysis.

Sequence PCR protocol (Beckman)

Sequencing PCR reactions were prepared as shown in [Tablar®i7un on the
thermal cycling program shown in Table 2.9.

Lid Repeat Condition
105C x 30| 96°C20s
50C 20s

60°C 4 min

off pause 4C

Table 2.9: Sequence PCR thermal cycling parameters forrBaciCEQ2000.

Sequences were cleaned up and analysed according to thdactanrer’s in-
structions in 96 well PCR plates (Beckman Coulter).

2.12 DNA sequence assembly and comparison

When multiple sequence reads were obtained for a singlel&tenihey were as-
sembled using BioEdit (Hall, 1999) and contig assembly m@og(Huang, 1992).

To obtain identifications based upon 16S rRNA gene sequenoagparisons
were made to sequences available in public databases umngravided online
tools. BLAST (Altschulet al,, 1990) searches were done on sequences in the Gen-
Bank database (Bensat al, 2004), and the sequence match tool was used on
sequences held on the ribosomal database project éCale 2003). Each of these
tools returns a list of matches ranked by a probability sc@&equence alignment

60



CHAPTER 2. MATERIALS AND METHODS

and further comparisons were made in many cases to allodibgibf phylogenetic
trees, and this is described in Section 3.2.4.

2.13 PCR-Cloning

DNA amplified by PCR from a mixed template of community DNA ikely to
include a mixture of species which cannot be sequencedtljirdadividual am-
plicons from such mixtures were cloned irio coli using a TOPO TA Clonin@®
Kit for Sequencing (Invitrogen, San Diego, CA, USA), via aghid vector accord-
ing to the manufacturers instructions. Cloned DNA was afiegliby PCR using
the M13 forward and reverse primers flanking the insertioe, sind the resulting
products were used as a template for DNA sequencing.
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Culture-based analyses

3.1 Introduction

The canine oral microbiota was analysed by obtaining puleireuisolates from
plaque and saliva, and identifying them by comparative FISA gene sequenc-
ing. Although many previous workers have performed simgeaminations, the
vast majority have relied upon conventional identificatmathods and had a bias
towards understanding of the human microbiota. In paricihe dog has often
been used as an animal model for human oral diseases suchaop&al diseases
(Weinberg and Bral, 1999; Madden and Caton, 1994), and ialssreceived at-
tention because of the bacteria it may transfer to peopl@xample through biting
(Allaker et al., 1997a; Forsblonat al., 2002). In this respect, it has been recognised
that the dog has a distinct oral microbiota as it is widelyidw&d that bites from
dogs are less dangerous in terms of wound infection poterdrapared to human
bites (Goldstein, 1992).

The large researchffert directed at the human oral microbiota provides an ex-
cellent data set for comparison with results from the prestrdy. Such compar-
isons are used to consider the evolution of the bacteriahzonities involved, their
respective niches, and the possibility offdrent species filling similar niches in
different hosts. If such species can be identified, they may ¢easseful informa-
tion regarding human and animal oral diseases by providimasée for uncovering
universal characteristics of pathogenic and protectieeiss.
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3.2 Materials and methods

3.2.1 Samples

Canine plaque and saliva samples were collected as dedsanilSection 2.3.

3.2.2 Viable counting

Samples were serially diluted in PBS, and aliquots wereegdlaut onto CBA and
AA. Plates were incubated aerobically with 5 % £@r in an anaerobic cabinet
(MACS 1000, Don Whitley Scientific, Shipley, Yorkshire, Ulds appropriate at
37°C. After 3 days (aerobic only), and after 7-10 days the platese examined
and each morphotype was counted and subcultured to obteercpliures.

3.2.3 Isolate identification and storage

Pure isolates obtained from viable count plates were ctearaed by Gram-stain,
catalase test, and oxidase test. Identifications were maderbparing partial 16 S
rRNA gene sequences as described in Section|3.2.4, anddlie pbenotypic tests
were used to support these identifications.

Catalase

Isolates were tested for catalase by transferring a smaluatof the colony to a
glass slide, then adding a drop of 0.02 % hydrogen peroxiu#® agpositive result
was recorded if #ervescence occurred.

Oxidase

Isolates were identified as oxidase-positive if within aldduseconds, contact with
a swab moistened with NNN’N’-Tetramethyl-p-phenylenadiiaedihydrochloride
(BDH) in water produced a purple colour.
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Gram-stain

A light smear of cells was gently heat fixed to a glass slideys@it violet was
added for 30 seconds, then chased away with iodine, whicheftas place for
30 seconds. The slide was rinsed with water and decoloubisefly with acetone
before being counterstained with safranin for one minute amsed with water.
Slides were gently blotted and allowed to air dry before ugawith a 1006 oil
immersion objective.

Isolate storage

All isolates were preserved by mixing a large amount of pir&irs (e.g. a whole
plate) into a sterile 1:1 mixture of BHI and glycerol usingerge cotton swab, and
stored in a cryovial at - 7.

3.2.4 Comparative DNA sequence analyses

Partial 16S rRNA gene sequences were obtained from pungreslas described in
Section 2.11.

Sequence alignment

Sequences were aligned using ClustalX (Thompetaad., 1997), and all gaps were
removed using BioEdit (Hall, 1999). For short alignmentdesfs than 400 bases,
some gaps were sometimes allowed to remain in order to makiemaa use of the
available data.

Distance matrices and percent identity calculations

Distance matrices were calculated from de-gapped aligtsnesing the DNAdist
program of the Phylip software package (Felsenstein, 199i3jance matrices for
generation of phylogenetic trees were corrected for melgpbstitutions using the
method of Jukes and Cantor (1969). To calculate percentdageity between pairs
of sequences, degapped alignments were compared usingliBigiEhout using
algorithms for correction of multiple substitutions.
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Phylogenetic trees

Neighbour-joining phylogenetic trees were produced fragtashce matrices using
the Neighbour program of the Phylip software package (lRskein, 1993). All
phylogenetic trees are unrooted unless specified othenilibe sequences from
the best matches on BLAST (Altschet al., 1990) and RDP (Colet al., 2003)
for each isolate were included on the trees to provide a vispaesentation of the
relatedness of the isolated bacteria to named bacteriaGenBank. All sequences
originating from this study are displayed in green typeface

3.2.5 Phylogenetic analyses
Initial identification and phylotype assignment

All isolates were initially identified by performing datat®asearches on the 16S
rRNA gene sequences obtained from a single read of apprteiyr200-400 bases,
targeting the hypervariable V3 region of the gene using 8¥-3rimer as described
in Section 2.111. Sequences were then put into groups (8 genera) to pro-
duce phylogenetic trees of related bacteria. These trgealezl natural groupings
between the isolated bacteria which were used to arrangeitite groups termed
phylotypes, since exact species or genus information wetr&mown at his stage.
Phylotypes were assigned according to database seardts ssaithe distance sep-
arating known related species on the same tree, so that éatdtype should ap-
proximately represent a distinct species.

Phylotype identification

Once all of the isolated bacteria had been assigned to atypgloa second round
of sequencing was performed as described in Section 2.1ité&nomore accurate
sequence data for representatives of each phylotype. Taaeare termed high
fidelity sequences, and are defined by having a minimum of léocdverage for
at least 600 bases. Due to time constraints, this standahetaachieved for all
phylotypes isolated.

High fidelity sequences for each phylotype were subjectddrtber database
searching and tree analyses to obtain accurate phylogeta# for the originating
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organism. Database searches, phylogenetic trees, arehpsegjuence homology
to database sequences were used to identify each phylatygpeties level where
possible.

A difference of 3 % or greater was taken to indicate that sequeraresprob-
ably from distinct species (Goebel and Stackebrandt, 1B6eyet al., 2004).
Sometimes more similar sequences were considered disfiecies if other de-
scribed species of the genus were particularly homogenebus above methods
were chosen and applied in order to maximise the number otifégble species
from the sequence data, and therefore minimise the pasgitfilerroneously flag-
ging a sequence as originating from a previously undestspecies.

These identifications are assumed to be indicative of thaiigtfor each phy-
lotype as a whole since initial sequencing data showed #ftaiity.

3.2.6 Literature search

To check if isolated bacterial species were part of the idoyis human oral mi-
crobiota, the following search was performed on pubineging the current valid
name and all previous and invalid names:

genus AND species AND (plaque OR saliva OR oral)

Database hits were followed up to determine whether theebaot had been
detected from a human mouth, and if so it was considered torberaber of the
indigenous oral microbiota.

3.3 Results

3.3.1 Phylogenetic diversity

A total of 339 bacterial isolates were recovered by culttwenfthe dental plaque of
seven dogs and a pooled saliva sample. From these isoldte#férent bacterial
phylotypes belonging to 37 genera were identified by 16S riRAe sequencing,

112 October 2004
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and 34 isolates remained unidentified. Phenotypic dataemaesice related results
for all isolates are shown in Appendix A.

In four cases, multiple phylotypes were identified as theesapecies, but the
original phylotype designations were retained becausseth®y represent distinct
strains. An average of 17 distinct phylotypes were deteftted each plaque sam-
ple, and 22 phylotypes were detected from the pooled sadingpke. Sequences
used to identify phylotypes have been deposited in GenBatikagcession num-
bers AY827856 - AY827945.

Figure[3.1 shows an example phylogenetic tree as used t@ gheuisolated
bacteria for each group of related taxa.

- cp01.17
cp01.27
cp01.25
cp07.15
cp01.16
cp09.17
cp03.12
cp07.19
P. Catonlae
chl 14
— cp06.28
cpl7.12
cp05.3@
P. gingivalis
P. gulae
Cp02 24 03
Cp62 15
P. cansulci
cp01.21
cp02.23
-| I_: P. macacae
P. asaccharolytica
cp05.12
P. canoris
cp05.13
Ccp62.16
P. endodontalis
P. circumdentaria
P.levii
P. cangingingivalis
cp01.26
cp03.19
- cp02.16

Figure 3.1: Neighbour joining tree showing phylotype desiipns forPorphy-
romonasspecies, using 201 alignment positions. High fidelity segas were later
obtained for the highlighted isolates)( Scale bar indicates 3 % sequence diver-
gence.
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Longer sequences were used to further characterise sompsgby database
searches and additional phylogenetic trees as shown ind=8g2. This figure shows
the highlighted isolates from Figure 3.1 using high fidedigguences. Similar anal-
yses were performed for all of the high fidelity sequences.

P. circumdentaria
—éndodontaﬁs )
P. asaccharolytica
cp05.13
cp05.12

P.canoris
cp03.19
P. cangingivalis
P. levii
cp04.07
P. catoniae —_—

cp05.30 0.03
‘ |{ P.pgulae
P gingivalis
cp62.15
b PI cggasulci
——— P Macacae
Figure 3.2: Neighbour joining tree showing high fidelity segces fronPorphy-
romonasspecies, along with database sequences for the closest Bo#giches

and selecte®orphyromonaspecies (491 alignment positions). Scale bar indicates
3 % sequence divergence.

Phylotype identifications were combined with viable congtresults from pri-
mary isolations to determine the frequency at which eaclhigreas isolated for
each sample category (Section 3.2.2). A summary tree slgoalirof the phylo-
types for which high fidelity sequences were obtained is shioviFigure 3.3.

Of the 84 phylotypes, species level identifications weraioled for 40 phylo-
types as summarised in Table 3.1, the remainder could nailiably identified to
species level and these are summarised in Table 3.2. Only &@species identifi-
cations are considered indigenous human oral microbesl loaisz literature search.

For 44 phylotypes (52 % of total) there was no similar seqaem@ilable on
GenBank to provide a species identification. These are tieelyaidentified as
probable new species or genera, especially where it cantbemaed that GenBank
does in fact hold a sequence for all valid members of the g€faide 3.2).
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I: Corynebacteriunsp. (cory4)
Corynebacterium appendic{sory5)
_:Propionibacteriumsp. (prop2)
Propionibacterium acnegprop3)
[ Actinomyces hordeovulneriactino8)
Actinomycesp. (actino6)

[ Actinomyces cani@ctino2)
Actinomyces cani@ctinol)
Actinomyces bowdenr{actino3)
Actinomyces coleocanfactino9)

Dialister invisus(dial)

Staphylococcus epidermidistaphl)

Holdemanidike sp. (bull)

Streptococcus mindstrep2)

Streptococcusp. (strep4)

Granulicatella sp.(abiol)

Micromonas microgpep2)

Peptostreptococcusp. (pep3)

Filifactor alocis (fusol) —_—
Leptotrichiasp. (lepl) 0.03

Pasteurella dagmatigastl)
AEI_Pasteurella dagmatigpast?)
Bisgaard taxon 16 (past3)

Neisseriasp. (neil)

Neisseria canignei3)
Neisseriasp. (nei7)
Xenophilussp. (xenl)
Propionivibriosp. (pvibl)
Xanthomonasp. (nei8)
Cardiobacteriunsp. (cardl)
Moraxella sp. (morax1)
Moraxella sp. (morax2)

— Dysgonomonasp. (bpp5)
Porphyromonas cangingival{®pp8)
1 Porphyromonas cansul¢bpp9)
Bacteroidesp. (bpp4)

Bergeyella zoohelcuifberg?2)
_LWOIineIIa succinogenegvoll)
Campylobactesp. (campl)
Corynebacteriuntike sp. (coryl)

_: Curtobacteriumike sp. (curtl)
Micrococcus luteugarth3)

Figure 3.3: Neighbour joining tree showing all phylotypes\vhich high fidelity
sequences were obtained. Sequences are identified by thygrating species or
genus identification with the phylotype in brackets. Thestrs based on an align-
ment of 371 positions, significantly less than the lengthhef original sequences
because the sequences of diverse organisms introducetgdifier@nt positions in
the alignment. Scale bar indicates 3 % sequence divergence.

69



CHAPTER 3. CULTURE-BASED ANALYSES

ptype bp species % ID
actinok 643 Actinomyces canis 96.7
actino2 697 Actinomyces canis 99.4
actino® 697 Actinomyces bowdenii 99.7
actino5 396 Actinomyces hordeovulneris 98.4
actino® 684 Actinomyces hordeovulneris 96.1
actino7 440 Actinomyces hordeovulneris 99.0
actino® 605 Actinomyces coleocanis 96.6
arth>e 814  Micrococcus luteus 98.7
bergl 868 Bergeyella zoohelcum 94.8
berg2 611 Bergeyella zoohelcum 95.5
bppll 334 Porphyromonas macacae 954
bpp3» 399 Prevotella heparinolytica 96.9
bpp6 1083 Porphyromonas gulae 99.9
bpp7 538 Porphyromonas canoris 96.7
bpp8& 655 Porphyromonas cangingivalis 99.1
bpp% 611 Porphyromonas cansulci 98.5
campa 374 Campylobacter curvus 96.7
capnot 362 Capnocytophaga cynodegmi 97.4
clos2 304 Clostridium perfringens 100.0
corys 885 Corynebacterium appendicis 98.0
dialoe 758 Dialister invisus 99.8
fusoloe 808 Filifactor alocis 99.0
fuso4 384 Filifactor villosus 98.1
geml 908 Gemella palaticanis 97.9
haem?2 274 Haemophilus haemoglobinophilu96.6
lam1 336 Lampropedia hyalina 97.0
neid 663 Neisseria canis 99.5
nei4 1089 Neisseria canis 98.6
neis 346 Neisseria weaveri 100.0
pastk 718 Pasteurella dagmatis 98.5
past2 822 Pasteurella dagmatis 98.3
past3® 839 Bisgaard taxon 16 97.7
peple 333 Peptostreptococcus anaerobius 98.7
pep2e 703 Micromonas micros 96.0
prop3e 696 Propionibacterium acnes 99.8
rhodle 417 Dietzia psychralcaliphila 98.7
staphe 638 Staphylococcus epidermidis 99.6
strep2 634  Streptococcus minor 98.3
strepd® 403 Streptococcus bovis 99.2
wollee 857 Wolinella succinogenes 98.5

Table 3.1: Phylotypes identified to species leveindicates that high fidelity se-
guence was used for this phylotype identificatiemdicates species considered to
be members of the indigenous human oral microbiota. Detglg/logenetic and
phenotypic data for all isolates are given in Appendix A.
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ptype bp Genus BLAST % 1D
abiolo 621 Granulicatella G. balaenopterae 91.2
actino/A 358 Actinomyces A. slackii 98.8
actino® 658 Actinomyces A. hordeovulneris 94.9
actinol® 369 Actinomyces A. suimastitidis 98.9
arthl 473 Rothia Rothia nasimurium 92.7
arth2A 358 Curtobacterium C. flaccumfaciens 95.2
bppl 402 Porphyromonas P. catoniae 90.1
bpp5 702 Dysgonomonas Bacteroidsp. 92.4
bpp10 335 Porphyromonas P. endodontalis 85.1
bppl2 902 Stenotrophomonas S. maltophilia 91.8
bulle 655 Holdemania Solobacteriusp. 84.6
bpp2 413 Prevotella P. ruminicola 82.5
bpp4 833 Bacteroides B. uniformis 91.5
campk 625 Campylobacter C. rectus 95.1
clos3 470 Clostridium C. leptum 85.5
cory2 838 Corynebacterium  C. falsenii 954
capno2 1065 Capnocytophaga C.gingivalis 89.4
cardk 890 Cardiobacterium C.valvarum 93.0
closl 421 Clostridium C. hathewayi 94.4
closfA 175 Clostridium C. litorale 93.1
coryle 683 Corynebacterium  C. bovis 79.6
cory3 851 Corynebacterium  C. ciconiae 93.1
cory& 737 Corynebacterium  C. macginleyi 94.1
cory6 227 Corynebacterium  Corynebacteriuspp. 94.2
curtlo 639 Curtobacterium Curtobacteriumsp. 94.0
fuso2 420 Eubacterium E. oxidoreducens 85.0
Fuso3 1101 Fusobacterium F. nucleatum 96.1
haem1 843 Haemophilus H. haemoglobinophilu®3.3
haem?a 410 Haemophilus H. paraphrophilus 95.5
lacl 580 Streptococcus S. infantarius 90.4
leplo 852 Leptotrichia S. moniliformis 85.6
moraxk 728 Moraxella M. osloensis 89.4
morax2 654 Moraxella M. cuniculi 95.1
neile 619 Neisseria N. dentiae 96.0
neizo 892 Neisseria N. elongata 94.4
neig 876 Xanthomonas Xanthomonsp. 95.0
pepd 696 Peptostreptococcus Helcococams 89.5

Table 3.2 — Continued on next page
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Table 3.2 — Continued from previous page

ptype bp Genus BLAST % ID
propl 592 Tessaracoccus T. bendigoniensis  93.5
prop2 654 Propionibacterium F. spumicola 91.7
pvible 607 Propionivibrio P. dicarboxylicus 93.2
streplA 343  Streptococcus several spp. 99.4
strep4 703  Streptococcus S. bovis 91.8
xenlo 572 Xenophilus X. azovorans 94.8
xen2 855 Xenophilus X. azovorans 92.9

Table 3.2: Phylotypes not represented on GenBank. Thestlpssitively iden-
tified match from a BLAST search is shown, along with uncaed@ercentage
sequence homology between the two sequences. tindicatesetpuences for
all valid species of the genus were available for compar{atirsubspecies were
not necessarily available) indicates that high fidelity sequence was used for
this phylotype identificationA indicates that there was in&igient information to
identify a phylotype to species level or to identify it as rbvDetailed phyloge-
netic and phenotypic data for all isolates are given in AgipeA.

3.3.2 Viable Counts

Total viable counts from plaque samples were all betweer1®and 6.41C°
cfu mI~3, and the total viable count from the pooled saliva sample aywoxi-
mately 1.<10° cfu mI~t. Figure[ 3.4 shows the genera isolated from plaque and
saliva samples as a proportion of the total viable count &mhesample. Overall,
Actinomycespecies were the most abundant, composing 11.6 % of thegplagu
crobiota and 25.5 % of the saliva microbiota. No other gemazee represented at
over 5 % in both plaque and saliv@ranulicatellaand Streptococcuspecies were
abundant in saliva at 16.5 % and 18.2 % respectively, wRitsphyromonasnd
Neisseriaspecies (along wittctinomycespp.) dominated the plague microbiota
at 20.0 % and 10.3 %. All 37 identified genera except3taphylococcusvere
found in plague samples, but only 10 genera were found imasaiimples (27 %).
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Figure 3.4: Summary of genera isolated from plaque andassativmean % total cul-

tivable microbiota (percentages were calculated per sabmgfore averaging). Un-
known indicates sequences unrepresented on GenBank, indtggithat sequence

data was insflicient for identification or was not obtained.
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3.3.3 Comparison to human oral microbiota

To further investigate the relationship between the hunmaicanine oral microbio-
tas, the best quality sequences from this study were usedety gublic sequence
databases for clues about the relatedness of isolates Binomes to isolates from
humans.

The closest BLAST sequence matches of human origin to pypéstfrom this
study were identified, including unidentified clone seq@snand including cases
where the actual sequence was from another source but tleesgamism is known
to occur in association with humans. Cases where a humandweadibfected by a
dog (e.g. bite wounds) were excluded. Table 3.3 summatigesesults from this
analysis. It is split into two parts depending upon whetherghylotype from this
study was reliably identified to species level or not.

For identified phylotypes, the mean percentage identithefahylotype to the
species sequence on GenBank was 98.3 %, and for the clogestoihuman ori-
gin, 93.3 %. Of the human origin matches, 62.5 % were membéne andigenous
human oral microbiota. In four cases (25 %), the closest muoni@in match was
the same as the phylotype species match; these Memcoccus luteusDialis-
ter invisus Propionibacterium acnesandWolinella succinogened-or phylotypes
only approximately identified, the percentage identitteddtabase sequences were
generally lower and only 25 % of the closest human matches m@mbers of the
indigenous human oral microbiota; half of these human otiatahiota matches
(2 sequences) were the same as the closest overall BLAShiféitelongataand
Solobacteriunsp.).

3.4 Discussion

3.4.1 Overview

The genera isolated from the oral cavity of dogs were typadahose found in
human dental plaque (Pastdral., 2001), includingActinomycesPorphyromonas
FusobacteriumNeisseriaandStreptococcuddentification of the bacteria to species
level, however, often proved fiiicult. Initial bacterial identifications by DNA se-
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ptype Species % ID Closest sp. from human % ID
actinol A. canis 96.7 | Actinomycespe 91.7
actino2 A. canis 99.4 | Actinomycespe 92.9
»n actino3 A. bowdenii 99.7 | A. naeslundie 96.4
_5 actino8 A. hordeovulneris 96.1 | A. nasicola 93.3
§ actino9 A. coleocanis 96.6 | A. europaeus 90.4
£ arth3 M. luteus 98.7 | M. luteus 98.7
é berg2  B. zoohelcum 95.5 | Flavobacteriaceasp. 90.2
= bpp8 P. cangingivalis 99.1 | P. levii 88.5
% bpp9 P. cansulci 98.5 | Tannerella forsythensés 85.5
» Ccapnol C.cynodegmi 97.4 | Capnocytophagap. 94.3
2 dial  D.invisus 99.8 | D. invisus 99.8
L nei3 N. canis 99.5 | Neisseriaspse 93.1
? pastl P.dagmatis 98.5 | Haemophilusp. 89.9
prop3 P.acnes 99.8 | P. acnes 99.8
strep2 S. minor 98.3 | Streptococcuspe 89.5
woll W. succinogenes 98.5 | W. succinogenes 98.5
Mean 98.3 93.3
ptype Approx. species % ID Closest sp. from human % ID
% abiol  G. balaenopterae 91.2 | G. elegans 81.9
‘»wactino6 A. hordeovulneris 94.9 | A. nasicola 94.2
é bpp4  B. uniformis 91.5 | Bacteroidesp. 98.2
5 bpp5 Bacteroidessp. 92.4 | Dysgonomonas mossii 89.9
g bull Solobacteriunsp. 84.6 | Solobacteriunspe 84.6
o cardl C.valvarum 93.0 | C.valvarum 93.0
§ coryl  C. bovis 79.6 | C. accolens 79.9
3‘% cory4d  C. macginleyi 94.1 | C. macginleyi 94.1
g morax1l M. osloensis 89.4 | M. osloensis 89.4
5 morax2 M. cuniculi 95.1 | M.cuniculi 95.1
& heil N. dentiae 96.0 | N. meningitidis 93.1
» hei7 N. elongata 94.4 | N. elongata 94.4
-%’ pep3 Helcococcusp.  89.5 | H. sueciensis 89.5
8 prop2 F*spumicola 91.7 | Luteococcus sanguinis 91.8
@ strep4  S. bovis 91.8 | S. miti® 90.8
xenl X. azovorans 94.8 | Lautropiaspe 92.2
Mean 91.5 90.8

Table 3.3: Comparison of sequences found in the canine d@bhbiota to se-
guences on public databases of human origin. The top sdidisphylotypes iden-
tified to species level and the lower section shows phylatygss reliably identified.
Percentage similarity to isolates from this study are shimwthe % ID columnse
indicates bacteria of oral originFriedmanniella
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guencing revealed a large proportion of bacteria which apguenot to be repre-
sented on public databases, so further sequencing wasctarrt. This eliminated
the possibility of poor sequence data spoiling databasehaat and showed that
many phylotypes were not represented on the databases.

The total bacterial load in the pooled saliva sample wasapmately 1.6<10°
cfu ml%, yet counts as high a A.0° cfu mI~* have been reported for human saliva
(Daroutet al,, 2002). This discrepancy may be explained by loss of vighiue
to freezing and thawing of the saliva sample prior to analyand perhaps also by
differences in salivation rate, anatomy, and licking behaviour

3.4.2 Comparison with human and animal oral microbiota

Marked diferences between the plaque bacteria défedent animals have been
known for over 30 years. Socransky and Manganiello (197 h&ir review of
the human oral microbiota, for example, note that rodermis Reptostreptococcus
Bacteroidegmostly nowPorphyromonasandPrevotelld, TreponemaVibrio, and
Leptotrichiaspecies, and beagle dogs seem to have a higher proportiBaosf
teroides melaninogenicisow reclassified as several species). Haetegl. (1995)
also noted that some bacteria isolated from dogs and dégs glightly from those
found in humans, and that this has led to the proposal foratreming of such or-
ganisms. For exampl®, gingivalisof canine and feline origin is catalase-positive,
but isolates of human origin are catalase-negative. Itinage $een realised that the
human and animal origiR. gingivalis'biotypes’ actually represent distinct species,
and the name. gulaehas been given to the catalase-positaingivalis- like
organisms usually isolated from animals (Fourmital.,, 2001).

There has certainly been a boom in naming new species intrgeans, as
evidenced by the first publication dates of named speciedifal in this study
(n=39). Over half of the identified species were first descrilpetié last 24 yeafs
and 28 % were first described in the last five yéars

2since 1981
Ssince 1999
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General observations

Sequence analyses and literature searches showed thasaolates obtained from
dogs in this study were not normally found in the human oraltgaIn addition,
the proportions of certain genera in the canine plaque didmabch those typically
found in human plaque; for exampBtreptococcuspecies, which are common in
human plaque (e.gS. sanguis comprised less than 1 % of the total cultivable
microbiota. Human dental plaque typically contains stveptci at approximately
28 % of the cultivable microbiota (Socransky and Mangaojell971). The re-
sults from the present study confirm previous reports of levels ofStreptococ-
cusspecies in dogs (Wundet al., 1976, reported less than 4 % in supragingival
plaque), so it seems that this is a fundament@édénce between human and canine
dental plaque.

Poor representation of streptococci has also been obsertied dental plague
of certain marsupials (Beighton and Miller, 1977), so ppdiaumans are unusual in
the animal kingdom in this respe@ince streptococci are considered so important
in human dental plague, particularly as primary colonigiis diference raises the
guestion of what organism may fill an equivalent niche in daiggd other animals.
Granulicatellaspecies may be able to play such a role as they are closelgdeta
streptococci and have been isolated from several plaqupleanm this study, and
at a high frequency from the pooled saliva sample (16.5 %).

Althoughitis not clear whethdgbranulicatellaspecies are able to act as primary
colonisers, ann vitro study by Pratteret al. (2003) detecteds. adjaciensn a 24
hour old biofilm grown on human dental enamel from a pooled/gahoculum,
but the organism was below the detection limit in the inooulitself. It is also
possible that streptococci in the present study were prasgtague samples at a
proportion below the detection limit determined by dilutsoproducing confluent
growth on agar (i.e. approximately 0.5 % of the total vialertt). This could be
checked by using selective media or by molecular methods asdluorescenn
situ hybridisation, however if streptococci are present in yevynumbers they are
unlikely to be fulfilling the same function as they do in plagqf human origin.

Another important genus in the human oral cavityFissobacteriumwhose
species are pleomorphic but often form long filaments abtere to most other
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oral genera (Kolenbrandet al., 2002). NoFusobacteriunspecies were unequiv-
ocally identified from the samples used in this study, howevEBusobacterium
nucleatum like species (fuso3) was detected, and two species of tiselgi related
genuskFilifactor (fusol and fuso4) were detected. These bacteria were ddtatt
low levels in plaque (2.6 % combined), which is in agreemaeittt previous reports
of a low prevalence dfusobacteriunspecies in the healthy gingiva of dogs (Korn-
manet al,, 1981). The phylotype fuso3 is a strong candidate for beipgegiously
undescribed taxon as its closest matehnucleatum differs by 3.9 % over 1101
nucleotides, and all valiBusobacteriunspecies are represented on GenBank.

Clinical relevance

Classic human periodontal pathogens includiggphyromonas gingivaljsTan-
nerella forsythensigPrevotella intermedigandActinobacillus actinomycetemcomi-
tanswere not detected from any of the samples used in this studyla8ly, most
other species recognised as being important players in ihateatal plaque were
also not detected. It seems unlikely that thifedence can be wholly attributed to
isolation failure in the present study because many clagglyated organisms were
detected.

A large proportion of the bacteria isolated from plaque aaliva belong to
the Actinomycetaceatamily, and specifically include a range Attinomycesand
Corynebacteriunspecies, together accounting for almost 40 % of the badswia
lated (Figure 3.4). These are clearly important and dontioeganisms of the ca-
nine oral microbiota, and have recently been implicatedamie periodontitis by
Takada and Hirasawa (2000), who suggest that these baotayiglay the same
role in canine periodontitis & gingivalisplays in human periodontitis. This sug-
gestion is based upon their findings that the proportion@délgenera possessing a
trypsin-like activity (TLA) is increased in canine periadis sites compared with
healthy sites, and this may explain, in part, the absen&gihgivalisfrom plaque
collected in the present study.

Cardiobacteriunspecies were isolated from thredtdrent dogs; a cocker span-
iel, and two miniature schnauzers which are both known te teatieart murmur.
The highest frequency of isolation was from the cocker sgatil4 % of the iso-
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lated bacteria from that dog, with only about 1 % isolatiote faom the miniature
schnauzers. This finding is potentially important becatiaeliobacteriunspecies
can cause endocarditis in humans by colonising the hearesiabnd it is well
known that oral bacteria can routinely gain access to thedsitseam and reach
the heart via cuts in the mouth during chewing etc. (for agewvf systemic dis-
eases caused by oral microorganisms see Debetiah, 1994). There are many
reports in the literature of this genus (usually the typecggseC. hominig, which
is also found in the human oral cavity, causing infectiveaaaditis in humans
(for a review see Kiwaret al, 2004). There are no previous reports, to the au-
thor’'s knowledge, of this genus being isolated from dogsmulicated in canine
endocarditis.

Basic plaque microbiota

Dent and Marsh (1981) conducted a study of the dental plab@@oimal species,
including several types of monkey, lemurs, a tiger, a gengirafe, and four Amer-
ican cocker spaniels to test the hypothesis that there mayhaeic plague micro-
bial community common to all animals. Results from the dagea approximately
with those from the present study, in summary as followsu{te$rom this study in
brackets):Streptococcuspp. 6.1 % (0.7 %Granulicatellaspp. in saliva 16.5 %);
Veillonellaspp. 21.6 % (not detectedYeisseriaspp. 7.2 % (10.3 %)Actinomyces
spp. 8.8 % (11.6 %)¥usobacterium nucleatuh8 % Fusobacteriunspp. 1.4 %).
They proposed that representatives of the gedetinomycesBacteroides Fu-
sobacteriaNeisseria StreptococcusandVeillonellamay constitute the basic com-
ponents of human and animal gingival margin plaque. The filata the present
study supports this hypothesis, except tWaillonella species were not detected,
andStreptococcuandFusobacteriunspecies were rare.

In light of this, it may be appropriate to broaden the crador describing the
basic plaque microbiota beyond the genus level to accomtadlda data from this
study, and in recognition of the vast array of niches and raggas available as
shown in Table 3.4.

Although it has been known for a long time that human and eaninal com-
munities difered, a lack of detailed information relating to the dog havented
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Criteria Canine examples  Human examples
Phylum Fusobacteria Leptotrichiasp. Fusobacterium nucleatum
Class Bacilli (Firmicutes) Granulicatellasp. Streptococcus sanguinis

GenusNeisseria Neisseria canis Neisseria mucosa
GenusActinomyces Actinomyces canis Actinomyces naeslundii
Phylum Bacteroidetes  Por. gulae Por. gingivalis

Table 3.4: Basic components of canine and human dental @lagadification of
the criteria suggested by Dent and Marsh (1981).

any previous detailed comparison. Superficially the h&bd&orded by either host
seem quite similar, but on the microbial level they are ¢tyesubstantially diferent.

If this were not the case, repeated exposure over the lotgisf companionship

would have surely resulted in a larger set of shared orakbiachetween humans
and dogs.

3.4.3 Evolution, taxonomy, and ecology
Species boundaries and novel taxa

The recent explosion of hamed bacterial species is suradyirdlarge part to the
discriminating power of comparative 16S rRNA gene sequenciThis enables
the modern researcher to determine a reliable indicatoelafadness quickly and
cheaply before committing to the filcult process of characterising and naming
a new species. Indeed, sequencing technology has advanaegidly that it is
possible for a modest laboratory to completely sequencel ®@XRNA genes in a
week. Less than 20 years ago, Woese (1987) was looking fdiedhe time when

it might be possible for a well equipped laboratory to achits in a year.

The rapidly growing sequence databases are a valuablercesghich has sim-
plified the identification of bacteria in the present studsagly, however 44 phylo-
types were not identified to species level because good emtauld not be found
on public databases. Excluding six phylotypes of belowayersequence quality,
38 phylotypes are considered likely new taxa (Table 3.2 GenBank record for
the genus of 12 of these candidate new species includesesespative for every
validly named species, so these are particularly likelyefreésent new species. In
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cases where the GenBank record is incomplete, no concloaimbe drawn because
a named but unsequenced species may turn out to be a good match

Considering only phylotypes with high fidelity sequenceadatailable (&32),
four phylotypes may represent previously undescribedgesgsuming a sequence
divergence of 10 % to indicate genus levefeliences. This level seemed conser-
vative based on the data presented in this chapter, howeess ts no generally
accepted genus level cuffpand a divergence of just 3 % has previously been sug-
gested (Drancourt al, 2000). Probable new genera determined in this way are
summarised in Table 3.5.

Phylotype bp Closest BLASTs %ID
bull 655 Solobacteriunsp. oral clone 84.6
Bulleidia moorei 85.0
coryl 683 Corynebacterium bovis 79.6
morax1 728 Uncultured gamma proteobacterium 90.1
Moraxella osloensis 89.4
pep3 696 Helcococcus sueciensis 89.5

Table 3.5: Summary of phylotypes which may represent neveigehased upon
an assumed genus level sequence divergence of 10 % in thdRN#Sgene. For
each phylotype the closest BLAST match is shown on the finst lind the closest
BLAST match with a reliable identification is shown on the@at line (if differ-
ent).

When comparing bacterial 16S rRNA gene sequences for thmopes of iden-
tification, a percentage similarity of less than 97 % is ofteed to imply that the
originating organisms belong toftkrent species, based upon the work of Goebel
and Stackebrandt (1994). Whilst the applicability of thigaff has been over-
interpreted in many studies, as noted by Foreewl. (2004), it is still a useful
indication for inferring probable species boundaries i@ thpidly changing field
of bacterial taxonomy. In this study, the 97 % rule was apblasely by tak-
ing into account the level of 16S rRNA gene heterogeneitynébin particular
groups. Species were more often grouped rather than sjplitler to prevent over-
estimation of novel species and to simplify the analysise fdsults showed clearly
that the canine oral microbiota is composed mainly of sgedistinct from those
found in the human, with species from the two hosfeding by almost 7 % in the
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16 S rRNA gene on average (Table|3.3, top section).

In this study, many streptococcal isolates could not Ifkeidintiated to species
level on the basis of 16 S rRNA gene sequences, probably dine toighly con-
served 16S rRNA gene sequence in this genus (Kawasgtwalg 1995a). Diteren-
tiation of these species may be achieved by sequencingea &asilving gene such
assodA(Kawamuraet al., 1999).

In addition to methods presently employed and the methaels lusre, oral biol-
ogy could benefit greatly from sequencing on a much largde sedher the organ-
ism or the community scale. Whole genome sequencing is rgelanovelty but a
powerful tool in biology, and there are at present 206 cotepigcrobial genomes
available on GenBank (Bensa@t al., 2004). In addition, the recent metagenomic
analysis of the Sargasso Sea (Verkal,, 2004) has revealed surprising microbial
diversity in this supposedly simple environment, and destrated the power of
shotgun sequencing for metagenome analysis.

Evolution of oral microbial communities

The marked dterence between the human and canine oral microbiotas tedibg
comparative 16 S rRNA gene sequencing, has implicationthéoprobable pattern
of evolution in oral bacteria. The possibility that backdi6S rRNA genes acquire
mutations at a universal rate with respect to time is aftrattecause it allows these
sequences to be used as molecular clocks.

A universal substitution rate of approximately 1 % per 50lioril years (MY)
(i.e. approximately 2 % divergence per 50 MY; Woese, 198@jtesn quoted in the
literature (Clarket al., 2001), and is used as a basis for the following calculations

Assuming that the oral microbiota of dogs and humans origth&rom their
common ancestor and formed isolated populations at theatmecevent, it can
be calculated that, based on the present data, the primatieara split occurred
approximately 175 million years ago (MYA) (Equation 3.1 heTlfossil record and
molecular analyses, however, place the split at only 80 MK#nura, 1987; Liet
al., 1990), though the confidence we can place in such datingglsar (Waynest
al., 1991).

The most likely explanation for this discrepancy is prolyahkt the molecular
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evolution rate of bacteria in the mouth is higher than in thetéria used to calcu-
late the generally accepted rate; these are mostly enventahisolates or insect
endosymbionts so it is possible that their comparativelelogrowth rates may re-
duce their rate of molecular evolution. A substitution rat@pproximately 2.2 %
per 50 MY is required to fit a divergence time of 50 MY and a seqealivergence
of 7 % (Equation 3.2).

7%divergence

. =3.5-50MY = 175MY 3.1
2% divergencg50MY (3.1)

7%divergence_ 4.4%divergence_ 2.2% substitution
80OMY B 50MY B 50MY

Note that correcting for multiple substitutions (e.g. bg thethod of Jukes and
Cantor, 1969), will increase the sequence divergence adftire enlarge the dis-
crepancy slightly. The sequences generated in this studlysed for these analyses
are of variable length but all include the region downstreduposition 357 on the
gene, which is a particularly variable region and may acttarthe large observed
sequence divergence. To test this, longer gene sequenceshtained from Gen-
Bank for the same bacteria where possible, and used to régeabmparison. In
most cases, the analyses using the present data and usiGgniBank data both
generated the same closest human origin matches but, wherepaiate, a closer
match was used for the repeat analysis. The repeated caoparsing only Gen-
Bank sequences produced a similarity within 0.1 % of theioalganalysis over an
average of 1430 bases per sequence, so it seems that thesedueergence data
are not biased by use of partial sequences in this case.

An alternative explanation is that niche divergence wasltheng force for se-
lection of already diverged species, not the driving fortepeciation itself. This
raises the problem of where the newly selected species canme fAlthough it
seems reasonable to assume that many of them were preseattionhmon ances-
tor, this appears unlikely when one considers that simédbaction events probably
occurred for many dierent animal species, so the ancestral species would need to
have had a much more diverse oral microbiota.

Considerations of species boundaries and 16S rRNA genesegompar-
isons inevitably lead to the question of what defines a speaied ultimately this

(3.2)
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must come down to an arbitrary and artificial choice becausetis a continuum of
diversity to categorise. Although 16S rRNA gene compasdsuawe revolutionised
bacterial taxonomy due to their universal critical funotithey appear somewhat
inadequate for species demarcation, not least becausetitierl role dictates that
only neutral changes are allowed. This means that 16S rRNw& beterogeneity
does not necessarily indicate functional genotypftedénces, the very fierences
that natural selection requires to generate new specidsslwarly therefore the ul-
timate taxonomic measure.

The ideal taxonomic measure should consider the maximunnanedinforma-
tion in the easiest way, so a compromise must be found sontevdeéveen whole
genome sequencing and Gram-staining, depending upon dfecpgoal. In this
case, comparative 16S rRNA gene sequencing was found to laealrtool for a
preliminary investigation of the canine oral microbiotahas facilitated simple and
reliable identification of known bacteria for which sequesievere publicly avail-
able, and highlighted others which may warrant further wtogla more thorough
approach.

3.5 Conclusions

By isolating bacteria from the oral cavity of dogs, and idfgirig them using com-
parative 16S rRNA gene sequencing, it has been shown thatdhenicrobiota of
dogs diters significantly from that of humans. In particular, theges found in ei-
ther host are not likely to be found in the other, but it is thloithat other members
of the genus in question are likely to fill a similar niche inmgaases.

Superficial similarities and practical considerations rhaye encouraged the
use of dogs for models of oral disease in humans, but thetsesfuhis study suggest
that such experiments are unlikely to yield useful inforimratregarding specific
bacterial involvement in such processes.

The surprisingly large sequence divergence between leci&S rRNA gene
sequences from humans and dogs seems best explained byea thigih expected
rate of molecular evolution in the bacteria of the oral cauitthis can be confirmed
and measured accurately, then oral community comparisetaseln animals could
be used as a method for estimating their evolutionary demrg times in the ab-
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sence of more reliable measures.

It would be interesting to complement this work with simindies from other
animals to help establish an understanding of the ‘basiciaobiota’, if such a
thing really exists. ldentification of pathogens in othemnaads would also be of
great value if detailed comparisons could be made to idetité common features
of oral pathogens.

Large scale sequencing is surely now the method of choicfoparative biol-
ogy, and dfers a fascinating new perspective for understanding miarcbmmu-
nities in the future. By removing the focus from the indivédiaell and considering
instead the community as a whole functional unit, commasitian be defined by
their genes rather than their species. When applied to orahwnities, this ap-
proach may show for example that there is not so much a ‘baalmucrobiota’,
but a ‘basic oral gene pool'.
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Chapter 4

Culture-independent analyses

4.1 Introduction

The proportion of bacterial species in the human oral cavhich have been cul-
tured is estimated to be approximately 50 % (Pastat., 2001). Any complete mi-
crobial community analysis must therefore include culindependent techniques
for the detection of culture resistant bacteria in ordentoidha culture biased re-
sult. Popular methods for whole microbial community analgse frequently based
upon detection of bacterial 16S rRNA gene sequences, fongbesby PCR-cloning
or DGGE. In addition, specific bacteria of interest can becteal for by using se-
lective PCR or DNA hybridisation methods (e.g. microarrdg)this study, a whole
community analysis of canine dental plaque was undertagdd@GE, and selec-
tive PCR reactions were used to detect certain cultursteaditaxa.

DGGE can be used for separating community 16S rRNA gene segsento
a banding pattern on a gel (Muyzet al., 1993) which can be further analysed by
band excision and sequencing.

Culture-resistant bacteria which have been detectedqarslyiin the human oral
cavity include novel genera related Eubacteriumand Prevotellg spirochaetes,
TMY7 bacteria, and OP11 bacteria (Harper-Oweal., 1999; Dewhirset al,, 2000;
Kumaret al., 2003).

Harper-Oweret al. (1999) demonstrated the use of PCR to detect uncultured
bacteria from periodontal sites by using selective PCR @rsnio amplify the 16S
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rRNA gene of three target phylotypes, followed with validatby sequencing.
They detectedPrevotellalike andEubacteriurdlike phylotypes representing novel
genera, and a novel phylotype belonging to the géhrasotella TheEubacterium
like phylotype was significantly associated with periodgdulisease.

Spirochaetes are generally highly resistant to cultuajgh a few species have
been grown in the laboratory under carefully controlledditbans. They are well
known members of the dental plague of humans and animalsa@nfiequently
implicated in periodontal diseases. The diversity of pdittal spirochaetes in hu-
mans was recently examined by Dewhiestal. (2000), who selectively amplified
spirochaetal 16S rRNA gene sequences from plague DNA usung\ersal for-
ward primer with a selective reverse primer. PCR amplicoesevthen cloned and
500 clones sequenced; phylogenetic analysis clusteredidhes into 10 known
cultured species and 47 uncultivated species.

The TM7 bacteria are arecently recognized group of clonagsenting a major
lineage of the domain bacteria with no cultivated represtards (Hugenholtet al.,,
2001). Members of this candidate division include clonesitfdiverse sources, in-
cluding a peat bog, activated sludge, and deep sea hydmdhsediments (Lopez-
Garciaet al, 2003). TM7 bacteria have been shown to be widespread inuthe h
man oral microbiota (Briniget al., 2003) by the use of real time PCR and FISH.
They have also been detected on the tongue and possiblycatgdiin halitosis by
cloning and sequencing of 16S rRNA gene sequences (Kazdr 2003).

This chapter details culture-independent analyses ofdhae oral microbiota,
in particular, DGGE was used to generate community profdes, selective PCR
was used to detect culture-resistant species.

4.2 Materials and Methods

4.2.1 Template DNA

DNA extractions from plaque samples (Section| 2.3) were @sed template for
PCR reactions. For DGGE controls, DNA was extracted from dbkenies of

pure isolates arising from canine oral samples (Sectiori8.8nd fromTanerella

forsythensi@ndPrevotella intermedias described by Gafaat al. (2005).
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4.2.2 Denaturing gradient gel electrophoresis (DGGE)

DGGE was used as a community fingerprinting tool, by amplfycommunity
16S rRNA gene fragments and separating them on the basisliigtemperature
(Muyzeret al.,, 1993).

PCR primers

DGGE relies on the presence of a GC clamp in the PCR amplicpneteent the
strands from completely melting during electrophorestisTs achieved by adding
a GCrich region to one of the primers, indicated by primer @esuisnding ‘-gc’. The
primers used for DGGE were 357f-gc and 518R (Table 4.1), ssrited by Ogino
et al.(2001).

Name  Sequence (5-3")

357f-gc  CGCCCGCCGCGCGCGGCGGGCGGGGLCGGGG
GCACGGGGGE&TCCTACGGGAGGCAGCAG

518R GTATTACCGCGGCTGCTGG

Table 4.1: PCR primers used for amplification of bacteriab YRNA genes for
separation by DGGE.+Horward, R=reverse, geGC-clamp (GC-clamp sequence
underlined), numbers indicate gene position ugtngolinumbering.

PCR

Extracted DNA was eluted to 30, and 5ul was used as a template for a touchdown
PCR program (Oginet al., 2001) as shown in Table 4.2. The standard PCR master-
mix described in Sectian 2.10.2 was used with a total reastidume of 5Qul. The
touchdown cycle reduces the melting temperature (Tm) useddcessive cycles,
effectively reducing the stringency for primer binding. Thssai measure intended

to maximise the amount of DNA species amplified without cagigiroblems due

to random priming, since the composition of the sample isnomin and therefore

it can not be guaranteed that the selected primers will bevd gatch for all of the
taxa present.
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Repeat Condition (function)
95°C 5 min

x 2| 94°C 1 min (denaturation)
65°C 1 min (annealing; Tm)
72°C 1 min (elongation)

until| as above block
Tm=56°C| reduce Tm 1C each cycle

x 10| 94°C 1 min
55°C 1 min
72°C 1 min

72°C 5 min

Table 4.2: PCR thermocycling parameters used for preparaticommunity DNA
for DGGE fingerprinting.

Gel system and running conditions

DGGE was carried out using a DCODPEuniversal mutation detection system
(Biorad, Hemel Hempstead, UK) according to the manufacsurestructions. Us-
ing pooled canine dental plaque and saliva as a template pe@r@endicular gel
showed that a denaturing gradient of 40 % to 80 % would beldeitar separating
the DNA fragments in samples of canine origin. Wells on eaghwgre loaded
with 30 ul PCR product and 20! sucrose loading kter. Marker lanes containing
PCR products fronTannerella forsythensiand Prevotella intermediavere added
at both ends of each gel as described by Gataal. (2005) to assist alignment and
comparison of gels. All gels were run at°@dfor 21 h at 35 v (735 vh).

Gel imaging

Gels were stained for 1 h with Sybr Green (Molecular Probedhé dark before
being photographed under UV light using a gel imaging systéimdigital camera
(Alphaimager, Alpha Immotech, San Leonardo, CA, USA).
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4.2.3 PCR detection of culture-resistant bacteria

DNA extractions from plague samples (Section| 2.3) were @sed template for
selective PCR reactions designed to selectively ampliéy 36S rRNA gene of
spirochaetes, TM7, and OP11 group bacteria.

PCR primers

PCR primers previously shown to selectively amplify 16S ARj&ne fragments of
the target bacterial groups were used to prime the PCR osactilable 4.3 shows
primer sequences along with the original publication fromak they were taken.

Name Description Sequence (5-3’) ref
C90 Spirochaeteseverse GTTACGACTTCACCCTCCT 1
TM-1177R TM7 reverse GACCTGACATCATCCCCTCCTTCC 2
C75 universal forward GAGAGTTTGATYCTGGCTCAG 1
Bac-8F universal forward AGAGTTTGATCCTGGCTCAG 3

Table 4.3: Primers for selective amplification of spirodkeasgnd TM7 16S rRNA
genes. ¥Dewhirstet al. (2000), 2Brinig et al. (2003), 3=DeLong (1992).

PCR

PCR was performed using the standard mixture describeddtioBe2.10.2, the
thermal cycling parameters were adjusted according toiqusly published pa-
rameters as shown in Table 4.4. PCR reactions ugddeimplate and had a total
volume of 5Qul.

Cloning and sequencing

The originating sequences producing positive bands foftié PCR were deter-
mined by cloning products into TOP® plasmids inE. coli (Section 2.13), then
sequencing the cloned DNA as described in Section 2.11. €Safid insertions
were checked for size by amplifying plasmid DNA using the MiBners which
flank the insertion site, and running the product on an agagebwith a size marker
(Section 2.10).
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Repeat Condition
Spirochaete$C75+ C90), ref 1

94C45s
x 30| 60°C45s
72°C 90 s ¢-5s)

72°C 15 min

TM7 (Bac8F+ TM7-1177R), ref 2
96°C 3 min
94°C 1 min
x 35| 64°C 1 min
72°C 2 min

72°C 3 min

Table 4.4: Thermocycling paramters for selective ampliiicaof Spirochaeteand
TM7 16S rRNA genes. Primer names are shown in bracketDetvhirstet al.
(2000), ZBrinig et al. (2003).

4.3 Results

4.3.1 Community profiling (DGGE)
Pure cultures

DNA amplicons from a selection of pure culture isolates {®e¢3.3.1) were run
in separate lanes to check that reasonable separationaottand be achieved. It
can be seen from the first 11 lanes of Figure 4.1 that most ofatkee migrated
different distances and would therefore be easily resolved &fiaedl community.
Some taxa appear at first glance to have co-migrated the sataaak, but a care-
ful examination aided by pixel intensity measurements stbthiat these too could
be resolved. It can be seen in this way that the pairs of alewshigrating taxa
are each closely phylogenetically related; styegaa (Streptococcus mingrStrep-
tococcussp.), bppApp6 Prevotella heparinolyticad Porphyromonas gulge and
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bpplibpp8 Porphyromonas macacad’orphyromonas cangingivalis
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Figure 4.1: DGGE pure isolates and pooled plaque.

Pooled plaque samples

The duplicate pooled plaque samples shown in the last tweslar Figure 4.1
produced identical profiles, with 13 distinct bands cleaglsolved despite loading
different amounts of product in each wellgBor 10 ul).

Individual plaque samples

In most cases, PCR using plague DNA extract as template,thgtiprimers 357F
and 518R-gc produced little or no product (Figure 4.2 a),d@vwhen PCR prod-
ucts were obtained they produced DGGE profiles with up to tibéFigure 4.2b).
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(a) PCR products from canine plaque. (b) DGGE profiles from PCR products.

Figure 4.2: PCR products amplified with primers 357F and 538Rrom canine
plaque samples CPO1 - CP21, and DGGE profiles generated frahugis CP11,
CP13, and CP15. In most cases no PCR product was obtaineshbaotPCR was
successful, DGGE generated profiles with many bands. Relbead sizes (bp) are
labelled for marker lanes (M). Markefisf andP.i on the DGGE gel are amplicons
from Tannerella forsythensandPrevotella intermediaespectively.

4.3.2 Culture-resistant bacteria

The presence dbpirochaetesand TM7 group bacteria was indicated by products
of the predicted size after selective PCR using template Bidf canine plaque
samples (Table 4.5). Itis possible for a product of the abisize to be produced in
the absence of the target organism if other organisms shangrimer sequence, or
if similar sequences in the mixture bind non-specificallyhte primers. A selection
of PCR amplicons were therefore checked by cloning and seipg according to
the methods described in Section 2.13.
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(a) Susie (samples CP11 - CP33)

maxilla

Right 110 109 108 107 106 105 104 103 102 1(D1 202 203 204 205 206 207 208 209 210 Left
Gl 0 0 0 0 0 0 0 0 0 0 0
PPD 0 3 3 0 3 5 3 5 5 0 0
T™7 - - + - + - - + + - -
SP - - + 4/~ o+ + + +
mandible

Right 411 410 409 408 407 406 405 404 403 402 401 302 303 304 305 306 307 308 309 310 311 Left

Gl 0 3 3 0 0 0 0 0 0 0 0 0 0 0
PPD 3 0 0 0 0 0 0 0 0 0 0 0 0 0
™7 + + - + + - + + - +

SP + + + + + + + + + - +

(b) Dica (samples CP34 - CP57)

maxilla

Right 110 109 108 107 106 105 104 103 102 1(D1 202 203 204 205 206 207 208 209 210 Left
Gl 2 3 0 0 2 3 0
PPD 4 5 0 |3 0 3 4
™7 - - A
SP - - + - - -
mandible
Right 411 410 409 408 407 406 405 404 403 402 4801 302 303 304 305 306 307 308 309 310 311 Left
Gl 0 0 3 3 2 0 2 1 0 0 [0 0 1 2 2 3 3 3 2 0
PPD O 0 0 0 0 0 0 0 0 0|0 0 0 0 0 0 0 0 0 0
™7 - - - - - - - - - - - - - + + - - +
SP - - - - - - - - - - - - + + - 4/ -

Table 4.5: TM7 and&pirochaete$SP) detected by PCR from the teeth of two dogs.
Presence or absence of a PCR amplicon indicating detectionthe buccal plague
of each tooth is indicated by or - respectively, blanks indicate that no plague
sample was available for testing. Gingivitis index (Gl)dgmeriodontal probing
depth (PPD, in mm) clinical parameters are also shown.

Cloning

Cloning of PCR products was attempted for two of the positiv bands, corre-
sponding to plaque samples CP12 (Susie 202) and CP18 (SiB)e Quccessful
insertion of DNA into the clones was indicated by colony gtlown ampicillin-
and kanamycin-containing agar, and 20 colonies were ralydpitked for each
PCR product. Colonies were used as a template for PCR usiidgkihers which
flank the insert point on the plasmid. The product from thisRP&as sized on an
agarose gel to check that the insert was the correct sizéhandhe products were
sequenced.

The gel image in Figure 4.3 shows the first five M13 clone PCRlyets for the
two TM7 positive bands selected, and it can be seen that ptediithe correct size
(approximately 1200 bp) were obtained for CP18, but weakiypets of the wrong
size were produced for CP12.
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M - CP12 CP18

1500

1000

Figure 4.3: M13 insert PCR products from clones of amplifi@di7TDNA of two
plague samples. Five clones from each sample are showry alitim a negative
control (-). Relevant band sizes (bp) are labelled for thekardane (M).

Sequencing

The sequences of fiveftierent clones from CP18 were submitted to GenBank, with
accession numbers DQ156980-DQ156984. BLAST searches nBda& for all
sequences identified the originating organisnWasnerella denticanisnot a TM7
group bacterium. A BLAST search using the longest sequebtaired showed
that the most closely related sequence on GenBards Wernerella denticanis
however this is not at present a validly published name. eldt$ shows the best
five matches found by the BLAST search.

Accession Description Score E-value
AY560020 Wernerella denticanistrain B106 16S ... 1501 0.0
AY134906 Bacteroidetesp. oral clone FX069 16S... 1421 0.0
AF530302 Uncultured bacterium clone cadhufec059h7 ... 396-107
L16496 Bacteroides splanchnicd¢CTC 10825 ... 379 e-102
AY916248 Uncultured bacterium clone NN84 16S ... 361  2e-096

Table 4.6: BLAST search results for CP18 clone 11. The scoagraw measure of
sequence similarity and the E-value indicates the proityabiithe match occurring
by chance.

110 March 2005
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4.4 Discussion

Molecular analysis techniques allow bacteria present amapte to be detected and
studied without the need for growing them. This can help fi# gap left in the
culture-based analysis caused by culture-resistanti@atehe sample, or by bias
introduced by culture-based methods.

4.4.1 Community profiling

DGGE was used to generate bacterial community fingerpriota tanine dental
plague to allow comparison of samples from, for examplecént sites, dierent
dogs, ornn vitro models. Unfortunately, problems encountered in the iratapli-
fication step resulted in only a few profiles being obtained; few to make many
meaningful comparisons.

For most plaque samples, amplification for DGGE using prin8&7F-gc and
518R failed. The reason for this was suspected to be that thas insticient
template DNA available, and this supposition was suppditesuiccess in amplify-
ing the pooled plaque sample which contained a larger anmafysiaque than the
other samples. Successful amplification using 27F and 1489&Rers, however,
suggested that there was template DNA available but thdD@G@&E primers were
not as dicient. This could be due to poorer specificity of the DGGE prisnused,
and the GC clamp may sterically interfere with the PCR.

Community profiles were successfully generated from imhligi and pooled
plaque samples, and separation was demonstrated for laees obtained from
canine plague. These results showed that with@ent DNA available, DGGE can
be successfully used to generate a profile from canine plagoeria, and that a
selection of individual taxa will produce resolvable sebands.

Up to 14 bands were detected from individual plaque sampleieh compares
to a maximum of 22 phylotypes detected from a single sampleubtyre (Sec-
tion/3.3.1). Given that approximately 50 % of the oral midodd is expected tot be
unculturable by the methods used in this study, one might@x perfect culture-
independent study to have discriminated approximatelytggbypes from canine
plaque samples based upon the results from Chapter 3. Thlesrrem this study
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therefore suggest that DGGE performed on canine plaquelsam@as unable to
resolve all of the species (or phylotypes) present. Setactirs could explain this
result which is similar to that found previously for DGGE ples of human den-
tal plague (Gafart al., 2005). In particular, co-migration of fierent species may
occur, primer bias may prevent amplification of certain gggcand some species
present in small number may not be detected because theutatermpeted during
the PCR. Other diiculties with the use of DGGE include the reproducible prapar
tion of denaturing gels, and collection of DNA from bandsrdkrest.

Some of the problems with DGGE could potentially be solveaidgpillary gel
was used in combination with a temporal temperature gradeeimigher resolution
can be achieved on capillary gels such as those used on DNikiseiag machines,
and a temperature gradient would probably be easier to aathian a chemical
denaturant gradient. In addition, it is possible to havallzap systems set up to
collect DNA fragments emerging from the capillary, thuswaling for phylogenetic
information to be easily obtained from peaks of interestother advantage of such
a system is that control markers could be placed in the eapitith the sample and
the resulting electropherograms could be automaticallipresged for easy compar-
ison, however this technology is not yet commercially alali.

4.4.2 Culture-resistant bacteria

Both spirochaetes and TM7 bacteria were detected by PCR ¢ammme plaque
samples, but confirmation of amplicon identities was noawigd so no conclusion
can be drawn from this result. Somdfiiulty was experienced whilst trying to
clone the PCR products, so it was possible to obtain sequdsteefor only one
TMY7 clone, from plaque sample CP18. A BLAST search showeitiimwas not a
bacterium belonging to the TM7 candidate division, but wasely related to two
sequences on GenBank belonging toBaeteroidetephylum.

The closest database match was describatfexserella denticaniswvhich has
also been described Bsrphyromonas dentican{giardhamet al., 2005), found to
be among the most frequently isolated black-pigmentedrabaebacteria (BPA)
from canine periodontitis, along witR gulaeandP. salivosa A valid description
of this organism, to be nhameddoribacter denticaniss presently in press (Hard-
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hamet al,, In Press). The next closest match to the sequence preserednd to
Odoribacter denticanigHardhamet al., 2005) was to an ordacteroideteslone
(Pasteret al., 2002). The closest match of both of these sequences to atgukc
bacterium was tdacteroides splanchnicuand it has been proposed that this or-
ganism also should be moved to the new ge@deribacter(Hardhamet al., In
Press).

No phylotypes similar t@doribacterspecies were detected in the culture based
part of this study (Chapter 3), but no attempt was made tatedbacteria from
the same sample so it can not be determined whether this veaodufailure of
the cultural technique or because the organism was rardrsemain the samples
subjected to culture-based analysis.

The importance of carefully validating PCR conditions fetettion of specific
DNA species in a mixture has been noted previously by Hafpeenet al. (1999),
who in a similar study found that their selective PCR for uhmed oral bacteria
also amplified unwanted targets.

Since a large portion of most polymicrobial samples, incigddental plaque,
is unknown and resistant to culture, such validation fdalilt. In this study, the
chosen approach was to use previously published and vadid®ER protocols and
then to re-validate by sequencing PCR amplicons rather tésting a selection
of positive and negative control templates. Unfortunatpbor cloning iciency
of amplicons severely limited the value of this approachyéweer the original au-
thors validated their protocols so it is reasonable to exfiet some of the TM7
and spirochaete amplicons obtained were indeed generatad_fNA of the target
organisms.

4.5 Conclusions

Analysis of canine plaque samples by DGGE has shown thab#aiterial commu-
nity is amenable to such analyses in the same way as humaai dixgfue, however
sample volume seems to have been a limiting factor in whetbfcient DNA
was obtained from samples for amplification using the pran8&7F-gc and 518R.
When amplification succeeded, profiles with up to 14 bande werduced.
Selective PCR reactions generated amplicons using prispersfically targeted
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for TM7 bacteria and spirochaetes, and it was attemptedrbroothe sequence of
these amplicons but cloningfficulties meant that sequences were obtained for only
one TM7 amplicon. These sequences showed that the PCRore&etil amplified
DNA from a species of a recently described new ger@doribacter denticanis
This result shows that the TM7 selective PCR is not entirpctic for the TM7
candidate division, but it does not exclude the possitifigt some of the amplicons
were produced from TM7 bacteria.
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Chapter 5

Coaggregation

5.1 Introduction

Coaggregation is the term used to describe the adhesionnatigally distinct
microbial cells to each other in a suspension (Kolenbramaaer London, 1993),
and autoaggregation describes the same phenomenon bejerestically identical
cells. These processes, in conjunction with adhesion tbstsaium, are thought to
be important factors in the development of bacterial bidfill@oaggregation may
have evolved hand in hand with structural and metaboliceqmeddencies which in
turn facilitate the development of complex biofilm systemstsas dental plaque.
This possibility is supported by the work of Bradshawal. (1998) who showed
that certain bacterial aggregates could permit the persistof obligate anaerobes
in aerated cultures.

Gibbons and Nygaard (1970) were the first to realise the pat@mportance of
cell to cell adhesion in the development of dental plaqud,develop a method for
measuring interbacterial aggregation, which is now moraroonly called coag-
gregation. They used this method to assess 23 strains ofipeatrplaque bacteria
for coaggregation and found that 18 of them participate@dayggregation reactions;
a total of 23 interactions were observed from the 253 pastete The fect of pH
(5.0 - 9.0) and growth phase were also examined and founddaibgportant. This
initial work has been continued over the following years bgiy workers, who
frequently assess coaggregation by the convenient visgalyadescribed by Cisar
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et al. (1979), which uses a scoring system from O - 4.

Coaggregation research has been strongly focused oniadstdated from hu-
man dental plague, but has recently also been shown to ocomater systems,
leading to the suggestion that it may be a universal phenomamong biofilm-
forming bacteria (Rickarét al,, 2000). Coaggregation studies using bacteria from
the canine oral microbiota will allow comparison with thega amount of data re-
lating to the human oral microbiota, and may help to identifportant interactions
for the development of canine dental plaque.

For this study, initial coaggregation assays were perfdrogng conditions
published for use with bacteria isolated from the human miatobiota. The con-
ditions were then adjusted to more accurately replicatecimnein vivo condi-
tions. Finally the whole cultivable bacterial communitgrin a single plaque sample
(CP06) was assayed in duplicate using the canine-adapay esnditions.

5.2 Materials and Methods

5.2.1 Bacterial isolates

All bacteria used in this study were isolated from the deplatjue of dogs as de-
scribed in Section 3.2.2. The phylotypes and identitiesaatéria used in coaggre-
gation studies are listed in Table 5.1.

5.2.2 Culture preparation

Bacterial cultures were grown in 20 ml static brain heartusndn broths (Oxoid)
for 18 hours or 40 hours with supplements supplied as reguirae cultures were
grown for long enough to produce a dense suspension in ardeipply a sfficient
concentration of cells. The cells were harvested by cemfaifion (4000 RCF for 10
min at £C) and resuspended in 5 ml coaggregatiofidnuTable 5.2) three times.
The cell density of each suspension was then adjusted tot 500anm against
sterile buter.
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Phylotype Identification

abiol Granulicatellasp.

actinol  Actinomyces canis

actino2  Actinomyces canis

actino3  Actinomyces bowdenii
actino4  Actinomycesp.

actino8  Actinomyces hordeovulneris

bergl Bergeyella zoohelcum
bpp10 Porphyromonasp.

bppll Porphyromonas macacae
bpp4 Bacteroidessp.

bpp6 Porphyromonas gulae

bpp7 Porphyromonas canoris
bpp8 Porphyromonas cangingivalis
bpp9 Porphyromonas cansulci
cardl Cardiobacteriunsp.

cory2 Corynebacteriunsp.

cory3 Corynebacteriunsp.

fuso3 Fusobacteriunsp.

haem1 Haemophilusp.

lacl Streptococcusp.

lepl Leptotrichiasp.

fuso4 Filifactor villosus

neil Neisseriasp.

nei3 Neisseria canis

nei4 Neisseria canis

neis Neisseria weaveri

nei8 Xanthomonasp.

pepl Peptostreptococcus anaerobius
prop2 Propionibacteriunsp.

staphl Staphylococcus epidermidis
strep2 Streptococcus minor

Table 5.1: Identities of bacterial phylotypes used in coaggtion assays.
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Supplements

In cases where bacteria grew poorly in broths, or if a spegificient requirement
was known, supplements were added as appropriate.

The supplements used (not necessarily all together) werg Bl-* haemin
(Sigma) (stock dissolved in 1M NaOH), Q.8 mI-* menadione (Sigma) (stock dis-
solved in 70 % ethanol), 750 ng micysteine hydrochloride (BDH), andg ml*
yeast extract (Oxoid). Haemin and menadione were filteilisted and added to
sterile broths, cysteine hydrochloride and yeast extracevadded to broths before
autoclaving.

5.2.3 Standard coaggregation assay

Initially, a coaggregation assay was performed on seldotetierial isolates from
the cultural study according to methods described by Gisat. (1979) to identify
coaggregating pairs of bacteria from the canine oral miotab Coaggregation
buffer was made at pH 8.0 Hered with 1 mM TRIS, and its main ingredient was
0.15 M NaCl, see Table 5.2 for detailed composition. Theyas&s carried out as
follows:

1. Mix 0.2 ml of each pair in a Durham tube and vortex mix for 10 s
2. Stand mixtures at room temp for 1-2 h.
3. Mix again (10 s vortex) and score.

4. Stand overnight (room temperature), mix again and cheaies
Scoring criteria:

0. No visible aggregates.
1. Small uniform coaggregates in suspension.

2. Definite coaggregates, easily seen but suspension rechaunbid without
immediate settling of coaggregates.

3. Large coaggregates which settled rapidly leaving somdity in the super-
natant fluid.
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4. Clear supernatant fluid and large coaggregates whidedatimediately.

All coaggregation assays were set up as a grid with ideniscétes on each
axis so that each possible pair cross was performed twiak,aatoaggregation
crosses were also duplicated. Assays were performed blitidisolate numbers
identifying the crosses, and at the end of each scoringmesise results grid was
examined for any discrepancies between the duplicateeso¥¥hen a discrepancy
was found the pair were re-checked and re-scored; invgrthbl discrepancy was
due to score interpretationftkrence rather than an actuaffdrence in reaction.

The dfect of autoaggregation was corrected for by subtractindnitpeest au-
toaggregation score of the two partners from the coaggmegatore as described
by Rickardet al. (2003). Although this method has the undesiralffea of mask-
ing some genuine interactions, it avoids the possibilitgetlaring false positive
interactions caused by autoaggregation, which is coreid@morse situation. The
visual assay was chosen to assess coaggregation in paféoarsing a spectropho-
tometer because the visual assay is easier to perform, sadeCal. (1979) found
that comparable results were obtained with both methods.

5.2.4 Bufer time course assessment

A time course experiment was performed to assess the inBueihsalts compo-
sition on coaggregation experiments. Foufatient salts compositions were com-
pared, all based on 0.01 M HEPES at pH 8.0; these were coaggredufer
salts, 0.15 M NaCl, canine artificial saliva (CAS) salts, aadsalts. Suspensions
containing a mixture of four bacterial species were folldweer six hours by mea-
suring optical density at 600 nm. The bacteria used Wemgnebacterium felinum
Fusobacterium nucleaturilike, Leptotrichiasp., andPorphyromonas gulaghy-
lotypes cory2, fuso3, lepl, bpp6).

5.2.5 Canine-adapted coaggregation assay

To adapt the standard coaggregatiofiéufor bacteria isolated from dogs, the pH
was lowered to 7.5 and the salts composition was adjustedr@iag to measure-
ments made at the Waltham Centre for Pet Nutrition. In aoldjtthe pH bifer
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Ingredients Standard Adapted

TRIS 0.001 0.0
HEPES 0.0 0.01
KCI 0.0 0.02
NacCl 0.15 0.04
CaCb 0.0001 0.001
MgCl, 0.0001 0.0
Total Salts 0.1502 0.061

Table 5.2: Molar quantities of ingredients for standardggvagation bffer, and
coaggregation kter adapted for use with bacteria isolated from the caniné ora
cavity. Bufers also contain 0.02 % (w) sodium azide.

was changed to HEPES which is more biologically compatida {TRIS (Goodkt
al., 1966), and the Wter strength was increased to 0.01 M because the pH of the
standard bfier was observed to be unstable.

5.2.6 Transmission electron microscopy (TEM)

Some of the coaggregating pairs of bacteria were selectexx&mination by trans-
mission electron microscopy (TEM) using methylamine tuaggsas a negative stain
to visualise the bacterial aggregates.

Cells were prepared for TEM by removing 1 ml of the coaggriegaissay cell
suspension and centrifuging at 7200 RCF for two minutes. Supernatant was
removed and replaced with sterile distilled water, thendilés were resuspended
and pelleted again in the same manner. The supernatant mased and the cells
resuspended in 2Q0 sterile distilled water, thereby concentrating the cfas-fold
and removing the coaggregationflar which was found to be incompatible with
TEM. Cells prepared in this way were visualised by negatiaeéng as described
in Section 2.6.3.
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5.3 Results

5.3.1 Standard coaggregation assay

Initial experiments used standard coaggregation comditas described by Cisar
et al. (1979) to make 224 unique test crosses with 28edeént bacterial phylo-
types obtained from the canine oral microbiota. Repeat0d¥olof the crosses
were performed, and 95 % yielded identical results afterextion for autoaggre-
gation. These experiments revealed a total of B2Bnt coaggregation interactions
between 15 bacterial phylotypes isolated from the caniaéraicrobiota as sum-
marised in Table 5/3.

5.3.2 Bufer time course assessment

A four way coaggregation reaction was followed by opticatglty measurements
over six hours to determine whetherflar composition was an important factor in
coaggregation reactions. The results from this experimenshown in Figure 5.1,
and it can be seen that the optical density change over tinhe ltferent profile
depending on the composition of the cell suspensidiiehu The most rapid re-
duction in optical density was observed with the cells sndpd in distilled water
which lost almost 80 % of their absorbance after one hour. @gmarison, at the
same time point cells in canine-adaptedfbulost approximately 55 % of their ab-
sorbance, and cells in standard coaggregatidfeband sodium chloride both lost
approximately 40 % of their absorbance. After the first hole, optical density
of the suspensions stabilised and declined very graduailyhe remainder of the
experiment, however the canine-adapteffdnucontinued to reduce it's absorbance
at a slightly faster rate.

5.3.3 Canine-adapted coaggregation assay

Duplicate coaggregation experiments performed on thévable oral microbiota
from a single dog, using canine-adapted conditions weregireament for 74 %
of cases. All possible crosses of 15 phylotypes were peddr(ti20 crosses), re-
vealing a total of 8 dferent coaggregation reactions involving &elient isolates
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£ glEsced T REcCE 0 a2
SozoEfeggs =w228855827 §828s
28885286 s E 22285 S0 EEE885¢
Shereett 0 BRI R
ER-S-0-0-3 -0 - I T SR pp il
88888 88555855585535 88522222585
abiol/ 00 111 011 00 O 01 1 000
actinol| 0 00O 000000 @ O 0 1 01
actino2 0 0 0 0000 00 O
actino3 000 000 10 O 0 0 01
actino4 00 000 10 O 0 0 01
actino8 0 000 10 0O 1 1 01
bergl 0 0 1000 00 O
bppl0 100 0 1 0O O
bppll 001 00 00 O 000 OOOO
bpp4 00 10 00 O 000 OOQ
bpp6 0O 000000101 0O o010
bpp7 1 1 0 0
bpp8 00 O 0 00 o000
bpp9 0O 01 0 000 0O0O0O
cory2 0000 00 O
cory3 000000 00 OQ
fuso3 10 000101 1
haem1 0 00 0
lacl 1 0 0 000
fuso4 10 O
neil 0O 00 100
nei3 0 0
nei4 0 101
neis 0
pepl 0
prop2 100
staphl 00
strep?2 1

Table 5.3: Summary of coaggregation interactions cordeftie autoaggregation,
detected between bacteria from experiments 1-6 using atdrdnditions. Blanks
indicate crosses which were not tested.
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(Figurel 5.2).

5.3.4 Transmission electron microscopy of coaggregates

Several isolates from the canine-adapted coaggregat&ay agere further exam-
ined by transmission electron microscopy using a negatai@ $0 highlight cell
surface detail. In each case, single species suspensioesexamined and cell
clumping appeared less frequent than in the mixed populsitiout the dierence
was not quantified.

Haemophilussp. (haem1l)

The strong autoaggregator haerilaémophilusp.) was viewed by itself and was
found to be a highly fimbriated bacterium (Figure 5.3). Laegmgregates were
present but some of the bacteria were in isolation.

Leptotrichiasp. andActinomyces bowdenlike (lepl and actino3)

Lepl (eptotrichiasp.) appeared as predominantly isolated slender rods which
were poorly stained, whilst actino3¢tinomyces bowdeicells were isolated or
clumped short thick rods which mostly took up the negatiaenst This staining
distinction facilitated discrimination of cells in the neid population by TEM, and
coaggregations between the two cell types were clearlyrebdd€Figure 5.4), de-
spite not being detected by the assay. Actino3 cells frefjubad irregularities on

the cell surface which looked as though debris from the mradnay have adhered

to the cells.

Fusobacterium nucleatuniike sp. and Corynebacterium felinumike sp. (fuso3
and cory?2)

Fuso3 Fusobacteriunsp.) cells were large rods which stained variably, cory2
(Corynebacterium felinurike sp.) cells formed shorter rods which stained more
darkly and also had a thick coat which stained variably. Iredipopulations cory2
could be seen as darker and shorter cells coaggregatinghethghter coloured
fuso3 (Figure 5.5).
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o—eH20

e -oNaCl
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e-eadapted
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Figure 5.1: Coaggregation time course experiment follgwire optical density of
four way coaggregation mixtures made iftdient suspension media.

Fusobacterium sp.
fuso3 (1 - 2)

Porphyromonas
gulae
bppé (0)

Actinomyces bowdenii
actino3 (0)

Actinomyces canis actinol (2)
Cardiobacterium sp. cardl (1)
Corynebacterium sp. cory3 (4)
Xanthomonas sp. nei8 (0)
Haemophilus - like sp. haeml (4)
Filifactor villosus fuso4 (1)

Neisseria
weaveri

nei5 (1)

Neisseria Actinomyces canis
sp.

neil (0-1)

actino2 (1)

Leptotrichia sp.
lepl (0-1)

Figure 5.2: Summary of autoaggregation and coaggregattenaictions detected
between bacteria from a single canine plague sample usimigezadapted condi-
tions. Numbers within cells represent autoaggregatiomescamumbers on lines
indicate coaggregation scores. Bacteria for which no cesgggion interactions
were detected are listed at the bottom along with their @ygegation scores.
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-

Figure 5.3: Negative-stained TEM éitinobacillussp. (Haem1). Scale bar indi-
cates lum.
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(a) Leptotrichialike (lepl). (b) Actinomyces bowdenjactino3).

Yh

(c) Coaggregate of lepl and actino3.

Figure 5.4: Negative-stained TEM b&Eptotrichialike sp. andActinomyces bow-
denii, and a mixed coaggregate. Scale bars indicatm 1
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(a) Fusobacteriunsp. (fuso3) (b) Corynebacteriunsp. (cory2)

(c) Coaggregate of fuso3 and cory2.

Figure 5.5: Negative-stained TEM Blisobacteriunsp. andCorynebacteriunsp.,
and a mixed coaggregate. Scale bars indicate 1
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5.4 Discussion

Using standard coaggregation conditions, 35 unique ictierss were detected from
224 crosses (16 %) of bacteria from several dogs. Using eaamtapted conditions,
eight unique interactions were detected from 120 cross&s%® of bacteria iso-
lated from a single dog. These results indicate that thegpeace of coaggregation
between plaque bacteria is similar in the dog and the huminnd@s and Nygaard
(1970) reported coaggregation in 9 % of their crosses withdmuplaque bacteria.

Comparison to bacteria isolated from humans

Although coaggregation was observed at a similar frequamdpgs compared to
previous studies using bacteria from humans, autoaggoegabpeared to be more
common in dogs. In the literature pertaining to oral baat&lom humans, autoag-
gregation is often not detected or not mentioned, so theame iseed to correct for
autoaggregation, and coaggregation may therefore betddtetwre easily. In the
present study for example, seven isolates (25 %) were fauadtbaggregate under
standard conditions (Table 5.3), but in a similar study gsd8 isolates of human
origin no autoaggregation was detected (Gibbons and Ngiga8i70). The higher
level of autoaggregation in canine dental plaque may inéiaa ecological dier-
ence compared to human dental plaque.

It seems probable that canine teeth experience greatevdiymabimic shear forces
and are thus less able to sustain thick biofilms. In such atsitu there may
be greater competition for direct adhesion to the substratind autoaggregation
could be an adaptation for this purpose. This speculatisnpported by the work
of Rickardet al. (2004), which showed that high hydrodynamic shear forceag we
associated with a high frequency of autoaggregation ifnfweser biofilms, and co-
aggregation was more frequent under lower shear condtlartee absence of co-
aggregation partners, autoaggregation may assist exdtadéba from the bulk fluid
and subsequently stabilize the biofilm structure in the samaeas coaggregation;
however, the opportunity for metabolic cooperation is il

Direct comparison of coaggregating pairs with examplesiofi&n origin is dif-
ficult because the species found in canine dental plaquedarasoally found in
human dental plaque. Although there are many shared gestezptococci and fu-
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sobacteria are conspicuously rare in the dog and these amegatime most prolific
coaggregators in human dental plaque, along witinomycespecies (Kolenbran-
deret al,, 1995). Severalctinomycespecies were isolated from canine samples,
and these were found to coaggregate Wigiptotrichig Neisseria Porphyromonas
and Streptococcuspecies, consistent with their promiscuous coaggregatien
actions in human dental plaque.

TheFusobacteriunisolate used in the assay of a single dogs oral microbiota did
not appear to have the near universal coaggregation behdiat is often reported
for F. nucleatumfrom humans, however autoaggregation may have masked this
property if present. Thélaemophilusspecies, haem1, would also have had any
coaggregation reactions masked by its strong autoaggpagat

Porphyromonaspecies have been recognized as important bridging organis
in human dental plaque; by having multiple coaggregatiatngas, some species
facilitate the association of other species which do noggoegate directly with
each other (Kolenbrandet al, 1985). The results from this study suggest that
this role also applies tBorphyromonaspecies in canine dental plague, for exam-
ple Porphyromonas gulagbpp6) was found to coaggregate wisnanulicatellasp.,
Streptococcusp., Neisseriasp., Staphylococcus epidermidifictinomyces bow-
denii, andFusobacteriunsp.

Canine-adapted assay conditions

The slightly higher rate of coaggregation observed underdsird conditions com-
pared to canine-adapted conditions may be due to the fatnttaall possible
crosses were tested in the former experiment.

The visual assay was chosen to assess coaggregation inepifeo using a
spectrophotometer because it is easier to perform, and €isa. (1979) found
that comparable results were obtained with both methodsre€ion for autoag-
gregation had the undesirablffext of masking some interactions, but it avoided
the possibility of declaring false-positive interactiofi® adapt the standard coag-
gregation befer for bacteria isolated from dogs, the pH was lowered to icbthe
salts composition was adjusted, according to measuremsadse at the Waltham
Centre for Pet Nutrition. In addition, the pH fber was changed to HEPES which is
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more biologically compatible than TRIS (Goetlal., 1966), and the kter strength
was increased to 0.01 M because the pH of the standdfdriwas observed to be
unstable.

Transmission electron microscopy

TEM revealed dense fimbriae on haem1 which may be relateetsttbng autoag-
gregation observed with this bacterium. The exact idemtitthis isolate was not
established and it seems likely that it represents a prslyiaindescribed species
of theHaemophilugenus, based upon its 16S rRNA gene sequence (Section 3.3.1)
and its morphology presented here. The taxonomy of this g&nhpresently in
dispute and it is frequently referred to Astinobacillus(Pottset al., 1985).

Actinobacillus actinomycetemcomitaissrecognised as an opportunistic peri-
odontal pathogen of humans, and is also known to be a highilgsade organism
(Hendersoret al, 2003). Non-fimbriated smooth colony variants Af actino-
mycetemcomitanBave a reduced ability to adhere to hydroxyapatite and aaliv
coated hydroxyapatite (Rosa& al., 1988), therefore the presence of fimbriae on
this isolate may enable it to adhere to the tooth surface asmargy coloniser.

Coaggregates of lepl with actino3, and fuso3 with cory2 vedse clearly ob-
served. The coat surrounding cory?2 cells appears similtraaell wall layering
observed on corynebacteria by Puetlal. (2001), due to the unusual cell envelope
structure of corynebacteria which contains an outer paolysaride barrier layer
similar in function to the outer membrane of Gram-negatiaetéria.

Corynebacterium felinunwas first isolated from a necrotic mouth lesion in a
dead wild cat (Collingt al., 2001), and later th€. felinumlike organism (cory2)
used here was isolated from the dental plaque of three ddggp(€r 3). Coaggrega-
tion of cory2 with aFusobacteriurdike species from a dog was detected by TEM
but not by the coaggregation assay, highlighting the probdé autoaggregation
masking coaggregation reactions.

The generd.eptotrichiaandFusobacteriunare closely related (Conraés al.,
2002) but were found to haveftkrent coaggregation partners. The coaggregation
differences may be related to the structuréiedences observed by TEM, lepl hav-
ing a very plain and uniform cell surface but fuso3 having mptex undulating
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appearance.

5.5 Conclusions

These experiments have shown that coaggregation occunsggiime bacteria con-
stituting the canine oral microbiota in a similar way to tleéiserved many times
with bacteria from human dental plaque. Although the sgeitighese communi-
ties difer, genera common to both seem to exhibit similar coaggeghehaviour,
in particular there is evidence thabrphyromonaspecies perform a bridging func-
tion andActinomycespecies also coaggregate prolifically in canine dentalygaq
as they do in humans.

No universal coaggregators were detected which could ptajeasimilar toF.
nucleatunin human systems, but this may have been due to masking bagare
gation. Autoaggregation was found to be more common in biaaé&canine origin
compared to that reported in the literature regarding aaatdria from humans, and
this may indicate a selective advantage for primary cokmisather than secondary
colonisers in canine dental plaque.

116



Chapter 6

In vitro microcosm development

6.1 Introduction

An in vitro microcosm model of canine dental plaque was developed dw ak-
periments to be performed on plaque-like biofilms withouhgseal dogs. Using
a model has certain advantages over taking samples fromaémim particular the
experimenter can have greater control over environmeatarpeters, and obtain-
ing samples is generally easier and better controlled. eSiscfirst application in
oral microbiology by Wilsoret al. (1995), the CDFF has been widely employed in
the field, and has proved particularly useful for producirigrotosm dental plaque
biofilms (Pratten and Wilson, 1999; McBagt al., 2003).

Other useful systems for the production of microcosm depiaue include
the Sorbarod perfusion system, the flow cell, and the modRieldbins device as
discussed in Section 1.4, however the CDFF was consideree tioe most useful
model for the initial studies presented here. In partiGuke operation of the CDFF
provides an environment similar to tle vivo tooth not provided so well by the
other alternatives. The rotating turntable and flow of medgimulates the action
of saliva over dental enamel without permanently submertjie substratum, and
a natural atmospheric equilibrium is allowed to develop.

A total of five independent CDFF experiments were perfornaed, these were
named Caninel - Canine5. Initial experiments, Caninel amin€2 are presented
in this chapter. These experiments used a saliva inoculahdi@mot produce char-
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acteristic oral biofilms, but provided a basis for model depment. The conditions
for the latter three experiments were adjusted accordirayig these féectively
form a triplicate repeat of the same conditions, presemtéthapter 7.

6.2 Materials and Methods

Initial CDFF experiments, Caninel and Canine2, were baseth® methods of
Pratten and Wilson (1999) for the development of laboratoigrocosms from hu-
man saliva. These were inoculated with two 1 ml vials of caminoled saliva and
fed with sterile CAS at a rate of 0.5 ml mih

6.2.1 Constant depth film fermenter (CDFF)

The CDFF (supplied by University of Wales, CafdUK) is shown in Figure 6.1. It
consists of a rotating turntable, which holds fifteen PTF&sdacated flush around
its rim. The pans have recesses which hold the chosen suivstraaterial, upon
which the biofilms are allowed to develop. The medium flowdhe biofilms, and
excess growth is removed by scraper blades which sit flushtheéttop of the pans,
hence the biofilms are kept at a constant depth. The biofilokiieiss is determined
by the depth to which the substratum is recessed into theAdter.flowing over the
rotating pans, the medium drips into the base of the CDFF esndslaway. A base
plate scraper blade was added to ensftiieient drainage and prevent blockages.

The biofilms, turntable, and associated apparatus are @adldtbwithin a sealed
enclosure which contains an air space of approximatelethires. This space was
vented to the outside atmosphere via a @2 filter, allowing the microcosm to
exchange gases and develop a gaseous equilibrium withrthéiaialso possible,
if desired, to supply a defined gas mixture to the microcosms.

Inoculum

The inoculum consisted of 2 ml canine pooled saliva (CPSleced and stored as
described in Sectian 2.3.
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(a) CDFF. (b) CDFF turntable.
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(c) CDFF schematic.

Figure 6.1: Constant depth film fermenter. A stainless saedl glass housing
contain a stainless steel turntable, into which PTFE pamset. The pans contain
the growth substratum recessed to a pre-determined deptiwtiEmedium flows
in through an inlet port on the top plate, onto the rotatingtable. Fixed scraper
blades ensure even distribution of growth medium to all pand also serve to limit
the thickness of biofilms growing on the substratum.
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Inoculation

The inoculum was added to 500 ml CAS maintained &C37Tvhich was continu-
ously mixed and pumped into the CDFF over a period of eight$iou

Growth medium

All experiments used canine artificial saliva (CAS) (Settih5.2) as the growth
medium.

Substratum

Biofilms were grown to a thickness of 2Q0n on canine dental enamel cut into
discs of 2 mm diameter (Biomaterials Department, EastmandD#stitute, UK).

Sampling and sample processing

Pans were aseptically removed from the CDFF using the sagpol provided.
For viable counting, individual discs were removed from pla@ without rinsing,
and placed into a bijoux containing three glass beads andghodphate kitiered
saline (PBS, Oxoid). The biofilms were disrupted by one n@raftvortex-mixing
before being serially diluted in PBS and plated out in dwgikonto agar-containing
media before being incubated as appropriate (see Secfid?).3In addition to vi-
able counts, colony morphotype counts were also performguaavide an indica-
tion of species diversity. Undiluted biofilm suspensiongevetored at -70C for
subsequent molecular analyses.

Effluent samples were obtained from a branch in fle@ent pipe. The @uent
pipe was blocked for 10 minutes before sampling to alléiwuent to collect in the
pipe, then the sample valve was opened. The first 1-2 ml wepadied to ensure
stagnant fluent was not included in the sampleftikent samples were used for
viable counts, microscopic examination, molecular aredyand pH determination
(BDH Gelplas combination electrode).

Viable counts were determines as described in Selction,a@Rare expressed
per mn¥ substratum which equates to a volume ofs&6* ml in the case of a
biofilm grown to a depth of 20pm. Selective growth media were used to indicate
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the numbers of specific bacterial groups in some experimeérgsesults from these
counts were checked by Gram-staining and comparative 183 igene sequenc-
ing (Section 3.2.3).

6.2.2 Serum addition experiment

Initial CDFF experiments produced biofilms of low speciegdsity, so the growth
medium was modified by addition of horse serum to simulatgihgival crevicular
fluid (GCF), which must enrich the environment at or near timgigal sulcusin
vivo. It has been shown previously that the distribution of mgjateins in GCF
is similar to that found in serum (Estreichet al, 2004). The #&ect of serum
supplementation was assessed by a simple experimentasdoll

CAS was prepared and dispensed into duplicate universiéband made up
to a final volume of 19 ml with sterile horse serum constityt®o, 20%, 40%, or
60% of the total volume (after addition of 1 mlinoculum). Tanmic the inoculation
conditions used in the CDFF, a standard inoculum was prdpayemixing 1 ml
pooled canine saliva and 1 ml pooled canine plaque into 23antisrd CAS.

CAS broths were pre-warmed and inoculated with 1 ml stanoterculum be-
fore being incubated statically overnight at@7 After 18 hours and 42 hours one
of each broth pairs was vortex-mixed, diluted in PBS, anteplaut onto CBA and
AA for viable counting. The standard inoculum was also mabet in the same
fashion. After processing, the undiluted broths were eraahimicroscopically as
wet preparations and after Gram-staining. An assessmeitfieobiodiversity of
each broth was made by counting thé&elient morphotypes that developed on the
viable counting plates, and using these results to genbrativersity indices for
each broth. The biodiversity measures used were the ShaNeaxer index, H
(Equation 6.2; Shannon and Weaver, 1963), calculated fn@mpitoportions of each
species in the sample, Pi (Equation|6.1); and the total numbmorphotypes -
termed ‘richness’.

+ __ number of agiven species
PI = total number of organisms (6'1)

H =-3_,PilIn(Pi) (6.2)
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6.3 Results

6.3.1 Cultural analyses

Non-selective growth media revealed a low species richinasdtial CDFF exper-
iments, as indicated by colony morphologies, and additiomants using selective
media supported this result. Each morphotype that grewe@sdlective media was
individually counted and sub-cultured, and then a part& IRNA gene sequence
from each type was used for identification. The sequenceeb@entities showed
that the biofilms were composed of a Gram-negative anaenudtesequenced),
StreptococcuspeciesEscherichia coli Enterococcuspecies, andPseudomonas
aeruginosa Sequencing of the predominant morphotypes recovered @aninel
revealed that these biofilms were dominatedPsgudomonas aeruginasa

6.3.2 Serum addition

The value of adding serum to the growth medium (CAS) for miaagbf canine
dental plague was assessed by inoculating broths congafirim O - 60 % serum,
and examining the resulting bacterial consortia. Micrgsc@xaminations of wet
preparations (not shown) and Gram-stains (Figure 6.2) fieenbroths after 18
hours and 42 hours of incubation revealed a diverse rangaatéia in all broths
regardless of the serum concentration.

Species diversity was perceived to be greater in the brathisming 0 % to 20
% serum compared to the broths containing a higher propoofiserum when they
were observed microscopically. This was particularly cesdible in the wet prepara-
tions which revealed a vast array of motile bacteria, incigdpirochaetes (see Fig-
urel 6.2b for Gram-stained examples) in the broths of lowrserantent and much
fewer motile bacteria in the broths containing 40 - 60 % ser@@neater species
diversity at lower serum concentrations was also apparent the Gram-stains,
which revealed a selection for Gram-negative species atdagum concentrations.

A measure of species diversity was made for each broth byrasguhe viable
count for each colonial morphotype representsfietént species. This allowed a
number of measures and indices relating to biodiversityetodiculated, including
the Shannon-Weaver index. The Shannon-Weaver index ofsiy@veraged 1.4
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(b) 20 %

Figure 6.2: Gram-stains showing 42 hour old CAS broths iteded with canine
plaque and saliva, and supplemented with 0 %, 20 %, or 60 %es@rsim.
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Figure 6.3: Hect of serum addition to CAS on species diversity (Shannea:ar)
in static broths inoculated with canine plaque and salivached18h, plair=42h.

with maximum and minimum of 1.9 (18 hours, 20 % serum) and 8&Hours,
40 % serum) respectively (Figure 6.3). The most morphotypelsness measure)
isolated from a single broth was 13fidirent types from the broth containing no
added serum after 42 hours growth; this broth also had tlengdighest Shannon-
Weaver index. The evenness measure indicates how simgaelftive numbers of
different morphotypes are, in this case the most even distibofi morphotypes
were found in the 20 % serum broth after 18 hours, and the 0 &rsbroth after
42 hours growth.
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6.4 Discussion

6.4.1 Overview

Biofilms grown in the CDFF were examined by viable countingngselective and
non-selective agars. The identities of the predominanpimatypes counted on the
selective agars were confirmed by Gram-stain and, in sonmescay 16S rRNA
gene sequencing. This revealed that, in general, the selecfars were inéective.

Biofilms from initial experiments were characterised by Ispecies diversity
and dominance of bacteria not normally considered parteobthl microbiota, such
asPseudomonaandEscherichiaspecies. Although these genera have previously
been detected in canine dental plaque (Wurdet, 1976), they were not detected
in the samples from this study (Chapter 3), and are consideest likely to be
transient members of the oral microbiota.

6.4.2 Model design
Growth medium and inoculum

The poor performance of the initial CDFF experiments in eespo modelling ca-
nine dental plaque biofilms can most easily be explained kefiaidncy in either the
inoculum or the growth medium, or both. The results from t#&Gerum supple-
mentation experiment revealed a likely inadequacy in th@lqmbsaliva inoculum
used for initial CDFF experiments, and this was supportedidiya presented in
Chapter 3 which showed that the saliva did not contain manlyeofenera found in
plaque samples.

The CAS serum experiment used a combined inoculum of poakdasand
pooled dental plaque, and even with no serum added a riclotams of character-
istic oral bacteria developed in CAS broths, indicating thea complex medium is
able to support plaque-like microcosms. Despite this gahsed clear that the model
could be improved by incorporating a GCF substitute, sinC& Gas a profound in-
fluence upon microbial communities in the mouth.

Although not part of the saliva which comes from salivaryngls, the GCF is
a serum-like exudate which emerges from the gingival ceswarrying with it an
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array of growth substrates and inhibitory factors whichudtianot be ignored in
oral biofilm models. Inflammation of the gingival margin dwedingivitis is ac-
companied by an increase in plaque accumulation, probaldytathe increase in
GCF flow rate which accompanies gingivitis (Hillam and HUl877; Rudigeret
al., 2002). Rudigeet al. (2002) showed that increased GCF flow rates result in
increased levels of plasma proteins in the pellicle, andiin the levels of these
proteins could be linked to the prevalence of certain baciarthe plague, high-
lighting the importance of GCF in plague models. They foumat Streptococcus
species were generally inhibited by the presence of plasotaips, but the preva-
lence ofActinomycespp.,Prevotellaspp., and-usobacterium nucleatumere all
positively correlated with plasma protein levels in thelipk.

The use of biodiversity indices to compare bacterial camsand biofilms is
considered ideal for assessing dental plaque models samtalglaque is a diverse
microbial consortium, so the selection of the model paransgiroducing greatest
biodiversity can be reasonably assumed to represent theappsopriate set up.
The measures of biodiversity made in the CAS serum expetimere based upon
the colonial morphotypes recovered from each broth upaals#iution and inoc-
ulation onto non-selective blood agar plates. This is tfemrather crude method
for quantifying the numbers of fierent bacteria present in the broths and probably
always underestimated the true biodiversity of the santeever if the counting
efficiency remains constant then a fair comparison can be mamepdrpose of this
experiment was to determine whether serum supplementatoid be beneficial
to the development ah vitro canine dental plague in the CDFF.

Since the results for all of the broths were rather similadt Aave not been
replicated, the small éfierences between them are unlikely to be statistically igni
icant. Although the biodiversity comparison does not desti@te a clear benefit,
it seemed reasonable that supplementing the CAS with 5 %ers@sum during
CDFF experiments is unlikely to have a detrimentétet, but is likely to improve
the nutritional qualities of the medium.

In healthy humans, the GCF flow rate has been reported to wexapyately 1 %
of the saliva flow rate (Smith, 1992), however it emerges reaticontact with the
teeth but saliva is released from glands distal from thénte®tipplementation at a
rate of 5 % was therefore expected to represent a biologied#vant concentration
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by compensating for these spatial factors, although igealalyses of plaque fluid
in dogs should be made to check this.

Serum supplementation may encourage the persistencaahdastidious bac-
teria such as spirochaetes, and its inclusion in this labgranodel of canine dental
plaque serves to mimic the GCF.

Other possible modifications and developments

Other workers have supplemented AS for use in a CDFF plaguehtoa defined
way with 0.1 g t* cysteine hydrochloride, 0.001 g‘lhaemin, and 0.0002 gi
vitamin K; (McBain et al,, 2003), presumably to encourage the persistence of fas-
tidious organisms such &s nucleatumP. gingivalis and spirochaetes etc. They
also included in their model an artificial food medium whichsapulsed into the
CDFF periodically to simulate mealtimes, and this had a nnede impact upon
the community composition.

Due to the link between GCF flow rate and periodontal disetetess modu-
lation of serum flow rates in the CDFF could be used to simué#ferent disease
states in oral models, perhaps incorporating the additidromd too, however this
was outside the scope of the present work. The use of sinduhaéals and diur-
nal cycles (e.g. in salivary and GCF flow rates) may furtheprione the model by
more accurately modelling the natural system. Ecologicakaking, the benefit of
such cycles is that partucular organisms are not allowe@toine dominant sim-
ply because their physiology matches the uniform enviramrpeovided. Instead,
by varying the environmental conditions, advantage ismgieedifferent organisms
at different times, thus encouraging the development of more sivend stable
biofilms.

6.5 Conclusions

CDFF experiments based on the methods described by PraitewWigson (1999)
for producing microcosms from human dental plaque were fieablby use of a
canine-adapted artificial saliva, but did not produce ndosms characteristic of
dental plaque. Biofilms were formed, but they were charagdrby low species
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diversity and were dominated by species which are not imdigs to the oral cavity
of humans or dogs.

Although oral microcosms are often generated from humarasahe saliva
inoculum used in this study was thought to be the main defigiem the system,
preventing plaque-like biofilms from developing, so it wazidied to add plaque
to the inoculum for future experiments. An experiment wasgreed to see if the
addition of serum to the medium might also help by modellifigzalthough again
successful plaque-like microcosms have been generatedhioonan samples with-
out considering this factor (e.g. Prattehal, 1998). The serum supplementation
experiment indicated that large amounts of serum mightaedoe bacterial diver-
sity, and did not show a clear benefit over an experiment ofalzd) however it
was decided to include serum at a lower concentration thad imsthe experiment,
at a level similar to that expectéal vivo.

The experience and modifications developed during thesialieixperiments
formed the basis of further experiments which are desciih&hapter 7.
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Chapter 7

Validation of In vitro microcosm

7.1 Introduction

In Chapter 6, the human dental plaque microcosm systemideddsy Pratten and
Wilson (1999) was modified for thie vitro modelling of canine dental plaque. The
modifications included use of canine artificial saliva asgh@vth medium, canine
dental enamel as the substratum, and canine saliva as th@ung however the
resulting microcosms were not similar to canine or humartadgraque.

Based upon this finding and further experimetal work, twoitaaithl modifi-
cations were made to improve the system as a model of canitialggaque; the
inoculum was supplemented with canine dental plaque, angrbwth medium was
supplemented with horse serum to simulate GCF. Experimepé&ated in triplicate
using these conditions are the subject of this chapter. @Wwisampling limitations
and gradually acquired experience, some of the analysésmed on these exper-
iments varied slightly between replicates as detailederréhevant sections.
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7.2 Materials and Methods

7.2.1 Constant depth film fermenter (CDFF)

Inoculum

The inoculum consisted of 1 ml canine pooled saliva (CPS)lamdicanine pooled
plague (CPP), collected and stored as described in Secon 2

Inoculation

Please refer to the method described in Section 6.2.1.

Growth medium

All experiments used canine artificial saliva (CAS) (Sectih5.2) as the growth
medium, and this was supplemented with sterile horse se@xuid) at 5 % .
CAS is a modification of the complete artificial saliva delsed by Pratteret al.
(1998) for modelling human dental plaque in the CDFF.

Substratum

Please refer to the method described in Section6.2.1.

Sampling and sample processing

Please refer to the method described in Section6.2.1.

7.2.2 Denaturing gradient gel electrophoresis (DGGE)

DGGE was carried out as described in Section 4.2.2, usimgepsi 357F-gc and
518R. Template DNA was prepared from laboratory microcdsynssing the DNA
extraction method described in Section 2.7.

129



CHAPTER 7. VALIDATION OFIN VITROMICROCOSM

Banding pattern analyses

Digital gel images were scaled, aligned, and merged usirgéd (Rasband, 2005)
with the marker lanes as a guide. The plot profile functionméded was then
used to extract pixel intensity data from each gel lane, therexact pixel location
of each band was identified by correlating visible bands witlreases in pixel
intensity. Each band was identified by the distance in pitdlad migrated down
the gel, and the presence or absence of each band was reaotiedry for each
lane.

Binary lane profiles were used to generate neighbour joitiegs using the
unweighted pair group method with arithmetic means (UPGM®&)nvestigate re-
lationships between profiles. The computer program PAURI(@kenetic Analysis
Using Parsimony) (Switord, 1999) was used to generate UPGMA distance matri-
ces, which were repeated 1000 times using subsets of théodatzotstrap analysis.
The Consense program of the Phylip software package (Fstsan1993) was used
to generate consensus trees indicating the most probalelédjpology based upon
the 1000 input trees.

7.2.3 PCR detection of culture-resistant bacteria

DNA extractions from biofilm andf@uent samples of Canine4 were used as a tem-
plate for selective amplification of 16S rRNA gene sequemdedpirochaetesind
TM7 group bacteria as described in Section 4.2.3.

7.3 Results

7.3.1 Cultural analyses
Canine3

Viable counting on selective agars combined with confiroraby 16S rRNA gene
sequencing on experimental run Canine3 confirmed the presafima diverse mi-
crobiota composed of typical oral genera, and also revesgedies succession as
would be expected from natural dental plaque (Figure 7.@ju8ncing of distinct
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morphotypes from each agar clearly showed that, in mossc#se selective agars
used did not work as intended so further use of these wasih@teapter 6).

For the first two days Gram-positive cocci were the most nooebacteria
in the biofilms at approximatelyxi10° cfu mnt2, with E. coli present in similar
numbers and obligately anaerobic species typically begtgaded at approximately
1x1C° cfu mnT2. By eight days into the experiment, the number of Gram-pa@sit
cocci had reached a plateau of B° cfu mnt2, and the number dPorphyromonas
species reached a plateau sfl®’cfu mnT?. Fusobacteriunspecies reached<1.0’
cfu mnT? after 16 days, becoming more numerous at this point than thaenG
positive cocci, and second only to tRerphyromonaspecies countActinomyces
species were first detected after 8 days and persisted Grdayls at approximately
1x1C° cfu mnT2. Similarly Pasteurellaspecies were detected at approximately
1x10° cfu mnT? after 16 and 24 days.
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10 1 1 1 1 1 1
0 4 8 12 16 20 24
time (days)

o - Gram-positive cocci = - mFusobacteriunspp.

a—a ACtinomycespp. Porphyromonaspp.

s—a Gram-negative anaerobes E. coli
Pasteurellaspp.

Figure 7.1: Viable counts for specific taxa determined foni@a3 CDFF experi-
ment using selective agars, Gram-stain, and 16S rRNA geneseing for confir-
mation.
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The data shown for Canine3 in Figure [7.1 are from duplicatenton single
biofilms because the other biofilms were allocated for mimwpg and molecular
analyses (Section 7.3.2 and Section 7.3.3). As such, tletaestould be regarded
only as a crude indicator of the community in Canine3 bec#usenagnitude of
errors could not be evaluated.

Group Proportiort ID method of colony identification
Gram 49 %Streptococcuspp. 1 by sequence, 4 by cg match
positive 39 % unknown (11 unidentified types)

cocci 8 %Streptococcus suis 1 by sequence, 1 by cg match

4 % Enterococcuspp. 1 by sequence, 1 by cg match
Porphyromonas 53 %Porphyromonas 1 by sequence, 2 by cg match
species catoniae

47 % unknown (3 unidentified types)

Table 7.1: Breakdown of genus species identifications frotarges identified as
Gram-positive cocci oPorphyromonaspecies in CDFF experiment Canine3.
cg match= colonyGram-stain match to sequenced isolate

Table 7.1 and Figure 7.1 together show the viable countstwhére determined
for specific groups, genera or species throughout the Carid-F experimental
run. Broad groups are shown in the figure to avoid clutter,thednore accurately
identified species belonging to some groups are detaildtiteble.

Canine3 — Canineb

Figure 7.2a shows the total aerobic and anaerobic viabletspand the total num-

ber of black-pigmented anaerobes (BPA) obtained from mb@ctive agars for ex-
perimental runs Canine3-Canine5. It can be seen thagligjtihe plaque biofilms
contained approximately equal proportions of aerobic ammkeobic species (ap-
prox. 5x<10* cfu mnT?), but after eight days the anaerobic species had increased
their number to approximately &0’ cfu mnT2, whilst over the same time period
the number of aerobic bacteria remained stable after thiedfigs The number and
proportion of black-pigmented anaerobes in the biofilmgaased continuously
throughout the experimental runs, initially comprisingtj0.03 % of the cfu but
after 24 days comprising 15.7 % of the cfu. The pH of thuent remained stable
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between 7.0 and 8.0 throughout the experiments except feak pf 8.3 at day 1

(Figure 7.2b).
106 T I I
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E10P
£ .
..g 100 + | ¢ ee aerobes
168 + ..., black-pigmented anaerobes
1 + _ . .. anaerobes
10 1 1
0 4 8 12 16 20 24
time (days)
(a) Mean viable counts, error bars indicate standard dewviaf the mean (83).
9
58 .
7 1 ‘ 1 1
0 4 J8 12 16 20 24
time (days)

(b) Effluent pH (experiments 3 and 5), error bars indicate standewiiibn of the mean
(n=2). If no error bar is shown then the measurement is from éxyait 5 only.

Figure 7.2: Mean viable counts from biofilms, arflieent pH during CDFF exper-
iments Canine3 - Canineb.

Caninel and Canine5 species richness

Species richness as determined by the numbeffi&rdint colony types arising from
each sample for experiments Caninel and Canine5 are shokigure 7.3. This
figure allows comparison of the initial and modified expernad¢conditions. It can
be seen that the richness was always greater in experimaimé®a which used a
plaque enriched inoculum, and serum enriched growth medium
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Figure 7.3: Mean (84) aerobic and anaerobic colony morphotypes from CDFF
experiments Caninel and Canine5. Caninel (plain bars) aisadiva inoculum
with plain CAS growth medium, Canine5 (hatched bars) usedy# and saliva
inoculum and serum supplemented growth medium.

7.3.2 Microscopic analysis

Light microscopy was used to examinélgent samples and disrupted biofilms
throughout the experiment, using both live wet preparatiand Gram-stains to
visualise the bacteria present. These examinations ahlgrrevealed a great di-
versity of bacterial morphotypes including several mosifecies throughout the
duration of the experiments.

Scanning electron microscopy (SEM) of biofilms removed fritve CDFF re-
vealed a biofilm structure characteristic of dental plagug.(Sukontapatiparét
al., 2001). Figure 7.4 shows the edge of a biofilm stack after 48shgrowth in
the CDFF, and a large section of the substratum can also be $ee substratum
is largely colonised by cocci which may IBtreptococcusGemella Neisseria or
Granulicatellaspecies among others. Cocci and small rods can be seen gpirrton
microcolonies, and there is an extensive matrix of flamestmacteria covering the
substratum. These filamentous bacteria appear to be adhberather bacteria on
the substratum, especially to the microcolonies, and ibeaseen that the filaments

134



CHAPTER 7. VALIDATION OFIN VITROMICROCOSM

run through the biofilm and cover its surface. The biofilm istlpeencased in an
extracellular polysaccharide (EPS) which obscures sortteeafells, but the biofilm
seems to be predominantly composed of filamentous bactetiaacci. Figure 7/5
shows a similar scene after eight days growth in the CDFF.ribst striking dif-
ference is the lower abundance of filamentous bacteria. i still appears to
be composed largely of cocci and filaments encased in EP$héngt seems to be
an increased abundance of rod-shaped bacteria and sgtesha

641

SaUM

Figure 7.4. SEM of 48 hour old biofilm from experiment Canisg®wing the edge
of a biofilm and exposed substratum.

Confocal laser scanning microscopy revealed similar featto those seen by
SEM, but the use of nucleic acid stains allowed specific Visaton of cells, leav-
ing extracellular material unstained. A time series of @jgetions from experiment
Canineb is presented in Figure 7.7.

The confocal images, although taken from fiatent CDFF experimental run,
show a similar succession and ultrastructure to that obdeby SEM. One and
four day old biofilms appear to have an open structure witlelapaces spanned
by conspicuous filamentous bacteria which appear in placks attached to other
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i LSKEL WO:24MHM FP:OEE13

Figure 7.5: SEM of 8 day old biofilm from experiment Canine®wing EPS en-
cased biofilm next to exposed substratum.

s 15KV WD:24MH F:-BBE14

Figure 7.6: High power SEM of 8 day old biofilm from experim&anine3 show-
ing EPS encased biofilm witBpirochaetes
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bacteria, either singly or in clumps. Unlike the SEM imagesan be seen from
the confocal images that the filaments are composed of osha@bicells of variable
length. Measurements of 50 filaments from 7 images ranged #om to 26um,
with cells on average measuring A& long. The image from a 16 day old biofilm
shows a single large colony approximately 180 across composed predominantly
of cocci and short rods, and the 24 day biofilm seems to havaitascomposition.

(a) 1day. (b) 4 days.

(c) 16 days. (d) 24 days.

Figure 7.7: Series of CLSM images showing biofilm developmerithe CDFF,
from experiment Canine5. Scale bars indicate:80

The z-projections presented here show maximum pixel intiedata for each
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pixel position and this obscures much of the volume inforamabf the scan, par-
ticularly on the more mature biofilms in which most pixel gasis are occupied
by cells at some point in the volume. Examination of indiatlayers from the
scans showed that despite the relatively uniform appearanthe 16 day and 24
day z-projections, the biofilms were in fact composed of ndiffgrent cell types,
including the filaments clearly visible on the earlier image

7.3.3 Community profiling (DGGE)

DGGE profiles were obtained for CDFF experiments Canine3CGamine4, using
DNA extracted from biofilms for both experiments, and alsmg©ONA from the
effluent of experiment 4. Theftuent profile was obtained to determine whether a
comparable profile to the biofilm would be obtained, or whetivéng to the greater
biomass available, a more rich profile may be obtained. Ghvefual observation
combined with pixel intensity measurements were used teraghe the presence
or absence of bands at defined migration distances to allaypagdson of profiles
between dterent samples.

It can be clearly seen in Figure 7.8 and Figure 7.9 that bgnplatterns change
through the course of a CDFF experiment. These figures also #e number
of distinct bands detected for each sample, giving an inidicaof the ecological
richness which can be seen to peak at 2 days for both biofilfilgsd14 or 15
bands). The richness peak for caninéuent was at 8 days (19 bands).
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3 14 13 9 10

Figure 7.8: Denaturing Gradient Gel Electrophoresis prdbir biofilm samples
taken from CDFF experiment Canine3. Numbers above lané&saitechge of sample

in days, M indicates marker lane containing amplicons fi@mnerella forsythensis
(top) andPrevotella intermedianumbers below lanes indicate the number of bands
detected.
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3 10 15 10 11 13 12
(a) biofilm.
6h 1d 2d 3d 4d 8d 16d M

73 11 12 14 17 19 17
(b) effiuent.

Figure 7.9: Denaturing gradient gel electrophoresis @efibr biofilm and &uent
samples taken from CDFF experimental run Canine4. The tagén are both from
the same physical gel, which had marker lanes (M) at each emiaing ampli-
cons fromTannerella forsythensigop) andPrevotella intermediaNumbers above
lanes indicate the age of sample in days or hours, numbere behes indicate the
number of bands detected.
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Visual interpretation of DGGE profiles isfticult beyond noting presence or
absence of certain bands between samples which soon becmmestical. To
help overcome this, the banding patterns were convertedartinary sequence
indicating presence or absence of each defined band, andidkisised to cluster
the patterns and display them as a tree (Figure 7.10).

Bootstrapping of the tree indicates the reliability of tl@dlogy, but branch
lengths are unitary and carry no information. In 100 % of sasiee 6 h biofilm
from canine4 formed the basal node of the tree, and this waglgl linked with 6 h
and 1d éluent samples, and the 1d sample from canine3; from the gglasiacan
be seen that these are also among the simplest patternsatht®iear the middle
of the experiments, linkages become less clear but, in gersamples clustered
depending upon which experiment they were from; i.e. Cahhiefilm, Canine4
biofilm, or Canine4 &uent. The strongest linked pair of profiles were the last two
Canine3 samples taken at 16 and 24 days (99.5 %).

Apart from the basal 6 h node, all of the Canine4 biofilm prefitdustered
together, with the 1-4 day samples forming one distincte|atd the 8 and 16 day
samples forming another. The Canine3 profiles also clustegether in a similar
way, except for the 1 day sample which clustered with canthie4and the 2 day
sample which clustered with more mature samples from Cédnine

7.3.4 Culture-resistant bacteria

The presence of spirochaetes and TM7 group bacteria inrh®fitas indicated by
products of the predicted size after selective PCR from CE&nine4) &uent
samples but not biofilm samples (Figure 7.11 and Figure 7THg possibility that
non-target taxa were amplified was checked by cloning andeseaing a selection
of the PCR products according to the methods described o8&t 13.

Cloning

Cloning of PCR products was attempted for positive TM7 basatsesponding to

CDFF dfuent samples from 1 day and 16 days, as described in Secfich 4.
The gel image in Figure 7.12 shows the first five M13 clone PGRlyxcts for

the two TM7 positive bands selected, and it can be seen thdtpts of the correct
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Figure 7.10: Consensus bootstrapped UPGMA tree based aryltiand data from
CDFF DGGE profiles, from experimental ru@snine3and Canine4 Numbers
at nodes indicate the number of times each particular brarmshformed out of
1000 replicate trees. Samples are labelled in the form @x@at-time point’, and
profiles generated fromfituent samples are underlined.

size (approximately 1200 bp) were obtained for both clon€& Products; a total
of 20 correct inserts were detected from the 40 clones teBted clones for each of
the positive bands were sequenced and the identity of thenating organism was
determined by comparison to the sequences available on@sniing BLAST.
Only one clone was positively identified as TM7 and this wastthe 1 day ef-
fluent sample (Table 7.2), the sequence of this clone hasdmmsited in GenBank
with accession number DQ156985. The other clones from thaeylsdmple were
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(b) TM7.

Figure 7.11: Gels showing products of selective PCRSpirochaetesind TM7
bacteria from experiment Canine4 in CDHHeent (e) and CDFF biofilm (b) DNA
extractions. Relevant band sizes (bp) are labelled for thdken lanes (M).

all identified asNeisseriaspecies, and four fferent species were identified from
the 16 day sample. Three of the clones from the 16 day sampie identified as
organisms which have been previously identified from cademal plaque accord-
ing to the GenBank record®acteroides denticanori€ clones) andNVernerella
denticanig1 clone).

The tree in Figure 7.13 shows the TM7 clone sequence refdtiprto other
TM7 sequences from GenBank which were identified as significgatches by a
BLAST search. The source of each sequence according to thBaB& record is
shown in brackets, and it can be seen that the closest magtowasequence from
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M effluentlday #luent 16 day

Figure 7.12: M13insert PCR products from clones of amplifi&gt7 DNA of two
CDFF dfiuent samples. Five clones frorfilaent samples at 1 day and 16 days are
shown, along with a size marker (M) for which relevant barmésiare indicated

(bp).

days Identificatiomatch

1 1x TM7 phylum sp. oral clone
3x Neisseria weaveri
1x Neisseria animalis

16 2x Bacteroides denticanoris
1x Wernerella denticanis
1x Aguamicrobium defluvium
1x Aneurinibacillus migulanus

Table 7.2: BLAST based identifications for sequences of TMRRlones from
CDFF glluent. The sequences used to make these identifications ailabde on
GenBank with accession numbers DQ156985-DQ156994.

human subgingival plague. The sequence identity betwessethwo sequences was
found to be 95.7 %.
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AY 144354 (human subgingival plague)

AF525836 (soil)
_: Canine5 CDFF #luent clone
AY 144355 (human subgingival plague) 0.03

— AB200302 (activated sludge)

_:ABZOOZQQ (activated sludge)
AB200304 (activated sludge)

Figure 7.13: Phylogenetic tree showing the relationshipvben candidate division
TM7 bacteria from GenBank and a PCR-clone sequence from Giifient (897
alignment positions).

7.4 Discussion

7.4.1 Overview

Biofilms grown in the CDFF were examined by light and electnuoroscopy, and
by viable counting using selective and non-selective agatse identities of the
predominant morphotypes counted on the selective agaeseperfirmed by Gram-
stain and in some cases 16S rRNA gene sequencing.

Biofilms from initial experiments (Chapter 6) were charasid by low species
diversity and dominance of bacteria not normally considgt of the oral micro-
biota, such aPseudomonaandEscherichiaspecies. Although these genera have
previously been detected in canine dental plague (Wuedal., 1976), they have
not been detected in dental plague from this study (Chapter@l are considered
most likely to be transient members of the oral microbiotatel experiments using
a modified inoculum and growth medium supplemented withdneesum produced
microcosms similar in community and physical structuredatdl plaque.

7.4.2 Model validation
Cultural analyses

Initial experiments were easily identified as poor modelsalbse simple consortia
of non-oral bacteria developed. For the later experimergsgnted in this chapter,
cultural measures indicated that successful plaque-likeatosms derived from
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canine plaque and saliva had been established. This wasneed by the charac-
teristic species succession from aerobic Gram-positieeiep towards anaerobic
Gram-negative species (Figure[7.1), not to mention thelsmel

In addition, theE.coli detected at the beginning of Canine3, presumably a con-
taminant in the inoculum, appears to have been quickly ootpeted by more char-
acteristic plague bacteria, indicating that the expertalesystem is providing an
environment similar to the tooth vivo, and which therefore favours typical plaque
bacteria. The detection of anaerobic genera sucRoaghyromonaghroughout
the experimental runs shows that, despite operating the=GDHBer aerobic condi-
tions, the model is providing a niche for strictly anaerdicteria, presumably due
to bacterial activity and metabolic co-operation in thefimo. Using atmospheric
gases is considered preferable to artificially reducingtygen tension as it allows
the biofilm to develop in a more natural fashion, althoughdyrbe worth consid-
ering elevating the carbon dioxide tension to model the @nfae of respiration.

Microscopic analyses

It is significant that light and electron microscopy detdapirochaetes living in the
laboratory biofilms as these bacteria have very strict gnoetjuirements and most
of them have never been cultured in the laboratory (Chan acicaMghlin, 2000).
It seems quite likely that these bacteria are able to persise CDFF because they
are benefiting from the activities of other bacteria in thafibins.

Spirochaetes are widely considered to be important mendfatsntal plaque
and are strongly associated with periodontal diseasesg beported as rare or un-
detected in healthy sites, and comprising 50 % or more of tiseascopic count in
plague removed from diseased sites (Loesche, 1988). [@dh[st spirochaetes are
often ignored in studies of plaque bacteria owing to theisigke nature.

Confocal and electron microscopy revealed biofilm struegwsimilar to those
which have been previously observed in dental plaque andFO&gue micro-
cosms (Sukontapatipagk al., 2001; Hope and Wilson, 2003), with many bacterial
morphologies present throughout the experiments. The owrstpicuous cells in
many images were long filaments composed of cells 4 z84ong, averaging 12
um. These cells appear very similar to the as-yet uncultuhdd gells identified in
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human subgingival plaque using FISH by Brimigal. (2003), which were reported
to be 4 - 3Qum long, averaging 12m. The morphological similarity is strong evi-
dence that TM7 cells persisted in the CDFF for 24 days, arsccthild be confirmed
by using FISH on biofilms from the CDFF.

If TM7 cells can be confirmed to be growing in the CDFF then tidaild give
further evidence that the system is generating plaquentikeocosms, and would
provide an excellent opportunity for investigating thisemetly discovered and so-
far uncultured bacterial division.

DGGE

The utility of DGGE for fingerprinting saliva-derived mia@osms grown in the
CDFF has been shown previously (McBahal., 2003), however the analysis of
DGGE banding patterns remains something of an enigma. Ttisiex and se-
guencing of selected bands is often used to identify som@ebtganisms in a
community (e.g McBairet al,, 2003) and this approach certainly has some value,
especially when investigating samples of poorly charasdror simple environ-
ments. Unfortunately, the short sequences obtained @ijpie 200 bp), combined
with the problem of co-migration severely limit the usefess of this approach.

With complex communities, co-migration means that ban@sine be purified
before sequencing, and this can be achieved by PCR-cloritigedband into a
suitable vector, and clones selected for subsequent seiggeue to the consid-
erable labour and expense required for this endeavournattee strategies such
as community PCR-cloning and sequencing are likely to progee favourable if
phylogenetic data are required from a complex community.

In this study, some phylogenetic data were obtained by sexjug of cultured
isolates from the CDFF, and by performing selective PCRti@as targeted at
spirochaete and TM7 16S rRNA genes. DGGE was used to promigelacation of
species richness throughout CDFF runs, and provide a ptofddow comparison
of samples at the community level.

Species richness was assessed by counting bands for editd ysmmg the as-
sumption that one band equates one operational taxonomicTiams indicated that
the model is able to maintain a rich consortium, for examfterd 6 days an av-
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erage of 13 bands were detected. There is certainly not daosare relationship
between bands and taxa in a sample, but for the purposes dcfl malitlation it
is a reasonable assumption given that comigration and pleibbands from single
taxa may cancel each other out, and since some taxa will beategnable to the
PCR amplification step or present at low concentrationsatisaimption probably
under estimates the true species richness of the sampls.c@hibe clearly seen
by increasing richness with respect to time in the CDFF wisch closed system;
bands are probably not produced at the early time pointaisedaere is indiicient
biomass. It would also be possible to use DGGE profiles tonesé diversity by
assuming that band intensity indicates species abundaoaeyver this is unlikely
to be the case due to a number of factors such as PCR bias aabled6S rRNA
gene copy number per cell.

The clustering analysis of DGGE banding patterns may haea ke&pected to
produce one of two general outcomes; patterns should clogtéme point, or by
experiment. Clustering by time point would indicate a highel of reproducibility
between experiments, but this was generally not observazpeat early time points
when the patterns were all very simple. Once communitiearbecestablished, or
had stficient biomass, the DGGE patterns clustered by experimedigating a
high level of community stability within experiments buttrimetween experiments.

It was hypothesized that theétieient and biofilm patterns from the same ex-
periment (Canine4) may be similar enough that reguiment sampling could be
used as an alternative to sacrificing valuable biofilms, &atithe greater biomass
available in the fluent may improve the sensitivity of DGGE.

Whilst slightly more bands were detected ifilgent samples, the clustering
analysis showed that théeient and biofilm communities were quitdférent. The
nature of this dference may warrant further investigation; th&aetience suggests
that certain species are being selectively shed from thidrbiceffectively into the
saliva. Thisis unlikely to be an advantageous situatiottfesshed organisms which
would probably be swalloweith vivo, so the implication is that intense competition
in oral biofilms has led to the evolution of biofilm re-modediistrategies including
active expulsion of competitor organisms from the biofilinthis is the case, then
such mechanisms could be exploited for therapeutic usecanedul monitoring of
biofilm and €fluent DGGE profiles from CDFF microcosms would be a sensible
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starting point for such investigations.

Culture-resistant bacteria

Selective PCR reactions indicated the presencgpifochaetesand TM7 bacteria
throughout CDFF experimental run Canine4, but these itidicawere not verified
except in one case. Two bands from the TM7 PCR, correspondiigday and
16 day dfluent samples, were cloned and sequenced, showing thathnchees
the bands were produced due to amplification of more than axant This was
expected since direct sequencing of bands generated mitpdtphighlighting the
requirement for band purification by cloning.

A TM7 sequence was verified from the CDFHlgent one day into the ex-
periment and this was closely related to a sequence prdyidatected in human
subgingival plaque (Pastet al,, 2001). Failure to verify TM7 sequences from the
other tested sample indicates that these bacteria may b&dos the system and
that the detection after 1 day could be due to TM7 presenclennoculum, not
necessarily indicating persistence in the CDFF. The detedf four different taxa
from this latter (16 day) sample also indicates that the PGRitions used are
not very specific for the target division. To determine casately whether TM7
bacteria are able to persist in the CDFF it would be neceseasgquence a larger
number of clones, and preferably from a number of time pomt$ISH could be
used.

Sequencing of clones from the 16 dafiwent sample showed that two of the
phylotypes present were first described from samples oheadental plaque, show-
ing that the system is able to support these plaque relatsiesfor at least 16 days.

7.5 Conclusions

These experiments have shown that plaque-like microcoamse grown in the
CDFF from a canine plague and saliva inoculum, using an@difsaliva supple-
mented with horse serum as the growth medium, and caninalder@mel as the
substratum.

Characterisation of biofilms by culture using selectiverageas found to be

149



CHAPTER 7. VALIDATION OFIN VITROMICROCOSM

unreliable because the agars, especially CFAT, failedlezstor the specified bac-
teria. The typical succession of plaque bacteria eluctftem the data was not
obtained simply by virtue of the selective media. Instehd,rmhain function of the
selective media in this study was to provide a range of djsishable colony types
which could be counted and later identified by Gram-stain segliencing. The
MS agar was found to be quite successful in selectin@fmeptococcuspecies and
could probably be relied upon to give a rough estimate ofehecteria without
further confirmation.

CFAT agar was found to be unreliable for isolatidgtinomycespecies, as has
previously been found by McBaiet al. (2003), who identified all of the distinct
colony morphotypes growing on CFAT from artificial humandua grown in the
CDFF, and found that none of them weketinomycespecies. In light of this, the
CFAT chemicals were also tried at triple strength, but toveila

As with human dental plaqué&treptococcuspecies were found to be domi-
nant during the initial colonisation of the canine dentamel, although the actual
species involved were filerent to those found in humans. Once 8teeptococcus
species had colonised the substratum in this experimeamtaltheir numbers re-
mained relatively constant whilst the other bacteria iase&l to approximately 10
times their number, however they could still be detectedheyuse of MS agar. It
is likely that without using MS agar (as in experimental r@eninel - Canine3)
the Streptococcuspecies would have seemed to disappear from the system as the
plaque matured.

Molecular methods showed that diverse bacterial commesgwtere sustained in
the CDFF for up to 24 days when the experiments were haltedoAgh most of the
bacteria in the microcosms were not identified to specied |tve combination of
culture-based data, microcsopic data, and DNA sequencegsithat the biofilms
were composed of bacteria similar to those found in humamatipraque, and in
some cases identical to those found by culture in canineatiplaique as part of this
study (Chapter|3).

A candidate division TM7 sequence was obtained from a 1 dajFFCBHu-
ent sample, and this confirmed that bacteria from this groapevpresent in the
inoculum. Microscopic analyses indicated that the asuyetdltured TM7 group
bacteria persisted in the CDFF throughout the 24 day durati@xperiments, and
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spirochaetes were also occasionally detected by SEM anhiggroscopy. Detec-
tion of these culture-resistant indigenous oral bacterthé CDFF is taken to be a
strong indication that the model is generating an envirartragd microcosm simi-

lar to that foundn vivo, since the exacting growth requirements of these organisms
are very dfficult to replicate in the laboratory in isolation.
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Chapter 8
Conclusions

The oral microbiota of dogs has, not surprisingly, been wnelgresented in the lit-
erature compared to the human oral microbiota. In generaViqus studies have
been carried out from a human perspective, either as a métdahwan oral condi-
tions or to investigate the organisms which may be trarsfiels humans by biting.
Few of these studies have considered 16S rRNA gene basatbtayavhen iden-
tifying bacteria, partly because many such studies werpeed before the nec-
essary tools were available; instead the canine oral mat@lhas therefore been
forced to conform to the taxonomy of a human-centred schessalting in frequent
mis-classification of organisms from dogs as similar org@ausi known to occur in
human mouths.

Modern sequencing technology has given taxonomy the pawareak free of
arbitrary classifications based upon human conveniencehasrevealed the flaws
and successes of the old methods. This is shown by the findfriys study on the
canine oral microbiota which has relied heavily on publigsence databases for the
identification of bacteria. Of 84 bacterial phylotypes &el from the canine oral
cavity, approximately half represented novel speciesbatnty often not because
these organisms have never been seen before, but becaybavtkdeen identified
as similar organisms previously found in humans.

It is quite remarkable that only 28 % of the isolates obtaimeithis study were
identified as being indigenous to humans, given that humatatielaque is among
the most intensively studied biofilm systems and that huraadsdogs are often in
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close contact. The clearest conclusion to draw from thikas humans and dogs
have their own distinct oral microbiotas despite supeftfgiilarities. It is most
probable that similar investigations performed on othémais would find also that
these have their own distinct plaque consortia, and it wbeldnteresting to find
out if this is the case.

It is possible that a portion of the species found in humamsdogs represent
oral generalists which may be found in a large number of hastd may be that
close contact between humans and dogs has resulted in sgaresons adapted for
one host occasionally surviving in the other when condgiparmit. Such a situa-
tion would be more likely to arise if the microbiota of one hbscame displaced,
for example by antibiotic therapy, thus allowing less welapted organisms from
the other host to colonise.

The evolutionary divergence of oral bacteria in the two siasdicated by com-
parative 16S rRNA gene sequencing was surprisingly largd,this aspect may
warrant further study. Comparisons with the oral microdsodf other animals, es-
pecially those not kept as pets would complement this work avel help to clear
up some of the evolutionary and ecological questions raiseé.

Some of the bacteria isolated from the canine oral micrabiotluding the en-
tire recovered plague community from one dog, were usedagg@eegation studies
based upon those pioneered in the 1970’s for studies on tharmoral microbiota
(e.g. Gibbons and Nygaard, 1970; Cisdral, 1979). Identifying pairs or com-
plexes of coaggregating bacteria provides a useful staptint for elucidating the
complex structural and metabolic relationships which a@efiental plaque.

In this work, it has been shown that coaggregation occursaatdnia from the
mouths of dogs to a similar extent as in humans, but it wasirbis the strength of
interactions tended to be lower, and this could be attribtdea selective advantage
for primary colonisers due to higher fluid shear forces in¢hrine mouth. The
results indicated that certain genera seem to play sinalasin the canine mouth as
their counterparts in the human, for examptephyromonaspecies of both hosts
are likely to perform a bridging function by bringing othese& non-coaggregating
pairs together, andctinomycespecies were found to be prolific coaggregators in
the dog as they are in the human.

The coaggregation study could be followed-up by an ideatifoe of the pri-
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mary colonisers of canine dental plaque, and this may besiigaged by two com-
plementary approaches. Canine teeth could be sampled sitlala at short inter-
vals after cleaning; perhaps 10 minutes to an hour, to ifyeatselection of candi-
date primary colonisers. These could then be used in an iadheessay using either
canine dental enamel and a clarified saliva pellicle, orfiparicandidate pellicle
receptors such as salivary amylase.

The CDFF has been used previously to model human dentalgladbe labo-
ratory, allowing biotic and abiotic factors to be adjustadd allowing downstream
analyses of replicate biofilms. This model was adapted fowgrg microcosms
resembling canine dental plague using a plaque and salwaltm and a canine
dental enamel substratum. Salts and pH of the growth medastribed by Pratten
and Wilson (1999) were adjusted according to measuremeads on canine saliva
at the Waltham Centre for Pet Nutrition, and the medium waplmented with
horse serum to mimic GCF.

It is interesting that supplementation of the saliva inaaulwith plaque was
required, because similar studies using a human salivalinochave been found
to produce plaque-like biofilms. This may indicate that théva inoculum was
compromised in some way, or that the bacterial load of casdétiga is lower than
that of humans. The latter explanation seems feasible beangs seem to salivate
more than humans, therefore a dilutidiieet may occur, alternatively the anatomy
and behaviour of the dog may be such that it tends not to sdgplagque bacteria
into the saliva.

Culture-independent analyses of canine dental plaque aempered by DNA
extraction or PCR diiculties which may have been related to small sample size.
The application of DGGE to the community fingerprinting ohcee dental plaque
was shown to have potential, and selective PCR reactioneaitadl the presence
of TM7 bacteria and spirochaetes, but these results wereambirmed. The same
methods were applied to laboratory microcosms with greatecess; DGGE gen-
erated profiles from CDFF biofilm andfieient samples, and spirochaetes and TM7
bacteria were detected by PCR from the same samples. Ag@PER ampli-
cons were not confirmed by sequence, except for one TM7 sequiemm a CDFF
effluent sample.

Microscopy of CDFF-grown biofilms supported the selecti@Results, show-
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ing that spirochaetes were present throughout CDFF runkdiydistinctive mor-
phology and motility. In addition, filamentous bacteriaaslg visualised by SEM
and CLSM were found to be morphologically similar to cantigddivision TM7
division bacteria previously observed in human subgidgiaque (Briniget al,,

2003).

This work has shown conclusively that canines have a distirad microbiota
compared to that of humans but, as expected, there are maitgrgies and shared
species found in both hosts. The dog may however be a spexsal compared
to other animals in this respect due to it's long friendshighvihumans. Many
organisms found in one host may have an alter-ego in the,dibedifferences at
the genus level indicate that the two microbiotas are furetdally diferent and that
a direct one-to-one similarity is unlikely. This interpagon was supported by the
coaggregation study which showed that autoaggregationasngnon phenomenon
in dogs despite being very rare in humans.

Failure to produce plaque-like microcosms using a saliegutum also indi-
cated a fundamental ecologicafigrence between human and canine oral cavities.
Plaque-like biofilms were, however, successfully produgsiig the CDFF with
a plague and saliva inoculum combined with a growth mediunukiting canine
saliva and GCF.

In conclusion, the present study has considerably advamge&nowledge of
the constituent species of the canine oral microbiota, sativat they participate
in coaggregation interactions, and demonstrated a methiothé production of
plaque-like microcosms from the same, which can providaiadbasis for further
research on the improvement of canine oral healthcare.
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Appendix A

|Isolates data

Phylotype Consensus ID %  Closest BLAST % bp
abiol New species NA Granulicatella 91.2 621
balaenopterae
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp01.18 @ colourless raised - diplococci - kidney - nd
cp08.23* @ brown pulvinate + rod - nd
cpl0.19 9 brown convex, beta haemolytic - rod long, bulge=ihwall weak nd
cps01.04 @ small white dome - COCCi + nd
cps01.06 & colourless disc + cocci - nd
cps01.09 @ yellow dome + cocci clumps + nd
cps01.10 @ grey disc + cocci chains - nd
actinol Actinomyces canis 96.7 Actinomycessp. 96.7 643
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp01.02 white convex - rod + -
cp01.15 @ yellow convex + rod + nd
cp02.04 brown convex + rod - -
cp05.05 cream convex + rod -
cp05.06 pale yellow convex + rod - -
cp05.14 @ white irregular umbonate - rod + nd
cp06.14 @ white convex + cocci chains, short + nd
cp06.25 white convex + rod + -
cp09.21 @ yellow convex, frilly edge + rod short + nd
cp10.07 small grey convex - rod - -
cpl0.15 9 grejcream convex + cocci + nd
cpl7.01* grey convex + rods, branching chains - -
cpl7.03 yellow shiny convex + rod, branching chains + -
cps01.08 @ greyellow dome + cocco-bacilli chains + nd
cps01.12 @ small Yellow pimple - rod long + nd
cps01.18 @ yellow convex nd nd nd nd
actinol10 Actinomyces hyovaginalis 98.9 Actinomyces suimastitidis 98.9 369
like
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp02.15 @ white pulvinate - rod - nd
cp05.21 brown raised + rod - -
cp05.27* @ white convex - rod - nd
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Table A.1 — Continued from previous page

Phylotype Consensus ID %  Closest BLAST % bp
cpl0.16 @ pink convex + cocci small + nd
actino2 Actinomyces canis 99.4 Actinomycessp. 99.4 697
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp06.18* @ cream convex nd nd + nd
cp06.23 @ yellow pulvinate nd nd + nd
cpl7.06 shiny yellow pulvinate - rod, short chains - -
cps01.19 yellow dome - rod + -
actino3 Actinomyces bowdenii 99.7 Actinomyces bowdenii 99.7 697
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp06.16 @ white convex nd nd + nd
cp07.01 white shiny convex + rod + -
cp07.13* yellow opaque convex nd nd + nd
cp08.15 @ yellow convex + rod short + nd
cpl10.06 white convex + rod small + -
cps01.21 white convex + cocco bacilli + -
actino4 Actinomyces bovislike 98.8 Actinomyces slackii 98.8 358
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp02.02 grey convex + cocco-bacilli + -
cp07.17 @ yellow irregular - rod irregular + nd
cp07.18* @ gregyellow convex nd nd + nd
cp08.08 white convex + rod short, clumps + -
actino5 Actinomyces 98.4 Actinomyces 98.4 396
hordeovulneris hordeovulneris
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp05.04 white convex + rod - -
cp06.02* white convex - rod long - -
cp07.02 whitgyellow pulvinate + rod + -
cp08.13 white pulvinate + rod + -
cp08.22 @ white fuzzy irregular + rod + nd
cps01.24 light brown convex - cocco-bacilli + -
cps01.45 @ small umbilicate brown irregular nd nd nd nd
actino6 New species NA Actinomyces 949 658
hordeovulneris
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp01.03 colourless convex - rod + -
cp01.13 @ grey convex - rod + nd
cp07.05* small colourless convex - rod + -
cps01.03 @ white dome + rod + nd
cps01.07 @ cream dome + rod + nd
actino7 Actinomyces 99.0 Actinomyces 99.0 440
hordeovulneris hordeovulneris
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp02.12 @ yellow convex - rod + nd
cps01.05* @ yellow dome + cocci chains + nd
cps01.22 white umbonate - rod + -
cps01.40 pink convex nd nd nd nd
actino8 New species NA Actinomyces 96.1 684
hordeovulneris
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp05.03* small grey convex + rod short, clumps + -
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Table A.1 — Continued from previous page

Phylotype Consensus ID %  Closest BLAST % bp
cpl0.24 Q0 cream pulvinate, red head + rod with granules + nd
actino9 Actinomyces coleocanis 96.6 Actinomycessp. 96.6 605
Isolates Colony morphology Gram-stgimorphology Cat Ox
cpl7.02* white shiny convex - rod short - -
arthl Rothia nasimurium 92.7 Rothiasp. 92.7 361
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp09.03* cream irregular pulvinate + cocci pairs + -
arth2 Curtobacterium citreum-  95.2  Uncultured 95.2 358
like Micrococcineaebacterium
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp02.08 white convex - cocco-bacilli - -
cp03.01 grey convex - rod short - -
cp09.07* small white convex + rod - -
arth3 Micrococcus luteus 98.7 Micrococcussp. 98.8 814
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp06.27* grey convex + cocci clumps + -
bergl Bergeyella zoohelcum 94.8 Bergeyellasp. 97.3 868
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp04.10* red convex - rod + +
cp06.10 red convex - rods cocci + +
cp07.06 very small colourless convex - rod short + +
cp08.06 refpink convex - cocco-bacilli pairs + -
cp08.18 ¥ light brown convex - rod variable - nd
cp08.21 @ pink convex - diplococci + nd
cp09.09 pink convex - rod fat + +
cps01.32 red convex - diplococci + +
cps01.39 browforange convex - rod long + +
berg2 Bergeyella zoohelcum 95.5 Bergeyellasp. 98.8 611
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp01.08 white convex - cocco-bacilli + +
cp08.07* pink convex - rod short + -
bppl Porphyromonas Catoniae  90.1 Porphyromonassp. oral 90.6 402
clone
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp01.16* @ light yellow convex - cocco-bacilli - nd
cp03.12 @ grey convex large nd nd + nd
cp07.15 @ yellow pulvinate - cocci + nd
cp07.19 @ pink pulvinate - rod short + nd
cp09.17 @ yellow convex - cocco-bacilli + nd
bpp10 Porphyromonas 85.1 Porphyromonassp. oral 85.4 336
endodontalis clone
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp62.16* I small black convex - cocci - nd
bpp11 Porphyromonas macacae 95.4 Porphyromonas macacae 954 334
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp01.21 @ red pulvinate - rod short - nd
cp02.23* @ pink convex - rod short - nd
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Phylotype Consensus ID %  Closest BLAST % bp
cp62.08 @ whitegrey shiny convex - diplococci + nd
cp62.12 @ yelloicream shiny convex - diplococci + nd
bpp12 Stenotrophomonas like 91.8 Ultramicrobacterium str. 94.1 913
DYO1
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp04.07* @ light brown convex - rod long + nd
bpp2 Prevotellasp. 82.5 Prevotellasp. oral clone 95.0 413
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp02.13* @ grey convex - rod large - nd
bpp3 Prevotella heparinolytica 96.9 Prevotella heparinolytica 96.9 399
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp02.14 @ grey convex - cocci clumps - nd
cp02.19 @ yellow star shape - rod long + nd
cp05.15* @ white irregular nd nd - nd
cp05.17 @ yellow convex - rod - nd
bpp4 New species NA Bacteroidessp. 98.6 833
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp02.11* @ yellow convex - rod long - nd
cp03.16 @ yellow pulvinate - COCCi - nd
cpl0.11 @ yellow shiny convex, radial lines nd nd weak nd
cpl7.09 @ large cream shiny convex - rod large, variableeshap - nd
cp62.11 @ whitgeream shiny convex - rods, irregular shapes, clumped - nd
bpp5 New species NA Bacteroidessp. 924 702
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp05.20 colourless tiny - rod variable - -
cp05.22 small colourless - rod - -
cp05.24 @ grey convex - cocci - nd
cp05.25* @ colourless convex - rod - nd
cpl0.26 whitggrey convex - rod - -
bpp6 Porphyromonas gulae 99.9 Porphyromonas gulae 99.9 1083
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp01.14 @ brown pulvinate + cocci small + nd
cp05.30* @ brown pulvinate - COCCi + nd
cp06.28 @ yellow pulvinate - COCCi + nd
cpl7.08 @ pale brown pulvinate - cocco-bacilli pairs + nd
cpl7.12 @ small light brown convex - cocci + nd
bpp7 Porphyromonas canoris 96.7 Porphyromonas canoris 96.7 538
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp05.12 @ red pulvinate - rod + nd
cp05.13* @ light brown convex - rod + nd
cpl10.18 @ red pulvinate - rod long. Lots of extracellular + nd
material
bpp8 Porphyromonas 99.1 Porphyromonas 99.1 655
cangingivalis cangingivalis
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp01.17 @ white pulvinate - rod + nd
cp01.25 @ orange irregular nd nd + nd
cp01.26 @ orange pulvinate nd nd + nd
cp01.27 @ red pulvinate nd nd + nd
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Phylotype Consensus ID %  Closest BLAST % bp
cp02.16 @ yellow pulvinate - coccl clumps + nd
cp02.25 @ pink umbilicate nd nd + nd
cp02.26 @ orange pulvinate nd nd + nd
cp02.27 @ red pulvinate - cocci + nd
cp03.19* @ red pulvinate nd nd + nd
bpp9 Porphyromonas cansulci 98.5 Porphyromonas cansulci 98.5 611
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp02.24 @ black convex - cocCi - nd
cp62.15* @ dark brown pulvinate - diplococci - nd
bull New genus NA Solobacterium sp. oral 84.6 655
clone
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp07.24* @ small grey convex - rod chains - nd
campl New species 95.1 Campylobacter rectus 95.1 625
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp05.16 @ colourless convex - rod + nd
cp06.17 @ colourless convex nd nd + nd
cp06.20* I clegyellow convex nd nd + nd
cp07.14 @ red convex nd nd + nd
cp08.16 @ brown convex - rod small + nd
cp09.18 @ brown convex - rod short + nd
cpl0.17 @ brown convex - rod short + nd
cp62.10 @ pale orange shiny convex - rods, small + nd
camp?2 Campylobacter curvus 96.7 Campylobacter curvus 96.7 374
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp05.26* @ brown convex nd nd - nd
capnol Capnocytophaga 97.4 Capnocytophaga 97.7 270
cynodegmi cynodegmi
Isolates Colony morphology Gram-stgimorphology Cat Ox
cps01.44* @ small colourless convex nd nd nd nd
capno2 New species NA Capnocytophagesp. oral 89.3 1065
strain
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp05.19* colourless convex - rod - -
cp09.10 retbrown convex - rod long - -
cp09.22 @ small colourless convex - rod long - nd
cardl New sp.* NA  Cardiobacteriumvalvarum 93.0 890
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp06.01 grey convex - rod short, pairs weak +
cp06.05 brown convex, mycelial border - rods short, pairs + +
cp06.29 @ grey convex - cocco-bacilli nd nd
cp07.20* @ colourless convex nd nd nd nd
cp08.24 brown convex - rod short, pairs + -
closl Clostridium celerecrescens 94.4  Firmicutes sp. oral clone 97.1 421
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp03.21* @ colourless convex nd nd - nd
clos2 Clostridium perfringens 100.0 Clostridium perfringens 100.0 304
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[solates Colony morphology Gram-stgimorphology Cat Ox
cps01.17* @ large Irregular spreading yellow - cocci clumps - nd
disc
clos3 Clostridium sp. 85.5 Peptococcusp. oral clone 95.2 470
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp01.19* @ colourless convex - rod - nd
cp01.22 @ grey filamentous convex - rod - nd
clos4 Clostridium sp. 93.1 Uncultured clone p-83-a5 94.2 175
Isolates Colony morphology Gram-stgimorphology Cat Ox
cpl7.14* @ small colourless convex - rod - nd
coryl New genus NA Corynebacterium bovis 76.3 683
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp03.20 @ white convex nd nd + nd
cp04.13 brown convex - cocco-bacilli pairs + -
cp04.17* @ small yellow convex + cocci + nd
cpl0.28 brown convex - rod short - -
cory2 Corynebacteriunsp. 95.4 Corynebacterium falsenii 95.4 838
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp04.04 orange convex - rod + -
cp04.08* @ cream convex + cocci + nd
cp06.03 cream convex + rod short + -
cp07.03 yellow shiny convex + rod short, pairs + -
cps01.30 white irregular raised curved - rod + -
cps01.34 white umbonate haemolytic - rod + -
cory3 New species NA Corynebacterium ciconiae 93.1 851
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp02.10 white irregular pulvinate nd nd + -
cp03.02 white irregular convex curled + rod + -
cp03.18 @ white irregular - rod + nd
cp04.02* cream convex + rod short + -
cp04.11 cream convex - rod short + -
cp04.14 @ cream convex + rod + nd
cp04.16 @ white convex + rod + nd
cp06.09 white irregular pulvinate + rod + -
cp07.04 yellow convex textured + rod + -
cp10.05 cream convex + rod + -
cory4 New species NA Corynebacterium 941 737
macginleyi
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp04.05* creanfpink pulvinate + cocco bacilli pairs + -
corys Corynebacterium 98.0 Corynebacterium 98.0 885
appendicis* appendicis
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp08.25* small yellow convex + cocci + -
cory6 Corynebacteriunsp. 94.2 Corynebacterium 94.2 135
sundsvallense
Isolates Colony morphology Gram-stgimorphology Cat Ox
cpl10.09* yellow pulvinate + rod long + -
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curtl New species NA  Curtobacteriumsp. 94.0 639
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp03.03* white convex - rod - -
dial Dialister invisus 99.8 Dialister invisus 99.8 758
Isolates Colony morphology Gram-stgimorphology Cat Ox
cpl7.10* @ grey raised - cocci small - nd
fusol Filifactor alocis 99.0 Fusobacterium alocis 99.0 808
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp62.14* @ colourless raised, irregular edge - rods, short - nd
fuso2 New genus NA  Uncultured clone p-379-03 85.9 420
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp03.14* @ grey convex filamentous - rod variable - nd
fuso3 New species NA Fusobacterium nucleatum 96.1 1101
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp06.22* & yellow irregular pulvinate nd nd - nd
cp62.07 @ yellow irregular convex shiny - rods, long, poatgined - nd
fuso4 Filifactor villosus 98.1 Filifactor villosus 98.1 384
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp01.20 @ yellow irregular curled - rod long + nd
cp03.17 @ yellow irregular - rod + nd
cp05.28* @ brown filamentous - rod + nd
cp06.19 @ yellow convex fuzzy nd nd + nd
geml Gemella palaticanis 97.9 Gemella palaticanis 97.9 908
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp04.09 @ colourless raised - cocci pAgads - nd
cp04.15 @ colourless flat irregular - kidney shape pairs - nd
cp04.19* @ colourless flat irregular - kidney shape pairs - nd
haem1l New species NA Haemophilus 93.3 843
haemoglobinophilus
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp03.08 colourless umbonate - rod long, chains + -
cp05.08* whitgclear irregular - rod short + -
cp06.13 yelloybrown raised disc, irregular - cocci chains + +
surface
cp06.21 @ colourless raised nd nd + nd
haem?2 Haemophilus 96.60 Haemophilus 96.60 275
haemoglobinophilus haemoglobinophilus
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp62.03* shiny grey raised - rods, very short (cocci-like) t nd nd
medium length
haem3 Haemophilussp. 95.5 Haemophilussp. oralclone 955 410
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp02.05 colourless raised - rod + -
cp03.04* colourless convex + cocci - -
cp62.06 matt grey sunken convex - diplococci small - -
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lacl New species NA Streptococcus infantarius 90.4 580
subsp. Infantarius
Isolates Colony morphology Gram-stgimorphology Cat Ox
cps01.14* @ colourless irregular disc + diplococci chains - nd
lam1 Lampropedia hyalina 97.0 Lampropedia hyalina 97.0 336
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp05.01* cream pulvinate - rod large + -
lepl New species NA Leptotrichiasp. oral clone 93.9 687
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp05.18* @ brown pulvinate - rod long - nd
cp06.24 @ brown pulvinate nd nd - nd
cp07.16 @ brown pulvinate nd nd + nd
cp07.22 browygreen umbonate - rod long - nd
cp09.19 @ green pulvinate - rod long - nd
morax1 Moraxella sp. 89.4  Uncultured clone 33-PA 90.1 728
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp05.23* brown flat irregular - rod large + +
cpl10.08 colourless convex nd rod large (unstained) + +
cpl0.13 @ grey shallow convex - rod v. Large + nd
morax2 Moraxella sp. 95.1 Moraxella cuniculi 95.1 654
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp09.06 whitgcream convex - rod - large irregular weak +
cp09.14* @ white convex - rod large weak nd
cpl0.22 @ small colourless convex nd nd + nd
nd no sequence available
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp01.04 colourless raised - cocci tetrad clumps - -
cp01.05 white pulvinate curled nd nd + -
cp01.06 yellow raised - diplococci + -
cp01.28 @ white convex nd nd - nd
cp02.09 colourless convex + cocci + -
cp02.20 @ red pulvinate - cocco-bacilli - nd
cp02.28 @ colourless convex nd nd nd nd
cp03.10 pink convex - diplococci + +
cp04.03 yelloylbrown concentric ridges - cocci + +
cp05.09 orange pulvinate nd nd nd nd
cp05.10 cream flat, yellow centre - rod short - -
cp05.11 red convex - rod + -
cp05.29 @ brown convex - rod - nd
cp06.04 brown convex - cocco bacilli pairs + -
cp06.06 cream curled - cocci + -
cp06.08 cream raised - cocci + -
cp06.30 @ light brown flat irregular + rod long nd nd
cp06.32 @ dark red pulvinate nd nd nd nd
cp07.11 @ yellow translucent convex nd nd + nd
cp08.05 yellow convex + rod short, pairs + -
cp09.11 browytolourless convex nd nd + +
cpl0.21 @ whitfgrey convex textured + rod, irregular clusters + nd
cpl0.27 grey raised nd nd + -
cp62.13 @ light brown shiny pulvinate - diplococci + nd
cps01.01 @ yellow disc + cocco-bacilli + nd
cps01.25 small white convex - cocci + -
cps01.27 orange umbonate - cocci + -
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cps0I.29 irregular colourless flat nd nd nd nd
cps01.41 umbonate, yellow centre, white nd nd nd nd
surround
cps01.43 yelloyblack irregular raised nd nd nd nd
neil New species NA Neisseria dentiae 96.0 619
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp01.07 yellow convex - cogcods + +
cp01.11 white irregular curled - cocco-bacilli pairs + +
cp03.06 orange convex - diplococci + +
cp04.01 yelloyibrown irregular - cocci + +
cp05.02 brown conventric curled - cocci + +
cp06.15 brown convex nd nd + nd
cp07.10 yelloylbrown concentric raised - cocci + +
cp07.21 colourless raised - rod curly + nd
cp08.04 orange convex - cocci clumps + -
cp08.09 cream concentric - cocci + +
cp08.10 yellow irregular pulvinate - cocci + +
cp09.02 yelloybrown concentric curled - cocgtkidney pairs + +
cp09.13 yellow convex - cocci, mostly pairs + nd
cpl7.04* large shiny orange convex, brown - cocco-bacilli pairs + +
edge
cps01.20 yellow flat - cocci + +
nei3 Neisseria canis 99.5 Neisseria canis 995 663
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp02.03 yellow convex + diplococci + +
cp02.07 orange convex - diplococci + +
cp03.09 grey convex - rod + -
cp03.11 yellow convex - diplococci + -
cp09.01 yelloybrown irregular curled - cocci + +
cp09.08 orange convex - cocco-bacilli pairsetrads + +
62.01* yellow brown concentric ripple nd nd nd nd
cp62.02 orange shiny convex - diplococci, small + -
nei4 Neisseria canis 98.6 Neisseria canis 98.6 1089
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp01.09 orange convex - rod + -
cp05.07* orange convex - cocci pairs + -
cp06.31 colourless convex nd nd + nd
cp07.07 orange shiny convex - cocci + +
cp08.11 orangbrown convex nd nd + -
cp08.12 brown convex nd nd + -
cps01.16 Lg. White frilly disc + cocci clumps weak nd
nei5 Neisseria weaveri 100.0 Neisseria weaveri 100.0 347
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp01.10 orange convex - diplococci + -
cp06.07 orange matt convex + cocci clumps + -
cp08.01 large browborange raised - rod + +
cp08.26 colourless flat irregular - rod + +
cp09.16* orange convex - rod + nd
cpl10.02 orange concentric raised - rod short + +
cpl7.05 large grey raised shiny, pimpled - rod, variable length, clumps + +
orange centre
cp62.05 yellow irregular - cocci + nd
cps01.28 orange rippled - cocci + +
cps01.33 large brown flat - rod variable + +
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nei7 New species NA Neisseria elongatasubsp. 94.4 702
Glycolytica
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp07.09* colourless irregular raised - rod short + +
cp08.20 colourless flat irregular - rod short - nd
neid Xanthomonassp. 95.0 Xanthomonassp. 95.0 876
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp04.18 @ colourless convex - diplococci + nd
cp06.11* yellow pulvinate - diplococci + +
pastl New species NA Pasteurella dagmatis 985 718
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp02.22 @ grey flat - rod long + nd
cp06.12 colourless irregular - rod short - -
cp06.26 colourless filamentous - cocci - -
cp07.08* yellowbrown raised disc - cocci + +
cp08.02 grejgreen raised - cocci + -
cpl0.04 cream raisgzbnvex - rod short + -
past2 Pasteurella dagmatis 98.3 Pasteurella dagmatis 98.3 820
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp03.07 yellow raised - cocci + -
cp03.13 g grey convex - rod long + nd
cp07.12* @ larger yellow convex nd nd + nd
cp08.14 @ yellow raised translucent nd nd + nd
cp09.04 grejgreen raised disc - rod + -
cp09.05 whitgcream raised disc - cocco-bacilli + -
cp09.12 @ yellow convex, translucent edge - rod variable + nd
past3 Bisgaard taxon 16 97.7 Bisgaard Taxon 16 97.7 839
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp01.01 grey raisefl haemolytic - diplococci + -
cp01.12 @ grey umbonate - rod + nd
cp02.01* grey raisefd haemolytic - cocci + -
cp02.06 yellow raiseg haemolytic + diplococci + -
cp03.05 grey raised haemolytic - diplococci + -
cp08.03 shiny brown raised - cocci large + -
cp10.03 grey green raised - rod + -
cpl0.12 @ grey raised - rod, lots of extracellular material + nd
pepl Peptostreptococcus 98.7 Peptostreptococcus 98.7 333
anaerobius anaerobius
Isolates Colony morphology Gram-stgimorphology Cat Ox
cpl0.14 @ shiny cream convex + cocci - -
cpl10.20* @ cream pulvinate + cocci - nd
cpl7.11 @ yellow pulvinate + cocci pairs in chains - nd
cp62.09 @ large yellow convex + rods, short - nd
pep2 Micromonas micros 96.0 Peptostreptococcusp. 96.0 703
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp08.17 @ white pulvinate - cocci small - nd
cp09.15* @ small white convex + cocci small - nd
cpl0.29 @ grey convex - cocCCi - nd
pep3 New species NA Helcococcussp. 89.5 696
Isolates Colony morphology Gram-stgimorphology Cat Ox
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cpl0.23* small white convex - cocci clumps - nd
propl Tessaracoccusp. 93.5 Tessaracoccus bendigo- 93.5 592
niensis
Isolates Colony morphology Gram-stgimorphology Cat Ox
cpl0.25* brown convex + rod irregular + -
prop2 New species NA  Uncultured soil bacterium 92.7 654
clone HN1-55
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp01.24 @ pink pulvinate nd nd + nd
cp07.25* @ greybrown convex - cocci + nd
cps01.23 white irregular raised - rod + -
prop3 Propionibacterium acnes 99.8 Propionibacterium acnes 99.8 696
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp09.20* @ pink pulvinate- rod short+ nd
pvibl New species NA Propionivibrio 93.2 607
dicarboxylicus
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp02.18* @ colourless flat filamentous - rod - nd
rhodl Dietzia dagingensis 98.7 Dietzia dagingensis 98.7 417
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp03.22* orange convex + diplococci clumps nd nd
staphl Staphylococcus epidermidis 99.6  Staphylococcus epidermidis 99.6 638
Isolates Colony morphology Gram-stgimorphology Cat Ox
cps01.35* large white flat haemolytic + cocci clumps + -
cps01.36 large white flat + cocci clumps + -
strepl Streptococcusp. 99.4 Uncultured Streptococcus 99.4 343
clone
Isolates Colony morphology Gram-stgimorphology Cat Ox
cps01.02 @ white disc + cocci - nd
cps01.42* light brown irregular pulvinate - rod long nd nd
curled
strep2 Streptococcus minor 98.3 Streptococcus minor 98.3 634
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp01.23 @ white irregular curled + cocci clumps nd nd
cp02.21* @ whitgyellow flat irregular - cocci - nd
cp03.15 g white convex - cocci + nd
cps01.11 @ grey disc - cocco-bacilli + nd
strep3 Streptococcus bovis 99.2 Streptococcus bovis 99.2 404
Isolates Colony morphology Gram-stgimorphology Cat Ox
cps01.15* & cream frilly disc + rod - nd
strep4 New species NA Streptococcus bovis 91.8 703
Isolates Colony morphology Gram-stgimorphology Cat Ox
cp04.06* orangérown raised irregular + short rods, chains joined at long - -
edge
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cps0L. 13D yellow star + CoCCl weak nd

cps01.26 small colourless convex - cocci clumps +

cps01.31 colourless flat - cocci chains

cps01.37 irregular grey flat curled - cocci chains

woll Wolinella succinogenes 98.5 Wolinella succinogenes 98.5 857

Isolates Colony morphology Gram-stgimorphology Cat Ox

cp02.17* @ colourless convex nd nd - nd

xenl Xenophilussp. 94.8 Gram negative bacterium 94.1 572
B3P-1

Isolates Colony morphology Gram-stgimorphology Cat Ox

cp08.19* @ colurless raised + very small cocci + nd

xen2 New species 92.9 Comamonadaceae 94.3 855
bacterium

Isolates Colony morphology Gram-stgimorphology Cat Ox

cp04.12* cleatbrown flat - COCCi + nd

Table A.1: Summary of phenotypic data for all isolates, gexiby phylotype.

For each phylotype the isolate sequenced to the highestasthis indicated by
an asterisk, and the closest match on GenBank to this isslatdicated by the
Closest BLAST entry for the phylotype, along with a percgstanatch and the
number of bases sequenced. For each phyltype the conséniste$o indicated,
along with a percent match to the consensus ID based on a Bls&&ich of

GenBank. The consensus ID takes into account all availadibe fdr all isolates
belonging to the phylotype, and is considered the mosthiglimentification for

the phylotype as a whole. Phenotypic data includes catédsg and oxidase
(Ox) reactions, colony morphology, and Gram-stain reacaad morphology.
@ next to the isolate name indicates anaerobic isolatidreratise isolates were
obtained aerobically.
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