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Abstract

Avian intestinal spirochaetosis (AIS) is a condition of laying and breeding hens
resulting from colonisation of the large intestine with anaerobic intestinal spirochaetes
of the genus Brachyspira. The main causative species in Australia are B. intermedia
and B. pilosicoli. Infection with these species can lead to wet litter and reduced egg
production. Currently, little is known about how these organisms enter flocks and
spread, or how to control them. The economic losses to the poultry industry caused by
AIS are thought to be significant, however problems with diagnostic techniques have
resulted in this disease often being overlooked.
The major aims of this thesis were to expand understanding of the
epidemiology and cycles of transmission of B. intermedia and B. pilosicoli, measure
the effectiveness of six disinfectants, develop faster and more reliable diagnostic
identification methods, and to investigate effects of diet on colonisation by the
spirochaetes.
An epidemiological study on a laying hen farm detected infection with three
different Brachyspira species, with multiple strains of these species being present.
Infection appeared to have originated from other birds on the site rather than from
environmental sources. Experiments showed that B. intermedia and B. pilosicoli
survived in chicken faeces for between 2 and 17 hours at 37oC. B. intermedia tended to
survive longer than B. pilosicoli, but the maximum survival time for both species at
4oC was only 72-84 hours.
A study was then conducted into the efficacy of some common disinfectants in
inactivating B. intermedia and B. pilosicoli. Six disinfectants were evaluated at their
recommended working concentrations. All but alkaline salts inactivated two different
concentrations of both spirochaete species in less than one minute in the presence of
iv

organic matter. Taken together, these results suggest that it should be relatively easy to
break the cycle of infection by emptying, cleaning and disinfecting sheds between
batches of birds.
To improve diagnostic methodology, a two-step nested duplex PCR (D-PCR)
was developed for detection of B. pilosicoli and B. intermedia, using DNA extracted
from washed chicken faeces. The new test could provide results within 24 hours of
sample receipt, and detected 4-5% more positive faecal samples than selective culture
followed by individual species-specific PCRs.
Finally, studies were conducted in experimentally-infected laying hens to
investigate potential interactions between diet and colonisation with B. intermedia or
B. pilosicoli. In the first experiment, the addition of zinc bacitracin or dietary enzymes
to a wheat-based diet reduced colonisation by B. intermedia. In subsequent
experiments, it was shown that diets based on wheat predisposed to colonisation with
B. intermedia compared to diets based on barley or barley and sorghum. Subsequently,
wheat variety Westonia was shown to increase susceptibility to B. intermedia but
decrease it to B. pilosicoli, compared to a diet based on wheat variety Stiletto. There
was no clear relationship between the soluble non-starch polysaccharide content of a
given diet, the viscosity of the digesta in the ileum, or colonization with the
spirochaete species. Addition of different dietary enzymes did not significantly reduce
the digesta viscosity in the ileum, or significantly influence faecal water content.
In flocks with persistent problems with AIS consideration should be given to
modifying the diet, and, in particular, cereals other than wheat should be used. The
wheat variety could be altered, but the addition of dietary enzymes to such wheatbased diets is not particularly reliable as a sole means of controlling AIS.
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Abbreviations and symbols
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avian intestinal spirochaetosis
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analysis of variance
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blood agar
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°C

degrees Celsius

cfu
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carbon dioxide

CVS-TSA
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d

days

DNA
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dNTPs

deoxynucleotide triphosphatases

EDTA
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EM

electron microscopy

ET

electrophoretic type

FCS

foetal calf serum

FISH

fluorescent in situ hybridisation

g

grams

G+C content

guanine plus cytosine content

h

hours

x

HIS

human intestinal spirochaetosis

IFAT

indirect immunofluorescent antibody test

iNSP

insoluble non-starch polysaccharides

IS

intestinal spirochaetosis

l

litres

mol%

mole percent

mAb

monoclonal antibody

MLEE

multilocus enzyme electrophoresis

MLST

multilocus sequence typing

μg

micrograms

mg

milligrams

min

minutes

NADH

nicotinamide adenine dinucleotide

nox

NADH oxidase

P

p-value

PBS

phosphate buffered saline

PCR

polymerase chain reaction

PET

paraffin embedded tissue

PFGE

pulsed-field gel electrophoresis

PIS

porcine intestinal spirochaetosis

ppm

parts per million

RBC

red blood cells

RE

restriction enzyme

REA

restriction enzyme analysis

RFLP

restriction fragment length polymorphism

xi

rRNA

ribosomal ribonucleic acid

RT

room temperature

s

seconds

SD

swine dysentery

sNSP

soluble non-starch polysaccharides

spp.

species

TAE

tris-acetate EDTA

TBE

tris-borate EDTA

TE

tris-EDTA

TEM

transmission electron microscopy

TES

tris-EDTA sarcosine buffer

tNSP

total non-starch polysaccharides

TSA

trypticase soy agar

TSB

trypticase soy broth

U

units

UHPW

ultra high pure water

UK

United Kingdom

USA

United States of America

UV

ultraviolet

WA

Western Australia

WBHIS

weakly β-haemolytic intestinal spirochaete

w/v

weight for volume

X

times

Χ2

Chi squared

ZnB

zinc bacitracin

xii

Table of Contents
Title Page ........................................................................................................................ i
Dedication ......................................................................................................................ii
Thesis Declaration........................................................................................................iii
Abstract......................................................................................................................... iv
Acknowledgements....................................................................................................... vi
Publications resulting from work described in this thesis......................................viii
Articles in International Journals .............................................................................viii
Abstract in Conference Proceedings .......................................................................... ix
Abbreviations and symbols .......................................................................................... x
Table of Contents .......................................................................................................xiii
List of Tables ............................................................................................................. xxv
List of Figures............................................................................................................ xxx
Chapter 1: Literature Review ...................................................................................... 1
1.1

Introduction ..................................................................................................... 2

1.2

Spirochaetes .................................................................................................... 3

1.2.1

Introduction to the spirochaetes .................................................................. 4

1.2.2

Intestinal spirochaetes ................................................................................. 7

1.3

Genus Brachyspira: overview of the species .................................................. 8

1.3.1

History of the genus Brachyspira ............................................................. 13

1.3.2

Morphology and biochemical properties of the Brachyspira species....... 14

1.3.2.1

Brachyspira hyodysenteriae.............................................................. 14

1.3.2.2

Brachyspira intermedia..................................................................... 17
xiii

1.3.2.3

Brachyspira innocens........................................................................ 17

1.3.2.4

Brachyspira murdochii ..................................................................... 18

1.3.2.5

Brachyspira alvinipulli ..................................................................... 19

1.3.2.6

Brachyspira pilosicoli ..................................................................... 20

1.3.2.7

Brachyspira aalborgi ........................................................................ 21

1.3.2.8

“Brachyspira pulli” ........................................................................... 22

1.3.2.9

“Brachyspira canis” .......................................................................... 22

1.4

Cultivation of Brachyspira species ............................................................... 23

1.4.1

Solid media ............................................................................................... 23

1.4.2

Liquid media ............................................................................................. 23

1.5

Isolation of Brachyspira................................................................................ 24

1.5.1

History of the isolation of Brachyspira..................................................... 25

1.5.2

Methodology for isolation on solid media ................................................ 27

1.5.3

Pre-enrichment broth culture prior to isolation......................................... 28

1.6

Visualisation of Brachyspira......................................................................... 28

1.7

Detection of Brachyspira species ................................................................. 29

1.7.1

Detection of Brachyspira-specific antibodies........................................... 30

1.7.1.1 Polyclonal antibodies for the detection of intestinal spirochaetes in pigs
........................................................................................................... 30
1.7.1.2 Polyclonal antibodies for the detection of intestinal spirochaetes in
humans .................................................................................................. 31
1.7.1.3 Polyclonal antibodies for the detection of intestinal spirochaetes in
chickens................................................................................................. 31
1.7.1.4 Monoclonal antibodies for the detection of intestinal spirochaetes in
pigs ........................................................................................................ 31

xiv

1.7.1.5 Monoclonal antibodies for the detection intestinal spirochaetes in
humans .................................................................................................. 32
1.7.1.6 Monoclonal antibodies for detection of intestinal spirochaetes in
chickens................................................................................................. 33
1.7.2

Nucleic acid probes and in-situ hybridisation........................................... 33

1.7.3

Polymerase Chain Reaction ...................................................................... 34

1.8

1.7.3.1

16S and 23S rRNA genes.................................................................. 35

1.7.3.2

NADH oxidase (nox) gene ................................................................ 36

1.7.3.3

Restriction fragment length polymorphism- PCR (RFLP-PCR) ...... 36

1.7.3.4

RFLP fingerprinting.......................................................................... 37

1.7.3.5

Use of PCR in the identification of species associated with AIS ..... 37

Identification of isolates of Brachyspira species .......................................... 38

1.8.1

Haemolytic properties ............................................................................... 38

1.8.2

Biochemical characterisation .................................................................... 38

1.8.2.1

Indole production .............................................................................. 39

1.8.2.2

Hippurate cleavage............................................................................ 39

1.8.2.3

API-ZYM .......................................................................................... 40

1.8.2.4

DNA-DNA homology studies........................................................... 41

1.8.3

Characterisation using multilocus enzyme electrophoresis (MLEE)........ 41

1.8.4 Characterisation using 16S rRNA gene sequencing ................................. 43
1.9

Methods used for strain typing of Brachyspira species ................................ 43

1.9.1

Serotyping ................................................................................................. 44

1.9.2

Multilocus enzyme electrophoresis (MLEE) ............................................ 44

1.9.3

Restriction enzyme analysis (REA) of chromosomal DNA ..................... 45

1.9.4

Amplified fragment length polymorphism (AFLP) analysis .................... 45

1.9.5

Pulsed-field gel electrophoresis (PFGE)................................................... 46
xv

1.10

Disease association of Brachyspira species in animals and humans ............ 48

1.10.1 Swine Dysentery (SD) .............................................................................. 48
1.10.2 Intestinal Spirochaetosis (IS) - a background ........................................... 49
1.10.2.1

Porcine intestinal spirochaetosis (PIS).......................................... 51

1.10.2.2

Human intestinal spirochaetosis (HIS).......................................... 52

1.10.3 Disease associations of Brachyspira species in poultry............................ 54
1.10.4 Antimicrobial treatment of intestinal spirochaete infections .................... 55
1.10.5 Dietary manipulation of intestinal spirochaete infection .......................... 56
1.10.6 Survival of Brachyspira spp. in the environment ..................................... 58
1.11

Avian Intestinal Spirochaetosis (AIS)........................................................... 59

1.11.1 History of intestinal spirochaetes in poultry ............................................. 59
1.11.2 Disease association and diagnosis............................................................. 60
1.11.3 Disease associations of different Brachyspira species in birds ................ 62
1.11.3.1

Brachyspira intermedia................................................................. 62

1.11.3.2

Brachyspira pilosicoli .................................................................. 62

1.11.3.4

Brachyspira alvinipulli ................................................................. 63

1.11.4 Sources of Brachyspira species infection for poultry ............................... 64
1.11.5 AIS in Australian poultry farms................................................................ 64
1.11.5.1
1.12

Disease control measures in poultry farms ................................... 65

Aim................................................................................................................ 66

Chapter 2: Materials and Methods ........................................................................... 67
2.1

General culture and isolation methods.......................................................... 68

2.1.1

Isolation and growth of intestinal spirochaetes from faecal, caecal and
colonic samples on solid medium ............................................................. 68

2.1.2 Growth of intestinal spirochaetes in liquid medium ................................. 69
2.1.2.1

Preparation and inoculation of broth medium................................... 69
xvi

2.1.2.2

Transfer of spirochaetes from agar plates to broth............................ 70

2.1.2.3

Cultivation of spirochaetes in broth .................................................. 71

2.1.2.4

Long term storage and recovery of intestinal spirochaetes............... 71

2.1.2.5

Counting spirochaetes ....................................................................... 72

2.2

Phenotypic Analysis...................................................................................... 72

2.2.1

Identifying the extent and nature of haemolysis ....................................... 72

2.2.2

Microscopy................................................................................................ 73

2.2.2.1

Phase contrast microscopy ................................................................ 73

2.2.2.2

Light microscopy .............................................................................. 73

2.2.2.3

Transmission electron microscopy.................................................... 74

2.3

Biochemical Analysis ................................................................................... 75

2.3.2
2.4

Testing for indole production.................................................................... 75

Molecular Methodology................................................................................ 79

2.4.1

DNA extraction ......................................................................................... 79

2.4.2

DNA extraction from isolates on solid media........................................... 80

2.4.3

DNA extraction from isolates in liquid medium....................................... 80

2.4.4

DNA extraction from faeces ..................................................................... 80

2.4.5

Polymerase chain reaction......................................................................... 81

2.4.5.1

Development of primers.................................................................... 81

2.4.5.2

Optimisation of the primers .............................................................. 83

2.4.5.3

Species-specific primers to identify Brachyspira intermedia and
Brachyspira pilosicoli ....................................................................... 83

2.4.5.3.1

Duplex PCR to identify B. intermedia and B. pilosicoli ............. 84

2.4.5.4

Species specific primers to identify Brachyspira hyodysenteriae .... 84

2.4.5.5

Polymerase chain reaction to identify Brachyspira species.............. 85

2.4.5.5.1

General Brachyspira 16S rRNA gene PCR ................................ 85
xvii

2.4.5.5.2

General Brachyspira NADH oxidase gene (nox) PCR ............... 86

2.4.5.5.3 Duplex PCR to identify Brachyspira species using the general
Brachyspira 16S rRNA gene and the general NADH oxidase
(nox) gene PCRs.......................................................................... 86
2.4.5.6

Specificity of the PCRs ..................................................................... 87

2.4.5.7

Sensitivity of the PCRs ..................................................................... 87

2.5

Sequencing of 16S rRNA and NADH oxidase (nox) genes......................... 88

2.6

Pulsed field gel electrophoresis (PFGE) ....................................................... 89

2.6.1

Preparation of DNA from spirochaetal cells............................................. 90

2.6.2

Restriction enzyme digestion and PFGE................................................... 90

2.7

Experimental Infections ................................................................................ 91

2.7.1

Ethics approval.......................................................................................... 92

2.7.2

Source of chickens .................................................................................... 92

2.7.3

Housing arrangements for chickens .......................................................... 92

2.7.4

Formulation of diets .................................................................................. 92

2.7.5

Infection of chickens ................................................................................. 94

2.7.6

Body weights............................................................................................. 95

2.7.7

Monitoring for spirochaetes in faeces ....................................................... 95

2.7.8

Faecal moisture content............................................................................. 95

2.7.9

Egg production .......................................................................................... 96

2.7.10 Post-mortem examination ......................................................................... 96
2.7.11 Measuring viscosity of ileal and caecal contents ...................................... 96
2.7.12 Statistical analysis ..................................................................................... 97

xviii

Chapter 3: Survival of avian intestinal spirochaete strains in the presence of
disinfectants and in faeces at different temperatures .............................................. 98
3.1

Introduction ................................................................................................... 99

3.2

Methods......................................................................................................... 99

3.2.1

Spirochaete strains and culture techniques ............................................... 99

3.2.2

Survival in the presence of disinfectants................................................. 100

3.2.3

Spirochaete survival in faeces at different temperatures......................... 101

3.3

Results ......................................................................................................... 102

3.3.1

Survival of spirochaetes in commonly used disinfectants ...................... 102

3.3.2

Survival of spirochaetes at varying temperatures ................................... 102

3.4

Discussion ................................................................................................... 105

Chapter 4: An investigation into the epidemiology of intestinal spirochaetes in a
commercial laying hen farm..................................................................................... 108
4.1

Introduction ................................................................................................. 109

4.2

Methods....................................................................................................... 109

4.2.1

Choosing a farm ...................................................................................... 109

4.2.2

Farm details............................................................................................. 110

4.2.2.1

Farm layout ..................................................................................... 110

4.2.2.2

Shed cleanout .................................................................................. 112

4.2.3

Sample collection .................................................................................... 113

4.2.4

Diet.......................................................................................................... 114

4.2.5

Cross-sectional survey ............................................................................ 114

4.2.6

Longitudinal survey ................................................................................ 115

4.2.7

Detection and identification of spirochaetes ........................................... 116

4.2.8

Testing for indole production and biochemical activity ......................... 117

4.2.9 16S rRNA gene and NADH oxidase gene sequencing ........................... 117
xix

4.2.10 Pulsed field gel electrophoresis (PFGE) ................................................. 118
4.2.11 Transmission electron microscopy.......................................................... 118
4.3

Results ......................................................................................................... 118

4.3.1

Cross-sectional survey ............................................................................ 118

4.3.2

Longitudinal survey ................................................................................ 120

4.3.3

Identification of PCR-negative avian spirochaetes by 16S rRNA
sequencing............................................................................................... 123

4.3.3

Biochemical analysis............................................................................... 131

4.3.4

Pulsed field gel electrophoresis (PFGE) ................................................. 131

4.3.5

Transmission electron microscopy of “B. pulli” isolates ........................ 135

4.4

Discussion .................................................................................................... 141

Chapter 5: Development of a two-step nested duplex PCR assay for the detection
of Brachyspira intermedia and Brachyspira pilosicoli in chicken faeces ............... 145
5.1

Introduction ................................................................................................. 146

5.2

Materials and Methods................................................................................ 147

5.2.1

Faecal samples and culture conditions.................................................... 147

5.2.2

DNA preparation from isolation plates ................................................... 147

5.2.3

DNA extraction from faeces ................................................................... 147

5.2.4

Duplex polymerase chain reaction (D-PCR) to detect and identify
Brachyspira intermedia and Brachyspira pilosicoli ............................... 148

5.2.5

Nested two-step duplex polymerase chain reaction (D-PCR) to identify
Brachyspira intermedia and Brachyspira pilosicoli ............................... 148

5.2.6

Specificity of the species-specific D-PCR and the two-step nested D-PCR.
................................................................................................................. 151

5.2.7

Detection limits of culture/PCR, species-specific D-PCR and the two-step
nested D-PCR.......................................................................................... 151
xx

5.2.8

Assessing the presence of PCR inhibitors............................................... 152

5.2.9

Sequencing of the PCR products ............................................................ 152

5.3

Results ......................................................................................................... 152

5.3.1

Optimised spirochaetal DNA extraction method for chicken faeces ...... 152

5.3.2

Detection limits of culture/PCR, and the species-specific D-PCR and the
two-step nested D-PCR on spirochaetal DNA extracted from chicken
faeces....................................................................................................... 155

5.3.2.1

Culture/PCR .................................................................................... 155

5.3.2.2

General Brachyspira PCR............................................................... 157

5.3.2.3

Species-specific D-PCR .................................................................. 157

5.3.2.4

Two-step nested D-PCR.................................................................. 157

5.3.3

Specificity of the species-specific D-PCR and the two-step nested D-PCR.
................................................................................................................. 157

5.3.4

Sequencing .............................................................................................. 158

5.3.5

Field samples........................................................................................... 160

5.4

Discussion ................................................................................................... 161

Chapter 6: Experimental Infections ........................................................................ 164
6.1

Introduction ................................................................................................. 165

6.2

Experiment 1: Effects of dietary enzyme and zinc bacitracin on colonisation
of laying hens by Brachyspira intermedia. ................................................. 166

6.2.1

Introduction ............................................................................................. 166

6.2.2

Materials and methods ............................................................................ 166

6.2.2.1

Experimental hens........................................................................... 166

6.2.2.2

Diet and dietary treatments ............................................................. 167

6.2.2.3

Experimental infection .................................................................... 167

6.2.2.4

Experimental procedures................................................................. 168
xxi

6.2.2.5
6.2.3

Statistical analysis ........................................................................... 169

Results ..................................................................................................... 169

6.2.3.1

Colonisation by spirochaetes .......................................................... 169

6.2.3.2

Faecal moisture ............................................................................... 169

6.2.3.3

Hen weights..................................................................................... 172

6.2.3.4

Egg numbers and total egg production............................................ 172

6.2.3.5

Post-mortem findings ...................................................................... 172

6.2.4
6.3

Discussion ............................................................................................... 176
Experiment 2: Effect of dietary NSP content on colonisation of laying hens

by B. intermedia .......................................................................................... 179
6.3.1

Introduction ............................................................................................. 179

6.3.2

Methods................................................................................................... 179

6.3.2.1

Experimental procedures................................................................. 179

6.2.2.2

Statistical analysis ........................................................................... 182

6.3.3

Results ..................................................................................................... 182

6.3.3.1

NSP content of the wheat varieties ................................................. 182

6.3.3.2

Colonisation with B. intermedia ..................................................... 182

6.3.3.3

Faecal water contents ...................................................................... 183

6.3.3.4

Hen weights, egg numbers and egg weights ................................... 183

6.3.3.5

Post-mortem findings ...................................................................... 188

6.3.3.6

Viscosity of ileal contents ............................................................... 188

6.3.4
6.4

Discussion ............................................................................................... 189
Experiment 3: Effect of dietary NSP content on colonisation of laying hens

by B. pilosicoli ............................................................................................ 192
6.4.1

Introduction ............................................................................................. 192

6.4.2

Methods................................................................................................... 192
xxii

6.4.2.1
6.4.3

Experimental procedures................................................................. 192

Results ..................................................................................................... 193

6.4.3.1

Colonisation with B. pilosicoli........................................................ 193

6.4.3.2

Faecal water content........................................................................ 194

6.4.3.3

Hen weights and egg production parameters .................................. 194

6.4.3.4

Post-mortem findings ...................................................................... 199

6.4.3.5

Viscosity of ileal contents ............................................................... 199

6.4.4
6. 5

Discussion ............................................................................................... 200
Experiment 4: Effect of exogenous dietary enzymes on colonisation of

laying hens by B. intermedia....................................................................... 202
6.5.1

Introduction ............................................................................................. 202

6.5.2

Methods................................................................................................... 202

6.5.2.1
6.5.3

Experimental procedures................................................................. 202

Results ..................................................................................................... 203

6.5.2.1

Colonisation with B. intermedia ..................................................... 203

6.5.2.2

Faecal water content........................................................................ 204

6.3.2.3

Hen weights and egg production parameters .................................. 204

6.5.2.4

Post-mortem findings ...................................................................... 204

6.5.2.5

Viscosity of ileal contents ............................................................... 209

6.5.4
6.6

Discussion ............................................................................................... 209

Experiment 5: Effect of different cereal sources on colonisation of laying
hens with B. intermedia............................................................................... 211

6.6.1
6.6.2

Introduction ............................................................................................. 211
Methods................................................................................................... 211

6.6.2.1
6.6.3

Experimental procedures................................................................. 211

Results ..................................................................................................... 215
xxiii

6.6.3.1

Colonisation with B. intermedia ..................................................... 215

6.6.3.2

Faecal water content........................................................................ 217

6.6.3.3

Body weights and egg production parameters ................................ 217

6.6.3.4

Post-mortem findings ...................................................................... 222

6.6.3.4

Viscosity of the digesta ................................................................... 222

6.6.4
6.7

Discussion ............................................................................................... 224
Summary of Findings in the Experimental Infection Studies ..................... 227

Chapter 7: General Discussion ................................................................................ 229
7.1

Introduction ................................................................................................. 230

7.2

Survival of B. intermedia and B. pilosicoli ................................................. 231

7.3

Epidemiology of AIS on a Western Australian Layer Farm....................... 233

7.4

Development of an improved diagnostic PCR............................................ 235

7.5

Experimental infections of laying hens....................................................... 236

7.6

Overall outcomes from this thesis............................................................... 240

References .................................................................................................................. 242
Appendix A: Materials ............................................................................................. 284
A.1

Chemicals, reagents, desiccated media and enzymes. ................................ 284

A.2

Kits and other consumables ........................................................................ 288

A.3

Buffers, solutions and chicken feed enzymes ............................................ 289

Appendix B: Brachyspira Strains used.................................................................... 295

xxiv

List of Tables

Table 1.1 The genus Brachyspira, type strains and their host species ........................... 9
Table 1.2 Biochemical properties used to differentiate between Brachyspira species 16
Table 2.1 API-ZYM scoring system according to the enzymes activity, corresponding
to the score card shown in Figure 2.4. .......................................................................... 78
Table 2.2 The main species of Brachyspira which are differentiated according to
enzymes 13, 16 and 17 in the API-ZYM panel............................................................. 78
Table 2.3 The primer sequences and binding sites used throughout this thesis .......... 82
Table 3.1 Survival time of the B. intermedia and B. pilosicoli strains at two cell
concentrations in the presence of six commonly used disinfectants at the
manufacturers’ recommended concentration. ............................................................. 103
Table 3.2 Survival time of three different concentrations of B. intermedia or B.
pilosicoli cells suspended in 20g of chicken caecal faeces held at three different
temperatures. ............................................................................................................... 104
Table 4.1 Visual assessment from the primary isolation plates and subsequent PCR
results obtained from a collection of 200 fresh caecal faecal samples from laying hens
in each of three flocks on a farm in Western Australia (600 samples in total). .......... 119
Table 4.2 Isolates obtained following culture of a collection of 200 fresh faecal
samples from laying hens in each of three sheds on a laying hen farm in Western
Australia (600 samples in total). ................................................................................. 120
Table 4.3 Visit schedule and intestinal spirochaete culture and PCR results for sheds 1
and 3 in the longitudinal survey on the laying hen farm............................................. 122
Table 4.4 Strains of intestinal spirochaetes and their GenBank 16S rRNA accession
numbers, as used in the phylogenetic analysis............................................................ 125
xxv

Table 4.5 API-ZYM result for 17 out of 29 Brachyspira spp. isolates from the three
sheds in the cross-sectional survey. ............................................................................ 132
Table 4.6 Analysis of PFGE banding patterns and distribution of 20 B. intermedia
isolates through the three sheds................................................................................... 133
Table 4.7

Morphological characteristics of seven Brachyspira species (previously

published in McLaren et al., 1997), as a comparison to two “B. pulli” isolates from the
current epidemiological study ..................................................................................... 135
Table 5.1

The 17 steps shown in the QIAamp® DNA Stool Mini Kit handbook, and

the eight modifications (A – H) made during the optimisation of DNA extraction for
chicken faeces ............................................................................................................. 149
Table 5.2

Sensitivity results for B. intermedia, B. pilosicoli and B. intermedia/B.

pilosicoli DNA extracted according to modifications A – H...................................... 153
Table 5.3

Detection limits obtained for the four variations of the PCRs conducted on

both B. intermedia and B. pilosicoli............................................................................ 156
Table 5.4

Nucleotide differences between the partial NADH oxidase (nox) gene

sequence of B. intermedia strain HB60 and the three genotypes of B. intermedia
detected by the duplex PCR. The partial B. intermedia nox sequence was equivalent to
base positions 448 to 954 of the B. hyodysenteriae strain R1 nox gene ..................... 159
Table 5.5 A comparison of the results for detecting B. intermedia and B. pilosicoli in
882 laying hen faecal samples using culture/PCR, faecal extraction/D-PCR or faecal
extraction/two-step nested D-PCR.............................................................................. 160
Table 6.1 Base composition used for ISA-Brown chicken feed. ............................... 168
Table 6.2 Colonisation of hens with B. intermedia, showing number of colonised hens
and of positive faecal samples of a possible 50 taken at 5 weekly samplings between
23 to 28 weeks of age. Hens were infected at 22 weeks of age. ................................. 170

xxvi

Table 6.3 Mean and standard deviation faecal water content in the five groups of hens
one week following experimental inoculation with B. intermedia. ............................ 171
Table 6.4 Weekly group mean and standard deviation of body weight (kgs) following
allocation of hens into five groups. ............................................................................. 173
Table 6.5 Weekly group mean and standard deviation of egg numbers following
allocation of hens into five groups. ............................................................................. 174
Table 6.6 Weekly group mean egg weight (gm) and standard deviation following
allocation of hens into five groups. ............................................................................. 175
Table 6.7 Composition of the basic laying mix diet used in experimental infection
studies 2 - 4. The wheat variety was either Stiletto or Westonia. ............................... 181
Table 6.8 Colonisation of hens with B. intermedia, showing number of colonised hens
and of positive faecal samples of a possible 120 taken at 8 samplings between 22 to 25
weeks of age. Hens were infected at 21 weeks of age. ............................................... 183
Table 6.9 Weekly group mean and standard deviation of faecal water content (%)
following allocation of hens into four groups. ............................................................ 184
Table 6.10 Weekly group mean and standard deviation of body weight (kgs) following
allocation of hens into four groups.............................................................................. 185
Table 6.11 Weekly group mean and standard deviation of egg numbers following
allocation of hens into four groups.............................................................................. 186
Table 6.12 Weekly group mean and standard deviation for egg weights (gm) following
allocation of hens into four groups.............................................................................. 187
Table 6.13 Mean and standard deviation of viscosity of ileal contents in mPa•s at post
mortem.

................................................................................................................. 188

Table 6.14 Colonisation of hens with B. pilosicoli, showing number of colonised hens
and of positive faecal samples of a possible 225 taken at 15 samplings between 21 to
26 weeks of age. Hens were infected at 20 weeks of age. .......................................... 194
xxvii

Table 6.15 Weekly group mean and standard deviation of faecal water content (%)
following allocation of hens into four groups. ............................................................ 195
Table 6.16 Weekly group mean and standard deviation of body weight (kgs) following
allocation of hens into four groups.............................................................................. 196
Table 6.17 Weekly group mean and standard deviation of egg numbers following
allocation of hens into four groups.............................................................................. 197
Table 6.18 Weekly group mean and standard deviation of egg weights (gm) following
allocation of hens into four groups.............................................................................. 198
Table 6.19 Mean and standard viscosity measurements (in mPa•s) of the ileal contents
at post mortem (26 weeks of age). .............................................................................. 199
Table 6.20 Colonisation of hens with B. intermedia, showing number of colonised
hens and of positive faecal samples of a possible 315 taken at 21 samplings between 21
to 26 weeks of age. Hens were infected at 20 weeks of age. ...................................... 204
Table 6.21 Weekly group mean and standard deviation of faecal water content (%)
following allocation of hens into four groups. ............................................................ 205
Table 6.22 Weekly group mean and standard deviation of body weight (kgs) following
allocation of hens into four groups.............................................................................. 206
Table 6.23 Weekly group mean and standard deviation of egg numbers following
allocation of hens into four groups.............................................................................. 207
Table 6.24 Weekly group mean and standard deviation of egg weight (gm) following
allocation of hens into four groups.............................................................................. 208
Table 6.25 Mean and standard viscosity measurements (in mPa•s) of the ileal contents
at post mortem in hens aged 24 weeks (controls) or 27 weeks (infected hens). ......... 209
Table 6.26 Complete analysis of the laying hen diets used in experiment 5. ........... 213
Table 6.27 NSP analysis of laying diets. Last column shows the total values.......... 214
xxviii

Table 6.28 Colonisation of hens with B. intermedia, showing number of colonised
hens and of positive faecal samples of a possible 204 taken at 17 samplings between 21
to 26 weeks of age. Hens were infected at 20 weeks of age. ...................................... 216
Table 6.29 Weekly group mean and standard deviation of faecal water content (%)
following allocation of hens into six groups. .............................................................. 218
Table 6.30 Weekly group mean and standard deviation of body weight (kgs) following
allocation of hens into six groups................................................................................ 219
Table 6.31 Weekly group mean and standard deviation of egg numbers following
allocation of hens into six groups................................................................................ 220
Table 6.32 Weekly group mean and standard deviation of egg weight (gm) following
allocation of hens into six groups................................................................................ 221
Table 6.33 Mean and standard deviation of viscosity of intestinal contents in mPa•s at
post mortem................................................................................................................. 223

xxix

List of Figures

Figure 1.1 16S rRNA gene sequence dendrogram of the spirochaetes, demonstrating
the phylogenetic relationships between representatives of each genus. The scale bar
represents a 5% difference in nucleotide sequence determined by taking the sum of all
the horizontal lines connecting two species. Adapted from Paster et al. (1991) and
Paster & Dewhirst (2000). .............................................................................................. 5
Figure 1.2 Schematic cross-section of a spirochaete. Adapted from Greenberg and
Canale-Parola (1977) ...................................................................................................... 7
Figure 1.3 Phenogram showing the currently recognised and proposed species of the
genus Brachyspira compiled from the multilocus enzyme electrophoresis analysis
(MLEE) data of Lee et al. (1993a, 1993b), Duhamel et al. (1995a, 1995b), Trott et al.
(1996a), McLaren et al. (1997), and Trott et al. (1997a), showing the genetic distances
between 58 Brachyspira isolates from humans, animals and birds in 47 electrophoretic
types (ETs), divided into 9 genetic groups. .................................................................. 11
Figure 1.4 B. hyodysenteriae viewed under phase contrast microscopy at 400 times
magnification. The spirochaetes are approximately 8 – 10µm long. ............................ 29
Figure 1.5 Scanning electron micrograph of porcine intestinal spirochaetosis on
colonic mucosa, showing end-on attachment of B. pilosicoli to the luminal surface of
the mucosal cells. Bar = 2 μm. From Sellwood and Bland (1997). .............................. 50
Figure 2.1 Example of weak β-haemolysis produced by B. pilosicoli avian strain
CPSp1 on a BA plate. ................................................................................................... 69
Figure 2.2 Example of weak β-haemolysis produced by B. pilosicoli strain 95/1000
(A), and strong β-haemolysis produced by B. hyodysenteriae type strain B78T (B) on a
BA plate.

................................................................................................................... 74
xxx

Figure 2.3 Results of an indole test. The tube on the left is negative while the tube on
the right is positive. ....................................................................................................... 76
Figure 2.4 API-ZYM reading scale used to determine the API-ZYM score for
biochemical analysis. .................................................................................................... 77
Figure 2.5 Photograph of the cages which housed the laying hens used in experimental
infections. ................................................................................................................... 93
Figure 4.1 Layout of the farm showing the close proximity of the sheds.................. 111
Figure 4.2 Internal construction of the sheds, showing the close proximity of the hens
to each other, the faecal cones under the cages and communal feed and water troughs. .
................................................................................................................. 112
Figure 4.3 Construction of the sheds with wooden slat walls and the open ventilation
at the top quarter of the shed. ...................................................................................... 113
Figure 4.4 Housing regime of the hens showing three hens per cage........................ 115
Figure 4.5 The typical faecal cones formed under the cages of healthy hens............ 121
Figure 4.6 Dendogram

showing

phylogenetic

relationships

of

40

intestinal

spirochaetes based on sequence from a 1250 base pair portion of the 16S rRNA gene.
Isolates are of avian origin unless indicated otherwise. Isolates obtained from the
current study are marked in bold................................................................................. 124
Figure 4.7 Alignment of 16S rRNA gene sequence (1208 bp) of five “B. pulli” isolates
from the epidemiological study, and “B. pulli” strain 60-5 from the study of McLaren
et al (1997). ................................................................................................................. 130
Figure 4.8 PFGE patterns of B. intermedia isolates obtained in the cross-sectional
survey.

................................................................................................................. 134

xxxi

Figure 5.1 Example of the nested duplex-PCR products of B. intermedia and B.
pilosicoli from seeded faeces. Lanes 1 and 6, molecular weight marker; lane 2, PCR
negative control; lane 3, B. intermedia and B. pilosicoli mixed sample; lane 4, B.
intermedia sample; lane 5, B. pilosicoli sample.......................................................... 158

xxxii

Chapter 1: Literature review

Chapter 1

Literature Review

1

Chapter 1: Literature review

1.1

Introduction
This thesis focuses on anaerobic intestinal spirochaetes of the genus

Brachyspira, in particular those species which are pathogenic and commonly infect
commercial hens. Although at least seven Brachyspira species have been reported to
colonise birds, only three, B. pilosicoli, B. intermedia and B. alvinipulli, are thought to
be pathogenic in commercial broiler breeder and laying hens. The disease or disease
complex associated with colonisation by these species in birds has been called Avian
Intestinal Spirochaetosis (AIS) (Swayne and McLaren, 1997).
The work described in this thesis focuses on six main areas: developing
improved diagnostic methods for the identification of avian Brachyspira infections;
investigating control and biosecurity methods for intestinal spirochaetes in poultry;
understanding the epidemiology of the known pathogens B. intermedia and B.
pilosicoli, with particular emphasis on their occurrence in a laying hen farm in Western
Australia; identifying and speciating other Brachyspira isolates from hens; and, finally,
investigating the effects of diet on Brachyspira infections in laying hens.
This literature review is structured to give an overview of the various
spirochaete groups, and then outlines some of the major developments in research on
intestinal spirochaetes, with a particular focus on avian intestinal spirochaetes. The
morphological and biological characteristics of the spirochaetes are discussed, and then
a history of the genus Brachyspira is given. Background information is provided on all
nine (including two proposed) members of this genus, including: B. hyodysenteriae, B.
intermedia, B. innocens, B. murdochii, B. alvinipulli, B. pilosicoli, B. aalborgi, “B.
canis”, and “B. pulli”. A brief description is given on the history, morphology and
biochemistry of all species in this genus, with particular emphasis on the colonisation,
transmission and disease attributes of B. pilosicoli, B. intermedia, B. alvinipulli and
“B. pulli”, the four species most commonly identified in hens. The information given
2
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illustrates how Brachyspira species have adapted to colonise a broad range of hosts,
and emphasises their similarities in morphology and capacity to cause disease within
and throughout their host range.
Background information on possible dietary influences on spirochaetal
colonisation is discussed. It is important to develop non-antibiotic alternatives for the
control of Brachyspira infections, as antibiotics cannot routinely be used in laying hens
because of possible residues found in the eggs.
Details are given on the numerous techniques which have been developed and
utilised for diagnosis and typing of intestinal spirochaetes. The history of culture
methods is detailed, followed by traditional identification and typing methods, and
finally by molecular methods of diagnosis and typing.
A more detailed description of AIS is then provided. This section highlights the
need for further studies to be conducted on the pathogenic potential of the avian
spirochaetes, particularly “B. pulli”, as the epidemiology and pathogenic potential of
this proposed species is unknown.
Finally, the aims of work conducted and described in subsequent chapters of
this thesis are listed.

1.2

Spirochaetes
The spirochaetes are a distinct branch of bacterial evolution, and consist of

three families: Brachyspiraceae, Spirochaetaceae and Leptospiraceae. Spirochaetales
include known pathogens of the intestinal tract, bloodstream, genitalia and the
subgingival plaque of humans and animals (Paster et al., 1991). The current
understanding of the phylogenetic relationships between representatives of these
families, based on the sequence comparisons of the 16S rRNA genes of the various
species, is demonstrated in Figure 1.1.
3
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1.2.1

Introduction to the spirochaetes
Spirochaetes are helically coiled, non-sporulating (Smibert, 1989), motile

bacteria characterised by their unique cellular anatomy and morphology (Hampson and
Trott, 1995; Paster and Dewhirst, 2000). The biodiversity of spirochaetes extends from
members that colonise the intestinal tract of mammals, insects and bivalves to freeliving species that exists in aquatic and marine environments (Paster and Dewhirst,
2000). The tightness of the cell coils observed may vary depending on culture
conditions (Smibert, 1989), although the wavelengths of the coils appear to be
consistent for each species (Hovind-Hougen et al., 1982).
Spirochaetes possess a limited affinity for Gram and other stains, although they
may appear weakly Gram-negative. Presumptive identification of these bacteria is
relatively easy by phase-contrast or dark-field microscopy due to their characteristic
helical morphology and their flexing and rotational motility (Holt et al., 1994;
Baranton and Old, 1995).
Spirochaetes are aerobic, micro-aerophilic, facultative anaerobic or strictly
anaerobic. They divide by binary fission and can be free-living, host associated,
pathogenic or saprophytic organisms (Holt et al., 1994). Many species of spirochaetes
are still non-cultivatable, whilst others have fastidious growth requirements (Baranton
and Old, 1995).
Fortunately, molecular taxonomic techniques have greatly assisted in the
classification of spirochaetes (Olsen et al., 2000). The application of DNA analysis has
revealed that spirochaetes are one of the few major bacterial groups where gross
phenotypic characteristics reflect phylogenetic relationships (Paster et al., 1991). The
presence of a unique base signature in the 16S rRNA supports the inclusion of
spirochaetes in a single phenotypic phylum descended from a common ancestor,
despite the apparent deep branching within this phylum (Paster et al., 1991).
4
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Treponema phagedenis
Treponema denticola
Spirochaeta zuelzerae
Treponema pallidum
“Spirochaeta” stenostrepa
Thermophilic spirochaete H1
Treponema bryantii
Treponema pectinovorum
Treponema saccharophilum
Treponema spp. CA
Treponema succinifaciens
Spirochaeta aurantia
Spirochaeta isovalerica
Spirochaeta litoralis
Spirochaeta bajacalaforniensis
Spirochaeta halophila
Spirochaeta alkalica
Spirochaeta africana
Spirochaeta asiatica
“Spironema culicis”
Cristispira clone
Borrelia burgdorferi
Borrelia recurrentis
Borrelia hermsii
Borrelia anserina
Brevinema andersonii
Brachyspira alvinipulli
Brachyspira innocens
Brachyspira hyodysenteriae
Brachyspira pilosicoli
Brachyspira aalborgi
Leptospira interrogans
Leptospira biflexa
“Leptospira” parva
Leptonema illini

Figure 1.1 16S rRNA gene sequence dendrogram of the spirochaetes, demonstrating
the phylogenetic relationships between representatives of each genus. The scale bar
represents a 5% difference in nucleotide sequence determined by taking the sum of all
the horizontal lines connecting two species. Adapted from Paster et al. (1991) and
Paster & Dewhirst (2000).
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This finding contradicts the previous theory of convergent evolution having
occurred amongst spirochaetes (Greenberg and Canale-Parola, 1977).
The spirochaetal structure consists of a protoplasmic cylinder bound by an
inner membrane, consisting of a lipid bilayer, lipoproteins and a peptidoglycan layer
which encloses and protects the cytoplasmic and nuclear elements. The periplasmic
flagella, also known as periplasmic fibrils, axial fibrils or filaments, or endo-flagella
(Paster and Dewhirst, 1997) are entirely endocellular organelles of motility, located
between the inner cytoplasmic membrane of the protoplasmic cylinder and a highly
mobile outer membrane of the outer sheath (Holt et al., 1994). One end of each
periplasmic flagellum inserts sub-terminally near the end of the cell via an insertion
disc, and the flagellum wraps permanently around the protoplasmic cylinder (Holt et
al., 1994; Paster and Dewhirst, 1997). Flagella originate from both ends of the cell and
are paired so that a cell with two flagella will have one insertion disc at each end. The
flagella overlap towards the middle of the cell (Figure 1.2), and can number from two
to one hundred, depending on the spirochaete species (Paster et al., 1991).
The rotation of these flagella in the periplasmic space is integral to the
spirochaetes’ unique system of motility. The ability to flex and rotate around the
longitudinal axis, and translational locomotion enable spirochaetes to move through
viscous liquids and migrate across agar plates (Holt et al., 1994). The unique
periplasmic flagella and motility allow the spirochaete to colonise highly viscous
niches which would normally inhibit the movement of bacteria with external flagella
(Holt et al., 1994).

6

Chapter 1: Literature review

Insertion disk
Outer membrane
insertion disk
outer membrane
Inner membrane
inner membrane
periplasmic
flagella
Periplasmic
flagella

Figure 1.2 Schematic cross-section of a spirochaete. Adapted from Greenberg and
Canale-Parola (1977)

1.2.2

Intestinal spirochaetes
Various species of spirochaetes have come to colonise the intestinal tracts of

animals. Many belong to the genus Treponema, although the majority of the intestinal
spirochaetes that have been cultured belong to the genus Brachyspira. These
organisms are the subject of the current thesis, and their names and host species are
detailed in Table 1.1.
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1.3

Genus Brachyspira: overview of the species
The genus Brachyspira consists of species of Gram-negative, oxygen tolerant

anaerobes, that are either weakly or strongly β-haemolytic when grown on blood agar
plates, and which colonise the large intestines of humans and animals. Currently there
are seven named and two proposed species within the genus Brachyspira (Table 1.1;
Figure 1.3). These species are briefly outlined below, whilst a more detailed
description of their properties is presented in section 1.3.2.
Brachyspira hyodysenteriae (type strain B78T) is strongly β-haemolytic and is
the aetiological agent of swine dysentery, a mucohaemorrhagic diarrhoea of weaner,
grower and finishing pigs resulting in serious production losses (Taylor and Alexander,
1971; Harris et al., 1972a; Taylor et al., 1980; Barcellos et al., 2000a). B.
hyodysenteriae also has been isolated from captive rheas and from feral mallards
(Sagartz et al., 1992; Jensen et al., 1996; Jansson et al., 2001, 2004).
Brachyspira intermedia (type strain PWS/AT) is a weakly β-haemolytic
intestinal spirochaete (WBHIS) which is pathogenic to poultry, and possibly pigs
(Stanton et al., 1997). Infection with this spirochaete has been shown to cause reduced
egg production and diarrhoea, leading to wet litter in poultry, and has been suspected
to induce a condition known as “spirochaetal colitis” in pigs (Binek and Szynkiewicz,
1984; Dwars et al., 1990; Lee et al., 1993c; Fellström and Gunnarsson, 1994; Stanton
et al., 1997; Swayne and McLaren, 1997; Hampson and McLaren, 1999).
Brachyspira innocens (type strain B256T) is a WBHIS which has been isolated
from healthy pigs and birds, and generally is considered to be one of the benign
commensal intestinal spirochaete species (Kinyon and Harris, 1979; Stanton, 1992;
Wagenaar et al., 2003).

8
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Table 1.1

The genus Brachyspira, type strains and their host species

Brachyspira

Type strain

ATCC number

Common host species

Associated disease

Reference

B78

27164

pigs, rheas, feral

Swine dysentery (pigs)

(Harris et al., 1972a)

Avian intestinal

(Lee et al., 1993b; Stanton et al.,

spirochaetosis

1997)

species
B. hyodysenteriae

mallards
B. intermedia*

PWS/A

51140

poultry, pigs

Spirochaetal colitis (pigs)
B. innocens

B256

29796

pigs, poultry

avirulent

(Kinyon and Harris, 1979)

B. murdochii*

56-150

51284

pigs, dogs, rats,

avirulent

(Stanton et al., 1997)

Avian intestinal

(Swayne et al., 1995; Stanton et

spirochaetosis

al., 1998)

poultry
B. alvinipulli

91-1207/C1

51933

[C1]

poultry

* Currently known as Serpulina in the ATCC
Species in bold are the pathogenic or possibly pathogenic species in chickens involved in the disease complex known as avian intestinal
spirochaetosis (AIS)
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Table 1.1 cont.

The genus Brachyspira, type strains and their host species

Brachyspira

Type strain

ATCC number

Common host species

Associated disease

Reference

P43/6/78

51139

pigs, dogs, poultry,

Avian intestinal

(Trott et al., 1996d)

humans

spirochaetosis

species
B. pilosicoli

Intestinal spirochaetosis
(pigs, humans, dogs)
B. aalborgi

513A

43994

humans, non-human

Human intestinal

primates

spirochaetosis

(Hovind-Hougen et al., 1982)

#

“B. canis”

N/A

N/A

dogs

Not known

(Duhamel et al., 1998b)

“B. pulli” #

N/A

N/A

poultry

Not known

(McLaren et al., 1997)

* Currently known as Serpulina in the ATCC
#

Proposed species

Species in bold are the pathogenic or possibly pathogenic species in chickens involved in the disease complex known as avian intestinal
spirochaetosis (AIS)
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B. hyodysenteriae

B. innocens

B. intermedia

"B. canis"

"B. pulli "

B. murdochii

B. alvinipulli

B. pilosicoli

B. aalborgi
0.1
Genetic distance

Figure 1.3 Phenogram showing the currently recognised and proposed species of the
genus Brachyspira compiled from the multilocus enzyme electrophoresis analysis
(MLEE) data of Lee et al. (1993a, 1993b), Duhamel et al. (1995a, 1995b), Trott et al.
(1996a), McLaren et al. (1997), and Trott et al. (1997a), showing the genetic distances
between 58 Brachyspira isolates from humans, animals and birds in 47 electrophoretic
types (ETs), divided into 9 genetic groups.
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Brachyspira murdochii (type strain 56-150T) is considered to be a commensal
WBHIS which has been isolated from the intestinal tract of healthy rats, dogs and pigs,
and has recently has been identified in poultry (Lee et al., 1993b; Stanton et al., 1997;
Wagenaar et al., 2003). B. murdochii has also been isolated from the joint fluid of a
lame pig, although the significance of this observation is unknown (Hampson et al.,
1999).
Brachyspira alvinipulli (type strain C1T) is a WBHIS, which is considered to
be pathogenic to poultry, and has been shown to cause wet litter and dirty eggshells in
poultry and typhlocolitis in geese (Swayne et al., 1995; Stanton et al., 1998; Nemes et
al., 2006).
Brachyspira pilosicoli (type strain P43/6/78T) is a pathogenic WBHIS with a
wide host species range that includes pigs, dogs, poultry and humans (Duhamel, 2001).
It is the aetiological agent of intestinal spirochaetosis (IS), a condition characterised by
attachment of spirochaetes by one cell end to the caecal and colonic epithelium (Taylor
et al., 1992; Trott et al., 1996b; Trott, 1997).
Brachyspira aalborgi (type strain 513AT) has been isolated from humans, and
has been identified by PCR in macaque monkeys (Hovind-Hougen et al., 1982; Kraaz
et al., 2000; Brooke et al., 2003; Munshi et al., 2003b) and opossums (Duhamel et al.,
1998c).
The unofficially proposed species “B. canis”, is thought to be a non-pathogenic
commensal WBHIS which colonises the intestinal tract of dogs (Duhamel et al.,
1998b). Finally, the provisionally designated “Brachyspira pulli” has been isolated
from chickens with production problems, although the pathogenicity of this
spirochaete is unknown (McLaren et al., 1997). Further phenotypic, biochemical and
genetic tests need to be carried out on these two proposed species before they are fully
characterised and officially accepted as new species in the genus Brachyspira.
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To provide a greater understanding of the biological, morphological and
biochemical properties, host range, prevalence, pathogenic potential and an historical
context for avian intestinal spirochaetes, members of the genus Brachyspira will be
discussed briefly. The main species of avian intestinal spirochaetes, B. intermedia, B.
pilosicoli, B. alvinipulli and “B. pulli”, which are currently thought to be pathogens or
potential pathogens, will be discussed in greater detail.

1.3.1

History of the genus Brachyspira
The first Brachyspira spirochaete was isolated from a pig with swine dysentery

(SD) by Taylor and Alexander (1971). This species initially was named Treponema
hyodysenteriae (Harris et al., 1972a, 1972b), based on it’s morphology, habitat and
anaerobic growth requirements (Hampson and Trott, 1995). Later, a morphologically
and biochemically similar but non-pathogenic spirochaete was isolated from a pig, and
given the name Treponema innocens (Kinyon and Harris, 1979). Subsequently it was
shown that the G+C mol% content of T. innocens and T. hyodysenteriae was 25.8
mol% compared with 53 mol% for Treponema pallidum, and there was <5% sequence
homology between T. pallidum and the type strains of T. hyodysenteriae and T.
innocens (Miao and Fieldsteel, 1978). T. hyodysenteriae and T. innocens had a 16S
rRNA gene sequence similarity of >99%, while the percentage similarity with other
spirochaetes was only 76.5%. The spirochaete branch containing T. hyodysenteriae and
T. innocens was subsequently concluded to be distantly related to Treponema, and so
was renamed Serpula (Stanton et al., 1991). Unfortunately, the name Serpula was
already used to designate a fungal genus, so this new spirochaete genus was renamed
Serpulina (Stanton, 1992).
Studies using multilocus enzyme electrophoresis (MLEE) on spirochaetes
isolated from dogs, humans, pigs and chickens revealed the existence of other
13
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Serpulina species - groups distinct from S. hyodysenteriae and S. innocens (Lee et al.,
1993b, 1993c; Trott et al., 1996a; McLaren et al., 1997; Duhamel, 1998). One of these
ultimately was named as the important pathogenic species Serpulina pilosicoli (Trott et
al., 1996d).
Before the pig isolates were named Serpulina, rectal biopsies from humans
were shown to contain anaerobic spirochaetes with morphological and biochemical
differences to the then T. hyodysenteriae and T. innocens. These organisms were
isolated and did not possess cytoplasmic tubules, a criteria used for the classification in
the genus Treponema. Thus a new genus and species – Brachyspira aalborgi was
proposed for these human intestinal spirochaetes (Hovind-Hougen et al., 1982).
Further studies indicated that there were a number of phenotypic and genotypic
differences between Serpulina and Brachyspira. B. aalborgi branched off earlier in the
16S rRNA gene phylogenetic tree (Pettersson et al., 1996), and was also separated
from Serpulina species by MLEE analysis (Lee and Hampson, 1994). Nevertheless, as
the 16S rRNA sequence homology between Brachyspira aalborgi, S. hyodysenteriae,
S. pilosicoli and S. innocens was >96%, this prompted reclassification of the more
recently named Serpulina species to the genus Brachyspira (Ochiai et al., 1997).
Unfortunately the other, then, Serpulina species, S. intermedia and S. murdochii were
not transferred into the genus Brachyspira at the same time, and were only transferred
recently (Hampson and La, 2006).

1.3.2
1.3.2.1

Morphology and biochemical properties of the Brachyspira species
Brachyspira hyodysenteriae
Brachyspira hyodysenteriae is the best studied species in the genus and is the

primary aetiological agent of swine dysentery (SD), a severe mucohaemorrhagic
diarrhoeal disease of pigs mainly occurring in the growing to finishing periods
14
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(Hampson and Trott, 1999; Harris et al., 1999). B. hyodysenteriae cells are generally 7
- 12 μm in length and 0.32 – 0.38 µm in diameter. Characteristically they have 7 - 14
periplasmic flagella inserted in each cell end, and have a G + C content of 25.8 mol%.
The key biochemical properties of the organism are listed in Table 1.2.
B. hyodysenteriae isolates are characteristically strongly β-haemolytic, produce
indole, ferment fructose, and lack α-galactosidase activity. They contain a copy of the
hlyA gene that encodes haemolysin, which when expressed produces a strongly βhaemolysis (Hsu et al., 2001). These characteristics generally can be used to
distinguish them from other Brachyspira species, although, in the last decade, certain
non-B. hyodysenteriae spirochaetes have been reported to be strongly β-haemolytic
(Neef et al., 1994), while some isolates of B. hyodysenteriae recovered from pigs in
Belgium and Germany have been reported to be indole negative (Hommez et al., 1998;
Fellström et al., 1999).
Recently, the presence of B. hyodysenteriae and other strongly β-haemolytic
and indole-positive spirochaetes has been reported in feral mallards (Jansson et al.,
2004). This discovery has emphasized the blurred boundaries between the current
indole positive Brachyspira species (B. hyodysenteriae and B. intermedia).
Unfortunately, the current species definitions were originally formulated using porcine
intestinal spirochaetes, and these may not hold when considering the diverse groups of
intestinal spirochaetes that colonise birds. Furthermore, in this study Brachyspira spp.
were isolated from 83.2% of feral mallards, which suggest that these birds may be a
natural host for a varied intestinal spirochaete microflora. Non-migrating and
migrating mallards carried genetic variants of spirochaetes which could not be
differentiated from B. hyodysenteriae isolates from pigs and rheas, providing evidence
of possible interspecies transmission between birds and pigs (Jansson et al., 2004).
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Table 1.2 Biochemical properties used to differentiate between Brachyspira species

Enzyme activity*
Species

Haemolysis

Indole

Hippurate

Flagella

α-glucosidase

α-galactosidase

Utilisation of sugars
β-glucosidase

D-Ribose

L-Fructose

D-cellulose

API-ZYM score

per cell

MLEE

Mol%

grouping ^

G+C
content

†

-

22 - 28

+/-

-

+

-

-

-

14.0.4.10.1

I

25.8

B. hyodysenteriae

S

+

B. intermedia

W

+

-

24 - 28

+

-

+

-

+

-

10..0.4.10.1

II

25

B. innocens

W

-

-

20 - 26

+/-

-

+

-

+

+

14.0.4./(2/3/11).1

III

25.6

B. murdochii

W

-

-

22 - 26

-

-

+

-

+

+

14.0.(4/12).2.1

V

27

B. alvinipulli

W

-

+

22 – 30

-

-

+

ND

ND

ND

14.0.4.3.1

IV

24.6

B. pilosicoli

W

- (v)

+

8 - 12

+/-

+/-

-

+

+

+

14.0.4.3.0

VI

24.9

B. aalborgi

W

-

+/-

8

-

-

-

ND

ND

ND

1.0.8.2.0

VII

27.1

Table based on that of Stanton et al., (1991, 1997, 1998), with information from Hovind-Hougen et al., (1982), Trott et al., (1996b), Ochiai et al.
(1997) and Kraaz et al., (2000).
Key: S – strong, W – weak, v – variable, + – positive, - – negative, +/- – strains can be positive or negative.
* Measured using the API-ZYM kit (Fellström and Gunnarsson, 1995).
†

Indole negative strains have been described (Hommez et al., 1998; Fellström et al., 1999).

^ Multilocus enzyme electrophoresis
ND Not determined
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Further techniques, such as DNA–DNA reassociation assays, need to be
applied in order to confirm the species identity of these avian B. hyodysenteriae-like
spirochaetes.

1.3.2.2

Brachyspira intermedia
MLEE analysis of a large collection of weakly β-haemolytic spirochaetes from

swine revealed a new group of indole positive isolates that did not correspond to
previously described Brachyspira species (Lee et al., 1993b), and which was
confirmed to be distinct by DNA-DNA reassociation studies (Stanton et al., 1997). The
type strain of B. intermedia (PWS/AT) has a G+C content of 25 mol%, cells have 12 14 flagella at each end, and average dimensions are 7.5 – 10 μm by 0.35 - 0.45 μm. It
is not possible to distinguish between B. intermedia and B. hyodysenteriae based on
their morphology, cell dimensions or number of flagella

(Stanton et al., 1997;

Hampson and La, 2006). Similarly, it is difficult to distinguish them based on
biochemical analysis, although they can be differentiated on the basis of their
haemolysis.
B. intermedia is a WBHIS that produces indole and resembles B.
hyodysenteriae, and the name B. intermedia refers to its biochemically intermediate
position between B. hyodysenteriae and B. innocens (Stanton et al., 1997). The
spirochaetes are assumed to be the same as the so called “T. hyodysenteriae biotype
II”, earlier described by Binek and Szynkiewicz (1984).

1.3.2.3

Brachyspira innocens
Early researchers isolated a weakly β-haemolytic spirochaete which had

morphological similarities and serological cross-reactivity with B. hyodysenteriae
(Hudson et al., 1976). These spirochaetes were commonly isolated from pigs without
17
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clinical signs of SD, suggesting that they were not enteropathogenic for swine. Further
studies into these spirochaetes revealed that they had only 28% DNA-DNA homology
with B. hyodysenteriae, indicating that they belong to a distinct species (Miao and
Fieldsteel, 1978). They had a G + C content of 26 mol% and 8 – 14 periplasmic
flagella inserted at each cell end. Furthermore, this species could be differentiated from
B. hyodysenteriae on the basis of a lack of enteropathogenicity, weak β-haemolysis,
and the ability to ferment fructose but not produce indole (Table 1.2).
Subsequently, this new group of spirochaetes was named Treponema innocens
(now Brachyspira) (Kinyon and Harris, 1979; Lee et al., 1993b). This non-pathogenic,
commensal spirochaete, commonly colonising pigs, has been reported to have been
isolated from Australian chickens, although they were regarded as having no
significance in AIS (McLaren et al., 1997). Furthermore, B. innocens isolates from
pigs have failed to colonise experimentally infected chickens (Stephens and Hampson,
2002). However, one report has shown that gnotobiotic pigs experimentally infected
with a porcine strain of B. innocens developed colitis (Neef et al., 1994).
Recently, fluorescent in situ hybridisation (FISH) techniques have been applied
to colonic samples from pigs with suspect spirochaete-associated diarrhoea/colitis, and
an association was found between the presence of B. innocens and colitis (Jensen,
2005).

1.3.2.4

Brachyspira murdochii
B. murdochii is commonly isolated from the intestinal contents of healthy

swine and wild and laboratory rats (Trott et al., 1996a). The type strain of B. murdochii
(56-150T) has a G+C content of 27 mol%, cell length of 5 – 8 μm and width of 0.35 0.4 μm, with 11 - 13 periplasmic flagella at each end (Stanton et al., 1997). It is
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weakly haemolytic and lacks α-galactosidase activity (Lee and Hampson, 1994;
Stanton et al., 1997).
Day-old chicks experimentally inoculated with B. murdochii showed no
evidence of colonisation (Trott and Hampson, 1998). B. murdochii is thought to be
non-pathogenic in the intestinal tract of swine (Stanton et al., 1997), however the
discovery of the organism in the inflamed hip joint of a pig may indicate that under
certain circumstances it has pathogenic potential, including the ability to invade nonintestinal sites (Hampson et al., 1999). Recently, FISH has been used to link the
presence of B. murdochii to colitis lesions in pigs (Jensen, 2005), as has PCR analysis
of colonic biopsies from a small number of pigs with colitis (Weissenbock et al.,
2005).
Further studies need to be conducted on this organism before its true
pathogenic potential can be defined.

1.3.2.5

Brachyspira alvinipulli
In the early 1990s, spirochaetes were isolated from chickens with diarrhoea and

typhlitis in the USA (Swayne et al., 1992, 1995). These isolates were subjected to
MLEE analysis and were shown to be distinct from other Brachyspira species
(McLaren et al., 1997). They were subsequently given the name Brachyspira
(Serpulina) alvinipulli, and shown to be pathogenic in experimentally-infected poultry
(Swayne et al., 1995; Stanton et al., 1998). Recent studies have suggested that B.
alvinipulli-like spirochaetes also may colonise dogs (Fellström et al., 2001a), and they
have more recently been found in geese (Nemes et al., 2006).
This weakly haemolytic spirochaete has a 24.6 mol% G+C content, a mean cell
length of 8 – 11 μm with a width of 0.22 - 0.34 μm, and 11 - 15 flagella per cell end.
B. alvinipulli is positive for hippurate hydrolysis and β-galactosidase production, and
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negative for indole and α-glucosidase production (Table 1.2) (Swayne et al., 1995;
Stanton et al., 1998).

1.3.2.6 Brachyspira pilosicoli
The discovery of B. innocens in swine led to further investigation into other
strains of weakly β-haemolytic spirochaetes. Many of the isolates were found to be
morphologically, biochemically, antigenically and/or pathogenically distinct from B.
innocens and B. hyodysenteriae (Lemcke and Burrows, 1981; Lymbery et al., 1990;
Lee et al., 1993b; Ramanathan et al., 1993; Duhamel et al., 1995a, 1995b). DNA-DNA
reassociation studies, MLEE studies (Lee et al., 1993a, 1993c), and 16S rRNA
sequence analysis (Fellström et al., 1995; Pettersson et al., 1996; Stanton et al., 1996)
confirmed that these isolates were a distinct genetic group, which was subsequently
designated Serpulina (now Brachyspira) pilosicoli (Trott et al., 1996c).
B. pilosicoli is thought to have the widest host range of the Brachyspira
species. It is the causative agent of porcine colonic spirochaetosis (PCS) or porcine
intestinal spirochaetosis (PIS) (Jensen et al., 2000), and is one of the causative agents
of human intestinal spirochaetosis (HIS) and avian intestinal spirochaetosis (AIS). The
cells are generally 4 - 12 μm in length and 0.25 - 0.3 μm in width, have 4 - 7 flagella
(Trott et al., 1996b, 1996d), and the cell ends are tapered rather than blunt (Lee and
Hampson, 1994). B. pilosicoli has a 25 mol% G+C content.
Biochemically, B. pilosicoli generally can be differentiated from other
Brachyspira by the presence of hippurate hydrolysis and α-galactosidase activity, and
lack of α-glucosidase and β-glucosidase activity (Fellström and Gunnarsson, 1995).
Recently it has been reported that hippurate negative strains of B. pilosicoli have been
isolated from pigs with diarrhoea, suggesting that B. pilosicoli identification should
include both hippurate positive and negative isolates (De Smet et al., 1998; Thomson
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et al., 2001; Fossi et al., 2004). Generally B. pilosicoli does not produce indole,
although some human B. pilosicoli isolates have been found to be indole positive
(Sanna et al., 1984; Tompkins et al., 1986; Lee and Hampson, 1992). B. pilosicoli
contains a copy of the hlyA gene that encodes a haemolysin in B. hyodysenteriae (Hsu
et al., 2001). It is believed that this gene is either not expressed in B. pilosicoli, or
expressed in a form that results in the reduced haemolytic activity of the cell, and
consequently B. pilosicoli is weakly β-haemolytic (Zuerner et al., 2004).

1.3.2.7

Brachyspira aalborgi
Brachyspira aalborgi is one of the least characterised species of Brachyspira,

despite having been first described in 1982 (Hovind-Hougen et al., 1982). Problems
with its isolation and cultivation, and the fact that it is generally thought to be nonpathogenic, have hindered further studies on this spirochaete.
B. aalborgi colonises the intestinal tracts of humans, and also has been
identified in non-human primates and opossums (Hovind-Hougen et al., 1982;
Duhamel et al., 1997; Duhamel et al., 1998a; Munshi et al., 2003b). B. aalborgi cells
are comma or helical shaped, 1.7 – 6 μm long and 0.2 μm wide, have 4 periplasmic
flagella at each cell end, and the ends are tapered with an abrupt rounded point
(Hovind-Hougen et al., 1982). B. aalborgi is catalase and oxidase negative, and
possesses β-galactosidase activity and traces of esterase lipase (C8), acid phosphatase
and phosphoamidase activities (Hovind-Hougen et al., 1982). Recent reports have
shown that some isolates are negative for esterase lipase (C8) activity (Munshi et al.,
2003b).
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1.3.2.8

“Brachyspira pulli”
MLEE analysis of spirochaetes isolated from chickens with production

problems in Western Australia, Queensland and the Netherlands identified a large
group of previously undescribed spirochaetes that were called the “group D”
spirochaetes (McLaren et al., 1997). Subsequently, Stephens and Hampson (1999,
2001) referred to these organisms as “Serpulina pulli” (Brachyspira pulli). The
pathogenicity of these isolates is currently unknown, although one isolate was mildly
pathogenic when experimentally inoculated into day-old broiler chickens (Hampson
and McLaren, 1997). The group are weakly haemolytic, and indole negative. Cells
have 5-15 flagella at each end and average dimensions are 7.3 – 26.6 μm by 0.2 – 0.4
μm, with a wavelength varying from 2.2 – 4.4 (McLaren et al., 1997). However,
phenotypic characteristics are not constant (McLaren et al., 1997), and thus these
organisms require further and more detailed investigation.

1.3.2.9

“Brachyspira canis”
In 1998, “B. canis” was unofficially proposed as a new member of the genus

Brachyspira, after a group of indole negative, weakly β-haemolytic intestinal
spirochaetes were isolated from dogs and shown to be genetically distinct (Duhamel et
al., 1998b). The isolates did not amplify with a B. pilosicoli specific 16S rRNA gene
PCR, and MLEE analysis showed that the group of isolates formed a new cluster
separate from the other Brachyspira species. It is thought that “B. canis” is a nonpathogenic commensal of the dog colon, as it can be isolated from healthy puppies
(Lee, 1994; Lee and Hampson, 1996b; Oxberry and Hampson, 2003a). A further study
revealed that there was no attachment of “B. canis” to chick caecal cells (Duhamel et
al., 1998b). To further characterise this species, molecular studies such as DNA-DNA
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reassociation are required to help confirm that “B. canis” is a new species of the genus
Brachyspira.

1.4

Cultivation of Brachyspira species
The optimal growth requirements for the different Brachyspira species are not

fully established. It has been reported that different species within the genus vary in
their optimal growth temperature and their susceptibility to different antibiotics in
selective agar for isolation. Many studies have been conducted in this field on B.
hyodysenteriae, B. pilosicoli and, to a lesser extent, on B. aalborgi. However, very few
reports have been made on the optimal growth requirements of the other Brachyspira
species such as B. intermedia and B. alvinipulli. Therefore care should be taken in
individual laboratories to ensure that the use of antibiotics and growth temperatures are
optimised for the desired species prior to isolation studies.

1.4.1 Solid media
Brachyspira species are aero-tolerant anaerobes requiring 3-14 days (B.
aalborgi can require up to 28 days) to proliferate on blood agar plates. The agar plates
used have varied in blood concentration from 5 to 10%, and may contain no antibiotics
or a variety of antibiotics for selective isolation (section 1.6). The plates may be
incubated in a temperature range of 37oC – 42oC, in an anaerobic atmosphere.

1.4.2

Liquid media
One of the first liquid media designed to grow Brachyspira species was

developed by Kinyon and Harris (1974). B. hyodysenteriae was grown in a mixture of
Trypticase Soy broth (TSB) and 10% foetal calf serum (FCS), incubated at 37oC in an
atmosphere of H2 and/or CO2. Due to the explosive nature of H2, Lemcke and Burrows
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(1979) modified the gas mixture and used N2 instead of H2, and added 0.001% reazurin
as an anaerobic indicator. After this broth was autoclaved, sterilised 1% rabbit serum,
0.4% cysteine hydrochloride, 0.25% glucose, 0.05% NaHCO3 and 400µg/ml
spectinomycin were added (pH 6.9). Modifications were made by Kunkle et al. (1986).
Kunkle’s medium consisted of TSB, 2% FCS, 1% yeast extract, 0.5% glucose, 0.2%
NaHCO3, 0.05% cysteine hydrochloride and either 1.5% ethanolic cholesterol or 5%
pig faecal extract (pH 6.85). This medium has the advantage that it is autoclaved after
all the ingredients are added, and hence maintaining sterility is much easier.
Another liquid medium used to grow B. hyodysenteriae was developed by
Stanton and colleagues (Stanton and Cornell, 1987; Stanton and Lebo, 1988). This
comprised Brain Heart Infusion broth, 10% FCS, 0.1% reazurin and 0.1% cysteine
hydrochloride (BHIS). This broth was incubated under an environment of N2,
however, the addition of 1% O2 to the head space provided more consistent cell
densities (Stanton and Lebo, 1988).
Today Brachyspira spp. are generally grown in Kunkle’s broth (Kunkle et al.,
1986) or BHIS (Stanton and Lebo, 1988) at 37oC – 42oC, in an anaerobic atmosphere
containing 1% O2, although some strains can tolerate up to 7% O2 (Trott et al., 1996b,
1996d). Broths which are shaken or stirred gently during incubation will grow to a
maximum density of between 108 and 109 cells per ml, due to the improved
accessibility to the head space atmosphere and the prevention of aggregation (Trott et
al., 1996b).

1.5

Isolation of Brachyspira
Isolation from clinical samples requires the use of specialised selective media,

which will inhibit the growth of many competing bacteria. The use of selective media
is critical in the initial stages of Brachyspira isolation as the slow growth of the
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intestinal spirochaetes means they are readily out-competed for nutrients by other
components of the intestinal microbiota.

1.5.1

History of the isolation of Brachyspira
Early techniques for the cultivation of B. hyodysenteriae on solid media

involved serial dilution or filtration through membranes of decreasing pore size to a
final filter with a pore size of 0.45 μm. This filtration method was used to isolate
spirochaetes from colonic material or rectal swabs (Harris et al., 1972b; Kinyon and
Harris, 1979). These samples were then grown on defibrinated bovine or ovine blood
nutrient agar plates at 37 - 42°C in anaerobic atmospheres, and examined after 3 days.
This allowed observations about the type of haemolysis that isolates produced.
Unfortunately, the filtration method was cumbersome, and so it was subsequently
replaced by the addition of antibiotics to blood agar media which significantly
improved the ability to isolate the spirochaete (Hampson and Trott, 1995).
The first selective medium for the isolation of B. hyodysenteriae was recorded
by Songer and colleagues (1976). They were able to isolate B. hyodysenteriae using a
medium consisting of Trypticase Soy agar (TSA), 5% defibrinated bovine, ovine or
equine blood, and 400µg/ml spectinomycin (S400). Unfortunately, the addition of
spectinomycin only inhibits some of the competing bacteria, leaving many
contaminants still overgrowing and competing with the spirochaetes for valuable and
limited nutrients. Vancomycin (25µg/ml) and colistin (25µg/ml) were later
incorporated into the agar (CVS), resulting in the inhibition of many more undesirable
bacteria without inhibiting the growth of B. hyodysenteriae (Jenkinson and Wingar,
1981; Szynkiewicz and Binek, 1986; Achacha and Messier, 1992).
Subsequently, it has been shown that various Brachyspira species can be
isolated efficiently by using various combinations of spectinomycin (400µg/ml),
25

Chapter 1: Literature review

rifampicin (30µg/ml), polymixin (5µg/ml), colistin (25µg/ml) and/or vancomycin
(25µg/ml); however, B. pilosicoli may not grow in the presence of some of these
antibiotics, or at these concentrations (Tompkins et al., 1981; Sanna et al., 1982; Jones
et al., 1986; Kunkle and Kinyon, 1988; Ruane et al., 1989; Barrett, 1990; Käsbohrer et
al., 1990; Achacha and Messier, 1992; Trott, 1996; Duhamel and Joens, 1994;
Calderaro et al., 1997b).
Combinations of these antibiotics that have been used include those in “BJ
agar” containing spectinomycin (400µg/ml), vancomycin (25µg/ml), colistin
(25µg/ml), spiramycin (25µg/ml) and rifampin (30µg/ml), with swine faecal extract
(Kunkle et al., 1986; Achacha and Messier, 1992; Duhamel et al., 1995b); “Serpulina
agar” containing spectinomycin (800 μg/ml), colistin and vancomycin (25 μg/ml each)
and 1% sodium ribonucleate (Fellström et al., 1995); and BAM-SR (blood agar
modified medium), containing spectinomycin (400µg/ml) and rifampin (30µg/ml)
(Songer et al., 1976; Jenkinson and Wingar, 1981; Sanna et al., 1982; Kunkle and
Kinyon, 1988). Incubation at 42°C is reported to be useful for inhibiting other
components of the faecal microbiota (Hampson and Trott, 1995). The respective
levels of sensitivities of the various isolation media have not been comprehensively
compared.
Many of these techniques have been used for the isolation B. pilosicoli from
animal sources, although the appearance of growth is somewhat slower than that of B.
hyodysenteriae, taking up to six days (Taylor and Trott, 1997). It has been suggested
that the rate of recovery of B. pilosicoli isolates is depressed on BJ agar and other
media containing rifampicin and spiramycin, as some strains of B. pilosicoli are
moderately sensitive to these antibiotics (Trott et al., 1996d).
Isolation of the first B. aalborgi strain was achieved on pre-reduced TSA with
10% calf blood, containing spectinomycin (400 μg/ml), and polymyxin B (5 μg/ml)
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(Hovind-Hougen et al., 1982). Various authors have sourced blood from either cows,
horses, sheep or humans, and it has been used in various concentrations from 5 - 10%.
Antibiotics used in selective agar for B. pilosicoli have included spectinomycin,
spectinomycin with polymyxin B, amphotericin B and nalidixic acid (Goossens et al.,
1983; Käsbohrer et al., 1990; Trott et al., 1997c), and CVS agar (Lee and Hampson,
1992; Trott et al., 1997a; Margawani et al., 2004). Incubation temperatures reported
have included 36°C, 37°C, 38.5°C, 39°C and 42°C, and a variety of anaerobic
atmospheres have been used, generally with 5 - 10% CO2, with N2 and/or H2
(Goossens et al., 1983; Käsbohrer et al., 1990; Lee and Hampson, 1992; Trott et al.,
1997a, 1997c; Margawani et al 2004).
The selective media previously described for the isolation of intestinal
spirochaetes have not had their respective sensitivity levels compared with a range of
different pure Brachyspira spp. isolates. A recent study compared these different types
of isolation media; however, after 10 days all plates showed high levels of
contaminants and therefore the comparison between these media was inconclusive
(Calderaro et al., 2005).

1.5.2

Methodology for isolation on solid media
The most common method for isolation of intestinal spirochaetes is to use a

faecal swab or to rub the epithelium of the caecum or colon onto the surface of a
selective agar plate. Sterile loops are used to dilute out the primary inoculum, with the
primary and the outermost dilution stabbed or cut with the loop. The zone of βhaemolysis can be enhanced by stabbing into the agar at the site of primary inoculum,
cutting through the agar (Duhamel and Joens, 1994), or extracting a plug of agar
(Olson, 1996). On blood agar plates, spirochaetes appear as a low flat haze of growth,
although occasionally small distinct colonies are observed (Hudson et al., 1976).
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Colony formation can be enhanced by the use of fastidious anaerobe agar. Haemolysis
of the blood plates becomes visible at or slightly before the spirochaetal growth is
observed (Duhamel and Joens, 1994). If spirochaetes with morphological similarities
to Brachyspira are observed, then repeat subcultures are performed until a pure culture
is obtained.

1.5.3

Pre-enrichment broth culture prior to isolation
A recent study has recommended the use of a pre-enrichment method for the

isolation of B. hyodysenteriae and B. pilosicoli. This methodology apparently allows
for the ready isolation of intestinal spirochaetes from the primary plate within 48
hours, suggesting that it is a fast and sensitive method (Calderaro et al., 2005).
Suspensions of faecal samples are first prepared by adding two to three loops of faeces
to 5 ml of the selective medium BHI-SR (brain heart infusion broth, supplemented
with foetal calf serum (FCS) (10%), spectinomycin (400 mg/ml) and rifampin (15
mg/ml)) (Calderaro et al., 1997a, 2001, 2005). The undiluted and diluted faecal
suspensions are then mixed by vortexing for 5 s and left at room temperature for 30
min. One to three drops/loops of these suspensions are streaked on selective agar and
incubated.

1.6

Visualisation of Brachyspira
Intestinal spirochaetes do not stain well with Gram stains, although they are

considered Gram negative. They are routinely observed in faeces or broth culture using
dark field or phase contrast microscopy at 400x magnification (Figure 1.4).
Where spirochaetes are attached to rectal, colonic or caecal epithelial cells (ie
B. pilosicoli or B. aalborgi), they can be observed by microscopy of fixed histological
sections stained with haematoxylin and eosin, appearing as a light blue fringe on the
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apical surface of the cells (Ruane et al., 1989). Silver stains also are commonly used,
and have been shown to distinguish spirochaetes from other gut bacteria (Faine, 1965).
Other commonly used stains include periodic acid-Schiff, Alcian blue and Giemsa,
although they give varied results.

1.7

Detection of Brachyspira species
There are now many techniques available for the detection of Brachyspira

species. Isolation and visualisation of intestinal spirochaetes is still considered a
powerful tool in the initial detection of Brachyspira, and, in some cases, is necessary
for identification and characterisation. For diagnostic purposes, antibody and nucleic
acid-based techniques have been developed and will continue to be developed to
reduce the time it takes for the detection of the various Brachyspira species.
Furthermore, some of these techniques also can be used for identification of isolates.

Figure 1.4 B. hyodysenteriae viewed under phase contrast microscopy at 400 times
magnification. The spirochaetes are approximately 8 – 10µm long.
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1.7.1

Detection of Brachyspira-specific antibodies
Diagnosis of SD has been attempted using serological methods to detect

circulating antibody titres to B. hyodysenteriae. This is based on the strong
immunological response which is elicited in pigs colonised with B. hyodysenteriae
(Galvin et al., 1997). Theoretically, the detection of recovered carrier animals is
possible, and these animals are important in the maintenance and spread of intestinal
spirochaete infections through animal populations. A variety of techniques have been
attempted, including use of the microtitre agglutination tests, enzyme linked
immunosorbent assays, and indirect fluorescent antibody tests (IFAT) (Egan et al.,
1983; Wright et al., 1989; Diarra et al., 1994; Achacha and Mittal, 1995; Diarra et al.,
1995; Westerman et al., 1995). So far, none of these assays have been sufficiently
sensitive or completely specific for the routine diagnosis of SD (La and Hampson,
2001). Similarly, to date no such serological tests have been developed for routine
detection of B. pilosicoli or other Brachyspira spp. infections in pigs or other species.

1.7.1.1

Polyclonal antibodies for the detection of intestinal spirochaetes in pigs
Polyclonal rabbit antiserum raised against B. hyodysenteriae has been used in

IFAT directly on pig faeces. Unfortunately, this technique shows cross reactivity
against other Brachyspira spp., rendering the technique unsuitable for routine
diagnostic purposes (Hampson and Trott, 1995). The problem of cross-reactivity can
be removed by the pre-absorption of antiserum with proteins from related spirochaetes,
but, unfortunately, this reduces the sensitivity of detection, so the technique is not
widely used (Hudson et al., 1976; Lysons, 1992).

30

Chapter 1: Literature review

1.7.1.2 Polyclonal antibodies for the detection of intestinal spirochaetes in humans
As is the case with B. hyodysenteriae, rabbit antiserum raised against a human
strain of B. pilosicoli cross-reacted with B. hyodysenteriae and B. innocens using a
Western blot analysis (Dettori et al., 1988a). More recently, polyclonal rabbit serum
raised against an “uncharacterised” intestinal spirochaete was used in an indirect IFAT
method to aid visualisation of B. aalborgi on the mucosal surface of a patient with HIS
(Kraaz et al., 2000). However, B. hyodysenteriae, B. pilosicoli, B. innocens and B.
murdochii also reacted with the antiserum, and so species-level identification was
made by PCR and sequence analysis.

1.7.1.3 Polyclonal antibodies for the detection of intestinal spirochaetes in
chickens
A direct fluorescent antibody test (FAT) using unabsorbed antiserum raised
against a strain of B. hyodysenteriae (Davelaar et al., 1986; Griffiths et al., 1987), and
one prepared against an avian intestinal spirochaete strain (Dwars et al., 1989) was
shown to produce fluorescence with both porcine and avian spirochaetes. At the time
little was known about spirochaetes in chickens, but it was shown that an isolate which
was serologically, morphologically and biochemically different to B. hyodysenteriae
could be detected by the FAT method (Davelaar et al., 1986).
FAT is not routinely used for diagnosis of AIS, nor has much subsequent
research been conducted in this field.

1.7.1.4 Monoclonal antibodies for the detection of intestinal spirochaetes in pigs
The use of a specific monoclonal antibody (mAb) to a single, highly
immunogenic membrane-associated protein of a specific Brachyspira spp. would solve
the specificity problems which plague the use of polyclonal antisera. However, finding
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a suitable protein has been challenging. The flagella proteins are highly conserved
among the spirochaetes and hence cross-reactivity is still a potential problem (Hudson
et al., 1976; Fisher et al., 1997; Jensen, 1997).
B. hyodysenteriae surface molecules that could be candidates for preparation of
diagnostic mAbs include 39 kDa variable cell surface protein(s) encoded by the vspA –
vspD genes (Gabe et al., 1998), a periplasmic ATP-binding cassette iron import system
(Dugourd et al., 1999), and unknown 17 and 22 kDa proteins (Ochiai et al., 2000). A
mAb has been developed against a 29.7 kDa outer membrane lipoprotein of B.
hyodysenteriae, and this mAb appeared to be specific as it did not cross react with 20
other strains of various Brachyspira species (Lee and Hampson, 1996a).
A mAb to a 29kDa lipoprotein of B. pilosicoli has been created and shown to
be capable of detecting B. pilosicoli in faecal smears when used in IFAT (Lee and
Hampson, 1995). Similarly, a mAb to an 80 kDa surface protein was used to identify
B. pilosicoli strains from a range of animals and humans, but has not been used
diagnostically (Tenaya et al., 1998). Rayment and colleagues (1997) used
immunoblotting with the mAb to the 29 kDa surface protein of B. pilosicoli and the
mAb to the 29.7 kDa lipoprotein of B. hyodysenteriae to differentiate the two species.
In a subsequent study, when the two mAbs were used in immunomagnetic separation
of B. pilosicoli and B. hyodysenteriae from pig faeces, this did not improve the
sensitivity of detection compared to a standard culture followed by PCR (CoronaBarrera et al., 2004).

1.7.1.5 Monoclonal antibodies for the detection intestinal spirochaetes in humans
Immunological techniques have been used to aid diagnosis of HIS on a few
occasions (Dettori et al., 1988a, 1988b; Lee an d Hampson, 1994; Kraaz et al., 2000).
The mAb raised against the 29kDa lipoprotein of B. pilosicoli has been used to detect
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human isolates in faeces (Lee and Hampson, 1994), however this technique is not often
used for diagnostic purposes.

1.7.1.6 Monoclonal antibodies for detection of intestinal spirochaetes in chickens
To date, no mAbs have been raised specifically against avian intestinal
spirochaetes. Little research has been conducted in this area – although pre-excisting
mAbs to B. pilosicoli potentially could be used (in combination with polyclonal
antiserum to detect other Brachyspira species).

1.7.2 Nucleic acid probes and in-situ hybridisation
Nucleic acid probes are typically species or strain-specific sequences of DNA
or RNA which have been labelled with an enzyme, radioisotope, or an antigenic or
chemiluminescent substrate (Tenover and Unger, 1993). After hybridisation of the
labelled probe with the target nucleic acid sequence, specific detection of the probe
allows identification of the target species. Several probes for use in solid phase
hybridisation were developed for B. hyodysenteriae in the early 1990s, and included a
16S rRNA gene probe (Jensen et al., 1990), a whole chromosomal DNA probe (Combs
and Hampson, 1991), a probe specific for the

haemolysin gene found in B.

hyodysenteriae (Zuerner and Stanton, 1994), probes targeting flagella proteins, and
various random chromosomal probes (Sotiropoulos et al., 1993; Harel and Forget,
1995). These probes were limited in their usefulness, as species specificity was either
not ideal or not well evaluated, and the technique lacked the sensitivity and simplicity
required for routine diagnosis (Hampson and Trott, 1995).
Fluorescent in situ hybridisation (FISH) is an application of nucleic acid probe
technology which involves the principles of solid phase hybridisation, but probing and
detection of the infectious agent occurs within the tissue (Podzorski and Persing,
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1995). Advantages of FISH are the ability to localise, identify and differentiate
organisms within tissue biopsies, without the need for culture (Boye et al., 1998).
Although this technique is sensitive and rapid, it can require a skilled pathologist to
locate certain organisms within specimens (Boye et al., 1998).
FISH probes have been developed specifically to detect B. hyodysenteriae, B.
pilosicoli and B. aalborgi, as well as a general probe to detect all members of the
Brachyspira genus (Boye et al., 1998; Jensen et al., 2000, 2001). The probes target
regions in the 16S and 23S rRNA genes, which are present in high numbers in active
cells, effectively increasing the sensitivity compared to that found when cellular DNA
is targeted. FISH has been used on intestinal tissue from pigs and humans with
naturally acquired spirochaete infections, and from experimentally infected pigs (Boye
et al., 1998; Jensen et al., 2000, 2001). Visualisation and identification of the
spirochaetes in colonic biopsy tissues allows differentiation between pathogenic and
non-pathogenic organisms in swine, as well as the in situ examination of the
morphology and distribution of the organisms (Jensen et al., 2000).

1.7.3

Polymerase Chain Reaction
The polymerase chain reaction (PCR) was first described by Saiki et al (1985).

It has excellent potential for detecting and identifying pathogenic bacteria by
amplification of genus, species or strain-specific microbial sequences. It has been
widely used for the detection and identification of microorganisms, including
Brachyspira spp., from paraffin embedded colonic tissue (An and Fleming, 1991;
Burns et al., 1997; Mikosza et al., 1999; Kraatz et al., 2001; Calderaro et al., 2003) in
the primary growth on diagnostic selection agar plates (Elder et al., 1994; Leser et al.,
1997; Møller et al., 1998; Fellström et al., 2001b; Choi et al., 2002; Brooke et al.,
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2003; Calderaro et al., 2003; Oxberry and Hampson, 2003a, 2003b; Munshi et al.,
2004), or direct from faeces (Mikosza et al., 2001; La et al., 2003).

1.7.3.1 16S and 23S rRNA genes
The first PCR primers used for amplifying sequences from intestinal
spirochaetes were developed for the amplification of B. hyodysenteriae, but the
technique also has been very valuable for the detection of various species of WBHIS.
Early B. hyodysenteriae primers were based on nucleic acid probes and targeted gene
sequences of unknown function (Combs et al., 1994; Elder et al., 1994; Harel and
Forget, 1995). More recently, the 16S and 23S rRNA genes are among those which are
most commonly targeted for amplification (Harel and Forget, 1995; Fellström et al.,
1996; Leser et al., 1997; Atyeo et al., 1998; Suriyaarachchi et al., 2000; La et al.,
2003). The 23S rRNA gene contains larger regions of hypervariability compared to the
16S rRNA genes, which is of particular importance for distinguishing species without
a clear 16S rRNA signature sequence (Leser et al., 1997).
A variety of B. pilosicoli specific PCR primers have been created in the 16S
rRNA gene, based on a unique ‘signature sequence’ (Stanton et al., 1996). Most
reactions have utilised the forward primer ‘Acoli 1’ based on this sequence that was
first described by Park et al., (1995), although there have been many variations to the
reverse primers (Fellström et al., 1997; Leser et al., 1997; Muniappa and Duhamel,
1997; Mikosza et al., 1999, 2001; La et al., 2003).
A variety of PCR tests have been developed to amplify areas of the 16S rRNA
gene of B. aalborgi. PCRs have been designed for amplification of DNA from biopsy
tissue, and the size of the PCR products vary greatly depending on the primer pair used
(Duhamel et al., 1997; Mikosza et al., 1999; Kraaz et al., 2000; Jensen et al., 2001).
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General 16S rRNA primers have been designed to identify all known species of
Brachyspira (Fellström et al., 1995). Although the use of these primers will not
distinguish between species, they are useful for subsequent 16S rRNA sequencing to
characterise species based on comparison with sequences available in GenBank.

1.7.3.2 NADH oxidase (nox) gene
NADH oxidase chemically reduces oxygen to water, and in Brachyspira
species is thought to allow the anaerobic spirochaetes to associate with oxygen-rich
epithelial cells (Stanton, 1989; Stanton and Jensen, 1993; Stanton et al., 1995; Harris
et al., 1999). NADH oxidase is conserved among Brachyspira spp. (Stanton et al.,
1995; Atyeo et al., 1999b). PCR reactions amplifying portions of the nox gene have
been developed for B. intermedia (Atyeo et al., 1999b; and section 2.5.3), B. pilosicoli
(Mikosza et al., 1999; La et al., 2003), B. aalborgi (Mikosza et al., 1999), B.
hyodysenteriae (Atyeo et al., 1999b; La et al., 2003), and a single reaction for both B.
innocens and B. murdochii (Atyeo et al., 1999b). The nox genes have a minimum
sequence identity of 86.3% among Brachyspira species, while the 16S or 23S rRNA
genes only have a 2 – 3 % difference, and therefore it has been suggested that the nox
gene may be well suited for the differentiation of Brachyspira spp. (Atyeo et al.,
1999b).

1.7.3.3

Restriction fragment length polymorphism- PCR (RFLP-PCR)
In RFLP-PCR, the DNA sequence of interest is subjected to amplification by

PCR, and then subjected to a restriction digestion of the PCR product to detect
polymorphisms (Olive and Bean, 1999). The small number of bands produced can be
separated and visualised by agarose gel electrophoresis without necessarily needing
membrane transfer and probing.
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RFLP-PCR using 16S (Stanton et al., 1997) and 23S rRNA genes (Barcellos et
al., 2000b; Thomson et al., 2001), has been useful for speciation, although the tests
could not distinguish B. intermedia and B. innocens, as these had identical patterns,
due to the conserved nature of these genes across the genus. RFLP-PCR using the nox
gene has been successful at differentiating all five porcine Brachyspira spp. (B.
hyodysenteriae, B. pilosicoli, B. intermedia, B. innocens and B. murdochii) (Rohde et
al., 2002; Townsend et al., 2005).

1.7.3.4 RFLP fingerprinting
RFLP fingerprinting is different to RFLP-PCR in that the DNA is extracted,
restricted and then specific probes are use to produce patterns. RFLP fingerprinting of
the PF flaA1 gene (based on the strain B78T), was able to identify six genetically
distinct groups (B. hyodysenteriae, B. pilosicoli, B,. intermedia, B. innocens, B.
murdochii and B. aalborgi) (Fisher et al., 1997).

1.7.3.5

Use of PCR in the identification of species associated with AIS
Currently the only PCRs described for spirochaetes involved in AIS are those

for B. intermedia (Atyeo et al., 1999b) and B. pilosicoli (Park et al., 1995; Stanton et
al., 1996; Fellström et al., 1997; Leser et al., 1997; Muniappa and Duhamel, 1997;
Mikosza et al., 1999; Mikosza et al., 2001; La et al., 2003). As there are few isolates
of B. alvinipulli available, specificity testing of B. alvinipulli-specific primers is
limited. There are many isolates of “B. pulli”, however due to the unknown disease
association of this spirochaete, primers have not been designed to identify this species.
Recently, PCRs targeting the tlyA and 16S rRNA genes of B. hyodysenteriae
have been used to amplify these sequences from B. hyodysenteriae-like organisms,
isolated from rheas, wild mallards and jackdaws. B. hyodysenteriae also has been
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isolated from captive rheas and from feral mallards (Sagartz et al., 1992; Jensen et al.,
1996; Jansson et al., 2001; Jansson et al., 2004).
Nox RFLP-PCR has recently been used to speciate a small number of avian
strains of B. pilosicoli, B. intermedia, B. murdochii (Townsend et al., 2005). Most of
the avian strains tested by this method were accurately identified, however some avian
strains may be misidentified, as analysis showed that B. alvinipulli produced noxRFLP profiles identical to those of B. pilosicoli. Therefore, it was suggested that reevaluation of the restriction enzymes used or addition of a third enzyme may assist in
the use of this method for the identification of avian spirochaetes (Townsend et al.,
2005).

1.8

Identification of isolates of Brachyspira species
Besides the use of PCR reactions, as previously described, there are a number

of other phenotypic and genetic methods that have been or could be used to help
identify Brachyspira isolates.

1.8.1 Haemolytic properties
The colonial morphology of the Brachyspira spp. on blood agar plates are
identical, and cannot be used to differentiate between species. However, the ability of
B. hyodysenteriae to cause strong haemolysis of blood in blood agar plates can be used
to distinguish it from all the other weakly β-haemolytic Brachyspira spp..

1.8.2

Biochemical characterisation
There are several key biochemical reactions used for differentiation between

Brachyspira spp., including indole production, hippurate cleavage, α-galactosidase, α-
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glucosidase and β-glucosidase activities. Biochemical attributes of Brachyspira spp.
have previously been summarised in Table 1.2.

1.8.2.1 Indole production
Indole production is characteristic of B. intermedia and B. hyodysenteriae
(although indole negative B. hyodysenteriae and indole positive B. pilosicoli strains
have been described). Indole production can be measured by a spot test on filter paper
soaked with indole reagent (Sutter and Carter, 1972; Fellström and Gunnarsson,
1995), or by the addition of xylene and Kovac’s reagent to a broth culture (Lee et al.,
1993a). The latter test is conducted on actively growing cells in a broth medium which
is mixed with equal amounts of xylene to extract any indole which may be present.
Kovac’s reagent is added to the mixture and stains indole a deep purple or red colour
in the top laying of the tube. If colour is not seen then indole has not been produced
(Jensen, 1997).

1.8.2.2

Hippurate cleavage
Hippurate hydrolysis is characteristic of B. pilosicoli and B. alvinipulli, and can

be determined in broth with 1% sodium hippurate (Kinyon and Harris, 1979) or by a
ninhydrin method (Fellström et al., 1995).
Briefly, for sodium hippurate detection, 1% sodium hippurate is added to the
spirochaete growing in TSB-FCS and incubated for 48 hrs. After incubation, 1 ml of
the culture is centrifuged at 10 000 g for 5 min. Concurrently, one ml volumes of the
uninoculated control medium is titrated with 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, or 0.7 ml of
sodium hippurate reagent (ferric chloride) until the precipitate in the uninoculated
control has gone. The amount of ferric chloride added to the uninoculated control
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where the precipitate disappears, is then added to the inoculated culture. The presence
of a brown precipitate is evidence of hydrolysis (Kinyon and Harris, 1979).
For the ninhydrin method, 1% sodium hippurate in water (0.5 ml) is mixed
with spirochaetes to an optical density similar to McFarland standard 5, incubated
aerobically for two hours at 37oC, and added to a tube containing 0.2 ml of a 3.5%
solution of ninhydrin in equal parts of acetone and butanol. The tube is shaken for 10
min and any colour changes are recorded. If a positive deep blue or purple colour
develops it is recorded as a positive reaction, and if the solution remains colourless or a
light blue then the reaction is negative (Fellström and Gunnarsson, 1995).

1.8.2.3

API-ZYM
The API-ZYM (bioMérieux) test is a commercially available kit designed to

identify 19 enzyme activities (Hunter and Wood, 1979). The 19 enzymes include:
alkaline phosphatase, esterase, esterase lipase, lipase, leucine arylamidase, valine
arylamidase, cysteine arylamidase, trypsin, chymotrypsin, phosphatase acid,
phosphoamidase, α-galactosidase, β-galactosidase, β-glucuronidase, α-glucosidase, βglucosidase, N-acetyl-B glucosaminidase, α-monosidase and α-fucosidase.
This panel was originally used to differentiate between B. hyodysenteriae and
B. innocens (Hunter and Wood, 1979).

It was found that most strains of B.

hyodysenteriae were α-galactosidase negative and α-glucosidase positive, whilst he
reverse was true for B. innocens (Hunter and Wood, 1979). Subsequent work
conducted on the weakly β-haemolytic Brachyspira species gave more inconsistent
findings (Achacha and Messier, 1991). After more biochemical and genetic typing
tests were applied to this group, several species could be differentiated based on
activities seen for α-galactosidase, α-glucosidase and β-glucosidase, with reasonably
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consistent results (Lee et al., 1993a; Fellström and Gunnarsson, 1995; Fellström et
al., 1995).
Fellström and Gunnarsson classified the genus Brachyspira into four distinct
groups based on their production of indole, activity of α-glucosidase, α-galactosidase
and β-glucosidase, hippurate hydrolysis and degree of β-haemolysis (Fellström and
Gunnarsson, 1995). These groups were shown to be consistent with the MLEE species
groups obtained by Lee et al. (1993b) (see section 1.8.3). Although these biochemical
tests are quick and easy for identification, they should only be used as a guide, as
occasional differences in the biochemical characteristics within a species do occur
(Hommez et al., 1998).

1.8.2.4 DNA-DNA homology studies
DNA-DNA homology studies are recommended for use in the description of
new bacterial species (Jensen, 1997). They have been used extensively to confirm the
taxonomic position of the various species within the genus Brachyspira (Miao and
Fieldsteel, 1978; Stanton et al., 1991, 1997, 1998; Trott et al., 1996a, 1996b, 1996c,
1996d). DNA-DNA homology studies are complex and laborious, and consequently
relatively few Brachyspira spp. isolates have been analysed by this technique (Jensen,
1997).

1.8.3

Characterisation using multilocus enzyme electrophoresis (MLEE)
MLEE has been used to both identify and type intestinal spirochaetes. MLEE

determines the differences in the electrophoretic mobility of a set of constitutive
bacterial enzymes, usually on starch gels (Selander et al., 1986). The first analysis of
Brachyspira spp. by MLEE was based on the mobility of five enzymes, and divided 10
WBHIS into three groups (Lymbery et al., 1990).

Variations in each enzyme’s
41

Chapter 1: Literature review

mobility were interpreted to represent the products of different alleles at the enzyme
locus. From these patterns, a dendrogram was created depicting the genetic relatedness
between isolates, with each unique enzyme mobility pattern being known as an
electrophoretic type (ET) (Paster and Dewhirst, 1997).
Selander and colleagues recommended that 15 to 20 enzymes be analysed as
this accounts for 80 to 90% of all amino acid substitutions, and therefore makes the
method extremely sensitive (Selander et al., 1986). MLEE is recognised as a powerful
tool for studying bacterial populations, although it is moderately discriminatory, and is
not commonly used for epidemiological analysis of clinical isolates (Arbeit, 1995).
MLEE was a key technique for assigning the WBHIS into genetic groups, and
was used to show that some weakly β-haemolytic intestinal spirochaete isolates from
swine were genetically different from B. innocens and the strongly haemolytic B.
hyodysenteriae (Lee et al., 1993b). Lee and co-workers refined this technology and
used 15 constitutive enzymes to divide 90 porcine WBHIS isolates into four groups
(Lee et al., 1993b). These groups later were found to represent what are now know as
B. pilosicoli, B. intermedia, B. innocens and B. murdochii (Trott et al., 1996b; Stanton
et al., 1997). Subsequently, human isolates were shown to cluster within the group
now know as B. pilosicoli, and were distinct from known Brachyspira species (Lee et
al., 1993c). These isolates were later named B. pilosicoli, in contrast to an earlier
suggestion that human intestinal spirochaete isolates were B. hyodysenteriae (Coene et
al., 1989; De Wergifosse and Coene, 1989). Later, Trott and colleagues used 15
enzymes to divide 164 isolates of B. pilosicoli of human, pig, dog and duck origin into
33 electrophoretic groups (Trott et al., 1998).
Further species of Brachyspira which were delineated using MLEE include B.
intermedia, B. murdochii and B. alvinipulli (Stanton et al., 1997; Stanton et al., 1998),
as well as the proposed species “B. canis” and “B. pulli” (McLaren et al., 1997;
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Duhamel et al., 1998b). MLEE has aided the study of the population genetics of B.
hyodysenteriae (Trott et al., 1997b) and B. pilosicoli (Trott et al., 1998), and has been
used to examine relationships between representative strains within the species.

1.8.4

Characterisation using 16S rRNA gene sequencing
Sequencing of the 16S rRNA gene of the various Brachyspira species has been

used for their phylogenetic analysis. Generally, bacterial species within a genus have
more than 95% sequence identity in this gene (Paster et al., 1991). Analysis of the 16S
rRNA gene played an integral part in separating the genus Serpulina (now
Brachyspira) from Treponema (Stanton et al., 1991), and ultimately helped support the
consolidation of the genus into the single genus Brachyspira (Stanton et al., 1996;
Ochiai et al., 1997). Species within the genus Brachyspira have a more conserved 16S
rRNA gene than species in most other bacterial genera, suggesting a relatively recent
split into species (Paster et al., 1991). The 16S rRNA gene sequences of B.
hyodysenteriae and B. innocens have a 99% similarity (Paster et al., 1991; Stanton et
al., 1991); the B. pilosicoli sequence has a 98-99% similarity to the sequence of B.
hyodysenteriae and B. innocens; and the B. aalborgi sequence has a 96.4% similarity
to the B. pilosicoli gene sequence (Pettersson et al., 1996; Stanton et al., 1996).

1.9

Methods used for strain typing of Brachyspira species
A variety of methods has been used to carry out subspecific differentiation of

intestinal spirochaetes. The majority of the work has been conducted on B.
hyodysenteriae, although a number of techniques have been used to analyse B.
pilosicoli and B. intermedia, and sequence characterisation also has been performed on
B. aalborgi.

43

Chapter 1: Literature review

1.9.1 Serotyping
Serotyping is a traditional method for sub-typing bacterial isolates, but to a
greater or lesser extent it has now been replaced by molecular typing methods for
epidemiological studies. Consequently, serotyping has only been used as a typing
technique for isolates of B. hyodysenteriae. Four serotypes of B. hyodysenteriae were
originally identified by the analysis of lipopolysaccharide-like material extracted by a
hot water-phenol method (Baum and Joens, 1979), reacted with rabbit antisera raised
against whole cell bacterins. Further serotyping studies were conducted, and a new
system was eventually proposed where various serovars were contained within 11
serogroups (Hampson et al., 1989, 1990, 1997). From these studies it was shown that
reference strains from the USA were of serotypes 1 and 2, while those from Europe
and Australia were more serologically diverse. Virulence did not appear to correspond
to serotype (Harris et al., 1999).
To date, only eight isolates of B. pilosicoli from pigs and humans have been
serotyped in the same manner as B. hyodysenteriae. All isolates were antigenically
distinct, and it was concluded that B. pilosicoli is antigenically diverse as a species
(Lee and Hampson, 1999). Avian isolates of B. pilosicoli, B. intermedia or B.
alvinipulli have not been serotyped.

1.9.2

Multilocus enzyme electrophoresis (MLEE)
As previously described (section 1.9.3), MLEE has been used to type intestinal

spirochaetes. However, MLEE is difficult and time-consuming, and hence is not
commonly used for strain typing.
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1.9.3

Restriction enzyme analysis (REA) of chromosomal DNA
Restriction enzyme analysis (REA) of chromosomal DNA is a technique in

which restriction enzymes are used to digest the entire bacterial genome, with 0.5 – 50
kb products. These products are then separated by agarose gel electrophoresis. REA
produces complex profiles, consisting of hundreds of DNA bands, which can be
difficult to interpret (Combs et al., 1989, 1992; Tenover et al., 1997). Although the
results are difficult to interpret, analysis of B. hyodysenteriae and B. innocens isolates
have been useful in demonstrating that strains were genetically heterogeneous (Combs
et al., 1989; Stanton et al., 1991; Combs et al., 1992; ter Huurne et al., 1992). REA has
been used to show that a single strain of B. hyodysenteriae was spread during two
outbreaks of swine dysentery, and that the same strain was present in a rat as in
infected pigs on the piggery (Hampson et al., 1991).

1.9.4

Amplified fragment length polymorphism (AFLP) analysis
AFLP is a technique in which genomic DNA is digested and ligated to

oligonucleotide adapters. These adapters then serve as target sites for annealing PCR
primers. Selective amplification of restriction fragments and gel analysis follows (Vos
et al., 1995).
Pulsed field gel electrophoresis (PFGE) and AFLP have been compared for
their ability to differentiate porcine B. pilosicoli isolates. Both techniques were found
to be highly sensitive, however AFLP had a lower workload, and a high capacity and
sensitivity, so it was suggested that it be used for future sub-speciation studies of B.
pilosicoli (Møller et al., 1999).
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1.9.5

Pulsed-field gel electrophoresis (PFGE)
Pulsed-field gel electrophoresis (PFGE) was first developed in 1984, and has

since been applied to a broad range of bacterial species (Schwartz and Cantor, 1984;
Olive and Bean, 1999). PFGE is a variation on REA (Maslow and Mulligan, 1996).
The bacterial cells are embedded in agarose plugs, to minimise shearing of genomic
DNA, and the chromosomal DNA is then digested using restriction enzymes with few
recognition sites (Maslow et al., 1993), generating a small number of fragments of
around 10 - 800 kb (Arbeit, 1995). The large fragments are separated in an agarose gel
under an electric field with variations in pulse times, polarity and electric current
direction. The gel results are simple to interpret, highly discriminating, and produce
reproducible restriction profiles (Arbeit, 1995; Tenover et al., 1997).
PFGE is considered to be the “gold standard” method for bacterial typing, as it
is more sensitive and has a much higher rate of reproducibility than other typing
techniques (Arbeit, 1995; Tenover et al., 1997). It has been shown to be effective for the
subspecific typing of intestinal spirochaetes isolated from both humans and animals
(Atyeo et al., 1996; Rayment et al., 1997; Trott et al., 1998; Fellström et al., 2001;
Oxberry and Hampson, 2003b).
PFGE was first used to compare isolates of B. pilosicoli from pigs, dogs, birds
and humans, using the restriction enzyme MluI (Atyeo et al., 1996). The genetic
heterogeneity of the species was demonstrated when 40 different pulsed-field patterns
were identified for only 52 isolates, which was more discriminating than the results
from MLEE. Furthermore, 164 isolates from humans and animals were divided into 33
electrophoretic types based on MLEE analysis, whilst 157 of these isolates were
divided into 99 PFGE patterns (Trott et al., 1998). Greater diversity within the species
was observed in avian and human isolates than in pig isolates, and isolates shared the
same pattern only if they were from the same pig herd, or were from Aboriginal
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children within the same community (Atyeo et al., 1996; Rayment et al., 1997; Trott et
al., 1998).
A study on B. hyodysenteriae isolates compared the typing results from PFGE,
serotyping, and MLEE, and again showed that PFGE was much more discriminatory
than serotyping, and results were easier to analyse than they were with MLEE (Atyeo
et al., 1999a). Multiple isolates from the same farms were identical or had similar
patterns, although similarities also were detected between isolates on unrelated
piggeries in different Australian states.
B. innocens isolates from pigs have been analysed by PFGE using MluI and
SmaI enzymes, and they were found to be heterogeneous (Fossi et al., 2001). In
another study, isolates of B. intermedia from pigs and chickens were digested with
MluI, and again heterogeneity was observed. The only close similarities between them
were for chicken isolates obtained on the same farm (Suriyaarachchi et al., 2000).
Unlike the situation with B. hyodysenteriae, pig isolates of B. intermedia with a similar
banding pattern were found on farms in different Australian States.
The high level of strain discrimination achieved using PFGE has meant that
many small scale epidemiological comparisons of Brachyspira isolates can be carried
out. Diagnostically, this technique has been used in monitoring the eradication of a B.
pilosicoli infection from a farrowing swine herd. The PFGE patterns obtained showed
that a single strain of B. pilosicoli was present in pigs at three different sampling points
(Fossi et al., 2001). PFGE also can be used to show that a phenotypic difference within
a species can be related to a genetic difference. For example, a group of 14 indole
negative B. hyodysenteriae isolates from various farms in Belgium and Germany were
indistinguishable using Mlu1 and SalI. However, indole positive isolates from
Belgium, Sweden and the USA had a variety of patterns with each enzyme (Fellström
et al., 1999). Hence the indole negative isolates were shown to represent a single
47

Chapter 1: Literature review

strain. In a recent Swedish study of porcine B. pilosicoli isolates with a reduced
susceptibility to tiamulin, PFGE analysis identified these as representing 12 different
unrelated resistant strains (Pringle et al., 2006). PFGE has been used to confirm MLEE
results discriminating between intestinal spirochaetes from rats, rheas and pigs; and B.
hyodysenteriae isolates from a rat and a pig on the same farm were indistinguishable
after MluI digestion, suggesting transmission between these species (Trott et al.,
1996d). This level of discriminatory strain-typing can assist in the understanding of the
zoonotic potential of Brachyspira species, and may aid in understanding the
development of outbreaks and reinfections of animals within a single farm or between
farms.
If PFGE was applied at the flock level, issues such as strain diversity,
persistence of the organisms in the environment, cross-contamination of laying hens in
different poultry houses, and cross-species transmission from wild or domestic animals
could be investigated and identified. The use of PFGE in this context therefore formed
part of the scope of the work undertaken in this thesis.

1.10

Disease association of Brachyspira species in animals and humans

1.10.1 Swine Dysentery (SD)
Swine dysentery causes great economic loss to the pig industry due to
increased mortality, decreased growth rate, poor feed conversion and costs of
chemotherapy. This disease continues to cause widespread problems in many swine
farming areas throughout the world (Hampson et al., 2006).
Swine are the main host species for B. hyodysenteriae, however this organism
has also been reported to cause necrotising typhlocolitis in rheas, without known
contact with swine (Sagartz et al., 1992; Jensen et al., 1996; Stanton et al., 1996), and
has been isolated from rats and mice on pig farms (Joens and Kinyon, 1982; Hampson
48

Chapter 1: Literature review

et al., 1991; Duhamel, 2001), a dog which had eaten pig faeces (Songer et al., 1978),
and, more recently, from wild mallards (Jansson et al., 2001, 2004). Experimental
infection also has been successful in mice, young chicks and guinea pigs, producing
pathological changes and clinical signs (Glock et al., 1978; Joens et al., 1978; Joens
and Glock, 1979; Adachi et al., 1985).
Transmission from clinically affected or asymptomatic carrier pigs to other
animals occurs by ingestion of contaminated faecal material (Harris et al., 1999). In
this way sows can infect their young, or a single infected grower pig potentially can
cause an epidemic through a shed (Harris et al., 1999). Mechanical transmission of the
disease can also occur via movement of swine caretakers, or contact with lagoon water
containing effluent, pits under pig houses, and/or other animals including dogs, field
mice, rats or flies that are able to move between sheds on a farm or between farms
(Glock et al., 1975; Songer et al., 1978; Joens and Kinyon, 1982; Hampson et al.,
1991; Olson, 1995; Harris et al., 1999).

1.10.2 Intestinal Spirochaetosis (IS) - a background
“Intestinal spirochaetosis” caused by B. pilosicoli is characterised by the
adherence of large numbers of spirochaetal cells by one cell end to the apical surface
of the mature colonic epithelium. This causes a “false brush border” effect (Figure 1.5)
(Harland and Lee, 1967; Taylor et al., 1980; Spearman et al., 1988; Jacques et al.,
1989; Duhamel et al., 1993; Girard et al., 1995), which can coincide with an
effacement of the microvilli (Duhamel et al., 1995a). B. pilosicoli is still the only
known agent of “porcine intestinal spirochaetosis” (PIS) (Trott et al., 1996c), although
“human intestinal spirochaetosis” (HIS) and “avian intestinal spirochaetosis” (AIS)
also are associated with other Brachyspira species.
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The term IS was originally coined in the context of human colo-rectal
colonisation by spirochaetes attaching by one cell end to the enterocytes (Harland and
Lee, 1967), and thus the term “human intestinal spirochaetosis” (HIS) refers to the
disease associated with colonisation by either B. pilosicoli or B. aalborgi, both of
which attach in this way (Trott et al., 1996c; Trivett-Moore et al., 1998; Mikosza and
Hampson, 2001).
Likewise, “avian intestinal spirochaetosis” (AIS)

is not

necessarily

characterised by end-on attachment of B. pilosicoli, but, as currently defined, includes
infections with the other pathogenic species B. intermedia and/or B. alvinipulli, which
are not known to attach to enterocytes by one cell end (Swayne et al., 1992; Swayne et
al., 1995; Stanton et al., 1997; Swayne and McLaren, 1997).

Figure 1.5 Scanning electron micrograph of porcine intestinal spirochaetosis on
colonic mucosa, showing end-on attachment of B. pilosicoli to the luminal surface of
the mucosal cells. Bar = 2 μm. From Sellwood and Bland (1997).
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1.10.2.1 Porcine intestinal spirochaetosis (PIS)
Porcine intestinal spirochaetosis (PIS) caused by infections with B. pilosicoli
(Trott et al., 1996d) is also known as porcine colonic spirochaetosis (Duhamel et al.,
1995; Girard et al., 1995a), or spirochaetal diarrhoea (Taylor et al., 1980; Hampson
and Duhamel, 2006). PIS mainly affects swine aged between 4 - 20 weeks, and most
commonly occurs in animals 1 - 2 weeks post weaning or post-transfer to grower
sheds, and throughout the grower/finisher phase (Taylor, 1992; Girard et al., 1995).
The disease is characterised by mild, persistent, mucoid diarrhoea, rarely containing
flecks of blood, a tucked-up appearance, a rectal temperature of 40 - 41°C, growth
retardation and anorexia (Duhamel et al., 1995a). The infection results in poor feed
conversion, loss of condition and lowered growth rates (Taylor et al., 1980; Spearman
et al., 1988; Jacques et al., 1989; Girard et al., 1995). Recovery generally occurs
within 7 to 10 d of onset, although some animals may develop chronic diarrhoea.
Mortality is not a feature of uncomplicated PIS.
The presence of multiple B. pilosicoli genotypes on a single farm may explain
why PIS commonly recurs in convalescent pigs and in those which have been treated
with antimicrobials, as different strains may have different antigenic determinants,
antimicrobial susceptibilities or potentially different capacities for colonisation (Atyeo
et al., 1996; Thomson et al., 1997; Jensen et al., 2004).
Macroscopic lesions in colonic or caecal tissue may be quite subtle (Hampson
and Trott, 1995), and the mucosa may appear normal in early cases. In prolonged
cases, mucosal inflammation, local haemorrhage, increased mucus production and
small areas of necrosis may become obvious (Taylor et al., 1980; Girard et al., 1989;
Taylor and Trott, 1997).
Microscopic changes in the intestinal mucosa include mucosal oedema and
thickening, inflammation of the lamina propria and accumulation of lymphoid cells.
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Patches of epithelial necrosis can develop, and cellular debris containing large
numbers of spirochaetes may be found adhering to the damaged epithelium (Taylor et
al., 1980; Hampson and Trott, 1995; Taylor and Trott, 1997).
Diarrhoea associated with PIS is assumed to be a consequence of reduced or
failed passive fluid absorption in the colon, perhaps due in part to the physical
blocking affect of adhering B. pilosicoli cells on the colonic absorptive surface
(Duhamel et al., 1995a; Hampson and Trott, 1995).
Transmission of B. pilosicoli between pigs occurs either directly or indirectly
by the faecal-oral route, with consumption of faeces, contaminated food or water being
the mostly likely methods of spread (Taylor and Trott, 1997). PIS is maintained in pig
herds by asymptomatic carrier pigs, and transmission of B. pilosicoli between sheds or
farms is thought to be due to the movement of infected pigs. Reinfection is believed to
be common, and may be due to the persistence of predisposing factors such as dietary
composition, or due to a reduced host immune response (Hampson and Trott, 1995).
Pigs also could be infected by contact with the faeces of infected water birds, or other
carrier species (Oxberry et al., 1998).

1.10.2.2 Human intestinal spirochaetosis (HIS)
Human intestinal spirochaetosis refers to colonisation of the human colo-rectal
epithelium by B. pilosicoli and/or B. aalborgi. Colonisation by spirochaetes in HIS has
been reported in all parts of the large bowel (Linboe et al., 1993). Using
sigmoidoscopy, the appearance of the intestinal mucosa in HIS is generally normal,
although oedema and loss of vascularity can occur (Gad et al., 1977; Crucioli and
Busuttil, 1981; Antonakopoulos et al., 1982; Rodgers et al., 1986; Lo et al., 1994).
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HIS has been documented from all parts of the world, and can effect people of
varying age and race (Teglbjærg, 1990; White et al., 1994; Mikosza, 1996; Heine et
al., 2001; Calderaro et al., 2003; Mikosza et al., 2003; Munshi et al., 2003a).
Much controversy still exists regarding the pathogenic significance of HIS, and
many factors have contributed to the lack of research into the condition. There is no
specific symptom complex associated with this colonisation: HIS has been observed on
epithelial cells without inflammation or invasion, thus leading researchers to question
its significance, and HIS has been found in the presence of other more well-recognised
human enteric pathogens or with more recognised intestinal diseases.
Various mechanisms have been postulated for the production of diarrhoea in
HIS. The most common theory is that the layer of spirochaetes adherent to the colonic
or rectal mucosa forms a barrier to the resorption of water in the large intestine, thus
creating the watery diarrhoea (Gad et al., 1977); stunting or ablation of microvilli
would block passive absorption without causing an inflammatory response (Cooper et
al., 1986; Padmanabhan et al., 1996); and the irritation of goblet cells could cause
over-production of mucus, resulting in the mucoid texture of the diarrhoea which is
observed (Gad et al., 1977; Kraaz et al., 2000).
Invasion of goblet cells has been reported in cases of heavy infestation (Willén
et al., 1977; Padmanabhan et al., 1996; Peghini et al., 2000), and on two occasions
spirochaetes have been reported in Schwann cells in the lamina propria
(Antonakopoulos et al., 1982; Padmanabhan et al., 1996). Intracellular spirochaetes
have been observed in the cell cytoplasm, vacuoles, activated lysosomes and within
phagolysosomes of macrophages in the epithelial layer and lamina propria, and may or
may not be associated with inflammation (Minio et al., 1973; Takeuchi et al., 1974;
Antonakopoulos et al., 1982; Rodgers et al., 1986; Gebbers et al., 1987; Gebbers and
Marder, 1989; Guccion et al., 1995; Kostman et al., 1995; Padmanabhan et al., 1996;
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Peghini et al., 2000). B. pilosicoli invasion beyond the lamina propria associated with a
spirochaetaemia has been reported in humans (Fournie-Amazouz et al., 1995; Trott,
1997; Kanavaki et al., 2002), however spirochaetaemia with B. pilosicoli has not been
reported in animals.
Little is known about the transmission of spirochaetes in HIS. In homosexual
males where the condition is particularly common, it has been suggested that intestinal
spirochaetes are sexually transmitted (McMillan and Lee, 1981). However, it seems
more likely that transmission occurs by faecal-oral transmission, which is the case for
other intestinal spirochaetes. This theory is justified as it is not uncommon to find
spirochaetes associated with 3 - 5 non-pathogenic protozoa, the presence of which is
believed to be an indication of faecal exposure in these individuals (Law et al., 1994).

1.10.3 Disease associations of Brachyspira species in poultry
Avian intestinal spirochaetosis (AIS) is a disease or disease complex affecting
commercial laying and meat breeder hens, resulting from the colonisation of the caeca
and colon/rectum by one or more species of the genus Brachyspira (Davelaar et al.,
1986; Swayne and McLaren, 1997; Stephens and Hampson, 2001). These spirochaetes
have been shown to colonise broiler chicks under experimental conditions, however
colonisation and disease do not appear to occur in broiler flocks under field conditions.
Farm studies have shown that more than one spirochaete species can be found
together in a battery laying hen farm, so it remains unclear which of the spirochaetes
are associated with disease and which, if any, are commensal (Duhamel, 1998). Seven
different species have been recorded as colonising poultry, but only three are currently
considered to be pathogenic in poultry (B. intermedia, B. pilosicoli and B. alvinipulli)
(McLaren et al., 1997; Stanton et al., 1998; Swayne, 2003). A more detailed
description of AIS is given in section 1.11.
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1.10.4 Antimicrobial treatment of intestinal spirochaete infections
The antimicrobials most commonly used to treat SD in various regions of the
world are tylosin, lincomycin, carbadox, tiamulin or metronidazole (Binek et al., 1994;
Harris et al., 1999). A variety of bacterins and recombinant proteins have been used as
vaccines to combat SD, but with varied and often poor success (Fernie et al., 1983;
Hampson et al., 1993; Gabe et al., 1995; La et al., 2004). The most effective treatment
for SD is by administering antibiotics to infected pigs, housing in conditions which
minimise exposure to faeces, cleaning and disinfecting facilities, and controlling
rodent populations (Harris et al., 1999). Eradication of the disease from infected
piggeries can be achieved with appropriate antibiotic treatment, thorough cleaning and
partial or full depopulation if necessary.
The treatment and control of PIS has essentially been based on procedures
developed for SD (Hampson and Trott, 1995; Swayne and McLaren, 1997; Fossi et al.,
2001). Antimicrobial treatment is necessary to control B. pilosicoli infection in pigs,
and susceptibility testing of B. pilosicoli isolates have suggest that drugs used for SD
are also likely to be suitable for PIS (Duhamel et al., 1998a).
Treatment of HIS with antibiotics has been successful in alleviating symptoms.
The most frequently administered antimicrobial has been metronidazole, used in
almost all HIS case reports since 1981. It is thought to remove both the symptoms and
the presence of HIS, although a post-treatment colo-rectal biopsy has not always been
obtained, and therefore it is not always clear if the spirochaetes were removed with the
symptoms (Crucioli and Busuttil, 1981; Peghini et al., 2000; Heine et al., 2001).
Metronidazole treatment has been associated with occasional relapses (Douglas and
Crucioli, 1981; Rodgers et al., 1986; Kostman et al., 1995; Heine et al., 2001), and
there have been situations where symptoms were not resolved by the first course of
therapy, although a second course was successful (Cotton et al., 1984).
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Treatment of AIS with antibiotics is not common practice in laying hen flocks,
although antimicrobial drug sensitivities conducted on a collection of Australian
intestinal spirochaete strains from chickens showed that these organisms were
relatively susceptible to a range of drugs used to control PIS (tetracycline;
metronidazole; neomycin; ampicillin; lincomycin; tylosin; tiamulin) (Hampson and
Stephens, 2001). Treatment of two sheds of broiler breeders naturally infected with
intestinal spirochaetes, using lincomycin, tiamulin, or oxytetracycline demonstrated
that these drugs were capable of temporarily removing the infection, although
unfortunately re-infection occurred after several weeks (Stephens and Hampson,
1999).
It is evident that infection with intestinal spirochaetes can be manipulated
and/or controlled by the use of antimicrobial agents. Unfortunately, in poultry, this
approach has been limited by problems of antimicrobial residues in eggs, the lack of
drugs registered for this purpose, and by a general desire to find alternative nonantimicrobial means of controlling enteric infections.

1.10.5 Dietary manipulation of intestinal spirochaete infection
Reports have indicated that SD can be reduced or prevented by dietary means
(Pluske et al., 1996; Siba et al., 1996). Pigs fed diets low in substrate that is
fermented in the large intestine (“fibre”: non-starch polysaccharides, and particularly
soluble NSP [sNSP]), resist experimental colonisation by B. hyodysenteriae. It is
believed that this effect is mediated either via changes in the resident colonic
microbiota (the activity of which is required to facilitate B. hyodysenteriae
colonisation), or possibly by changes in the viscosity and/or hydration of the large
intestinal contents (Hampson et al., 2000). Levels of sNSP components can be
reduced by appropriate choice of dietary ingredients (eg sorghum contains less sNSP
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than wheat), by physical processing, or by enzymatic treatment (Pluske et al., 1996).
One fully protective experimental diet was based on cooked white rice and animal
protein, with lesser levels of protection obtained with steam-flaked maize and
sorghum (Pluske et al., 1998).
Investigations into the effect of diet on B. pilosicoli infected pigs has indicated
a possible link between colonic bacterial fermentation and colonisation with the
spirochaete (Wilkinson and Wood, 1987; Hampson et al., 2000). Synergistic
interactions with other components of the colonic microbiota may play a role in PIS, as
Bacteroides vulgatus enhanced the production of watery diarrhoea associated with B.
pilosicoli in experimentally infected gnotobiotic pigs (Neef et al., 1994), while the
protozoan Balantidium coli is commonly found in lesions of PIS (Taylor et al., 1980;
Andrews and Hoffman, 1982; Spearman et al., 1988; Hampson et al., 2000). Studies
also indicate that an increased viscosity of the gut contents may influence colonisation,
as one study showed that feeding viscous-forming carboxymethylcellulose to weaner
pigs that were infected with Escherichia coli and B. pilosicoli led to increased
intestinal viscosity as well as more and earlier faecal shedding of B. pilosicoli
(Hopwood et al., 2002). In two independent studies, feeding a cooked rice diet low in
fermentable carbohydrates has been shown to reduce colonisation by B. pilosicoli, and
to alleviate PIS (Hampson et al., 2000; Lindecrona et al., 2004). Lindecrona and
colleagues also found that pigs fed a pelleted diet shed significantly more B. pilosicoli
in their faeces, and showed more clinical signs of disease than pigs fed a mash-based
diet. However, a diet of fermented liquid feed and a diet containing lactic acid had no
significant effect on the shedding of B pilosicoli or on the numbers of pigs showing
clinical signs of disease.
There have been few studies conducted on the importance of diet on the
occurrences of AIS. Experiments are needed to determine whether dietary sNSP has an
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influence on colonisation and/or disease associated with the pathogenic intestinal
spirochaete species in adult chickens. If a dietary influence on AIS exists, then
manipulation of dietary ingredients or other interventions such as the use of exogenous
dietary enzymes potentially would be a useful means of helping to control the
condition without having to resort to using antimicrobials. Since all the Brachyspira
species are genetically closely related, and share a similar ecological niche in the large
intestine, as part of the scope of this PhD study it was proposed to investigate whether
it is possible to reduce colonisation of laying hens by B. intermedia and B. pilosicoli
by manipulating their diets (Chapter 6).

1.10.6 Survival of Brachyspira spp. in the environment
Brachyspira hyodysenteriae can survive in faeces and in soil containing
organic matter for 7 d at 25°C and for 61 d at 5°C, demonstrating the potential of this
organism to survive in a wide range of environmental conditions despite its anaerobic
requirements (Chia and Taylor, 1978; Harris et al., 1999; Boye et al., 2001).
Brachyspira pilosicoli can be cultivated from experimentally inoculated soil
with 10 % faecal matter, after 119 d at 10°C, and in faeces for over 210 d (Boye et al.,
2001). The organism has been isolated from lake water inhabited by water birds, and
following experimental inoculation of this lake water it survived for 66 d at 4°C, and
for 4 d at 25°C (Oxberry et al., 1998). Contaminated water (containing organic matter)
may therefore pose a threat of infection to animals and humans. Wild water birds may
act as another reservoir of infection (Oxberry et al., 1998), and may spread infection to
farmed birds in areas where they cause faecal contamination of soil and/or water
(Jansson et al., 2001).
The duration of survival of intestinal spirochaetes in chicken faeces is
unknown, and an investigation of this forms a part of the scope of this PhD study.
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1.11

Avian Intestinal Spirochaetosis (AIS)

1.11.1 History of intestinal spirochaetes in poultry
Relatively little research has been conducted into the intestinal spirochaetes
that colonise birds. Early reports described spirochaetes colonising caecal nodules in
chickens, pheasants and turkeys (Thomson et al., 1914). Interest revived in the 1980s
in the Netherlands where work started to investigate the potential links between
intestinal spirochaetes and disease. Firstly, Davelaar and colleagues (1986) reported
finding spirochaetes in the caecal mucosa of laying hens with diarrhoea, and showed
that these spirochaetes could induce typhlitis in ten-week-old hens, with an associated
increase in faecal water content and a retardation of growth.
Subsequently, Griffiths and colleagues (1987) in the UK described a condition
associated with intestinal spirochaete colonisation in pullets, with reduced growth rate,
delayed onset of egg production, and poor shell quality.
Investigations into the prevalence of infection in Dutch poultry flocks
demonstrated that spirochaetes were present in the caeca of birds from 37 of 134
(27.6%) flocks with intestinal disorders, but in only two of 45 (4.4%) flocks with no
signs of enteritis (Dwars et al., 1992a). Later, these workers used their unclassified
Dutch spirochaete isolate 1380 in a series of experimental infections of day-old-chicks
(Dwars et al., 1992b). Subsequent colonisation resulted in depression of growth,
decreased serum concentrations of protein, lipid carotenoids and bilirubin, and an
increased faecal fat content. Infection of layer hens increased their faecal lipids (Dwars
et al., 1992a), whilst infection of broiler breeders resulted in wet faeces, reduced egg
production and weight, and reduced growth of broilers hatched from their eggs (Dwars
et al., 1993; Smit et al., 1998). This organism was identified as B. intermedia using
MLEE (McLaren et al., 1997).
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In the USA, spirochaetes were isolated from cases of typhlitis in commercial
layer flocks (Swayne et al., 1992). Affected birds had pasty vents and staining of egg
shells. Subsequently these organisms were assigned to the new species Brachyspira
alvinipulli (Stanton et al., 1998).
In Iowa, intestinal spirochaetes were found colonising the caeca of laying hens
with a 5% reduction in egg production (Trampel et al., 1994). These spirochaetes
characteristically attached by one cell end to the caecal mucosa and were subsequently
shown to be B. pilosicoli (McLaren et al., 1997).
In Australia, intestinal spirochaetes have been isolated from both broilers and
laying hens (McLaren et al., 1996, 1997; Stephens and Hampson, 1999, 2001). These
spirochaetes have been identified as B. intermedia, B. pilosicoli and “B. pulli”.

1.11.2 Disease association and diagnosis
In hens laying table eggs, and also in breeding hens producing broiler chickens
for consumption, AIS is associated with delayed and/or reduced egg production and
chronic diarrhoea; the latter leads to faecal staining of the eggshells and the resultant
wet litter also presents problems in cage cleaning, odour emission and attraction of
flies (Griffiths et al., 1987; Dwars et al., 1989, 1990, 1992a, 1992b, 1992c; Swayne et
al., 1992; Trampel et al., 1994; Swayne et al., 1995; Smit et al 1998; Swayne, 2003).
Odour and attraction of flies represent important occupational health and safety issues,
and environmental risks that may impact on the local communities.
Broiler chicks hatched from eggs of infected parents (broiler breeder hens)
show a reduced performance compared to those of healthy parents (Dwars et al., 1993;
Smit et al., 1998). There have been recent reports of typhlitis associated with B.
pilosicoli infections in turkeys in California (Shivaprasad and Duhamel, 2005), and
haemorrhagic-to-necrotic inflammation of the large intestine, fibrinonecrotic
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typhlocolitis, and an increased mortality rate, associated with B. alvinipulli in geese in
Europe (Nemes et al., 2006).
The presence of intestinal spirochaetes in hens in commercial poultry flocks
usually goes unnoticed, and the significance of AIS is unappreciated. There are a
number of possible reasons for the lack of diagnosis, including the fact that clinical
signs can be mild and relatively non-specific, and can vary greatly between hens. Even
where the disease is suspected, it is necessary to send faecal samples to a diagnostic
laboratory, and also to conduct post mortem investigations on dead hens.
Unfortunately, spirochaetes do not necessarily induce characteristic histological
lesions; they stain poorly in histological sections; and they can only be isolated using
specialised media and techniques that are not generally available in diagnostic
laboratories. Consequently, these difficulties have resulted in relatively few studies
having been carried out on these organisms, or on the pathogenesis, epidemiology and
control of the disease(s).
The recent development of molecular diagnostic methods, particularly the
polymerase chain reaction (PCR), has aided in the detection and accurate identification
of pathogenic intestinal spirochaetes (Atyeo et al., 1998, 1999b). Although the
technique of PCR is relatively quick, easy and highly reliable, it has not been
commonly used in the diagnosis of AIS and/or the identification of the associated
pathogenic species. Consequently, the development of improved methods for the PCRbased detection of B. intermedia and B. pilosicoli in chicken faeces formed part of the
scope of the work conducted in this thesis.
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1.11.3 Disease associations of different Brachyspira species in birds
1.11.3.1 Brachyspira intermedia
Brachyspira intermedia has been isolated from hens in commercial laying and
broiler breeder poultry flocks with a history of diarrhoea, poor egg production and
reduced growth (Griffiths et al., 1987; McLaren et al., 1996; McLaren et al., 1997).
Experimental infection of broiler chicks and laying hens with B. intermedia has
increased faecal water content, and caused faecal egg staining, reduced egg production
and poor growth and overall body condition (Dwars et al., 1989, 1990, 1992a, 1992b;
Hampson and McLaren, 1999).
The pathogenic potential of B. intermedia in poultry has been accepted,
although it is likely that the widespread distribution of B. intermedia is causing largely
un-attributed economic loss to the poultry industries (Hampson and McLaren, 1999).

1.11.3.2 Brachyspira pilosicoli
Brachyspira pilosicoli infection has been reported in birds, including farmed
chickens (McLaren et al., 1997; Stephens and Hampson, 1999), mallards and
partridges (Jansson et al., 2001), pheasants (Webb et al., 1997; Jansson et al., 2001), a
rhea and chiloe widgeon (Anas sibilatrix) (Trott et al., 1996c), wild water bird species
(Oxberry et al., 1998), a jackdaw (Jansson et al., 2005) and in turkeys (Shivaprasad
and Duhamel, 2005).
The pathogenic potential of B. pilosicoli in broiler chickens and in laying hens
has been investigated experimentally, and the spirochaete has been identified as one of
the species responsible for causing diarrhoea and reduced egg production in chickens
in the USA (Trampel et al., 1994; Swayne et al., 1995; McLaren et al., 1997; Trampel
et al., 1999). Isolates from farm chickens (Swayne et al., 1993; Hampson and
McLaren, 1997) and a chiloe widgeon (Swayne et al., 1993) caused diarrhoea and
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reduced growth rate in experimentally infected day-old chicks. Attachment of B.
pilosicoli to the caecal mucosa was similar to that observed in PIS. In other
experiments, attachment of B. pilosicoli was consistent for 21 d, but macroscopic
lesions were lacking, and diarrhoea, epithelial damage and inflammation at a
microscopic level were variable depending on isolate origin (Trott et al., 1995;
Muniappa et al., 1997; Trott and Hampson, 1998). In breeder females inoculated with
B. pilosicoli, the onset of egg laying was delayed, and egg production and eggshell
quality was reduced (Stephens and Hampson, 2002).
Natural cross-species transmission of B. pilosicoli has not been observed,
although various isolates from pigs, dogs, humans and chickens are genetically closely
related (Lee and Hampson, 1994; Trott et al., 1998; Fossii et al., 2003). Human strains
have been shown to cause disease in experimentally infected conventional pigs (Trott
et al., 1996a), and they can colonise day-old-chicks (Trott et al., 1995; Muniappa and
Duhamel, 1997; Trott and Hampson, 1998) and adult chickens (Jamshidi and
Hampson, 2003). These data all support the likelihood that cross-species transmission
of B. pilosicoli can occur in nature, including to commercial poultry.

1.11.3.3 Brachyspira alvinipulli
Chickens experimentally infected with B. alvinipulli showed mild to
moderately severe lymphoplasmacytic typhlitis and proctitis with lymphocyte and/or
heterophil exocytosis, mild caecal villus epithelial cell hyperplasia, oedema in the
lamina propria of the villus tips, and submucosal lymphocytic follicles (Stanton et al.,
1998). Large numbers of spirochaetes were observed on the villus surface and within
the crypts of the caeca (Stanton et al., 1998).
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1.11.4 Sources of Brachyspira species infection for poultry
Besides potential environmental source of Brachyspira spp., infection may
arise by contact with other colonised animal or bird species (Swayne, 2003). Clearly,
this is particularly important for B. pilosicoli, which is widespread in many species. On
the other hand, B. intermedia is only known to commonly infect chickens and pigs, so
cross-infection is only likely to occur in small farms where both species are present.
There is a recent report of recovery of B. alvinipulli-like organism from dogs
(Fellström et al., 2001), but whether these spirochaetes are transmissible to chickens
remains unknown.
The source(s) of primary infection and of re-infection in medicated or
recovered birds is incompletely understood. The housing of birds on deep litter is
considered to be a predisposing factor for the colonisation of commercial poultry with
WBHIS (Griffiths et al., 1987; Swayne et al., 1992), and it has been suggested that
raising the birds off the floor to minimise contact with faeces, controlling stresses,
improving hygiene, controlling insects and rodents and preventing the introduction of
biological agents through contaminated shoes and clothing of workers and visitors,
will aid in the control of the AIS (Swayne and McLaren, 1997).
An improved understanding of these potential sources of infection would
facilitate development of control measures. As part of the scope of this PhD thesis,
investigations were made into the potential sources of infections on a commercial
laying hen farm.

1.11.5 AIS in Australian poultry farms
Two large studies on AIS in Australia have demonstrated that colonisation with
intestinal spirochaetes is common (~50% flocks) in meat breeder and laying hen flocks
(McLaren et al., 1996; Stephens and Hampson, 1999). Although there have been
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several different spirochaete species identified in Australian poultry, Brachyspira
intermedia and Brachyspira pilosicoli are the two main pathogenic species present
(McLaren et al., 1997; Stephens and Hampson, 1999). Both of these species were
found in about 10% of flocks of laying hens and broiler breeder hens, with some flocks
infected with both pathogenic species (as well as with other species of uncertain
pathogenic potential).

1.11.5.1 Disease control measures in poultry farms
Despite the accumulated evidence that infections with B. intermedia and B.
pilosicoli are common in Australia and elsewhere, and are likely to be causing
significant losses of production to the Egg and Chicken Meat Industries, no specific
recommendations concerning their control have been made.
Husbandry conditions such as high bird density, multi-age flock operations and
short downtimes between batches of birds are known to contribute to the increased
presence of bacterial organisms, leading to high rates of infections in some farms
(Ruano et al., 2001).
Biosecurity, including appropriate cleaning and disinfecting, is one of the most
effective methods used to reduce the numbers of pathogens in animal facilities.
Generally, a sanitation program should be safe, easy to implement and be based on
control of the significant pathogenic micro-organisms present on the farm. Therefore,
it is important that microbial isolates are obtained from infected farms and identified so
that an appropriate sanitation program can be implemented (Ruano et al., 2001).
As part of the scope of the current thesis, a number of common disinfectants
were evaluated for their use in killing B. intermedia and B. pilosicoli isolates in the
presence of organic matter.
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1.12

Aim
In view of the currently-available knowledge about AIS, the work undertaken

and described in this thesis aimed to improve understanding of the epidemiology of
AIS, and develop better methodology for its diagnosis and control. With this in mind,
the following objectives were developed:

To investigate the persistence of pathogenic intestinal spirochaetes in chicken
faeces and in environmental samples, and to determine their susceptibility to
commonly used disinfectants.

To study the molecular epidemiology of AIS on an infected commercial laying
hen farm in Western Australia.

To develop a rapid, sensitive and specific diagnostic test for the detection of B.
intermedia and B. pilosicoli directly in chicken faeces.

To identify and characterize new groups of anaerobic intestinal spirochaetes
infecting Australian chickens.

To investigate factors which could influence the onset of AIS, especially
components of the diet.
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The purpose of this chapter is to describe the core materials and methods used
throughout this thesis. Details of major consumables, reagents, buffers and solutions
used, along with the manufacturers of these consumables are listed in appendix A, and
will therefore not be given in the body of the text
.

2.1

General culture and isolation methods

2.1.1

Isolation and growth of intestinal spirochaetes from faecal, caecal and

colonic samples on solid medium
Samples were collected on sterile cotton-alginate tipped swabs and were
cultured on selective Trypticase Soy agar containing defibrinated sheep blood (5%),
colistin (25 μg/ml), vancomycin (25 μg/ml) and spectinomycin (400 μg/ml) (CVSTSA) (Jenkinson and Wingar, 1981). Swabs were lightly rubbed onto one sector of
the selective Trypticase Soy agar plates, then the primary inoculum was diluted out
using a sterile loop with the plate divided into 5 sections (Figure 2.1). The primary
inoculum was stabbed six times with a sterile loop to enhance spirochaetal growth,
and to identify the occurrence of strong β-haemolysis around the stab line. Plates
were incubated for seven to ten days at 37oC in an anaerobic jar with an atmosphere
of 94% H2 and 6% CO2 generated using a GasPak plus system.
The presence of spirochaetes was indicated by a low flat haze of bacterial
growth, usually surrounded by weak β-haemolysis. Spirochaetal growth was
confirmed by viewing wet mounts of culture under a phase contrast microscope at
400 X magnification (section 2.2.2.1) after 7 – 10 days growth. If spirochaetes were
visualised and morphology was consistent with Brachyspira species, species-specific
polymerase chain reactions (PCR) were used to confirm the identity of the growth
(section 2.4.5). If no spirochaetes were viewed under the microscope from the
primary inoculum then the sample was deemed negative. Spirochaetes were
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repeatedly subcultured onto CVS-TSA plates until a pure culture was obtained. They
were subsequently cultured on TSA plates with 5% defibrinated ovine blood but
without antibiotics (BA).

Figure 2.1 Example of weak β-haemolysis produced by B. pilosicoli avian strain
CPSp1 on a BA plate.

2.1.2
2.1.2.1

Growth of intestinal spirochaetes in liquid medium
Preparation and inoculation of broth medium
Pure isolates of intestinal spirochaetes were transferred to Kunkle’s pre-

reduced anaerobic broth (Kunkle et al., 1986). This broth contained: 30 g/L
69

Chapter 2: Materials and Methods

Trypticase Soy broth, 10 g/L yeast extract, 5 g/L glucose, and 4 g/L sodium hydrogen
carbonate. These components were thoroughly mixed with distilled water and
adjusted to pH 6.85 with concentrated hydrochloric acid. The adjusted solution was
heated to near boiling point and 5 ml/L newborn calf serum, 20 ml/L foetal calf
serum, 1 g/L L-cysteine, 0.2 g/L cholesterol and 1 ml/L reazurin were added. The
broth was boiled until the indicator (reazurin) changed from red to yellow indicating
that all oxygen had been removed from the solution.
The broth was aliquoted in 2ml volumes into bijou bottles, 10ml volumes in
20 ml glass test tubes, 50 to 150 ml volumes in 300 ml round glass bottles, or 200 –
300 ml volumes in 500 ml glass medical flat bottles. The tubes and the bottles were
deoxygenated using a stream of compressed gas mix (H2 = 4.88 ± 0.1%; CO2 = 10.2 ±
0.2% in N2), which was then bubbled through the medium until all oxygen had been
removed. Rubber bungs were used to seal the necks of the glassware. The
tubes/bottles were clamped into metal racks to prevent the bungs being expelled
during autoclaving at 121oC for 30 min. After the medium was cooled, the bungs of
the test tubes were held in place by wrapping a small piece of parafilm around the
junction of the tube and the bung. Media were stored in a dark cupboard at laboratory
temperature for up to 2 weeks before use.

2.1.2.2 Transfer of spirochaetes from agar plates to broth
For transfer of spirochaetes from agar plates to broth, plugs of agar containing
large numbers of pure spirochaetes were excised using a sterile scalpel blade, added
to bijou bottles containing 2 ml of modified Kunkle’s broth and shaken for 30 secs to
resuspend the spirochaetes. The bungs of the test tubes were flooded with 70%
ethanol, and, using a sterile 20 gauge needle and 2 ml syringe, the broth containing

70

Chapter 2: Materials and Methods

the resuspended spirochaetes was injected into the test tube, avoiding any air transfer
to ensure the media was kept anaerobic.

2.1.2.3

Cultivation of spirochaetes in broth
Once the 10 ml culture tubes were inoculated with spirochaetes the tubes were

clamped in metal racks to prevent subsequent expulsion of the bungs, and then
incubated at 37°C on a rocking platform for 3 - 7 d or until the cells had reached a
concentration of 106 – 108 cells per ml, as determined by counting aliquots in a
Neubauer haemocytometer chamber under an Olympus BX40 phase-contrast
microscope at 400 times magnification using a 40 X objective and a 10 X eyepiece
(section 2.1.2.5). Once the cells had reached the desired density, they were used to
inoculate 50 - 300 ml volumes of anaerobic broth in the 300 - 500ml bottles, and
incubated under the same conditions until the desired concentration of spirochaetes
was obtained. Growth and purity were monitored by examining aliquots under a
phase contrast microscope, and cells were harvested in mid-log phase.

2.1.2.4

Long term storage and recovery of intestinal spirochaetes
Approximately 1.5 ml volumes of spirochaetes in mid-log phase broth

cultures were transferred into 2 ml sterile vacutainers and directly transferred and
stored at -80oC. When required, frozen stocks were revived by allowing the cells to
completely thaw to room temperature, inoculating almost the entire volume in 10ml
of anaerobic broth, and, as a back-up, using the remaining 2 drops to inoculate a
Trypticase Soy agar plate containing 5 % defibrinated sheep blood (BA). The primary
inoculum was diluted out as described in section 2.1.1, the plates were incubated for
10 d in an anaerobic atmosphere, and the growth transferred to broth if growth was
not achieved in the initial 10 ml of broth.
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2.1.2.5

Counting spirochaetes
Spirochaetes were diluted 1:10, 1:100 and 1:1000 with Tris-EDTA (TE)

buffer. Each suspension of diluted cells was added to a Neubauer haemocytometer.
Spirochaetes in a total of 48 squares were counted and the numbers of spirochaetes
per ml were calculated using the formula below:

Total number of spirochaetes
Cells/ml

=

X

dilution factor

X

4,000,000

Total number of squares

2.2

Phenotypic Analysis

2.2.1

Identifying the extent and nature of haemolysis
In the context of Brachyspira spp., strong β-haemolysis is described as the

complete haemolysis of the red blood cells in a blood agar plate, to the extent where
the blood agar appears clear. On the other hand, weak β-haemolysis is the partial
haemolysis of the red blood, so that areas of haemolysis are a lighter pink (Figure
2.2).
To determine the extent of haemolysis, pure isolates were grown on BA plates
and incubated for seven days. The plates were held to a light source and examined
visually. Isolates were recorded as strongly β-haemolytic, a characteristic of B.
hyodysenteriae, or weakly β-haemolytic, a characteristic of the remaining
Brachyspira spp. (Figure 2.2). Strongly β-haemolytic B. hyodysenteriae strain B78T
was used as a positive haemolysis control.
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2.2.2
2.2.2.1

Microscopy
Phase contrast microscopy
Wet mount preparation of Brachyspira cells were prepared according to the

specific result required. For general visualisation and identification of Brachyspira
spp., cells from agar plates were removed using a sterile platinum loop and
resuspended in 10 µl of TE buffer on a glass microscope slide, before a cover slip was
firmly placed on top of the cell suspension. For actively growing cells in broth
culture, a needle on a syringe was used to pierce the rubber bung/suber-seal sealing
the glass bottles and glass test tubes, 50 µl of the culture was removed and one
droplet was applied to the glass microscope slide as previously described. Slides were
viewed using the phase contrast microscope at 400 X magnification.
Actively growing cells were prepared differently for photographic evaluation.
Wet mount preparations were harvested from 5 ml of broth cultures by centrifugation
at 2,000 g for 5 mins. The pelleted cells were resuspended in 1 ml volumes of PBS
buffer and a drop was applied to a glass microscope slide and covered with a glass
coverslip. Cells were photographed through an Olympus phase contrast microscope
equipped with the Olympus PM-10AD automatic photomicrographic system. Images
were recorded on Kodak Ektachrome 160T tungsten film.

2.2.2.2 Light microscopy
Tissues for histological examination were immediately placed in 10% neutral
buffered formalin and held there for a minimum of 24 hours. The samples were then
washed three times in 50% ethanol, transferred into 70% ethanol and then processed
to produce paraffin embedded tissue blocks. Sections were cut at 4 µm and were
stained using haematoxylin and eosin and/or the Warthin-Starry Silver stain.
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A

B

Figure 2.2 Example of weak β-haemolysis produced by B. pilosicoli strain 95/1000
(A), and strong β-haemolysis produced by B. hyodysenteriae type strain B78T (B) on a
BA plate.

2.2.2.3

Transmission electron microscopy
Actively growing cells were harvested from 1 ml of broth cultures by

centrifugation at 2,000 g for 5 mins. The pelleted cells were resuspended in 500 µl of
10 mM sodium phosphate buffer (pH 7.0). A 20 µl sample of the suspension was
negatively stained with an equal volume of 2 % phosphotungstic acid (pH 6.8), and
mounted on a carbon-reinforced 200 mesh copper grid coated with 2 % parlodion.
The cells were examined at 80 kV under a Phillips 410 transmission electron
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microscope. Measurements of the cell length and diameter were determined from the
electron micrographs of five individual cells.
Tissue samples for transmission electron microscopy were place in chilled
half strength Karnovsky’s fixative for 24 hours and then post-fixed in 1% osmium
tetroxide. The samples were dehydrated in an ethanol series followed by propylene
oxide and embedded in Epon 812. Ultrathin sections were cut on a Reichert Ultracut
E ultrachrome and mounted on copper mesh grips. Grids were stained with uranyl
acetate and lead citrate, carbon coated and examined under a Phillips 410
transmission electron microscope.

2.3

Biochemical Analysis

2.3.2

Testing for indole production
Isolates of intestinal spirochaetes were tested for indole production once the

cells had grown to mid-log phase (described in 2.1.2.3). One ml volumes of the
cultures were placed into a sterile test tube with 1 ml xylene added, and were
thoroughly mixed by vortexing for 30 secs. Four drops of Kòvac’s reagent were
gently added to the top of the liquid and the tube was kept still for 20 sec. If the
spirochaetes produced indole the top of the tube changed to a deep pink or red colour,
while lack of indole production was indicated by no colour change (Figure 2.3). B.
hyodysenteriae type strain B78T was used as a positive control throughout.
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Figure 2.3 Results of an indole test. The tube on the left is negative while the tube on
the right is positive.

2.3.3

Testing biochemical activity by API-ZYM
A broad assessment of the spirochaetal isolates’ biochemical reactivity was

obtained using the commercially available API-ZYM kit, used according to the
manufacturer’s instructions. Briefly, cells were harvested from a BA plate, and
suspended in 1ml of TE buffer to a final concentration of 105 cells per ml. One drop
of this suspension was placed into each of the 20 cupules. The API-ZYM strip was
housed in the provided holder and the troughs in the holder were filled with
approximately 2 ml of sterile water to ensure that the strips did not dry out during
incubation. The strips were incubated at 37oC for 4 hours in the dark, then one drop of
ZYM A was added to each cupule followed by one drop of ZYM B. The strips were
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exposed to direct sunlight for 15 min, then any colour changes were noted and the
corresponding API-ZYM number was recorded (Figure 2.4).

Figure 2.4 API-ZYM reading scale used to determine the API-ZYM score for
biochemical analysis.

In this system, individual scores are given per cupule in series of four: the first
cupule scores 1 for positive, the second scores 2, the third scores 4 and the fourth
scores 8. The final score is given by adding the cupule score in groups of four (ie
cupules 1 – 4; 5 – 8; 9 – 12; 13 – 16; 17 – 20) to give a final API-ZYM score of five
numbers. An example of the score for B. intermedia (HB60-1) is given in Table 2.1
(10.0.4.10.1).
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Table 2.1

API-ZYM scoring system according to the enzymes activity,

corresponding to the score card shown in Figure 2.4.
Number

Enzyme*

B. intermedia

Final Score

(HB60-1)
1

control

Neg

2

alkaline phosphatase

Pos

3

esterase

Neg

4

esterase lipase

Pos

5

lipase

Neg

6

leucine arylamidase

Neg

7

valine arylamidase

Neg

8

cysteine arylamidase

Neg

9

trypsin

Neg

10

chymotrypsin

Neg

11

phosphatase acid

Pos

12

phosphoamidase

Neg

13

α-galactosidase

Neg

14

β-galactosidase

Pos

15

β-glucuronidase

Neg

16

α-glucosidase

Pos

17

β-glucosidase

Pos

18

N-acetyl-B glucosaminidase

Neg

19

α-monosidase

Neg

20

α-fucosidase

Neg

10

0

4

10

1

*The enzymes which are important in the identification of Brachyspira species are
shown in bold (see also Table 1.2). For each set of four cupules, positives are scored as
1, 2, 4 and 8 respectively to give a maximum score of 15.
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Table 2.2

The main species of Brachyspira which are differentiated according to

enzymes 13, 16 and 17 in the API-ZYM panel.

Enzymes
Species

13: α-galactosidase

16: α-glucosidase

17: β-glucosidase

B. hyodysenteriae

-

+/-

+

B. intermedia

-

+

+

B. innocens

-

+/-

+

B. murdochii

-

-

+

B. alvinipulli

-

-

+

B. pilosicoli

+/-

+/-

-

B. aalborgi

-

-

-

2.4

Molecular Methodology

2.4.1

DNA extraction
Spirochaetes harvested from the primary isolation plates and broth medium,

and DNA extracted from chicken faeces were subjected to specific polymerase chain
reaction (PCR) amplification for the detection and identification of B. intermedia, B.
pilosicoli, and Brachyspira spp.. Methods for DNA extraction from solid and liquid
media are described in this section. The methodology for DNA extraction from
chicken faeces will be outlined briefly, however the developmental stage for this
method is presented and discussed in Chapter 5.
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2.4.2 DNA extraction from isolates on solid media
A cell-pick method was used to obtain spirochaetal DNA from agar plates.
This methodology has been described previously (Atyeo et al., 1998). The tip of a
sterile wooden toothpick was used to stab through the area of spirochaete growth or
used to scrape off spirochaetal cells from the surface of the plates. The material
adhering to the tip was resuspended in 50 μl of ultra-pure water before being boiled
for 30 s to release the bacterial DNA. One μl of this solution was used as the template
for PCR. The bacterial DNA was not stable when extracted using this method, and so
was not used for long-term storage. This methodology was primarily used for the
identification of spirochaetal growth viewed on CVS-TSA or BA plates, and once
identification was complete the template was discarded. For long-term storage of
DNA, cells were grown in broth and DNA extracted from cell pellets using the
Qiagen mini-prep kit.

2.4.3 DNA extraction from isolates in liquid medium
Pure isolates were grown to 108 cells/ml in Kunkle’s broth, and their presence
and the absence of contamination were confirmed by phase contrast microscopy. 1 ml
volumes were transferred to sterile 1.5 ml microfuge tubes and centrifuged for 5 min at
10,000 g. The pellet was resuspended in 1ml TE buffer, boiled for 30 s and frozen in
100 µl aliquots until needed.

2.4.4

DNA extraction from faeces
The methodology selected for use for bacterial chromosomal DNA extraction

from chicken faeces is described in detail in chapter 5. Briefly, 2 g of fresh faecal
matter was washed with 10 ml PBS and centrifuged for 10 min at 5,000 g. The pellet
was again washed with 10 ml PBS and centrifuged at 5,000 g for 10 mins. The top 150
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mg layer of the pellet was used as the starting material for DNA extraction using the
Qiagen DNA mini stool kit. DNA was extracted according to the manufacturer’s
instructions, with some minor modifications (Chapter 5).

2.4.5 Polymerase chain reaction
2.4.5.1

Development of primers
PCR assays were developed to detect Brachyspira spp., B. pilosicoli, B.

intermedia and B. hyodysenteriae (as a control). Genes targeted for PCR were the 16 S
rRNA gene and the NADH oxidase gene. The primers used for the various PCR assays
were designed with Oligo Explorer (version 1.1.0) using gene sequences available
from the GenBank database. Primers were designed to give specific PCR products of
easily distinguishable sizes and with similar optimal annealing temperatures so that the
two main Brachyspira species-specific PCRs (for B. pilosicoli and B. intermedia)
could be run in a single reaction. The primers were run through Amplify (version 1.2),
which generates a theoretical result for PCR reactions using the designated primers
against different species of Brachyspira and different bacterial genera. This
theoretically determines if the sets of primers are specific for their designated
Brachyspira species.
The primer sequence and binding sites for all primers used in the course of
this thesis are tabulated in Table 2.3. More details about individual primers are
provided in subsequent sections.
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Table 2.3 The primer sequences and binding sites used throughout this thesis

Species detected

Gene targeted

Primer name

Primer sequence

Predicted

Base positions

product size

B. pilosicoli

B. intermedia

B. hyodysenteriae

Brachyspira spp.

Brachyspira spp.

P1

5’-AGAGGAAAGTTTTTTCGCTTC-3’

16S rRNA

P2

5’-GCACCTATGTTAAACGTCCTTG-3’

NADH oxidase

Int1

5’-AGAGTTTGATGATAATTATGAC-3’

(nox)

Int2

5’-ATAAACATCAGGATCTTTGC-3’

NADH oxidase

H1

5’-ACTAAAGATCCTGATGTATTTG-3’

(nox)

H2

5’-CTAATAAACGTCTGCTGC-3’

Brachy-16S-F

5’-TGAGTAACACGTAGGTAATC-3’

16S rRNA

Brachy-16S-R

5’-GCTAACGACTTCAGGTAAAAC-3’

NADH oxidase

Brachy-nox-F

5’-TGGTACATGGGCAGCAAAAAC-3’

(nox)

Brachy-nox-R

5’-CAAATACGCATATAGCGTTAG-3’

823

165 to 988

567

516 to 1073

354

1061 to 1415

1307

75 to 1382

991

258 to 1249
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2.4.5.2

Optimisation of the primers
DNA extracted from B. intermedia strain HB60-1 and B. pilosicoli strain

CSPp1 were used as positive controls to determine the optimum annealing
temperature for the primer sets for these PCRs. The primers were amplified by PCR
in a 25 μl total volume, using Taq DNA polymerase. The amplification mixture
consisted of 1X PCR buffer (containing 1.5 mM of MgCl2), 0.5 U of Taq DNA
polymerase, 0.2 mM of each dNTP, 0.5 μM of the nominated primer pair and 1 μl
chromosomal template DNA. Cycling conditions tested had an initial template
denaturation step of 5 min at 94°C, followed by 30 cycles of denaturation at 94°C for
30 s; annealing temperatures tested were 45°C, 50°C, 55°C and 60°C for 30 s; and
primer extension was at 72°C for 2 min. The PCR products were subjected to
electrophoresis in 1.5% (w/v) agarose gels in 1 × TAE buffer, stained with ethidium
bromide (1µg/ml) for 15 min, and viewed over UV light using the GelDoc2000
transluminator.
The PCR having an annealing temperature which provided the brightest band
with no no-specific bands was then re-tested with annealing temperatures 2oC above
and below this temperature. The PCR which again gave the brightest single band was
designated as the optimal annealing temperature.

2.4.5.3

Species-specific

primers

to

identify Brachyspira

intermedia and

Brachyspira pilosicoli
Brachyspira intermedia and B. pilosicoli PCR primers were designed to
amplify portions of the NADH oxidase and 16S rRNA genes respectively (Table 2.3).
The NADH oxidase (nox) gene of B. intermedia or the region of the 16S rRNA gene of
B. pilosicoli was amplified by PCR in a 25 μl total volume using Taq DNA
polymerase. The amplification mixture consisted of 1X PCR buffer, 1.5 mM of MgCl2,
83

Chapter 2: Materials and Methods

0.5 U of Taq DNA polymerase, 0.2 mM of each dNTP, 0.5 μM of the nominated
primer pair and 1 μl chromosomal template DNA. Cycling conditions for both B.
intermedia and B. pilosicoli involved an initial template denaturation step of 5 min at
94°C, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30
s, and primer extension at 72°C for 2 min. The PCR products were subjected to
electrophoresis, stained and viewed as previously described (section 2.4.5.2).

2.4.5.3.1

Duplex PCR to identify B. intermedia and B. pilosicoli

The NADH oxidase (nox) gene of B. intermedia and the region of the 16S
rRNA gene of B. pilosicoli were amplified together in a duplex PCR in a 25 μl total
volume using HotStar Taq DNA polymerase (a different Taq enzyme to that used in
the single PCR reactions described in section 2.4.5.3). The amplification mixture
consisted of 1X PCR buffer (containing 1.5 mM of MgCl2), 0.5 U of Taq DNA
polymerase, 0.2 mM of each dNTP, 0.5 μM of each primer pair and 1 μl
chromosomal template DNA. Cycling conditions for both B. intermedia and B.
pilosicoli involved an initial template denaturation step of 15 min at 95°C, followed
by 30 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and primer
extension at 68°C for 2 min. The PCR products were separated by electrophoresis,
stained and viewed as previously described.

2.4.5.4

Species specific primers to identify Brachyspira hyodysenteriae
The PCR assay that was used for Brachyspira hyodysenteriae has previously

been described by La et al., 2003 (Table 2.3). Briefly, the NADH oxidase (nox) gene
of B. hyodysenteriae was amplified by PCR in a 25 μl total volume using Taq DNA
polymerase. The amplification mixture consisted of 1X PCR buffer, 1.5 mM of MgCl2,
84

Chapter 2: Materials and Methods

0.5 U of Taq DNA polymerase, 0.2 mM of each dNTP, 0.5 μM of the primer pair and
1 μl chromosomal template DNA. Cycling conditions involved an initial template
denaturation step of 5 min at 94°C, followed by 30 cycles of denaturation at 94°C for
30 s, annealing at 55°C for 30 s, and primer extension at 72°C for 2 min. The PCR
products were subjected to electrophoresis, stained and viewed as previously
described.

2.4.5.5 Polymerase chain reaction to identify Brachyspira species
2.4.5.5.1

General Brachyspira 16S rRNA gene PCR

Spirochaetal isolates determined not to be B. intermedia or B. pilosicoli
following the use of the species-specific diagnostic PCRs also were investigated by
PCR amplification and partial sequencing of their 16S rRNA genes. Two general
Brachyspira primers that annealed to complementary sequences at the 5’-terminus and
3’-terminus of the 16S rRNA gene were designed and optimised for PCR amplification
and sequence analysis. The primers used are shown in Table 2.3, with amplification in
a 25 μl total volume using Taq DNA polymerase. The amplification mixture consisted
of 1X PCR buffer (containing 1.5 mM of MgCl2), 0.5 U of Taq DNA polymerase, 0.05
U Pfu DNA polymerase, 0.2 mM of each dNTP, 0.5 μM of the primer pair (Brachy16S-F, Brachy-16S-R), and 1 μl chromosomal template DNA. Cycling conditions
involved an initial template denaturation step of 5 min at 94°C, followed by 30 cycles
of denaturation at 94°C for 30 s, annealing at 50°C for 30 s, and primer extension at
68°C for 2 min.

85

Chapter 2: Materials and Methods

2.4.5.5.2

General Brachyspira NADH oxidase gene (nox) PCR

Spirochaetal isolates determined not to be B. intermedia or B. pilosicoli
following the use of the species-specific diagnostic PCRs also were investigated by
PCR amplification and partial sequencing of their NADH oxidase (nox) gene. Two
general Brachyspira primers that annealed to complementary sequences at the 5’terminus and 3’-terminus of the nox gene were designed and optimised for PCR
amplification and sequence analysis (Table 2.3). A 25 μl total volume was used, with
Taq DNA polymerase. The amplification mixture and cycling conditions were the
same as those used with the general 16S rRNA PCR.

2.4.5.5.3

Duplex PCR to identify Brachyspira species using the general

Brachyspira 16S rRNA gene and the general NADH oxidase (nox) gene PCRs
The general Brachyspira 16S rRNA gene primers (Brachy-16S-F and Brachy16S-R) and the general Brachyspira NADH oxidase (nox) gene primers (Brachy-noxF and Brachy-nox-R) were designed to have similar annealing temperatures and
distinctively different product size, so that they could be run in a duplex PCR. The
objective was subsequently to use these products in a second species-specific duplex
PCR (section 2.4.5.3.1), as described in Chapter 5.
The region of the 16S rRNA gene and the region of the nox gene were both
amplified by duplex PCR in a 25 μl total volume using HotStar Taq DNA
polymerase. The amplification mixture consisted of 1X PCR buffer (containing 1.5
mM of MgCl2), 0.5 U of HotStar Taq DNA polymerase, 0.2 mM of each dNTP, 0.5
μM of each primer pair and 1 μl chromosomal template DNA. Cycling conditions
were the same as for the single general PCR method.
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2.4.5.6 Specificity of the PCRs
Control intestinal spirochaete strains (n = 108) and strains from other bacterial
species (n = 17) were obtained from the culture collection held at the Reference
Centre for Intestinal Spirochaetes, Murdoch University, Western Australia. These
included strains of B. hyodysenteriae (n = 20), B. innocens (n = 10), B. intermedia (n
= 20), B. murdochii (n = 10), B. pilosicoli (n = 20), “B. canis” (n = 2), “B. pulli” (n =
20), B. alvinipulli (n = 3), and B. aalborgi (n = 3) (strains listed in Appendix B). NonBrachyspira strains used in the specificity testing included Escherichia coli (n = 3),
Campylobacter species (n = 4), Lawsonia intracellularis (n = 1), Helicobacter species
(n = 3), Arcobacter species (n = 3) and Salmonella enterica serovars (n = 3)
(Appendix B). All these strains were used to scrutinise the specificity of the PCRs for
the B. intermedia nox gene, B. pilosicoli 16S rRNA gene, general Brachyspira 16S
rRNA gene and general Brachyspira nox gene. The strains used originated from
Australia, Europe, Scandinavia, and North America, and their identity had previously
been established by phenotypic testing, PCR assays, and/or multilocus enzyme
electrophoresis (Lee et al., 1993b; McLaren et al., 1997; Trott et al., 1997b). The
isolates were propagated and DNA extracted using the Qiagen mini-prep kit, as
previously described in section 2.4.4. More detailed methodology is given in chapter
5.

2.4.5.7

Sensitivity of the PCRs
Detection limits of the PCRs, based on cells from pure Brachyspira cultures,

and from DNA extracted from seven seeded chicken faecal samples (section 2.4.4)
were determined by conducting 10-fold serial dilutions of B. pilosicoli strain CSPp-1
and B. intermedia strain HB60-1. One µl of each of the dilutions (108 cells/ml – 1
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cell/ml) was added into the PCR as template to determine the detection limit of the
PCR. All assays were conducted in duplicate.

2.5

Sequencing of 16S RRNA and NADH oxidase (nox) genes
The sequencing PCRs were conducted in 50 μl total volumes using Taq DNA

polymerase and Pfu DNA polymerase as a proof reading enzyme to ensure minimal
amplifications errors during the sequencing PCR. The amplification mixture consisted
of 1X PCR buffer (containing 1.5 mM of MgCl2), 0.5 U of Taq DNA polymerase, 0.05
U Pfu DNA polymerase, 0.2 mM of each dNTP, 0.5 μM of the primer pair, and 1 μl
bacterial template DNA. Cycling conditions involved an initial template denaturation
step of 5 min at 94°C, followed by 30 cycles of denaturation at 94°C for 30 s,
annealing at 50°C for 15 s, and primer extension at 68°C for 2 min.
Following agarose gel electrophoresis and staining with ethidium bromide to
confirm that the PCR product was of the correct molecular mass, the products were
purified using the UltraClean PCR Clean-up Kit, according to the manufacturer’s
instructions. Briefly, a 5x volume of spin-bind buffer was mixed with the PCR
reaction. This solution was added to the Qiagen column and centrifuged at 8,000 g for
1 min. The eluent was discarded and 300 µl of spin clean buffer was added to the filter.
The column was centrifuged at 14,000 g for 1 min, the eluent was discarded and the
column was further centrifuged for 3 min. Fifty µl of elution buffer was added directly
to the column and left to stand for 1 min before centrifuging at 8,000 g for 1 min. The
eluent was stored at -20oC prior to use. Sequencing of the PCR product was performed
in duplicate using the primers shown in Table 2.3. Each sequencing reaction was
performed in a 10 μl volume consisting of 50 ng of PCR product, 5 pmol of primer,
and 4 μl of the ABI PRISM® Dye Terminator Cycle Sequencing Ready Reaction Mix.
Cycling conditions involved a 2 min denaturing step at 96°C, followed by 25 cycles of
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denaturation at 96°C for 10 s, primer annealing at 50°C for 5 s, and primer extension at
60°C for 4 min. Residual dye terminators were removed from the sequencing products
by precipitation with 95% (v/v) ethanol containing 120 mM sodium acetate (pH 4.6),
and vacuum dried. The sequencing products were analysed using an ABI 373A DNA
Sequencer. Sequence results were edited, compiled and compared using BioEdit
Sequence Alignment Editor and Vector NTI version 6.
The 16S rRNA gene sequences obtained for the avian isolates were compared,
and a 1250 bp nucleotide sequence aligned with the 16S rRNA gene sequences
available in the GenBank sequence database. A total of 32 additional sequences were
used, including those from B. hyodysenteriae (n=7), B. intermedia (n=4), B. innocens
(n=2), B. murdochii (n=7), “B. pulli” (n=4), B. alvinipulli (n=2), and B. pilosicoli (n=6)
(listed in Table 4.4). The sequences were aligned using ClustalX (Thomson et al.,
1997) and a dendogram created with MEGA version 2.1 (Kumar et al., 2001) using the
unweighted pair-group method of arithmetic averages (UPGMA) clustering fusion
strategy.
The NADH oxidase gene sequences obtained for the 16 B. intermedia avian
isolates (from Chapter4) were compared, and the 540 bp sequences were aligned
against each other to identify any variations between the strains, and then aligned with
available sequences in the GenBank sequence database. New sequences were
deposited into GenBank according to their instructions.

2.6

Pulsed field gel electrophoresis (PFGE)
Pulsed field gel electrophoresis (PFGE) was used to strain-type isolates of

avian Brachyspira species. PFGE was performed using a contour-clamped
homogenous electric field system (CHEF DR III). The preparation of DNA plugs,
digestion and electrophoresis was conducted as described by Brook et al, (2001).
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Buffers are abbreviated in the description of the methodology below. The
names and the corresponding abbreviations and recipes are provided in Appendix A.

2.6.1

Preparation of DNA from spirochaetal cells
All spirochaete strains used in PFGE analyses were retrieved from -80oC

storage. Each strain was subcultured as described in section 2.1.1, and grown on BA
plates for 5 days. Cells were removed from the surface of the plates using a sterile
cotton tipped swab and a cell suspension equivalent to McFarland opacity 5 (5 x 109
cells/ml) was made in 1 ml of cold TE buffer. The cell suspension was centrifuged for
3 min at 8,000 g and resuspended in 50 µl of cold TE buffer. Fifty µl of lysostaphin
and 100 µl of molten low melting point agarose were added to the cells, thoroughly
mixed and pipetted into sterile pre-chilled plug moulds and allowed to set at 4oC for 1
h.
Once set, the plugs were placed into sterile 1.5 ml ependorf tubes containing
500 µl lysis buffer and 12.5 µl lysozyme, and incubated for 18 h at 37oC. The lysis
solution was removed and replaced with 500 µl Tris-EDTA sarcosine buffer (TES) and
20 µl Proteinase K and incubated for 18 h at 50oC. Plugs were washed with six
changes of 1 ml TE according to the following regimen: 1 x 5 min; 1 x 30 min; 2 x 1 h
with shaking; 2 x 1 h at 50oC; followed by 1 x 30 min in 0.1x TE and 1 x 30 min in 0.5
ml of 1 x restriction enzyme (RE) buffer provided with the restriction enzyme.

2.6.2

Restriction enzyme digestion and PFGE
Restriction digestion of the DNA was carried out with 50 units Mlu1 in 300 µl

of fresh RE buffer (provided with the restriction enzyme) and 3 µl bovine serum
albumin (BSA), and incubated for 20 h at 37°C. The digested plugs were placed in
fresh TE buffer and stored at 4°C.
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A 1% agarose gel made with 0.5x Tris-borate EDTA buffer (TBE) and
allowed to set for 2 hr at 4oC was then pre-electrophoresed for 1.5 h at the nominated
running conditions. For electrophoresis, half the plug was heated at 56oC for 8 min,
then loaded into a well and sealed into the agarose gel using 1% low melt agarose in
0.5x TBE. A lambda ladder molecular weight marker was treated in the same way as
the plugs and was included in two or more lanes of each gel. For Mlu1 digested
plugs, electrophoresis was at 200V for 20 h at 14°C, with the pulse ramped from 1 40 s. Running buffer was the same batch of 0.5 x TBE which was used to make the
gel and the gel plugs. Each strain was tested at least twice. The gels were stained in
ethidium bromide solution (1µg/ml) for 1 h, destained for 30 mins and photographed
over UV light.
Interpretation of the banding patterns in the gels and the relatedness of the
strains were based on modified recommendations for typing bacteria set out by
Tenover et al, (1995). Strains were considered genetically indistinguishable if the
bands were identical in size and number after Mlu1 digestion and electrophoresis. The
banding patterns were judged by eye and a strain was considered to be “closely
related” if the banding patterns differed by one or two bands. Strains were “possibly
related” if there were three to six band differences, and “unrelated” if there were more
than seven differences in the banding pattern.

2.7

Experimental Infections
The general methodology for experimental chicken infections is outlined

below. Any differences to this methodology are outlined in the description of the
individual chicken experiments in chapter 6.
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2.7.1

Ethics approval
All experimental infections were conducted with the approval of the Murdoch

University Animal Ethics Committee.

2.7.2

Source of chickens
ISA-Brown laying hens were obtained from the same commercial breeder for

all chicken experiments. Birds were generally purchased at around 18 weeks of age,
depending on the individual experiments.

2.7.3

Housing arrangements for chickens
The birds were housed in an environmentally controlled (21 - 23oC) facility,

with concrete walls and floors, and subjected to 12 hours artificial light each day. The
birds were individually housed in wire mesh metal cages with mesh floors, water and
feed troughs, in banks of 10 cages (5 cages on the top row and 5 on the bottom row).
The cages were 40 cm wide, 40 cm deep and 50 cm high and had perches placed 8 cm
above floor level, 15cm from the front of the cage (Figure 2.5).
Cages, water and feed troughs, and the holding facility were physically cleaned
and then hosed out with hot water on a weekly basis.

2.7.4

Formulation of diets
Except where specified in the individual experiments, all hens were fed

commercial-type wheat-based diets ad libitum. The composition of the diets are given
in Chapter 6. The metabolisable energy, and macronutrient and micronutrient contents
of the diets were sufficient to meet the nutrient needs of laying hens of this age
(Leeson et al., 1997).
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Figure 2.5 Photograph of the cages which housed the laying hens used in experimental infections.
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For the non-commercial diets (experiments 2 - 5). The wheat was hammermilled through a 5mm screen and all ingredients were thoroughly mixed to form a
mash. The base diet was then mixed with specific enzymes, or different wheat varieties
were added to this base mix depending on the experiment. Hens were fed their
respective diets for a minimum of 10 d prior to any analysis of egg weight, bird
weight, faecal water collection or any infection regime.

2.7.5

Infection of chickens
ISA-Brown hens were infected with either Brachyspira intermedia strain

HB60-1 or B. pilosicoli strain CPSp1. These avian Brachyspira strains were obtained
as frozen stock cultures from the collection held by the Reference Centre for
Intestinal Spirochaetes at Murdoch University. Strain HB60-1 was originally isolated
from a bird in a Western Australian laying flock with a wet litter problem (McLaren
et al., 1996), and had previously been used to infect laying hens (Hampson and
McLaren, 1999). Strain CPSp1 was originally isolated from a laying hen in
Queensland, Australia, and has been shown to reduce egg production in
experimentally infected broiler breeder hens (Stephens and Hampson, 2002). The
strains were grown in Kunkle’s anaerobic broth medium (Kunkle et al., 1986) until
early log-phase growth was achieved, when the spirochaetes were actively motile.
Growth and absence of contamination was monitored by examining aliquots under a
phase contrast microscope.
At approximately 22 weeks of age (depending on the individual experiments),
hens were orally inoculated via a crop tube with three ml of an actively growing
culture, on three consecutive days (depending on the experiment). The broths
contained approximately 108 - 109 bacterial cells per ml as determined by direct
counting of spirochaetes in a counting chamber using a phase contrast microscope. In
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all experiments, uninfected control hens were housed in individual cages in a separate
room, and were sham-inoculated with sterile broth.

2.7.6

Body weights
Hens were individually weighed by placing them into a cardboard box on tared

scales which would weigh up to 5 kg. The hens were weighed in the same manner
weekly throughout the experiment. Hens which were losing weight were examined by
a veterinarian, and any ill hens were killed by cervical dislocation, and a post mortem
examination was carried out.

2.7.7

Monitoring for spirochaetes in faeces
Each week, swabs were taken from the cloaca of each bird at the time they

were handled for weighing, commencing prior to experimental inoculation, and
continuing each week until the hens were killed. The swabs were streaked onto CVSTSA plates (described in section 2.1) and incubated as described. Growth was
examined by phase contrast microscopy after 10 days. To confirm the identity of
spirochaetes present, bacterial growth on the primary plate was scraped off with a
sterile wooden tooth pick and resuspended in 50 µl of sterile TE buffer, and an aliquot
subjected to a PCR appropriate to the inoculated strain.

2.7.8

Faecal moisture content
At the end of each week, commencing one week prior to infection, aluminium

foil was placed under the cage of each bird. After one hour individual faecal samples
were collected in pre-weighed plastic containers. An approximate one gram portion of
each sample was weighed, dried to constant weight in a hot air oven (approximately 2

95

Chapter 2: Materials and Methods

days), and the faecal moisture content calculated based on the percentage weight loss
after drying.

2.7.9 Egg production
Eggs were collected from the individual hens on a daily basis. Egg numbers
and egg weights for each bird was recorded daily, and accumulated to provide weekly
records.

2.7.10 Post-mortem examination
At completion of the individual experiments, the hens were killed by cervical
dislocation, and subjected to post-mortem examination. The caeca and colon were
opened to look for evidence of gross changes. Sections of one caecum were placed in
10% neutral buffered formalin as a fixative for subsequent histological examination. A
caecal swab was taken from the wall of the other caecum for spirochaete culture and
was processed in accordance with the previous faecal samples (section 2.7.7). A faecal
swab was taken at the time of post-mortem to correlate the association between caecal
and faecal swab results.

2.7.11 Measuring viscosity of ileal and caecal contents
Ileal and caecal contents (depending on the individual experiment) were
collected from each of the hens at post-mortem, and immediately frozen at –80oC.
Subsequently these samples were thawed and measurements of the viscosity performed
using a Brookfield LVDV-II+ cone plate (CP40) rotational viscometer (Brookfield
Engineering Laboratories, Inc., MA, USA). The samples were diluted 1:1 (v/v) with
distilled water, mixed and centrifuged at 12,000 g for 8 min. The viscosity of 0.5 ml
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supernatant fraction was measured at 25o C, applying a shear rate of 60 s-1 (McDonald
et al., 2001).

2.7.12 Statistical analysis
Statistical comparisons were made between the groups of experimental hens
described in Chapter 6 using InStat version 3. The ratio of the total number of excreta
samples collected that were positive and negative for Brachyspira were compared
between the experimental groups using Fishers Chi squared tests with relative risk at
the 95% confidence level.
Weekly and overall group bird weights, faecal moisture content, egg numbers,
egg weights and viscosity of the intestinal contents were compared using one-way
analysis of variance (ANOVA) with Tukey -/Kramer multiple comparisons tests, and
significance was accepted at the 5% level of probability. In experiment 5, regression
analysis was used to analyse effects of non-starch polysaccharides in different diets.
For each group, ileal viscosity values for the infected and uninfected hens also were
pooled, and then compared using a Student’s t -test.
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Chapter 3

Survival of avian intestinal spirochaete strains in the
presence of disinfectants and in faeces at different
temperatures
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3.1

Introduction
To date there has been a lack of basic data available about the likely survival

time of pathogenic intestinal spirochaetes in chicken faeces, as well as the
effectiveness of some common disinfectants that might be used to remove them from
the environment of poultry sheds. The study described here was undertaken to
provide some of the basic information needed in order to develop appropriate
methods for cleaning and disinfection, and for the collection and storage of chicken
faeces for diagnostic purposes.
Intestinal spirochaetes appear to survive for long periods in moist conditions.
For example, it has been reported that B. hyodysenteriae can survive for up to 48 days
in dysenteric pig faeces held between 0 and 10oC (Chia and Taylor, 1978). A later
study showed that the spirochaete survived for 112 days in pure pig faeces (Boye et
al., 2001), whilst B. pilosicoli was found to be even more resistant, surviving 210
days in pure pig faeces. These findings are consistent with those of a study of
contaminated lake water, in which B. pilosicoli survived for 66 days at 4oC (Oxberry
et al., 1998).
Unlike pig faeces, chicken faeces can be quite dry and contains a high
concentration of urea which may affect bacterial viability. Therefore, in order to
optimise diagnosis and control of AIS, it is important to understand the survival time
of avian Brachyspira species in chicken faeces.

3.2

Methods

3.2.1

Spirochaete strains and culture techniques
The two pathogenic avian spirochaete strains used were B. intermedia strain

HB60-1 (Hampson and McLaren, 1999) and B. pilosicoli strain CPSp1 (Stephens and
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Hampson, 2002). Both isolates were obtained from the culture collection held at the
Reference Centre for Intestinal Spirochaetes at Murdoch University. They were grown
to mid-log phase in Kunkle’s pre-reduced anaerobic broth and enumerated using a
counting chamber (sections 2.1.2.3 and 2.1.2.5).

3.2.2

Survival in the presence of disinfectants
Survival of the two spirochaete strains was tested in the presence of six

disinfectants commonly used in Australian poultry houses. These were alkaline salts
(Active Dot), quaternary ammonium (Quickmaster Lemon), iodine as an iodophor
(Vetadine), chlorine from Chloramine T (Halamid), glutaraldehyde (Sigma, USA), and
hydrogen peroxide (Sigma, USA).
For each disinfectant, two cell concentrations of each spirochaete strain were
tested (108 and 106 cells/ml) at four different exposure time intervals (1, 5, 10, 30 min).
Control strains grown in the absence of disinfectant were included, and handled in the
same way as the treated samples.
Initially one ml of disinfectant at ten times the recommended dose was added to
8 ml of anaerobic Trypticase Soy broth containing 10% foetal calf serum, as a
substitute for the organic matter which would normally be found in the faecal
environment. The final disinfectant concentration was that recommended by the
respective manufacturers. The tubes were mixed and one ml of actively growing
spirochaetes at 109 or 107 cells/ml was added so that the final cell concentrations were
108 and 106 cells/ml respectively. The tubes were thoroughly mixed on a vortex for the
desired time interval, then one ml volumes of the broths were removed and added to 10
ml of fresh broth. This aided in diluting out the disinfectant to prevent any further
activity on the spirochaetal cells. Again the tubes were thoroughly mixed, immediately
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centrifuged at 2,500 g for 15 min and the supernatant containing any residual
disinfectant was discarded.
The pelleted cells were plated onto Trypticase Soy Agar containing 5%
defibrinated ovine blood, using a sterile cotton swab, and then incubated in an
anaerobic atmosphere of 94% H2 and 6% CO2 at 37oC for seven days. After seven days
the growth on the plates was examined, scraped off and observed under a phase
contrast microscope (section 2.2.2.1).

3.2.3

Spirochaete survival in faeces at different temperatures
Chicken caecal faeces were obtained from six Hy-line laying pullets, and

cultured for intestinal spirochaetes by routine diagnostic culture methods (section
2.1.1). All six samples were negative for intestinal spirochaetes, and these were
pooled, thoroughly mixed and divided into 20 g aliquots. Samples were seeded with
different concentrates of either B. intermedia or B. pilosicoli cells at three different
concentrations (105, 107 and 109 cells/g faeces). A control sample was seeded with an
equivalent volume of sterile broth and all samples were thoroughly mixed using a glass
rod. All samples were examined in triplicate.
Samples were held in sealed sterile containers and stored at either 4oC, 25oC or
37oC. At the designated time intervals, cotton-tipped bacteriology swabs were inserted
into the faecal matter. Initially the samples were tested at times 0 and 2 hours, and then
once every 9-15 hours until 14 days had elapsed. The swabs were plated to selective
agar for isolation of intestinal spirochaetes and incubated at 37oC, in an anaerobic
atmosphere of 94% H2 and 6% CO2 for seven days (section 2.1.1). Spirochaete growth
on the plate was recorded as being either present or absent.
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3.3

Results

3.3.1

Survival of spirochaetes in commonly used disinfectants
The results for survival times of the B. intermedia and B. pilosicoli strains in

the presence of the disinfectants are presented in Table 3.1. Both species were still
viable in the control broths in the absence of any disinfectants after 30 minutes. The
two species showed similar sensitivities to the disinfectants, except that the B.
pilosicoli strain was slightly more susceptible to the alkaline salts than the B.
intermedia strain. Increasing the cell concentration of the spirochaetes did not increase
their survival time, except in the case of the alkaline salts. Apart from alkaline salts,
the other five disinfectants all inactivated the spirochaetes in less than one minute.

3.3.2

Survival of spirochaetes at varying temperatures
The survival times for B. intermedia and B. pilosicoli cells held in chicken

caecal faeces at different temperatures are shown in Table 3.2. The two species had
broadly similar survival times, although both concentrations of B. pilosicoli cells
survived for a slightly shorter period than the B. intermedia cells at 25oC, and when
held at 4oC survived for a shorter time at 105 cells per gram than at the other two
concentrations.
Survival time for both species was considerably reduced at 37oC compared to
the two other temperatures, being only between 2 and 17 hours, and was longer at 4oC
than at 25oC. Survival times for both species at 4oC and 25oC, but not at 37oC, tended
to increase slightly at the higher cell concentrations. The maximum survival time for
both species was between 72 and 84 hours at higher cell concentrations in faeces held
at 4oC.
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Table 3.1 Survival time of the B. intermedia and B. pilosicoli strains at two cell concentrations in the presence of six commonly used disinfectants at
the manufacturers’ recommended concentration.

Survival time (minutes)
B. intermedia
Disinfectant active constituent
(stock conc.)

Working dilution

B. pilosicoli

108 cells per ml

106 cells per ml

106 cells per ml

106 cells per ml

in broth

Alkaline Salts 61g/L

1:25

>10 < 30

>1 <5

<1

<1

Quaternary Ammonium 15g/L

1:20

<1

<1

<1

<1

Iodine (active) 16g/L

1:167

<1

<1

<1

<1

Chlorine 250g/Kg

1:200

<1

<1

<1

<1

Glutaraldehyde 25% v/v

1:25

<1

<1

<1

<1

Hydrogen peroxide 30 % v/v

1:30

<1

<1

<1

<1
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Table 3.2 Survival time of three different concentrations of B. intermedia or B. pilosicoli cells suspended in 20g of chicken caecal faeces held at three
different temperatures.

Survival time (hours)
B. intermedia

B. pilosicoli

Temp

105/gram

107/gram

109/gram

105/gram

107/gram

109/gram

4oC

> 60 < 72

> 72 < 84

> 72 < 84

> 41 < 50

> 72 < 84

> 72 < 84

25oC

> 50 < 59

> 59 < 74

> 59 < 74

> 17 < 26

> 41 < 50

> 41 < 50

37oC

> 2 < 17

> 2 < 17

> 2 < 17

> 2 < 17

> 2 < 17

> 2 < 17
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3.4

Discussion
The results of this study indicate that pathogenic intestinal spirochaetes

infecting chickens are relatively susceptible to disinfectants in common use, even in
the presence of organic matter. Although only two strains of two species were
examined, there is no reason to suppose that other strains of the species would behave
differently. The related intestinal spirochaete B. hyodysenteriae, the agent of swine
dysentery, has similarly been shown to be rapidly inactivated in a faecal slurry by a
number of common disinfectant solutions (Chia and Taylor, 1978).
In the current study, the disinfectants were tested against the spirochaetes in
Trypticase Soy broth containing 10% serum, with this medium acting as a standard
controlled source of organic matter. Disinfectants are normally inactivated by contact
with organic matter; hence they should be tested in the presence of sources of this
material to evaluate their likely efficacy under field conditions. The use of a broth
medium, which is rich in organic material, has previously been recommended for use
when testing disinfectants against other avian pathogenic bacteria (Ruano et al., 2001).
The alternative of testing disinfectant efficacy on faeces seeded with bacteria can be
problematic, since it is difficult to remove residual disinfectants when transferring the
bacteria to suitable growth medium for subsequent evaluation of their viability.
Despite using a standardised broth method of evaluation in this study, the possibility
remains that spirochaetes could have survived for longer if they were in the centre of a
faecal bolus, where active disinfectants could not penetrate.
Both species of spirochaete were relatively short-lived in chicken caecal faeces.
Previous studies on intestinal spirochaete survival have concentrated on species
isolated from pigs, particularly B. hyodysenteriae. Survival in these studies has
generally been much longer than the survival times found here. For example, Chia and
Taylor (1978) showed that B. hyodysenteriae survived for 48 days in dysenteric faeces
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held between 0 and 10oC, although it only survived for seven days at 25oC, and less
than 24 hours at 37oC. In another study, B. hyodysenteriae survived for 10 days in soil
held at 10oC, but this increased to 78 days in soil in the presence of 10% pig faeces,
and was 112 days in pure pig faeces (Boye et al., 2001). In the same study, B.
pilosicoli was found to be more resistant, surviving for 119 days in pure soil, and 210
days both in soil with 10% pig faeces and in pure pig faeces. Oxberry et al. (1998) also
found B. pilosicoli to be relatively resistant, surviving in lake water at 4oC for 66 days,
although its survival was reduced to 4 days at 25oC. The results from the current study
confirm that both B. pilosicoli and B. intermedia survive for shorter periods at warmer
than colder temperatures.
Overall, the survival times for the two spirochaete species in chicken caecal
faeces was greatly reduced compared to the survival time of spirochaetes held in pig
faeces, or in water, being less than 84 hours even at 4oC. Chicken faeces tend to be
acidic and relatively dry, and this adverse environment may be responsible for the
short survival times. It is possible that the methodology used for seeding faeces with
spirochaetes may have affected the viability of the organisms, and the distribution of
spirochaetes through it. The seeded faeces were unlikely to be completely
representative of the distribution of spirochaetes in the faeces of naturally-infected
hens. In the latter, it is likely that there are accumulations of spirochaetal cells in parts
of the faeces, and these may survive for longer than cells homogeneously distributed
through seeded faeces.
The practical implications of the findings of the study are that avian intestinal
spirochaetes are likely to be relatively fragile in the environment of a chicken shed.
This is support by the findings reported in chapter four, where Brachyspira spp. were
not isolated from dust, dander and a number of fomites in a disused poultry shed. It
should be relatively easy to break cycles of infection between batches of laying hens
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by resting sheds and equipment for only a few days, and applying common
disinfectants to contaminated equipment after cleaning has been carried out to remove
organic matter. The results also suggest that where infection occurs in new batches of
hens, it is unlikely to arise from spirochaetes from a previous batch of hens surviving
in the environment of the shed. Infection is more likely to arise by cross-contamination
from sheds of older hens on the same site, or from exogenous sources such as the
faeces of wild birds.
When conducting surveys on the prevalence of Brachyspira species, using
chicken faeces, this study also emphasizes the importance of only sampling from
freshly-passed faeces and processing this material as soon as possible. The samples
should be held at 4oC during transport to the laboratory.
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4.1

Introduction
To date, detailed studies on the epidemiology of AIS have focused mainly on

the between-flock prevalence of infection (Dwars et al., 1990; Dwars et al., 1992a;
Swayne and McLaren, 1997). Studies conducted where multiple samples have been
collected from individual hens on an individual infected farm, typically have had a
small sample size (n = 10), and have given culture positive prevalence’s of 10 – 100%
(Stephens and Hampson, 1999). Larger and more detailed studies using cross-sectional
and cohort investigations are required, particularly where these are supported by strain
typing techniques to study the molecular epidemiology of the infection(s).
Accordingly, the current study was undertaken on a local commercial laying
hen farm in Western Australia, with the intention of obtaining more information about
the prevalence and persistence of Brachyspira spp. on this farm. Furthermore, this
study aimed to assess potential reservoirs of infection and re-infection on this farm.

4.2

Methods

4.2.1

Choosing a farm
Local laying hen farms with a known history of AIS within a 100km radius

from Murdoch University were reviewed to determine the status of their housing
arrangements, breed of laying hen, number of working battery sheds, number of barn
laying sheds, proximity of the sheds to each other and to local residences, egg
production status and health status. A local farm was identified as having both battery
and barn laying sheds, and was accessible to Murdoch University.
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This farm recently had submitted samples from hens with wet litter and
production problems. Eight out of 10 samples were positive for Brachyspira spp. by
culture and PCR analysis.
The farm owner was contacted and the proposed epidemiological project was
discussed with him. On the basis that his farm already had a potential AIS problem, he
gave permission for an epidemiological study to be conducted provided that it caused
minimal interruption to his business. He promised to keep the investigator informed of
any planned changes to management, whilst indicating that such changes were unlikely
to occur.

4.2.2
4.2.2.1

Farm details
Farm layout
The farm had four working sheds of caged hens and one barn, in close

proximity (Figure 4.1). There was no infection control enforced for workers moving
between sheds (eg footbaths at the entrance to sheds). The farm was owned and run by
a family of three individuals who all contributed to aspects of the farm work.
Contractors were brought in for duties such as beak cropping, cage clean-out, and restocking of the cages with newly introduced hens.
Each shed housed approximately 5,400 hens. These hens were held three per
cage, with six rows of approximately 300 adjacent cages running along the length of
each shed (Figure 4.2).
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Figure 4.1 Layout of the farm showing the close proximity of the sheds. From left to
right: decommissioned shed now used for storage, shed 2 used in the cross-sectional
survey, shed 1 used in both the cross-sectional and longitudinal surveys.

The sheds were enclosed, had dirt floors with concrete slabs between rows, and
wooden walls and rafters with lattice-like non-mechanical ventilation at the top quarter
of the shed (Figures 4.2 and 4.3). Rodents, birds and small marsupials could enter the
sheds through the roof space. Larger animals (foxes) had been known to burrow under
the walls and attack the chickens at night.
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Figure 4.2 Internal construction of the sheds, showing the close proximity of the hens
to each other, the faecal cones under the cages and communal feed and water troughs.

4.2.2.2 Shed cleanout
Using a small bulldozer and shovels, faecal matter was discarded into large
bins to be sent off for composting. This method of removal meant that faecal matter
and dust was easily transported by wind to neighbouring sheds. The sheds generally
were emptied 12 to 144 hours prior to a fresh batch of chickens being housed in the
sheds. Once the hens and the faecal matter were removed, the sheds were cleaned with
a high pressure hot water hose. Feed and water lines were not cleaned between batches
of hens, nor was any disinfectant or cleaning agent used on the cages.
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Figure 4.3 Construction of the sheds with wooden slat walls and the open ventilation
at the top quarter of the shed.

4.2.3

Sample collection
Fresh faecal samples (approx. 10 g) were collected early on the morning of

sampling from under the cages. As the cages housed one to three hens per cage (Figure
4.4), the samples collected from under each cage potentially could have been
contributed to by up to three hens. Four different fresh faecal droppings were collected
(and pooled) per sampling site. In each shed, a total of 200 pooled samples were
collected from sites evenly distributed throughout the shed. The samples were
collected in sterile 75 ml plastic containers, bagged and transported in insulated boxes
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with cold packs. The samples were processed (section 2.1.1) within 4 hours of
collection.
At the time of the cross-sectional survey, pools (n = 3-5) of six different types
of insect also were obtained from each of the three sheds. These were mechanically
homogenised and individually cultured for intestinal spirochaetes. These insect groups
were mites, beetles, spiders, adult flies, fly maggots and midges.

4.2.4

Diet
The hens were fed ab libitum on a commercial laying hen diet fed as a crumble.

It was based on an unknown wheat variety and containing no less than 14% crude
protein of plant origin.

4.2.5

Cross-sectional survey
At the start of cross-sectional survey (February, 2002), the farm had three

working sheds (sheds 1, 2 and 4) which housed ISA-Brown laying hens of different
ages. Shed 3 was empty, and had been so for four weeks prior to the start of the survey.
Hens in this shed had been identified as having a Brachyspira infection (AIS), and
there have been a severe wet litter problem, with a high mortality rate and significantly
reduced egg production. In addition, there was one working barn at the back of the
farm.
The cross-sectional survey was conducted on one day. Two hundred fresh
faecal samples were collected from each shed from the 200 sampling sites (ie 600
pooled samples collected in total). At the time of sampling, hens in shed 1 were near
the end of their production cycle (approximately 62 weeks of age), those in shed 2
were in the middle of their cycle (approximately 40 weeks of age) and those in shed 4
were newly-introduced and at the beginning of lay (approximately 18 weeks of age).
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All hens were obtained from a commercial hatchery (Layertech Services) at
approximately 16 -18 weeks of age.

Figure 4.4 Housing regime of the hens showing three hens per cage.

4.2.6

Longitudinal survey
Approximately two months after the cross-sectional survey, a longitudinal

survey was conducted on new hens introduced into sheds 1 and 3. Shed 3 had been
cleaned and emptied for three months at the start of the longitudinal study, in response
to the previous wet litter problem. Before new hens were introduced, a range of 70
environmental samples, including soil and mud, dust, insects, cobwebs, wild bird
droppings, rodent droppings, remaining feed, water supply, feathers and swabs from
the cages were collected from throughout the shed for Brachyspira culture.
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Shed 1 was emptied after the cross-sectional survey, and then immediately
cleaned by physical removal of faecal matter and high-pressure hosing with hot water.
Two days after cleaning and one day prior to the introduction of new hens, 70
environmental samples were collected from this shed, as with shed 3. Shed 1 was
restocked approximately three weeks after shed 3.
Both sheds were restocked with Hy-line Brown hens, from a different
commercial hatchery (Altona) than the ISA-brown hens sampled in the cross-sectional
survey. These hens were purchase at 16 – 18 weeks of age. This was done by the
owner in response to the wet litter problem on the farm, and was not part of the
original planned approach to investigating the association between the wet litter
problem and colonisation with intestinal spirochaetes. The investigator was not
informed or aware of the decision to change the type and source of hens.
Sampling in sheds 1 and 3 was conducted at 2 to 4 week intervals, with 144
samples being taken from fixed sites in shed 3 and 156 samples taken from fixed sites
in shed 1 at each visit. A total of 13 visits were made over a period of 5 ½ months.
Each individual sample represented a pool of freshly-passed faeces from under a cage
(ie from up to three hens).

4.2.7

Detection and identification of spirochaetes
Faecal samples from the cross-sectional and the longitudinal survey were

plated to selective agar for isolation of intestinal spirochaetes (section 2.1.1), and the
species of Brachyspira present identified by undertaking PCR for B. intermedia, B.
pilosicoli, B. hyodysenteriae and Brachyspira spp. (section 2.4.5.3). Any spirochaetes
which were not identified by these PCRs were subjected to the general 16S rRNA
gene PCR, and the PCR products were sequenced.
116

Chapter 4: An investigation into the epidemiology of intestinal spirochaetes on a commercial laying hen farm

4.2.8

Testing for indole production and biochemical activity
Isolates obtained during this trial were subcultured to ensure purity, and then

tested for indole production and biochemical activity as described in sections 2.3.2
and 2.3.3 respectively. Control strains of B. intermedia (HB60-1), B. pilosicoli
(95/1000), “B. pulli” (60-5) and B. hyodysenteriae (B78T), were used as internal
controls for the tests conducted.

4.2.9 16S rRNA gene and NADH oxidase gene sequencing
Five Brachyspira isolates from the cross-sectional survey which were
determined not to be B. intermedia or B. pilosicoli following the use of the diagnostic
PCRs (described in section 2.4.5.2), as well as three isolates identified as B.
intermedia, were investigated by PCR amplification and partial sequencing of their
16S rRNA genes, as described in section 2.5. Additional avian strains of B. pilosicoli
(n = 4), B. intermedia (n = 4), B. innocens (n = 2), B. murdochii (n = 5) and “B. pulli”
(n = 4) (Table 4.4), obtained from the reference library at Murdoch university, were
sequenced as controls.
The 16S rRNA gene sequences obtained for the eight avian isolates were
compared, and a 1250 bp nucleotide sequence aligned with 16S rRNA sequences
available in the GenBank sequence database. A total of 32 additional Brachyspira spp.
sequences were used, as described in section 2.5 (strains listed in Table 4.4).
The NADH oxidase genes of 16 B. intermedia avian isolates from the crosssectional survey also were partially sequenced, and the 540 base pair sequences were
aligned against each other to identify any variations between the strains, and then were
aligned with available sequences in the GenBank sequence database.
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4.2.10 Pulsed field gel electrophoresis (PFGE)
Twenty four B. intermedia isolates and five un-identified spirochaetes
recovered from the three sheds during the cross-sectional survey were subjected to
strain typing using pulsed field gel electrophoresis (PFGE). PFGE was conducted
using a contour-clamped homogenous electric field system (CHEF DR II), as
described in section 2.6.

4.2.11 Transmission electron microscopy
Transmission electron microscopy was used to compare the size, wavelength,
diameter and number of periplasmic flagella of the five unidentified (“B. pulli”)
isolates to those of strains which had previously been described by McLaren et al.,
(1997). The methodology has previously been described in section 2.2.2.3.

4.3

Results

4.3.1

Cross-sectional survey
Results of the visual assessment of spirochaetal culture and subsequent PCR

are summarised in Table 4.1. Overall there was a high prevalence of colonisation of
hens by intestinal spirochaetes, as observed by the presence of spirochaetal growth on
the isolation plates (~20%). Only 8.5% of the 600 samples were positive with one or
the other of the two diagnostic PCRs for avian pathogens that were used, however, and
B. intermedia was much more common than B. pilosicoli (overall prevalence 7.2%
compared to 1.3%). The overall prevalence of intestinal spirochaetes and the
prevalence for B. pilosicoli were similar in the three sheds, even though the sheds
housed hens of different ages. Colonisation rates for B. intermedia were highest (11%)
in shed 2 where the hens of intermediate age were housed, and lowest in shed 4 (3.5%)
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containing the youngest hens. Colonisation rates in these two flocks were significantly
different (χ2 = 8.365; P = 0.0038), but no other between-flock differences were
significant.

Table 4.1 Visual assessment from the primary isolation plates and subsequent PCR
results obtained from a collection of 200 fresh caecal faecal samples from laying hens
in each of three flocks on a farm in Western Australia (600 samples in total).

PCR Results
Flock/shed

Age in

Spirochaetes

weeks

seen on platea

1

62

2
4
Total

B. intermedia

B. pilosicoli

40 (20%)

14 (7%)

2 (1%)

40

45 (22.5%)

22b (11%)

3b (1.5%)

18

36 (18%)

7 (3.5%)

3 (1.5%)

121 (20.2%)

43 (7.2%)

8 (1.3%)

a

Growth from plates then tested by PCR

b

Two samples positive for both spirochaete species – ie evidence of mixed infection.

None of the insect or environmental samples that were taken at the farm
yielded any spirochaetal growth on the primary isolation plates.
After repeated subculture, 29 intestinal spirochaete isolates were obtained in
pure culture. All were weakly ß-haemolytic. Twenty-four were indole positive and the
other five were indole negative. All the indole positive isolates subsequently were
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positive in the B. intermedia PCR, but negative in the PCRs for B. pilosicoli and B.
hyodysenteriae. The five indole-negative isolates were negative in all three PCRs.
These results are summarised in Table 4.2.

Table 4.2 Isolates obtained following culture of a collection of 200 fresh faecal
samples from laying hens in each of three sheds on a laying hen farm in Western
Australia (600 samples in total).
Spirochaetes isolateda
Flock/shed

Age in weeks

Unknown spirochaetes

(indole positive)

(indole negative)

1

62

6

2

2

40

16

2

4

18

2

1

24

5

Total
a

All weakly ß-haemolytic

b

Identity confirmed by PCR

4.3.2

B. intermediab

Longitudinal survey
Both new flocks developed a severe wet litter problem within 4-6 weeks of

being introduced. Faeces failed to cone under the cages (Figure 4.5), the sheds had a
strong smell of ammonium, individual hens were passing liquid faeces, and some had
prolapsed intestines. On average five to ten deaths were reported daily due to the
severity of the problem (personal communication with farm owner). At this time
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spirochaetes started to be isolated from some of the faecal samples (Table 4.3).
Between visits 5 and 6, the wet litter problem disappeared. During this period between
visits the sheds had been cleaned, the diet changed from a “crumble” to a “mumble”,
and it appeared likely that antibiotics had been administered to the hens (although this
could not be confirmed). Subsequently, spirochaetes were not isolated from any
sample until visit 12, when two samples from shed 1 were found to be positive (Table
4.3).

Figure 4.5 The typical faecal cones formed under the cages of healthy hens.
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Table 4.3 Visit schedule and intestinal spirochaete culture and PCR results for sheds 1 and 3 in the longitudinal survey on the laying hen farm.
Visit*

Positive sample from Shed 1

Positive sample from Shed 3

(156 samples/visit)

(144 samples/visit)

Culture Positive**

PCR results
B. intermedia

Culture Positive**

B. pilosicoli

Brachyspira sp.

PCR results
B. intermedia

B. pilosicoli

Brachyspira sp.

1. 5/4/02

N/C

N/C

N/C

N/C

0

0

0

0

2. 19/4/02

N/C

N/C

N/C

N/C

0

0

0

0

3. 26/4/02

1

1

0

0

0

0

0

0

4. 3/5/02

3

2

1

0

3

1

0

2

5. 17/5/02

5

2

1

2

4

2

1

1

6. 31/5/02

0

0

0

0

0

0

0

0

7. 14/6/02

0

0

0

0

0

0

0

0

8. 28/6/02

0

0

0

0

0

0

0

0

9. 12/7/02

0

0

0

0

0

0

0

0

10. 27/7/02

0

0

0

0

0

0

0

0

11. 9/8/02

0

0

0

0

0

0

0

0

12. 23/8/02

2

1

0

1

0

0

0

0

13. 26/9/02

0

0

0

0

0

0

0

0

N/C = no samples taken as shed had not been re-stocked with laying hens
*Wet litter problem disappeared between visit 5 and 6
** spirochaetes observed on the primary isolation plate
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Although spirochaetes were seen growing on the isolation plates from some
samples (Table 4.3), only one sample from shed 1 had an isolate obtained in pure
culture (17/5/02), and this was B. intermedia. The other spirochaetes present as
detected by visual observation of the growth on the isolation plate, and PCR, were B.
intermedia (n = 8), B. pilosicoli (n = 3) and Brachyspira sp. (n = 6), but these could not
be isolated in pure culture despite multiple subculturing.

4.3.3 Identification of PCR-negative avian spirochaetes by 16S rRNA
sequencing
A dendrogram representing differences in 16S rRNA sequence among known
Brachyspira species and isolates obtained during the cross-sectional survey is shown
as Figure 4.6. The origin of the strains and GenBank numbers are listed in Table 4.4.
The five un-identified avian isolates (MMM-05; MMM-13; MMM-17; MMM-20 and
MMM-29) shared the greatest genetic identity with the proposed chicken spirochaete
species “Brachyspira pulli” (McLaren et al., 1997; Stephens and Hampson, 1999).
Each of the five isolates had a one to two bp differences over the 1208 bp of the 16S
rRNA gene sequenced (Figure 4.7). When the sequences for the isolates were
compared to that of a previously isolated “B. pulli” strain 60-5 (McLaren et al.,
1997), 7 bp differences were found over the 1208 bp (Figure 4.7). The three B.
intermedia isolates (MMM-06; MMM-08; and MMM-21) from the survey clustered
with other avian isolates of B. intermedia.
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Identity

Species

AN 383:2/00
AN 3907/02
AN 1409/01
R1

Brachyspira hyodysenteriae

NIV-1
AN 174-92 (porcine)
B78T (porcine)
E2
HB60
MMM-06
MMM-08

Brachyspira intermedia

MMM-21
1380
3B1
2A-20
Q98.0062.11
Q98.0092.13
Q98.0034.16
155.20 (porcine)
56-150T (porcine)

Brachyspira murdochii
and
Brachyspira innocens

CPBB5
DL40/7
Icaec-1
60/5
2B-13
MMM-20
MMM-05
B37ii

“ Brachyspira pulli”

MMM-13
MMM-29
MMM-17
A34iii
C2

Brachyspira alvinipulli

C3
Q98.0028.3
Q94.0354.0.6
Q97.3008.4.2

Brachyspira pilosicoli

Q98.0072.38
95/1000 (porcine)
P43/6/78T porcine)
Genetic Distance
0.008

0.006

0.004

0.002

0.000

Figure 4.6 Dendogram showing phylogenetic relationships of 40 intestinal
spirochaetes based on sequence from a 1250 base pair portion of the 16S rRNA gene.
Isolates are of avian origin unless indicated otherwise. Isolates obtained from the
current study are marked in bold.
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Table 4.4 Strains of intestinal spirochaetes and their GenBank 16S rRNA accession numbers, as used in the phylogenetic analysis.
Species

Isolate namea

Host

Accession numberb

References

Brachyspira hyodysenteriae

AN 383:2/00

Mallard

AY352291

Jansson et al., 2004

AN 3907/02

Mallard

AY352287

Jansson et al., 2004

AN 1409/01

Mallard

AY352281

Jansson et al., 2004

R1

Rhea

SHU23035

Jensen et al., 1997

NIV-1

Rhea

SHU23036

Jensen et al., 1997

AN174-92

Pig

SHU14931

Pettersson et al 1996

B78T

Pig

SHU14930

Taylor and Alexander, 1971

E2

Chicken

AY745522

McLaren et al., 1997

HB60-1

Chicken

AY745532

McLaren et al., 1997

MMM-21

Chicken

AY745531

This study

MMM-06

Chicken

AY745523

This study

MMM-08

Chicken

AY745525

This study

3B1

Chicken

AY745524

McLaren et al., 1997

1380

Chicken

AY745526

McLaren et al., 1997

Brachyspira intermedia
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Table 4.4 cont. Strains of intestinal spirochaetes and their GenBank 16S rRNA accession numbers, as used in the phylogenetic analysis.
Species

Isolate namea

Host

Accession numberb

References

Brachyspira innocens

2A-20

Chicken

AY745527

McLaren et al., 1997

Q98.0034.16

Chicken

AY745528

Stephens and Hampson, 1999

Q98.0062.11

Chicken

AY745529

Stephens and Hampson, 1999

Q98.0092.13

Chicken

AY745530

Stephens and Hampson, 1999

155.20

Pig

AY745533

Lee et al, 1993b

56-150T

Pig

AY312492

Stanton et al, 1997

CPBB5

Chicken

AY745535

Stephens and Hampson, 1999

DL40/7

Chicken

AY745534

Stephens and Hampson, 1999

Icaec-1

Chicken

AY745543

Stephens and Hampson, 1999

60/5

Chicken

AY745541

McLaren et al., 1997

2B-13

Chicken

AY745536

McLaren et al., 1997

B37ii

Chicken

AY745542

McLaren et al., 1997

A34ii

Chicken

AY745537

McLaren et al., 1997

MMM-20

Chicken

AY745538

This study

Brachyspira murdochii

“Brachyspira pulli”

Brachyspira spp.
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Table 4.4 `cont. Strains of intestinal spirochaetes and their GenBank 16S rRNA accession numbers, as used in the phylogenetic analysis.
Species

Isolate namea

Host

Accession numberb

References

Brachyspira spp.

MMM-05

Chicken

AY745539

This study

MMM-13

Chicken

AY745540

This study

MMM-29

Chicken

AY745545

This study

MMM-17

Chicken

AY745544

This study

C2

Chicken

AY745552

Stanton et al., 1998

C3

Chicken

AY745546

Stanton et al., 1998

Q98.0028.3

Chicken

AY745547

Stephens and Hampson, 1999

Q94.0354.0.6

Chicken

AY745548

Stephens and Hampson, 1999

Q97.3008.4.2

Chicken

AY745549

Stephens and Hampson, 1999

Q98.0072.38

Chicken

AY745551

Stephens and Hampson, 1999

95/1000

Pig

AY745550

Oxberry, 2002

P43/6/78T

Pig

AY155458

Taylor et al, 1980

Brachyspira alvinipulli

Brachyspira pilosicoli

a

Strains with prefix MMM were isolates from the cross-section survey

b

Sequences from GenBank.
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MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

1
1
1
1
1
1

ACTAATACCGCATATACTCTTGCTACACAAGTGGCGTAGAGGAAAGGAGCAATCCGCTTT
...........................T................................
............................................................
............................................................
..................................................G.........
..................................................G.........

60
60
60
60
60
60

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

61
61
61
61
61
61

ACGATGAGCCTGCGGCCTATTAGCCTGTTGGTGGGGTAACGGCCTACCAAAGCTACGATA
............................................................
........................................A...................
............................................................
............................................................
......................................................G.....

120
120
120
120
120
120

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

121
121
121
121
121
121

GGTAGCCGACCTGAGAGGGTGACCGGCCACATTGGGACTGAGATACGGCCCAGACTCCTA
............................................................
............................................................
............................................................
............................................................
............................................................

180
180
180
180
180
180

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

181
181
181
181
181
181

CGGGAGGCAGCAGCTGAGAATCTTCCACAATGGACGAAAGTCTGATGGAGCGACATCGCG
............................................................
............................................................
............................................................
............................................................
............................................................

240
240
240
240
240
240

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

241
241
241
241
241
241

TGAGGGATGAAGGCCTTCGGGTTGTAAACCTCGGAAATTATCGAAGAATGAGTGACAGTA
............................................................
............................................................
............................................................
............................................................
............................................................

300
300
300
300
300
300

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

301
301
301
301
301
301

GATAATGTAAGCCTCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGAGGCAAAC
............................................................
............................................................
............................................................
............................................................
............................................................

360
360
360
360
360
360

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

361
361
361
361
361
361

GTTGCTCGGATTTACTGGGCGTAAAGGGTGAGTAGGCGGACTTATAAGTCTAAGGTGAAA
............................................................
............................................................
............................................................
............................................................
............................................................

420
420
420
420
420
420

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

421
421
421
421
421
421

GACCGAAGCTCAACTTCGGGAACGCCTCGGATACTGTAAGTCTTGGATATTGTAGGGGAT
............................................................
............................................................
............................................................
............................................................
............................................................

480
480
480
480
480
480
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MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

481
481
481
481
481
481

GATGGAATTCTCGGTGTAGCGGTGGAATGCGCAGATATCGAGAGGAACACCTATAGCGAA
............................................................
............................................................
............................................................
............................................................
.............................T..............................

540
540
540
540
540
540

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

541
541
541
541
541
541

GGCAGTCATCTGGGCATTTATCGACGCTGAATCACGAAAGCTAGGGTAGCAAACAGGCTT
............................................................
............................................................
.............A................................G.............
............................................................
............................................................

600
600
600
600
600
600

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

601
601
601
601
601
601

AGATACCCTGGTAGTCCTAGCCGTAAACGTTGTACACTAGGTGCTTCTATCTAAATAGGA
............................................................
............................................................
............................................................
..................................................T.........
............................................................

660
660
660
660
660
660

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

661
661
661
661
661
661

GTGCCGTAGCTAACGTCTTAAGTGTACCGCCTGAGGAGTATGCCCGCAAGGGTGAAACTC
............................................................
............................................................
............................................................
............................................................
............................................................

720
720
720
720
720
720

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

721
721
721
721
721
721

AAAGAAATTGACGGGTCCCCGCACAAGTGGTGGAGCATGTGGTTTAATTCGATGATACGC
............................................................
............................................................
............................................................
............................................................
............................................................

780
780
780
780
780
780

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

781
781
781
781
781
781

GAAAAACCTTACCTGGGTTTGAATTGTAAGATGAATGATTTAGAGATAAGTCAGACCGCA
............................................................
............................................................
............................................................
............................................................
............................................................

840
840
840
840
840
840

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

841
841
841
841
841
841

AGGACGTTTTACATAGGTGCTGCATGCCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTT
............................................................
............................................................
............................................................
............................................................
.....A....................G.................................

900
900
900
900
900
900

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

901
901
901
901
901
901

AAGTCCCGCAACGAGCGCAACCCTCACCCTTTGTTGCTACCGAGTAATGTCGGGCACTCT
............................................................
............................................................
............................................................
............................................................
............................................................

960
960
960
960
960
960
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MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

961
961
961
961
961
961

TAGGGGACTGCCTACGTTCAAGTAGGAGGAAGGTGGGGATGATGTCAAGTCCTCATGGCC
............................................................
............................................................
............................................................
............................................................
.................................C..........................

1020
1020
1020
1020
1020
1020

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

1021
1021
1021
1021
1021
1021

CTTATGTCCAGGGCTACACACGTGCTACAATGGCAAGTACAAAGAGATGCGAGACCGCGA
............................................................
............................................................
............................................................
............................................................
.......................................................T....

1080
1080
1080
1080
1080
1080

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

1081
1081
1081
1081
1081
1081

GGTGGAGCGAAACTCAAAAAAGTTGCCTCAGTTCGGATTGGAGTCTGAAACTCGACTCCA
............................................................
............................................................
............................................................
............................................................
............................................................

1140
1140
1140
1140
1140
1140

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

1141
1141
1141
1141
1141
1141

TGAAGTTGGAATCACTAGTAATCGTAGATCAGAACGCTACGGTGAATACGTTCCCGGGGA
............................................................
............................................................
............................................................
............................................................
............................................................

1200
1200
1200
1200
1200
1200

MMM-17
MMM_29
MMM-13
MMM-20
MMM-05
60-5

1201
1201
1201
1201
1201
1201

TTGTACAC
........
........
........
........
........

1208
1208
1208
1208
1208
1208

Figure 4.7 Alignment of 16S rRNA gene sequence (1208 bp) of five “B. pulli” isolates
from the epidemiological study, and “B. pulli” strain 60-5 from the study of McLaren
et al (1997).
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4.3.3

Biochemical analysis
Only 17 of a possible 24 B. intermedia isolates and the five “B. pulli” isolates

from the cross-sectional survey were tested for their enzymatic activity using the APIZYM method. All 17 B. intermedia isolates produced similar API-ZYM results to
those previously published for B. intermedia, as did the five “B. pulli” isolates
(McLaren et al., 1997; Stanton et al., 1997). The results are summarised in Table 4.5.

4.3.4

Pulsed field gel electrophoresis (PFGE)
Of the 24 B. intermedia isolates examined by PFGE, only 20 provided clear

banding patterns (Figure 4.8). These isolates were divided into four PFGE patterns,
each differing by 2-4 DNA bands. Patterns 1 and 3 could be further subdivided on the
basis of minor differences in 1 or 2 bands. Pattern 1 could be subdivided into 4 subpatterns (1a to 1d), and pattern 3 could be divided into three sub-patterns (3a to 3c).
The two indole-negative “B. pulli” isolates that were examined gave distinct patterns.
The distribution of the various PFGE patterns through the three sheds at the time of
the cross-sectional survey is shown in Table 4.6.
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Table 4.5 API-ZYM result for 17 out of 29 Brachyspira spp. isolates from the
three sheds in the cross-sectional survey.

Number per shed
Species

B. intermedia*

“B. pulli”**

API-ZYM profile

Shed 1

Shed 2

Shed 3

14.0.13.10.1

1

4

2

14.0.12.10.1

1

3

1

14.0.13.3.3

1

-

-

14.0.15.10.1

1

-

-

14.0.12.11.1

-

1

-

14.0.13.2.1

-

1

-

14.0.10.2.1

-

1

-

14.0.13.11.1

1

1

-

14.0.13.3.1

1

-

1-

14.0.12.11.1

-

1

-

* API-ZYM profile for B. intermedia HB60-1 (control strain) was
10.0.4.10.1.
** API-ZYM profile for “B. pulli” 60-5 (control strain) was 14.0.13.15.1
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Table 4.6 Analysis of PFGE banding patterns and distribution of 20 B. intermedia
isolates through the three sheds.

PFGE pattern

Flock/shed

Number of isolates

1a

1

1

1b

1

1

1b

2

1

1b

3

1

1c

1

1

1d

2

1

2

1

1

2

2

2

3a

2

5

3b

2

2

3c

1

1

3c

3

1

4

1

1

4

2

1
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Figure 4.8 PFGE patterns of B. intermedia isolates obtained in the cross-sectional
survey.

Gel 1. Lanes 1 and 12, lambda ladders. Lane 2, isolate MMM-03, pattern 2. Lane 3,
isolate MMM-04, pattern 3a; Lane 4, isolate MMM-26, pattern 2; Lane 5, isolate
MMM-06, pattern 1a; Lane 6, isolate MMM-10, pattern 2; Lane 7, isolate MMM-11,
pattern 1b; Lane 8, isolate MMM-16, pattern 1c; Lane 9, isolate MMM-15, pattern 4;
Lane 10, isolate MMM-21, pattern 1b; Lane 11, isolate MMM-25, pattern 1b.
Gel 2. Lanes 13 and 26, lambda ladders. Lane 14, isolate MMM-01, pattern 3b; Lane
15, isolate MMM-07, pattern 3a; Lane 16, isolate MMM-08, pattern 3a; Lane 17,
isolate MMM-09, pattern 3a; Lane 18, isolate MMM-12, pattern 3a; Lane 19, isolate
MMM-14, pattern 3b; Lane 20, isolate MMM-17, pattern 4; Lane 21, isolate MMM18, pattern 3c; Lane 22, isolate MMM-19, pattern 1d; Lane 23, isolate MMM-22,
pattern 3c. Lanes 24 and 25, “B. pulli” isolates MMM-13 and MMM-05.
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4.3.5

Transmission electron microscopy of “B. pulli” isolates
The morphological characteristics of the two “B. pulli” isolates were consistent

with previously published results (McLaren et al., 1997). The isolates were slightly
shorter than those of the three “B. pulli” isolates reported by McLaren et al (1997),
although the diameter and the wavelength were slightly greater (Table 4.7).

Table 4.7

Morphological characteristics of seven Brachyspira species (previously

published in McLaren et al., 1997), as a comparison to two “B. pulli” isolates from the
current epidemiological study

Species

Strain

No. of

Cell

Length

Diameter

Wavelength

periplasmic

ends

(µm)

(µm)

(µm)

flagella
B78Ta

7-10

Blunt

8.3-9.8

0.23-0.45

ND

B. pilosicoli

308.93a

5

Tapered

3.4-7.5

0.3-0.4

2.2-3.0

B. intermedia

HB60-1a

11-15

Blunt

7.78-11.22

0.17-0.43

2.33-3.62

B. innocens

B256Ta

7-10

Blunt

7.4-14.1

0.31-0.4

ND

B. murdochii

2726a

9-13

Blunt

8.44-11.31

0.29-0.47

3.96-6.23

B. alvinipulli

C1a

8

Blunt

7.98-9.54

0.30-0.34

2.79-3.83

PHB-11a

8-12

Blunt

11.08-26.62

0.27-0.39

2.56-4.38

PHB-9a

5-7

Blunt

10.69-17.46

0.32-0.39

2.54-4.08

60-5b

12-14

Blunt

11.56-24.80

0.32-0.39

2.56-4.00

MMM-05c

8-12

Blunt

9.76-16.80

0.32-0.47

2.62-4.80

MMM-13c

10-14

Blunt

8.93-15.56

0.28-0.61

2.50-4.55

B. hyodysenteriae

“B. pulli”

ND not determined.
a

published in McLaren et al., 1997

b

isolate published in McLaren et al., 1997, morphological characteristics determined

in this study
c

“B. pulli” isolates recovered from the current epidemiological study
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TEM images of “B. pulli” isolate MMM-13 include an overall appearance of
the isolate (Figure 4.8), a more magnified view showing the cell ends, length, diameter
and wavelength (Figure 4.9), and the presence of 14 periplasmic flagella wrapping
around the spirochaete and crossing over towards the middle quadrant (Figure 4.10).
TEM photographs of “B. pulli” isolate MMM-05 show the blunt end, outer
sheath and 12 periplasmic flagella wrapping around the spirochaete under the outer
sheath (Figure 4.11), while a close-up image shows the insertion discs of the flagella
(Figure 4.12).

Figure 4.8 TEM photograph of “B. pulli” isolate MMM-13
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Figure 4.9 TEM photograph of “B. pulli” isolate MMM-13. Some flagella from one
end of the spirochaete have been dislodged due to processing of the sample. The cell
has blunt ends, a length of 9.76µm, diameter of 0.47µm and a wavelength of 4.67µm.
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Figure 4.10 TEM photograph of “B. pulli” isolate MMM-13 showing the blunt end,
outer sheath and 14 flagella wrapping around the spirochaete. The flagella from both
ends of the spirochaete cross over towards the middle section.

Flagella crossing over
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Figure 4.11 TEM photograph of “B. pulli” isolate MMM-05 showing the blunt end,
outer sheath and 12 periplasmic flagella.
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Figure 4.12 TEM photograph of “B. pulli” isolate MMM-05 showing the insertion
disks and 12 periplasmic flagella. Magnification of 52, 000 X

Flagella

Insertion disk
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4.4

Discussion
Previously two large epidemiological studies on AIS have been conducted in

Australia, and both demonstrated that colonisation with intestinal spirochaetes is
common in flocks of laying hens and broiler-breeder hens (McLaren et al., 1996;
Stephens and Hampson, 1999). Several different spirochaete species have been
identified in Australian poultry, amongst which B. intermedia and B. pilosicoli are the
two main pathogenic species present (McLaren et al., 1997; Stephens and Hampson
1999). Both species can be isolated from about 10% - 100% of hens in infected laying
hen and broiler breeder flocks, with some flocks infected with both species (as well as
with other species of uncertain pathogenic potential).
The current study demonstrated that three flocks of laying hens on a farm
where wet litter had been a major on-going problem were commonly colonised by
intestinal spirochaetes. Around 20% of faecal samples from each of the sheds yielded
some spirochaetal growth on the primary isolation plates. About 12% of samples
contained spirochaetes of unknown identity, whilst about 7% contained B. intermedia
and 1% contained B. pilosicoli. Colonisation with B intermedia was significantly more
common amongst the flock of intermediate age in shed 2 than it was in the flock of
younger hens in shed 4, suggesting that after an initial infection was acquired in a flock
the prevalence slowly increased over the course of several months.
The original source of infection for the hens was uncertain, but the spirochaetes
were not detected in environmental samples. It is possible that spirochaetes were
already present in the hens when they were purchased from the rearer, although no
pathogenic spirochaetes were detected in hens obtained from this source in previous
and follow-up experimental infection studies (Hampson and McLaren, 1999; Oxberry,
2002). In chapter 3, it was shown that avian intestinal spirochaetes survive in chicken
faeces for less than one day at 37oC, increasing to three days at 4oC, so a pre-existing
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contamination of the shed is unlikely to be a major source of infection for newly
introduced hens. On this farm there was frequent and unrestricted movement of
personnel and equipment between the sheds. Taken together, it appears that the most
likely initial source of infection in a new flock would have been from spirochaetes
present in fresh faeces that were mechanically spread from infected hens in older
flocks on the farm.
Even though primary growths from many faecal samples were positive by
PCR, it was difficult to isolate spirochaetes in pure culture. This may reflect a
relatively low level of colonisation, but also could have been because of the presence
of contaminating micro-flora that were resistant to the antibiotics used in the isolation
plates. The isolates of B. intermedia that were obtained were confirmed to be indole
positive and weakly ß-haemolytic – both characteristic phenotypic features of this
species. The API-ZYM results for 17 of the isolates are consistent with previously
published data on B. intermedia. Minor differences in the enzymatic profiles amongst
the isolates confirm that the API-ZYM test is not very specific for identifying B.
intermedia isolates.
The PFGE analysis of the 20 B. intermedia isolates indicated that there were at
least four major strains circulating on the farm (Figure 4.6, Table 4.4). According to a
modified criteria set by Tenover et al. (1995), these 4 strains were “possibly related”,
whilst the strains with subtypes of patterns 1 and 3 were “closely related”. The strains
identified on the farm were not flock-specific, and this again suggests that they were
cycling between flocks, perhaps being spread in faecal contamination of the boots or
overalls of the staff. Clearly, in order to reduce such cross-infection, better on-farm
biosecurity measures are needed.
According to the PCR results, a number of the spirochaetes detected in
samples from the farm were neither B. intermedia, B. pilosicoli nor B.
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hyodysenteriae. Currently there are no PCRs available for B. alvinipulli, the other
main avian pathogenic intestinal spirochaete species, so it was thought useful to try to
identify these unidentified isolates by sequencing and aligning their 16S rRNA genes.
Doing this, the five non-B. intermedia isolates were shown not to be B. alvinipulli,
but were clearly placed together with other avian isolates in a new group
provisionally called “B. pulli”. The API-ZYM results obtained for these five isolates
were consistent with the results of McLaren et al., (1997). The TEM results of the
length, diameter, wavelength, type of cell ends and the number of periplasmic flagella
are also consistent with the results of McLaren et al (1997) for their “B. pulli” strains.
This provisionally named species contains strains with different phenotypic and
biochemical characteristics. However, based on the similar 16S rRNA gene
sequences obtained from the five isolates, and their positioning on the phylogenetic
tree (Figure 4.6), these five isolates share most genetic similarities to “B. pulli”. The
pathogenic potential of this group of spirochaetes has not been determined, and
further work is required to clarify this issue. Minor differences in the 16S rRNA
sequence of the five isolates suggest that they represent a number of different strains
that were present in the flocks, and this was supported by the fact that two of the
strains that were subjected to PFGE analysis gave different DNA banding patterns.
The longitudinal survey failed to achieve the desired outcomes of monitoring a
build-up of infection with intestinal spirochaetes, and helping to identify the source of
infection. Unfortunately, not only did the producer use different hens from a new
source at the time the longitudinal survey was conducted, but their diets were changed
and they may well have received antimicrobial treatment in response to the clinical
problem. It was even more unfortunate that these actions were taken without
forewarning the investigator. Treatment may have been necessary on production and
welfare grounds, but it also disrupted the experiment. There did appear to be a build up
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in spirochaete numbers after the new hens were introduced, and this correlated with the
development of severe wet litter problems. The management changes and possible
treatment successfully stopped the wet litter problem, and resulted in removal of the
spirochaetes. This provided some further circumstantial evidence that the spirochaetes
were the cause of the clinical problems on the farm.
In this study it was not clear to what extent the various spirochaete species
contributed to the wet litter problem, although both B. intermedia and B. pilosicoli
have been shown to have pathogenic potential in experimentally-infected hens
(Hampson and McLaren, 1999; Stephens and Hampson, 2002). Further work is
required to establish at what age hens usually become infected (via a longitudinal
survey), and to determine to what extent colonisation with the various spirochaete
species causes increased faecal water content and/or reduced egg production in
individual hens.
Additional studies on other farms also are needed to determine whether the
patterns of infection recorded in this laying hen farm are typical of those of other
farms.
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Chapter 5

Development of a two-step nested duplex PCR assay
for the detection of Brachyspira intermedia and
Brachyspira pilosicoli in chicken faeces
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5.1

Introduction
Of the three known pathogenic Brachyspira spp. associated with AIS, the two

most commonly reported are B. intermedia and B. pilosicoli (McLaren et al., 1997;
Stephens and Hampson, 1999, 2001). The third, B. alvinipulli, has so far only been
reported from chicken in the USA (Swayne et al., 1995) and geese in Hungary
(Nemes et al., 2006), and therefore was not included in the current Australian study.
Identification of AIS has traditionally required the isolation of the spirochaetes using
specialised media and growth conditions (section 2.1). Spirochaetal growth may not
be achieved for up to 7 days, after which biochemical tests and/or PCR assays may be
conducted to determine the species of spirochaete present. Therefore, the
identification process for spirochaetes involved in AIS can take at least two weeks.
During this time, the farm may have incurred production loses due to reduced egg
numbers, staining of eggshells and increased faecal water content. Another problem
in the diagnosis of AIS is that this type of microbiological identification is not
commonly practiced in diagnostic laboratories serving the poultry industry, as it is
time-consuming, difficult, and requires specialised media and growth conditions. In
the absence of correct diagnosis, producers may resort to other non-specific means to
combat the poor production, such as the addition of performance enhancers to laying
hen diets.
There is a clear need for more rapid and reliable diagnostic methods for the
detection and identification of the spirochaetes associated with AIS. Therefore, this
study was undertaken to improve diagnostic capacity for AIS by designing a rapid,
specific and sensitive faecal DNA extraction/PCR assay for the direct and
simultaneous detection of B. intermedia and B. pilosicoli DNA in chicken faeces.
Such a test potentially could reduce the time needed for detection and identification
of spirochaetes causing AIS to one day. This new PCR test was developed after
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completion of the other work described in the thesis, and hence was not used in the
other studies.

5.2

Materials and Methods

5.2.1

Faecal samples and culture conditions
A total of 882 fresh caecal faeces samples were examined. These came from

Hy-line Brown laying hens from a local commercial laying farm (n = 500), that were
being fed a commercial laying mash, and ISA-brown hens from another commercial
farm fed two different varieties of commercial laying hen pellets (n = 200 and n =
182, respectively). Samples were collected in sterile containers, held at 4oC and
transported to Murdoch University, were they were processed within 6 h of
collection. Swabs were inserted into the centre of the faecal samples and were
streaked onto CVS-TSA plates as previously described (section 2.1.1), and then
incubated for 10 days.

5.2.2 DNA preparation from isolation plates
Growth harvested from the primary CVS-TSA plates was tested by routine
species-specific PCRs for the presence of B. intermedia and/or B. pilosicoli (section
2.4.5.3). A result from this identification method was designated “culture/PCR”.

5.2.3

DNA extraction from faeces
DNA was extracted from the 882 faecal samples using the QIAamp DNA

Stool Mini Kit (QIAGEN) (section 2.4.4). Eight modifications to the protocol were
applied to evaluate the effectiveness of the kit for extracting bacterial chromosomal
DNA from chicken faeces (Table 5.1). Briefly, these included: altering the cell lysis
temperature from 70oC to 95oC and boiling; using different amounts of starting
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material, including 100 mg, 150 mg and 200 mg; doubling the wash steps through the
column; and washing the faeces prior to use in the QIAGEN kit (Table 5.1). Known
concentrations of B. intermedia and/or B. pilosicoli (n = 108 cells/g faeces serially
diluted to n = 0 cells/g faeces) were added to the faeces prior to extraction to evaluate
the effectiveness of the kit at extracting Brachyspira DNA. All eight variations of the
extraction method were evaluated using the species-specific PCR, duplex PCR and
the two-step nested duplex PCR. The optimised method that was ultimately used is
described in section 5.3.1.

5.2.4 Duplex polymerase chain reaction (D-PCR) to detect and identify
Brachyspira intermedia and Brachyspira pilosicoli
Primers designed to amplify portions of the 16S rRNA gene of B. pilosicoli
(P1/P2 primer pair) and the NADH oxidase (nox) gene for B. intermedia (Int1/Int2
primer pair) were previously described in section 2.4.5.3. Extracted DNA was
amplified by hot-start PCR as described in section 2.4.5.3. PCR products were
subjected to electrophoresis and viewed over UV light as previously described.

5.2.5

Nested two-step duplex polymerase chain reaction (D-PCR) to identify

Brachyspira intermedia and Brachyspira pilosicoli
A two-step nested D-PCR was created by running a PCR using the general
Brachyspira 16S rRNA primers and the general Brachyspira NADH (nox) primers as
the first PCR reaction (section 2.4.5.4). One µl of this completed PCR product was
used as the template in a repeat of the species-specific D-PCR (described in section
5.2.4).
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The 17 steps shown in the QIAamp® DNA Stool Mini Kit handbook, and the eight modifications (A – H) made during the

Table 5.1

optimisation of DNA extraction for chicken faeces
Modifications to the QIAamp® DNA Stool Mini Kit handbook
A*

B

C

D

E

Treatment of chicken faeces prior to use in stool kit

G

H

Wash 2g faeces in 5 ml

Wash 2g faeces in 10 ml

Wash 2g faeces in 10 ml

PBS, centrifuge 5000 x

PBS, centrifuge 5000 x g

PBS, centrifuge 5000 x g

g for 10min

10min, discard supernatant,

10min, discard supernatant,

add 5ml PBS, centrifuge

add 5ml PBS, centrifuge

5000 x G 10min

5000 x G 10min

150 mg top scum layer

150 mg top scum layer

150 mg top scum layer

used

used

used

Boil, 5 min

Boil, 5 min

Boil, 5 min

®

Step

QIAamp DNA Stool Mini Kit handbook step

1

Weigh 200 mg of faeces in a 2 ml microfuge tube

2

F

Add 1.4 ml of Buffer ASL sample. Vortex for 1 ASL 95oC, 5

150 mg faeces

Boil, 5 min

Boil, 5 min

100 mg faeces

Boil, 5 min

150 mg faeces

Boil, 5 min

min
3

Heat suspension for 5 min at 70oC

4

Vortex for 15 s then centrifuge at full speed for 1 min

5

Pipette 1.2 ml of the supernatant into a new 2 ml tube and
discard pellet

6

Add 1 inhibitEX tablet to each sample and vortex immediately
for 1 min. Incubate for 1 min at room temperature

7

Centrifuge at 14,000 g for 3 min

8

Pipette supernatant into a 1.5 ml tube, discard the pellet.
Centrifuge sample at 14,000 x g for 3 min.
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Table 5.1 cont

The 17 steps shown in the QIAamp® DNA Stool Mini Kit handbook, and the eight modifications (A – H) made during the

optimisation of DNA extraction for chicken faeces
Modifications to the QIAamp® DNA Stool Mini Kit handbook
A*

B

C

D

E

F

G

Wash AW1 x2

Wash AW1 x2

Wash AW1 x2

Wash AW2 x2

Wash AW2 x2

Wash AW2 x2

H

®

Step

QIAamp DNA Stool Mini Kit handbook step

9

Pipette 15 μl Proteinase K into a new 1.5 ml microfuge tube

10

Pipette 200 μl supernatant from step 8 into the 1.5 ml
microfuge tube containing the Proteinase K

11

Add 200 μl Buffer AL and vortex for 15 s

12

Incubate at 70oC for 10 min

13

Add 200 µl of ethanol (96-100%) to the lysate and mix by
vortexing.

14

Apply the complete lysate from step 13 to the QIAamp spin
column and centrifuge for at 14, 000 x g for 1 min, discard the
filtrate

15

Add 500 μl of Buffer AW1 to the column. Centrifuge at
14,000 x g for 1 min. discard the filtrate

16

Add 500 μl of Buffer AW2. Centrifuge at 14,000 x g for 3
min. Discard the collection tube containing the filtrate

17

Transfer column into a 1.5 ml microfuge tube. Add 200 μl of
Buffer AE Incubate for 1 min at room temperature, centrifuge
at full speed for 1 min to elute DNA

* No modifications made to the protocol
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5.2.6

Specificity of the species-specific D-PCR and the two-step nested D-PCR
One hundred and twenty five control spirochaete strains (section 2.4.5.6) were

used in both the species-specific and two-step D-PCR to confirm that the specificity
of the individual PCR sets were not affected by mixing the two sets of primer pairs,
or the nesting of this PCR, and that no non-specific banding patterns would be
observed with the use of four primers in a single PCR reaction.

5.2.7

Detection limits of culture/PCR, species-specific D-PCR and the two-step

nested D-PCR
The detection limits of the culture/PCR method, and the species-specific DPCR and the two-step nested D-PCR conducted on extracted DNA were established
by seeding seven PCR-negative Hy-Line chicken faecal samples with 10-fold serial
dilutions of B. pilosicoli strain CSPp-1 or B. intermedia HB60-1 (109 to 100 cells/ml)
or combinations of the two, and extracting the DNA according to the test method.
One hundred µl of intestinal spirochaetes were added to 150 mg of the faeces to give
final concentrations of 1 to 108 cells/g of faeces, and these were thoroughly mixed
into the faeces using a cotton tipped swab followed by vortexing for 10 s. A faecal
sample which had 100 µl of TE buffer added was included as a negative control. The
DNA was extracted according the test methodology. Bacteriological swabs also were
inserted into the centre of the unwashed faecal samples, and inoculated onto selective
agar for analysis by the culture/PCR method.
One µl of the purified DNA from each of the dilutions was added into the
PCR reactions as template. The procedures were carried out in duplicate.
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5.2.8

Assessing the presence of PCR inhibitors
The presence of potential PCR inhibitors in the final eluent from the negative

control samples from three different diets was assessed by spiking 10 µl aliquots of
the eluent, from the various extractions methods, with 1 µl of various concentrations
of B. intermedia and/or B. pilosicoli DNA prior to PCR.

5.2.9

Sequencing of the PCR products
To further assess the specificity of the two-step nested D-PCR, amplicons from

26 (16 B. intermedia and 10 B. pilosicoli) of the 882 faecal samples from laying hens
were chosen at random for direct sequencing (section 2.5). B. intermedia HB60-1 and
B. pilosicoli CPSp1 were included as internal controls. Each sequencing reaction was
performed in duplicate, edited, compiled and compared with each other and with 129
sequences in GenBank using the BioEdit Sequence Alignment Editor (version 5.09).

5.3

Results

5.3.1 Optimised spirochaetal DNA extraction method for chicken faeces
Results for modifications A – H are presented in Table 5.2. The optimised
method as shown in column H of Table 5.1 is summarised below.
Two g of twice washed faeces was vortexed for 10 s with 10 ml of sterile PBS
and centrifuged at 5,000 g for 10 min. The supernatant was discarded and a further
5ml PBS was added to the cell pellet, thoroughly mixed and centrifuged at 5,000 g for
10min. The supernatant was discarded and the top 150 mg “scum” layer of the final
pellet was scraped off and weighed into a 2 ml microfuge tube.
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Table 5.2

Sensitivity results for B. intermedia, B. pilosicoli and B. intermedia/B. pilosicoli DNA extracted according to modifications A – H

Modifications*/ cells/g faeces
Sensitivity

A

B

C

D

E

F

G

H

B. intermedia

108

108

108

107

106

105

103

103

B. pilosicoli

108

108

108

107

105

104

103

103

B. intermedia/B. pilosicoli**

NP/NP

NP/108

108/108

108/107

106/106

105/104

103/103

103/103

* modifications are summarised in Table 5.1
** B. intermedia/B. pilosicoli were mixed 50:50 to give a final cell concentration of 108 cell/g faeces for each bacteria
NP No PCR product detected using two-step nested D-PCR

153

Chapter 5: Development of a two-step nested duplex PCR

The samples was mixed with 1.6 ml of Buffer ASL (preheated to 70oC to
dissolve components of buffer ASL), and vortexed continuously for 1 min or until the
faecal sample was thoroughly homogenised. The suspension was then boiled for 5
min to ensure the cells had burst, releasing the chromosomal DNA. The boiled cells
were vortexed for 15 s and centrifuged at 14,000 g for 1 min to pellet the faecal
samples. 1.2 ml of the supernatant was transferred into a sterile 2 ml microfuge tube
and the pellet discarded.
One inhibitEX tablet was added to each sample and vortexed immediately and
continuously for 1 min. The suspension was then incubated for 1 min at room
temperature to allow inhibitors to be absorbed into the inhibitEX matrix. The sample
was then centrifuged at 14,000 g for 3 min to pellet the inhibitors bound to the matrix.
All the supernatant was transferred into a sterile 1.5 ml microfuge tube and the
pellet was discarded. The samples were centrifuged at 14,000 g for 1 min to ensure
that no matrix would be left in the supernatant. 200 μl of the supernatant was
transferred into a 1.5 ml microfuge tube containing 15 μl of Proteinase K, and was
vortexed for 5 s. 200 μl Buffer AL was added and the mixture was vortexed for 15 s
and incubated at 70oC for 10 min. 200 μl of ethanol (96-100%) was then added to the
lysate, and mixed by vortexing for 5 s.
The lysate was carefully transferred to a QIAamp spin column, without
moistening the rim, and centrifuged at 14,000 g for 1 min. The QIAamp spin column
was transferred to a new 2 ml collection tube, and the tube containing the filtrate
discarded. 500 μl of Buffer AW1 was added to the column, centrifuged at 14,000 g
for 1 min, the filtrate was discarded and another 500 µl of buffer AW1 was added to
the column and centrifuged at 14,000 g for 1 min. The QIAamp spin column was then
transferred into a new 2 ml collection tube, and the tube containing the filtrate
discarded. 500 μl of Buffer AW2 was then added to the column and centrifuged at
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14,000 g for 1 min, the filtrate discarded and another 500 µl of buffer AW2 added to
the column and centrifuged at 14,000 g for 1 min. The collection tube containing the
filtrate was discarded. The spin column was transferred to a new collection tube and
centrifuged at 14,000 g for 3 min to ensure all the AW2 had been removed from the
filter. The QIAamp spin column was transferred into a new 1.5 ml microfuge tube
and 200 μl of Buffer AE was added directly onto the QIAamp membrane, and
incubated for 1 min at room temperature.
The column was then centrifuged at 14,000 g for 1 min to elute the DNA. The
eluted DNA was divided into two, working stock (50µl stored at 4oC) and freezer
stock (150µl stored at -20oC for long term storage).

5.3.2

Detection limits of culture/PCR, and the species-specific D-PCR and the

two-step nested D-PCR on spirochaetal DNA extracted from chicken faeces
5.3.2.1 Culture/PCR
The detection limit of the culture/PCR method using CVS-TSA (section 2.1.1)
on the eight seeded chicken faecal samples was 103 cells/g faeces for both Brachyspira
species (Table 5.3). Culture/PCR on the faeces seeded with a mixed culture of B.
intermedia/B. pilosicoli was 103/104 cells/g respectively. On subculture of the mixed
culture plate, B. intermedia overgrew B. pilosicoli and by the third subculture, B.
pilosicoli was not present by PCR.
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Table 5.3

Detection limits obtained for the four variations of the PCRs conducted on both B. intermedia and B. pilosicoli.

Detection Limit*
Culture/PCR

General PCR

Species-specific

Two-step nested

D-PCR

D-PCR

B. intermedia

103 cells/g faeces

106 cells/g faeces

106 cells/g faeces

103 cells/g faeces

B. pilosicoli

103 cells/g faeces

106 cells/g faeces

106 cells/g faeces

103 cells/g faeces

B. intermedia/B. pilosicoli mix

103/104 cells/g

107/106 cells/g faeces

106/106 cells/g faeces

103/103 cells/g faeces

respectively

respectively

respectively

respectively

*lowest number of spirochaetal cells giving a clear PCR product

156

Chapter 5: Development of a two-step nested duplex PCR

5.3.2.2

General Brachyspira PCR
The detection limits of the general 16S rRNA gene and general nox gene D-

PCR applied to the chromosomal DNA extracted from chicken faeces based on the
optimised extraction process was 106 cells/g faeces for both species. The only
exception was, in the faeces seeded with a B. intermedia/B. pilosicoli mix, B.
intermedia had a slightly lower sensitivity at 107 cells/g faeces (Table 5.3).

5.3.2.3

Species-specific D-PCR
The detection limits using the species specific primers targeting the 16S rRNA

gene of B. pilosicoli and the nox gene of B. intermedia, using the chromosomal DNA
extracted from chicken faeces with the optimised extraction process was 106 cells/g
faeces for both species (Table 5.3).
The detection limits of the D-PCR and the two single species-specific PCRs
were the same. However, the 16S rRNA gene targeting B. pilosicoli produced a
brighter PCR product than that for B. intermedia, when the same faecal sample was
spiked with the same concentrations of cells of both B. pilosicoli and B. intermedia.

5.3.2.4

Two-step nested D-PCR
The detection limits of the general and species-specific primer pairs combined

in the two-step nested D-PCR on the DNA extracted from chicken faeces using the
optimised extraction process was 103 cells/g faeces for both species (Table 5.3).

5.3.3

Specificity of the species-specific D-PCR and the two-step nested D-PCR
The species-specific D-PCR and the two-step nested D-PCR both amplified

16S rRNA and nox DNA of the correct predicted size from the appropriate
Brachyspira control strains tested, but not from the other bacterial strains. Examples of
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the products generated in the two-step nested D-PCR from chicken faeces are shown in
Figure 5.1.
1

2

3

4

5

6

1000
800
500

B. pilosicoli
B. intermedia

Figure 5.1 Example of the nested duplex-PCR products of B. intermedia and B.
pilosicoli from seeded faeces. Lanes 1 and 6, molecular weight marker; lane 2, PCR
negative control; lane 3, B. intermedia and B. pilosicoli mixed sample; lane 4, B.
intermedia sample; lane 5, B. pilosicoli sample.

5.3.4

Sequencing
Sequence analysis of the two-step nested D-PCR products generated from field

samples showed that all B. intermedia products were equal to or greater that 99.2%
(503 of 507 bp) to 99.6% (505 of 507 bp) identical to that of the avian control strain of
B. intermedia (HB60-1, GenBank accession number DQ458796). The 507 bp of the
sequenced B. intermedia nox gene equates to position 448 to 954 of the B.
hyodysenteriae strain B204 sequence (GenBank accession number U19610). Based on
the pattern of nucleotide differences, the 16 sequences could be divided into three nox
genotypes representing amplicons from 4, 5 and 7 faecal samples respectively.
158

Chapter 5: Development of a two-step nested duplex PCR

Differences in the nox sequences of these three genotypes from HB60-1 sequence are
shown in Table 5.4.
All B. pilosicoli products were 100% (708 of 708 bp) related to that of the
avian control strain of B. pilosicoli (CSPp-1 (also known as Q98.0072.38) GenBank
accession number AY745551). The 708 bps sequenced of the B. pilosicoli 16S rRNA
gene, equates to position 208 to 914 of the B. hyodysenteriae strain R1 (GenBank
accession number U23035) sequence.

Table 5.4

Nucleotide differences between the partial NADH oxidase (nox) gene

sequence of B. intermedia strain HB60-1 (GenBank accession number DQ458796) and
the three genotypes of B. intermedia detected by the duplex PCR. The partial B.
intermedia nox sequence was equivalent to base positions 448 to 954 of the B.
hyodysenteriae strain R1 nox gene

Genotype

Number of isolates

Base positiona

Nucleotide change

1

4

3

T to A

495

A to G

3

T to A

405

G to A

449

G to A

3

T to A

363

G to T

405

G to A

449

G to A

2

3

5

7

a

refers to the position on the 507 bp B. intermedia strain HB60-1 nox sequence, itself
equivalent to base positions 448 to 954 of the B. hyodysenteriae strain B204 nox gene
(GenBank accession number U19610)
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5.3.5

Field samples
Results of culture/PCR on the fresh faeces, and D-PCR and the two-step nested

D-PCR on DNA extracted from faeces for the 882 faecal samples are recorded in
Table 5.5. The culture/PCR protocol on unwashed faeces detected 145 and 153
positives for B. pilosicoli and B. intermedia respectively. In comparison, the D-PCR
detected only 121 and 119 positive samples for the two species, respectively, whilst the
two-step nested D-PCR protocol detected 150 and 157 positive samples, as well as two
other samples that were positive for both species. All the samples positive by
culture/PCR were positive in the two-step nested D-PCR.

Table 5.5 A comparison of the results for detecting B. intermedia and B. pilosicoli in
882 laying hen faecal samples using culture/PCR, faecal extraction/D-PCR or faecal
extraction/two-step nested D-PCR.

Negative

Positive samples
B. pilosicoli

B. intermedia

B. pilosicoli and
B. intermedia

Culture/PCR

145

153

0

584

Extraction/D-PCR

121

119

0

642

Extraction/Nested

150

157

2

573

D-PCR
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5.4

Discussion
Avian faeces is unlike mammalian in that it has higher levels of uric acid,

nitrogen, calcium and phosphorus (Kazemi and Balloun, 1972; Damron et al., 1975;
Krogdahl and Dalsgard, 1981). Unfortunately, most commercial faecal extraction kits
are based on the pH and composition of human faeces, which do not contain the high
levels of the above components. Many basic DNA extraction kits and the subsequent
PCRs may be easily inhibited due to the compounds found in bird faeces, and this
was observed in the current study. These commercial kits are not designed to
neutralise and remove all these added inhibitors from the final eluent, while
maintaining an acceptable DNA yield. For this reason, in the current study a number
of variations to the extraction process were trialled before an optimum faecal/PCR
based detection method was identified.
Recently, use of the QIAamp DNA Stool Mini Kit on porcine faeces prior to
PCR has been shown to be successful for amplification of Brachyspira spp. DNA (La
et al., 2003). However, the uric acid content of bird faeces can negatively affect the
efficiency at which the QIAamp DNA Stool Mini Kit may remove PCR inhibitors. It
had been suggested the time of year that faeces are tested from animals with seasonal
dietary changes (eg monkeys eating fruits and berries) can dramatically alter the
dynamics of DNA extraction using a QIAamp DNA Stool Mini Kit (Dr. Dinah
Brooker, personal communication, 2004, Qiagen Representative, Perth, Western
Australia). Modifications such as increasing the number of column washes, using less
starting material and washing the faeces in PBS prior to using the kit, have been used
to overcome such problems (Dr. Dinah Brooker, personal communication, 2004,
Qiagen Representative, Perth, Western Australia).
During the optimization phase it was found to be necessary to wash the faeces
prior to DNA extraction in order to remove inhibitory substances and improve
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performance. Unfortunately, in doing this, it was inevitable that some spirochaetes
were lost from the material used for DNA extraction. This problem was reflected in the
fact that the species-specific D-PCR conducted on DNA extracted from washed faeces
had a detection limit 106 spirochaete cells/g of faeces, compared to 103 cells/g for
culture/PCR on unwashed faeces. To overcome this loss of sensitivity using the DPCR, an initial genus-specific D-PCR was undertaken, followed by the speciesspecific D-PCR conducted as a second step nested reaction on the DNA templates
formed in the first step. This procedure increased the sensitivity of detection to a level
similar to culture/PCR. Indeed, when conducted on chicken faeces from infected
flocks, the two-step nested D-PCR detected slightly more positive samples than
culture/PCR (about 4% and 5% more for B. pilosicoli and B. intermedia, respectively).
The fact that the increases in the detection rate for the two species were similar,
indicates that the two-step nested D-PCR was not introducing a species-related bias in
relation to detection. Furthermore, as the two-step nested D-PCR detected all of the
samples that were positive in culture/PCR, this helps to confirm that there was no PCR
inhibitors associated with faecal extraction, including diet-related inhibition, and that
the two-step nested D-PCR was specific. This specificity was further supported by the
results obtained by sequencing the PCR products.
A major advantage of the two-step nested D-PCR was that it was far more
rapid than culture/PCR, potentially giving results on the same day as sample receipt
rather than after 7-10 days. The availability of this rapid test should greatly facilitate
future epidemiological studies on AIS, and improve diagnostic capacity. Had the
nested D-PCR been available at the time the epidemiological study described in
chapter 4 was conducted, it would have reduced the time required to obtain results.
Although the current two-step nested D-PCR was only designed to detect B. pilosicoli
and B. intermedia, in the future it could be expanded to include detection of B.
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alvinipulli, the other less commonly described cause of AIS. Unfortunately, there are
few B. alvinipulli strains currently available, and hence to date it has not been possible
to design primers with confirmed specificity for this species.
In summary, the two-step nested D-PCR developed here is a rapid and specific
test that can be used to facilitate the laboratory diagnosis of AIS associated with B.
intermedia and B. pilosicoli.
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6.1

Introduction
Five experimental infection studies on laying hens were carried out in the

animal holding facilities at Murdoch University. The purpose of these studies was to
look for possible effects of dietary enzymes or diet on colonisation of laying hens with
intestinal spirochaetes. In each experiment, hens were experimentally infected with B.
intermedia avian strain HB60-1 (experiments 1, 2, 4 and 5) or B. pilosicoli avian strain
CSPp-1 (experiment 3). B. intermedia was the main species investigated since it is the
most common cause of AIS in Western Australia (McLaren et al., 1997). There was
insufficient time and resources available to thoroughly test B. pilosicoli in repeat
experiments. An introduction will be given to each of the individual trials to introduce
the purpose of the trial, and therefore a detailed introduction will not be provided here.
The long-term aim of the work was to identify means to reduce or modify
infections with intestinal spirochaetes by the use of specific diets or dietary treatments,
without having to resort to antibiotic therapy. In experiment 1, the growth promoter
zinc bacitracin was used as an alternative means of control.
Throughout this chapter, non-starch polysaccharides are abbreviated to NSP,
soluble non-starch polysaccharides as sNSP, insoluble non-starch polysaccharides as
iNSP, and total non-starch polysaccharides as tNSP.
All experiments were conducted with the approval of the Murdoch University
Animal Ethics Committee.
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6.2

Experiment 1: Effects of dietary enzyme and zinc bacitracin on

colonisation of laying hens by Brachyspira intermedia.
6.2.1

Introduction
Very little is known about means to control AIS. Previously it has been

reported that the addition of 100 ppm of zinc bacitracin (ZnB) to a standard poultry
diet helped control AIS caused by B. intermedia in experimentally infected laying hens
(Hampson

et

al., 2002). ZnB has commonly been

used

as

a

growth

promoter/performance enhancer in both broilers and laying hens (Huyghebaert and De
Groote, 1997). The current experiment was undertaken to verify this result, as well as
to determine whether 50 ppm ZnB, a dose more usually used for growth
promotion/performance enhancement, also would be effective in controlling the
spirochaete. In addition, a dietary enzyme was investigated to test the hypothesis that it
might assist in controlling AIS. The rationale for this approach was that sNSP in the
diet of pigs is known to predispose to large intestinal proliferation of both B.
hyodysenteriae (Pluske et al., 1996; Siba et al., 1996; Pluske et al., 1998) and B.
pilosicoli (Hampson et al., 2000; Lindecrona et al., 2004). Since dietary enzymes
degrade these sNSP, they potentially may aid in reducing spirochaete colonisation
(Durmic et al., 2000). Furthermore, addition of xylanase to a wheat-based diet has
been shown to reduce colonisation with Campylobacter jejuni in experimentally
infected chicks (Fernandez et al., 2000).

6.2.2
6.2.2.1

Materials and methods
Experimental hens
Fifty 18-week-old ISA-Brown laying hens were obtained from a commercial

breeder (section 2.7.2). The hens were housed in an environmentally controlled
facility, and randomly allocated to individual cages (section 2.7.3). Forty of the hens
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that were to be infected were placed in one room, and 10 uninfected control hens were
housed in an adjacent room. The hens were subjected to 12 hours artificial light each
day.

6.2.2.2

Diet and dietary treatments
The composition of the wheat-based diet is shown in Table 6.1. It was

purchased from Wesfeeds Ltd, Western Australia, and fed as a mash. The hens to be
experimentally infected were randomly allocated to four groups of 10. These groups
received either the base diet, or the diet thoroughly mixed to contain 50 ppm ZnB, 100
ppm ZnB, or 265g/tonne of a commercial dietary enzyme containing beta-xylanase and
protease activity (Avizyme® 1302, guaranteed minimum activity of 5000 U/g endo1,4-beta-xylanase EC 3.2.1.8 and 1600 U/g subtilisin [protease]).

6.2.2.3

Experimental infection
Brachyspira intermedia strain HB60-1, was thawed and grown in Kunkle’s

anaerobic broth medium at 37oC on a rocking platform until early log-phase growth
was achieved, when the spirochaetes were actively motile (section 2.1.2.3). At 22
weeks of age, four weeks after they were obtained, 40 hens were orally inoculated via
a crop tube with three ml of an actively growing culture, on three consecutive days.
The broths contained approximately 108 - 109 bacterial cells per ml as determined by
direct counting of spirochaetes in a counting chamber placed under phase contrast
microscopy (section 2.7.5). The 10 uninfected control hens in the other room were
sham-inoculated with sterile broth. All hens were kept for 6 weeks after experimental
infection (euthanasia and post-mortem conducted at 28 weeks of age).
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Table 6.1 Base composition used for ISA-Brown chicken feed.

Raw material

%

Wheat

50.53

Barley

10.00

Australian sweet lupins

6.00

Pollard

10.67

Meatmeal

13.33

Canola oil

0.80

Lime sand

7.87

Salt

0.20

Vital 400 (laying hen mineral/vitamin premix)

0.30

Carotine

0.02

Lysine

0.05

Methionine

0.23

Total

6.2.2.4

100.00

Experimental procedures
Weekly recording of hen weights (section 2.7.6), weekly spirochaetes in faeces

(section 2.7.7), faecal moisture content (section 2.7.8), daily egg production (section
2.7.9), and results of post-mortem examination (section 2.7.10) were carried out
according to the previously described methodology. Sample collection began two
weeks prior to infection to obtain a base line for each group of samples.
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6.2.2.5

Statistical analysis
Comparisons between the five groups of 10 hens were compared using the

methods described in section 2.7.14.

6.2.3
6.2.3.1

Results
Colonisation by spirochaetes
All faecal cultures carried out prior to inoculation of the hens were negative for

Brachyspira spp., and all faecal cultures of the 10 control hens were negative
throughout the trial. In the five week period following inoculation, hens in all four
inoculated groups shed spirochaetes in their faeces. Spirochaetes were also detected in
the caeca at post mortem, one week after the last cloacal swabs were taken (Table 6.2).
Results of PCR confirmed that these organisms were B. intermedia. Infected hens not
receiving any supplements were most frequently colonised over the five weeks of
sampling (31 of 50 hen sampling days), and hens receiving both 50 ppm ZnB and
enzyme were less frequently colonised than this (respectively 11 of 50 hen sampling
days; χ2, 16.42, P <0.001, and 19 of 50 hen sampling days; χ2, 5.76, P <0.025). Hens
receiving 50 ppm ZnB also were less frequently colonised than hens receiving 100
ppm ZnB (χ2, 4.96, P <0.05). The latter hens had 23 of 50 hen sampling days recorded
as positive. No other differences between groups were significant.

6.2.3.2

Faecal moisture
Faecal moisture content is recorded in Table 6.3. The only significantly

difference between the group was in the first week following experimental inoculation.
At this sampling, the faeces of the infected groups were all wetter than those of the
uninfected control group, and, except for the group receiving 50 ppm ZnB, all these
differences were significant.
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Table 6.2 Colonisation of hens with B. intermedia, showing number of colonised hens and of positive faecal samples of a possible 50 taken at 5
weekly samplings between 23 to 28 weeks of age. Hens were infected at 22 weeks of age.

Age of hens

Infected*

Infected*

Infected*

Infected*

(weeks)

(No Additive)

(ZnB 50)

(ZnB 100)

(Avizyme)

23-28

31/50a

11/50c

23/50ab

19/50bc

P-value+

0.0007

* Infected with B. intermedia strain HB60-1 following sampling at 22 weeks, killed at 28 weeks (six weeks after experimental infection). No
colonisation was observed in the 50 control samples
+ Chi-squared test for independence
abc

Group means with different superscripts differ at the 5% level of significance
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Table 6.3 Mean and standard deviation of faecal water content (%) in the five groups of hens one week following experimental inoculation with B.
intermedia.

Hen age

Control

Infected*

Infected*

Infected*

Infected*

P-value

(No Additive)

(No Additive)

(ZnB 50)

(ZnB 100)

(Avizyme)

23

71.3a ± 2.6

79.7b ± 2.0

75.9ab ± 2.2

80.3b ± 3.1

79.9b ± 2.5

0.0342

24

75.2 ± 1.9

74.5 ± 1.6

76.5 ± 1.7

78.4 ± 1.4

79.6 ± 1.8

0.1917

25

72.8 ± 2.0

75.2 ± 1.3

7 5.8 ± 1.3

77.7 ± 1.3

78.6 ± 2.0

0.1175

26

79.4 ± 1.4

78.9 ± 1.4

80.3 ± 1.8

80.2 ± 1.9

80.9 ± 1.3

0.9024

27

74.7 ± 1.7

76.2 ± 1.5

75.6 ± 1.7

76.3 ± 1.8

78.1 ± 0.7

0.6157

* Infected with B. intermedia strain HB60-1 following sampling at 22 weeks
ab

Group means with different superscripts differ at the 5% level of significance
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6.2.3.3

Hen weights
The hen weights are recorded in Table 6.4. Hens in all groups gained weight

throughout the course of the experiment, but there were no significant group effects at
any time.

6.2.3.4 Egg numbers and total egg production
Egg production results are presented in Tables 6.5 and 6.6. No significant
differences were found in egg numbers or egg weights between the groups of hens at
any time.

6.2.3.5

Post-mortem findings
The caecal size and contents varied between hens, with some caeca being small

and having sparse contents, and others being large and full of contents of varying
consistency. There were no consistent group effects observed. The mucosal surface of
all the caeca examined were grossly normal, and histological examination failed to
show any pathological changes. Spirochaetes were occasionally observed in the lumen
and crypts, but no specific epithelial erosion or invasion by spirochaetes was recorded.
B. intermedia was isolated from the caeca of the experimentally infected hens, except
three that did not receive any additive, and one hen each receiving 100 ppm ZnB and
enzyme respectively.
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Table 6.4 Weekly group mean and standard deviation of body weight (kgs) following allocation of hens into five groups.

Hen age

Control

Infected*

Infected*

Infected*

Infected*

P-value

(weeks)

(No Additive)

(No Additive)

(ZnB 50)

(ZnB 100)

(Avizyme)

23

1.81 ± 0.25

1.90 ± 0.20

1.81 ± 0.16

1.93 ± 0.15

1.90 ± 0.16

0.3510

24

1.83 ± 0.19

1.95 ± 0.18

1.87 ± 0.17

1.99 ± 0.17

1.94 ± 0.21

0.7141

25

1.82 ± 0.18

1.88 ± 0.21

1.80 ± 0.17

1.92 ± 0.18

1.91 ± 0.21

0.6228

26

1.82 ± 0.17

1.88 ± 0.22

1.86 ± 0.19

1.94 ± 0.17

1.94 ± 0.30

0.3886

27

1.80 ± 0.20

1.86 ± 0.20

1.95 ± 0.19

1.95 ± 0.18

1.93 ± 0.22

0.2979

* Infected with B. intermedia strain HB60-1 following sampling at 22 weeks
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Table 6.5 Weekly group mean and standard deviation of egg numbers following allocation of hens into five groups.

Hen age

Control

Infected*

Infected*

Infected*

Infected*

P-value

(weeks)

(No Additive)

(No Additive)

(ZnB 50)

(ZnB 100)

(Avizyme)

23

6.10 ± 0.48

6.67 ± 0.70

6.47 ± 0.70

5.92 ± 0.99

5.31 ± 1.95

0.5051

24

5.62 ± 1.08

6.45 ± 0.52

6.14 ± 1 .30

6.26 ± 1.23

5.75 ± 2.11

0.3888

25

6.12 ± 0.88

6.34 ± 0.82

6.48 ± 0.70

6.15 ± 1.05

5.52 ± 2.10

0.8413

26

6.14 ± 0.88

6.42 ± 1.08

6.06 ± 1.05

6.43 ± 0.52

5.99 ± 1.63

0.3830

27

7.73 ± 0.48

5.56 ± 1.35

5.93 ± 1.20

6.54 ± 0.71

5.43 ± 1.96

0.5963

* Infected with B. intermedia strain HB60-1 following sampling at 22 weeks
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Table 6.6 Weekly group mean egg weight (gm) and standard deviation following allocation of hens into five groups.

Hen age

Control

Infected*

Infected*

Infected*

Infected*

P-value

(weeks)

(No Additive)

(No Additive)

(ZnB 50)

(ZnB 100)

(Avizyme)

23

55.62 ± 3.79

54.96 ± 3.70

53.76 ± 2.60

54.58 ± 4.88

55.46 ± 2.23

0.7892

24

54.34 ± 2.75

55.39 ± 3.66

55.73 ± 2.70

53.67 ± 1.99

54.55 ± 1.55

0.4692

25

55.70 ± 2.62

55.62 ± 3.80

54.87 ± 2.81

55.57 ± 2.90

57.22 ± 3.43

0.5640

26

54.87 ± 2.80

55.57 ± 2.95

57.22 ± 3.44

54.55 ± 1.55

55.71 ± 1.37

0.1996

27

55.23 ± 1.67

55.53± 3.80

54.52 ± 1.34

56.24 ± 3.24

57.60 ± 2.98

0.1514

* Infected with B. intermedia strain HB60-1 following sampling at 22 weeks
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6.2.4

Discussion
This experiment was successful in that it was possible to obtain B. intermedia

colonisation of all the experimentally-infected untreated hens. Prolonged colonisation
of individual hens also was observed, in some cases extending for six weeks from
challenge to slaughter. Judging from the higher rates of colonisation detected by caecal
swabs post-mortem compared to faecal swabs a week earlier, cloacal swabs may not
necessarily detect low levels of caecal colonisation. Nevertheless, cloacal swabs were
useful for estimating comparative degrees of colonisation between the groups.
Despite the high level of colonisation in the infected untreated hens, apart from
a transient significant increase in faecal water content in the week following
inoculation, no significant production losses occurred. In two previous experiments,
the same strain of B. intermedia (HB60-1) did cause increased faecal water content
and/or reduced egg production in laying hens (Hampson and McLaren, 1999;
Hampson et al., 2002). The lack of significant effects on production in the current
experiment in part may have been the result of its relatively short duration (six weeks
following experimental challenge). Although there also were no consistent
pathological changes in the caeca of colonised hens, this has been reported previously
in hens that did suffer production losses, and it has been reported that the absence of
lesions can make field diagnosis of AIS difficult (Hampson and McLaren, 1999). It is
possible that more subtle pathological changes could have been detected by using
electron microscopy.
In agreement with previous results (Hampson et al., 2002), 100 ppm ZnB
reduced colonisation with B. intermedia compared to untreated hens, although this
reduction failed to reach significance in the current experiment. Unexpectedly, 50 ppm
ZnB was significantly more effective than 100 ppm ZnB in reducing colonisation, and,
although 50 ppm ZnB did not completely prevent colonisation, it had a highly
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significant protective effect. The reason for this difference in effectiveness against B.
intermedia with the two levels of ZnB could be sought in its mode of action. ZnB is a
bactericidal polypeptide antibiotic and is mainly active on Gram positive organisms
(Engberg et al., 2000). B. intermedia is Gram negative, and it is unlikely to be directly
affected by the ZnB. On the other hand, an indirect effect is possible. ZnB is known to
influence the overall composition of the intestinal microbiota (Engberg et al., 2000).
Since intestinal spirochaetes have a variety of complex interactions with the resident
intestinal microbiota, subtle differences in the nature and extent of the alteration to the
microbiota and to the intestinal environment caused by the two levels of ZnB may
explain the differences seen. Clearly, more work is required to examine the precise
changes resulting from feeding different levels of ZnB. This may also require
consideration of potential interactions between the level of ZnB and the specific diet
used.
Consistent with the original hypothesis, addition of an enzyme compliment
containing predominantly xylanase and protease activity to the wheat-based diet
significantly reduced colonisation with B. intermedia. These results mirror those
obtained in broiler chicks experimentally infected with C. jejuni (Fernandez et al.,
2000). Again, the exact mechanisms by which this protective effect occurred in the
current experiment are unclear, and require additional study. Enzymes reduce the
viscosity of the intestinal contents by degrading dietary NSP (Bedford and Schulze,
1998). Fernandez et al. (2000) ascribed the protective effects they saw in broilers
receiving xylanase to both a reduction in intestinal viscosity and to alterations to mucin
composition and carbohydrate expression of goblet cell glycoconjugates. Viscosity
changes may be particularly pertinent, since when the viscosity of the intestinal
contents was artificially increased in weaner pigs this stimulated proliferation of both
enterotoxigenic Escherichia coli and B. pilosicoli (McDonald et al., 2001). Hence
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increased intestinal viscosity, and dietary factors related to it, may be important in
predisposing to proliferation of pathogenic enteric bacteria, including spirochaetes
(Chapter 6, experiment 2).
In view of the decline in availability of traditional growth promoting
antimicrobials, the finding that dietary enzymes can reduce colonisation of chickens
with intestinal spirochaetes is particularly significant. In practice, enzymes are already
widely used for reducing wet litter problems in poultry (Choct et al., 1996), and, in
some cases, this outcome may be mediated through a reduction in colonisation by
intestinal spirochaetes.
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6.3

Experiment 2: Effect of dietary NSP content on colonisation of laying

hens by B. intermedia
6.3.1

Introduction
In the previous study it was demonstrated that inclusion of a commercial

dietary enzyme supplement to a wheat-based diet fed to laying hens reduced
colonisation with B. intermedia following experimental infection. It was considered
that the protection might be associated with the influence of the enzyme in degrading
dietary soluble non-starch polysaccharides (sNSP), and consequently reducing the
viscosity of the digesta in the intestinal tract – which in turn inhibited colonisation
(Durmic et al., 2000; Fernandez et al., 2000). To investigate this possibility further, the
current study was undertaken to determine whether laying hens fed diets based on
wheat varieties differing in their sNSP content would show differences in colonisation
following experimental infection. To do this, diets were prepared experimentally to
contain known wheat varieties (compared to the unrecorded variety used in the
commercial diet used in experiment 1). Attempts also were made to determine whether
the digesta viscosity was related to any differences in colonisation and production. The
hypothesis tested was that a wheat variety with a high sNSP content would both
increase digesta viscosity and enhance colonisation with B. intermedia compared to a
variety with a lower content of sNSP.

6.3.2
6.3.2.1

Methods
Experimental procedures
Fifty 18-week-old ISA-Brown laying hens were obtained from a commercial

breeder (section 2.7.2). The hens were randomly allocated to individual cages (section
2.7.3). Thirty hens that were to be infected were housed in one room and the other 20
non-infected hens were housed in an adjacent room.
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The hens were fed ad libitum on one or other of two diets differing only in their
wheat component, this being two different varieties (Westonia and Stiletto) both of
which were from the Western Australian harvest of 2000. Details of the diets are
shown in Table 6.7. These and all diets used in subsequent experiments were
specifically formulated for these studies.
Early in 2001 the NSP contents of the wheats were measured in the laboratory
of Professor Minghan Choct in the School of Rural Science and Agriculture at the
University of New England, using the standard methodology described in the text by
Spiller (1993). Details of the NSP contents of the wheats at that time can be found in
the publication by Kim et al (2003).
B. intermedia strain HB60-1 (section 2.7.5) was used to infect 30 hens at 21
weeks of age. Fifteen hens in each of the two dietary groups were orally inoculated via
a crop tube with four ml of the actively growing culture, on three consecutive days.
The twenty uninfected control hens (10 on each diet) in the other room were shaminoculated with sterile broth. Hens were kept for 4 weeks post-infection.
Hen weights (section 2.7.6), monitoring for spirochaetes in faeces twice a
week (section 2.7.7), faecal moisture content (section 2.7.8), egg production (section
2.7.9), post-mortem examination conducted at 25 weeks of age (section 2.7.10) and
analysis of the ileal viscosity (section 2.7.11) and caecal histology were carried out
according to the previously described methodology. All sampling times began at 2
weeks pre- infection and were conducted daily or weekly according to the samples
collected (Chapter 2).
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Table 6.7 Composition of the basic laying mix diet used in experimental infection
studies 2 - 4. The wheat variety was either Stiletto or Westonia.

Ingredient

%

Wheat

65.96

Lupin kernel

10.00

Soya-bean meal

4.00

Meat & bone meal

9.20

Vegetable oil

1.00

Limestone

9.00

Salt

0.12

Sodium bicarbonate

0.10

Dl-methionine

0.14

L-lysine HCl

0.08

Vital 400 (laying mineral/vitamin premix)

0.30

Choline 10% premix

0.10

Total

Nutrient

100.00

analysis

Apparent metabolisable energy (kcals/kg)

2,779

Protein

18.22

Calcium

4.38

Total phosphate

0.69

Available phosphate

0.45

Methionine

0.39

Total sulphur amino acids

0.71

Lysine

0.85

Threonine

0.57

Tryptophane

0.19

Linoleic acid

1.37

Crude fibre

2.81

Sodium

0.14
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6.2.2.2

Statistical analysis
Comparisons made between the four groups of hens were made as described in

section 2.7 14.

6.3.3
6.3.3.1

Results
NSP content of the wheat varieties
On an as-fed basis, wheat variety Westonia contained 81.4 g per kg tNSP,

consisting of 8.0 g per kg sNSP and 73.4 g per kg iNSP. The ratio of sNSP to iNSP
was 0.11:1. Wheat variety Stiletto contained 79.1 g per kg tNSP, with 9.9 g per kg
sNSP and 69.2 g per kg iNSP. The ratio of sNSP to iNSP was 0.14:1. Thus wheat
variety Westonia had slightly higher tNSP content than variety Stiletto, although the
ratio of sNSP to iNSP in Westonia was lower than in Stiletto.

6.3.3.2

Colonisation with B. intermedia

None of the hens were culture positive for B. intermedia prior to experimental
infection, and none of the control hens were positive at any sampling. For the two
experimentally-infected groups of hens, the proportion of the 120 faecal swabs that
were collected over the post-infection period that were positive for B. intermedia were
48 (40%) for the hens consuming Westonia and 21 (17.5%) for the hens receiving
Stiletto (Table 6.8). The hens receiving the Westonia diet shed the spirochaete in their
excreta significantly more often and for longer than the hens fed the Stiletto variety (P
= 0.0002; relative risk 1.652, 95% confidence interval 1.306 to 2.090). All 15 hens on
the Westonia diet had B. intermedia in their excreta at some point, whilst only 11 of 15
hens on the Stiletto diet excreted the spirochaete during the experimental period.
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Table 6.8 Colonisation of hens with B. intermedia, showing number of colonised hens
and of positive faecal samples of a possible 120 taken at 8 samplings between 22 to 25
weeks of age. Hens were infected at 21 weeks of age.

Hen age

Infected*

Infected*

(weeks)

(Stiletto)

(Westonia)

22-25

21/120

48/120

P-value

0.0002

*infected with B. intermedia strain HB60-1 following sampling at 21 weeks, killed at
25 weeks of age.

6.3.3.3

Faecal water contents
The water contents of the caecal faeces of the four groups of hens are

presented in Table 6.9. The control hens fed the Westonia diet had significantly drier
faeces than the hens in the two infected groups on week 21, prior to infection.
Significant differences were only seen across the four groups on weeks 23 and 24,
two and three weeks after experimental infection. On week 23, the infected hens fed
Westonia had significantly wetter faeces than the uninfected hens on Westonia (about
10% wetter). On week 24, the infected hens fed Stiletto had significantly wetter
faeces than the uninfected hens fed Stiletto (about 8% wetter).

6.3.3.4

Hen weights, egg numbers and egg weights
Group mean and standard deviation of hen weights, weekly egg weights and

weekly egg numbers are presented in Tables 6.10, 6.11 and 6.12, respectively. No
significant differences between groups were found in any of these measurements.
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Table 6.9 Weekly group mean and standard deviation of faecal water content (%) following allocation of hens into four groups.

Hen age

Control

Control

Infected*

Infected*

P-value

(weeks)

(Stiletto)

(Westonia)

(Stiletto)

(Westonia)

21

75.86ab ± 4.67

72.65a ± 4.62

78.75b ± 4.71

78.19b ± 4.91

0.0142

22

74.89 ± 6.72

72.18 ± 13.13

77.82 ± 3.1

76.90 ± 5.14

0.2743

23

73.58ab ± 3.15

69.51a ± 6.99

75.62ab ± 4.09

79.43b ± 13.32

0.0432

24

68.03a ± 14.80

75.74ab ± 4.52

76.48b ± 2.54

75.12ab ± 3.97

0.0368

25

63.54 ± 3.29

65.5 ± 5.78

67.65 ± 4.82

62.12 ± 11.54

0.2328

* infected with B. intermedia strain HB60-1 following sampling at 21 weeks
ab

Group means with different superscripts differ at the 5% level of significance
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Table 6.10 Weekly group mean and standard deviation of body weight (kgs) following allocation of hens into four groups.

Hen age

Control

Control

Infected*

Infected*

P-value

(weeks)

(Stiletto)

(Westonia)

(Stiletto)

(Westonia)

21

1.70 ± 0.22

1.78 ± 0.19

1.82 ± 0.14

1.73 ± 0.16

0.3354

22

1.71 ± 0.22

1.83 ± 0.21

1.77 ± 0.14

1.75 ± 0.19

0.3938

23

1.71 ± 0.21

1.80 ± 0.20

1.84 ± 0.13

1.78 ± 0.14

0.3078

24

1.73 ± 0.21

1.85 ± 0.10

1.86 ± 0.13

1.79 ± 0.15

0.1667

25

1.76 ± 0.20

1.89 ± 0.09

1.91 ± 0.14

1.81 ± 0.15

0.0974

*infected with B. intermedia strain HB60-1 following sampling at 21 weeks
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Table 6.11 Weekly group mean and standard deviation of egg numbers following allocation of hens into four groups.

Hen age

Control

Control

Infected*

Infected*

P-value

(weeks)

(Stiletto)

(Westonia)

(Stiletto)

(Westonia)

21

6.00 ± 2.21

6.20 ± 1.87

6.47 ±1.06

6.14 ± 2.07

0.9283

22

6.44 ± 0.73

5.90 ± 1.45

6.47 ± 1.12

6.43 ± 1.65

0.7130

23

6.30 ± 2.21

6.10 ± 1.59

6.73 ± 0.46

6.43 ± 1.09

0.7091

24

6.10 ± 1.85

6.89 ± 0.33

6.87 ± 0.35

7.00 ± 0.00

0.0809

25

6.60 ± 0.70

6.30 ± 1.89

6.73 ± 0.59

6.93 ± 0.27

0.4715

*infected with B. intermedia strain HB60-1 following sampling at 21 weeks
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Table 6.12 Weekly group mean and standard deviation for egg weights (gm) following allocation of hens into four groups.

Hen age

Control

Control

Infected*

Infected*

P-value

(weeks)

(Stiletto)

(Westonia)

(Stiletto)

(Westonia)

21

53.31 ± 4.23

54.51 ± 4.14

54.45 ± 3.14

54.79 ± 3.38

0.8104

22

54.75 ± 3.40

56.11 ± 5.80

56.24 ± 3.22

56.87 ± 3.66

0.6751

23

56.26 ± 3.50

57.60 ± 4.58

58.06 ± 4.34

57.12 ± 3.49

0.7509

24

55.57 ± 5.30

57.96 ± 4.18

59.70 ± 4.51

59.17 ± 5.08

0.1879

25

57.72 ± 5.01

59.74 ± 4.49

60.11 ± 4.47

59.43 ± 3.90

0.6018

*infected with B. intermedia strain HB60-1 following sampling at 21 weeks
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6.3.3.5

Post-mortem findings
No specific pathological changes were found in the hens at post-mortem, and

there was no gross or microscopic evidence of typhlitis/colitis. Spirochaetes were not
observed associated with the fixed caecal tissue. B. intermedia was detected in the
caecal contents of 10 hens receiving Westonia and seven receiving Stiletto.

6.3.3.6

Viscosity of ileal contents
The mean and standard deviation of viscosity of the ileal samples in the four

groups are presented in Table 6.13. Group differences were not significant. When the
values for the uninfected and infected hens on each diet were pooled, the mean ±
standard deviation for the hens receiving Stiletto was 3.18 ± 1.29 mPa•s, and for
Westonia it was 4.16 ± 1.99 mPa•s. This difference was significant in a t-test (P =
0.0483). Hence the viscosity was higher in the hens fed wheat variety Westonia.

Table 6.13 Mean and standard deviation of viscosity of ileal contents in mPa•s at post
mortem.

Control

Control

Infected*

Infected*

(Stiletto)

(Westonia)

(Stiletto)

(Westonia)

3.43 ± 1.80

4.22 ± 1.37

3.04 ± 0.92

4.12 ± 2.36

P-value

0.2475

*infected with B. intermedia strain HB60-1 following sampling at 21 weeks
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6.3.4

Discussion
In this experiment a significant dietary influence on colonisation with B.

intermedia was observed. As assessed by faecal swab results, hens fed wheat variety
Westonia were more than twice as frequently colonised as hens similarly challenged
and housed in adjacent cages, but fed variety Stiletto. This supported the first part of
the original hypothesis – that wheat variety can influence spirochaete colonisation.
A second diet-related difference in the experiment occurred in the viscosity of
the digesta in the ileum, with hens fed variety Westonia having greater viscosity than
those fed Stiletto, and this difference being significant if data for the infected and
uninfected hens were pooled. This observation supported another part of the
hypothesis - that increased viscosity of the digesta would result in increased
spirochaete colonisation. The viscosity results were consistent with the observations
made in experiment 1 that the duration of colonisation with B. intermedia in laying
hens fed a wheat-based diet could be reduced by the dietary inclusion of a
commercial enzyme supplement designed to hydrolyse the sNSP in wheat. The sNSP
component of the diet is considered to contribute significantly to elevated viscosities
of the digesta (Bedford and Schulze, 1998), and hence the protection observed was
thought to act by the enzyme reducing the viscosity of the intestinal digesta.
Consistent with this, work in pigs has showed that increasing the digesta viscosity by
addition of high-viscosity carboxymethylcellulose to the diet predisposed to infection
with the intestinal spirochaete B. pilosicoli (Hopwood et al., 2002). It is not known
how increased digesta viscosity might increase spirochaete colonisation. More
viscous intestinal contents may alter feed transit time and reduce small intestinal
absorption, potentially leading to the presence of additional or altered substrate for
the spirochaetes in the caeca. Alternatively the viscous contents might change the
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composition of the mucus overlying the caecal epithelium, such that the spirochaetes
are better able to colonise.
Unexpectedly, in this experiment the postulated link between a high sNSP
content of the diet and increased digesta viscosity was not obvious. The difference in
NSP content between the two wheat varieties was not as great as had been anticipated
when the experiment was designed, so that although Westonia had a slightly higher
tNSP content than Stiletto, its sNSP content was less. Despite this, differences in
digesta viscosity were observed. One explanation could be the fact that the diets were
stored for several months between the time of the NSP analysis and the wheats being
used. NSP values are known to alter with storage time, although not in a predictable
way (Kim et al., 2003). Hence the NSP values recorded may not have accurately
reflected the true NSP content at the time that the diets were fed. Another possibility is
that the NSP content is not as good an indicator of likely digesta viscosity in laying
hens as it is in broilers, and that other dietary components in the wheats, or even
different molecular weight fractions of the sNSP, may have differentially affected the
viscosity. Generally, the viscosity values in the ileum of all hens were relatively low.
It was not possible to exclude other possible reasons for the different
colonisation rates on the two diets. The altered viscosity may have reflected other dietrelated changes in the microenvironment of the digestive tract. Had additional
measurements of fermentation in the large intestine, or other aspects of the large
intestinal luminal environment been made, these may also have been found to be
causally associated with differences in colonisation.
Hens that were experimentally infected with B. intermedia did not show any
significant differences in production parameters (body weight or egg production)
compared to the control hens, nor did they show specific pathological changes in their
caeca at post-mortem. Under field conditions, infection with B. intermedia may cause
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pathological changes (Stephens and Hampson, 1999), and, as previously explained,
this same B. intermedia strain (HB60-1) has caused mild production losses in
experimentally infected laying hen (Hampson and McLaren, 1999). In this study
infected hens developed wetter faeces than the control hens at two and three weeks
after experimental infection, with differences in moisture for hens fed Westonia being
significant at two weeks, and for Stiletto at three weeks after experimental challenge.
On these samplings, infected hens had means of 8-10 % wetter excreta – sufficient to
cause wet litter problems if such a difference occurred in a commercial flock. Hence
this experiment provided further evidence that B. intermedia infection can result in wet
excreta, even in hens housed in a relatively stress-free and uncrowded environment.
Interestingly, despite differences in NSP content, the wheat varieties themselves did
not influence the water content of the excreta in the uninfected control hens.
In conclusion, this study demonstrated that the choice of wheat variety used as
the main cereal source in a diet for laying hens altered the intestinal microenvironment,
such that the extent of colonisation with B. intermedia was modified. Further work is
required to understand the mechanisms underlying this diet-related shift in
colonisation.
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6.4

Experiment 3: Effect of dietary NSP content on colonisation of laying

hens by B. pilosicoli
6.4.1

Introduction
The purpose of this study was to determine whether the dietary effects seen

with B. intermedia in experiment 2 (section 6.3) also occurred with an avian strain of
B. pilosicoli. Hence experiment 2 was repeated using an experimental infection with B.
pilosicoli strain CPSp1, a strain which has been shown to reduce egg production in
broiler breeders (Stephens and Hampson, 2002). The same two diets were used, except
that 50 ppm zinc bacitracin (ZnB) was added to the diets as this is known to facilitate
colonisation of laying hens with B. pilosicoli (Jamshidi and Hampson, 2002). It has
been shown to be difficult to induce colonisation with B. pilosicoli in hens on normal
commercial diets without the addition of ZnB.

6.4.2
6.4.2.1

Methods
Experimental procedures
Fifty 18-week-old ISA-Brown laying hens were obtained from the same

commercial breeder as in the previous experiments. The hens were randomly allocated
to individual cages (section 2.7.3), as described in experiment 2. Experimental
infection commenced when the hens were 20 weeks of age, and they were killed at 26
weeks of age.
The hens were fed ad libitum on one or other of two diets differing only in their
wheat component, this being of two different varieties both of which were from the
year 2000 harvest. The diets were formulated to be the same as in the previous
experiment (section 6.3), except that 50 ppm ZnB was added to both diets to facilitate
colonisation with B. pilosicoli. This experiment commenced 5 months after the
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previous experiment; hence the two wheat varieties that were used had been in storage
for an additional five months
Experimental infection (section 2.7.5) occurred daily over five days using 3 ml
(108 cells/ml) of B. pilosicoli chicken strain CPSp1 (Stephens and Hampson, 2002).
Experimental infection was conducted at the end of sampling at 20 weeks of age.
Weekly hen weights (section 2.7.6), monitoring for spirochaetes in faeces three
times a week (section 2.7.7), faecal moisture content (section 2.7.8), and egg
production (section 2.7.9) were recorded, starting one week before experiment
infection. Post-mortem examination was conducted at the end of samplings at 26
weeks of age (section 2.7.10), with viscosity analysis of the ileal contents (section
2.7.11) and histology being carried out according to the previously described
methodology.

6.4.3
6.4.3.1

Results
Colonisation with B. pilosicoli
For the two experimentally-infected groups of hens, the proportion of

samplings that were made over the period when the hens were 21-26 weeks old that
were positive for B. pilosicoli are presented in Table 6.14. Approximately 27% of
samples from Westonia-fed hens were positive, whereas 38% of samples from
Stiletto-fed hens yielded B. pilosicoli. The hens receiving the Stiletto diet shed the
spirochaete in their faeces significantly more often and for longer than the hens fed
the Westonia variety (P = 0.0153; 95% confidence interval 1.063 to 1.534). Fourteen
of the 15 hens on the Stiletto diet were colonised at some point, whilst only 12 of 15
hens on the Westonia diet were colonised during the experimental period.

193

Chapter 6: Experimental infections

Table 6.14 Colonisation of hens with B. pilosicoli, showing number of colonised
hens and of positive faecal samples of a possible 225 taken at 15 samplings between
21 to 26 weeks of age. Hens were infected at 20 weeks of age.

Hen age

Positive/no. of samples

Positive/no. of samples

(weeks)

taken (Stiletto)

taken (Westonia)

21-26

85/225

60/225

6.4.3.2

P-value

0.0153

Faecal water content
The water content of the faeces in the four groups of hens are presented in

Table 6.15. The only significant differences occurred on week 22, when the infected
hens fed Westonia has significantly drier faeces than the experimentally-infected hens
fed variety Stiletto.

6.4.3.3

Hen weights and egg production parameters
The hen group weights are presented in Table 6.16, egg numbers in Table 6.17

and egg weights in Table 6.18. There were no significant effects on body weight. For
egg numbers there was an overall significant difference at 24 weeks of age. The
control hens tended to produce fewer eggs, although there were no significant
differences detected between individual groups at this time. A significant effect also
occurred at 26 weeks of age, with the infected hens on the Stiletto diet producing
significantly more eggs than the uninfected hens on the same diet. No significant
group differences were detected for egg weights.
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Table 6.15 Weekly group mean and standard deviation of faecal water (%) content following allocation of hens into four groups.

Hen age

Control

Control

Infected*

Infected*

P-value

(weeks)

(Stiletto)

(Westonia)

(Stiletto)

(Westonia)

20

71.75 ± 5.08

76.27 ± 4.15

72.37 ± 4.15

71.53 ± 5.43

0.0864

21

72.41 ± 5.12

74.68 ± 4.43

74.08 ± 4.82

71.55 ± 4.45

0.3160

22

75.06ab ± 3.87

75.66ab ± 4.80

75.76a ± 3.79

71.55b ± 4.69

0.0374

23

72.88 ± 4.69

71.69 ± 3.88

73.00 ±3.55

72.35 ± 4.54

0.8732

24

73.34 ± 5.14

73.16 ± 4.86

73.20 ± 3.36

74.56 ± 4.24

0.7996

25

71.28 ± 7.95

68.97 ± 6.71

71.23 ± 4.09

72.48 ± 4.90

0.5357

26

71.55 ± 9.94

69.96 ± 7.70

72.43 ± 4.36

72.18 ± 5.14

0.8169

*Infected with B. pilosicoli strain CPSp1 following sampling at 20 weeks of age.
ab

Group means with different superscripts differ at the 5% level of significance
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Table 6.16 Weekly group mean and standard of deviation body weight (kgs) following allocation of hens into four groups.

Hen age (weeks)

Control

Control

Infected*

Infected*

P-value

(Stiletto)

(Westonia)

(Stiletto)

(Westonia)

20

1.65 ± 0.19

1.67 ± 0.11

1.69 ± 0.15

1.66 ± 0.14

0.9318

21

1.73 ± 0.16

1.73 ± 0.10

1.77 ± 0.13

1.72 ± 0.11

0.7418

22

1.70 ± 0.13

1.77 ± 0.10

1.75 ± 0.13

1.74 ± 0.11

0.5525

23

1.79 ± 0.16

1.76 ± 0.12

1.82 ± 0.15

1.82 ± 0.12

0.6414

24

1.82 ± 0.18

1.82 ± 0.12

1.86 ± 0.17

1.89 ± 0.14

0.5687

25

1.86 ± 0.20

1.83 ± 0.12

1.88 ± 0.15

1.95 ± 0.11

0.2292

26

1.85 ± 1.20

1.89 ± 0.13

1.94 ± 0.14

2.00 ± 0.14

0.0900

*Infected with B. pilosicoli strain CPSp1 following sampling at 20 weeks of age.
ab

Group means with different superscripts differ at the 5% level of significance
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Table 6.17 Weekly group mean and standard deviation of egg numbers following allocation of hens into four groups.

Hen age

Control

Control

Infected*

Infected*

P-value

(weeks)

(Stiletto)

(Westonia)

(Stiletto)

(Westonia)

20

4.70 ± 2.63

5.80 ± 1.03

5.53 ± 2.00

3.67 ± 2.69

0.0715

21

6.10 ± 0.99

6.00 ± 1.41

6.20 ± 1.90

5.27 ± 2.52

0.5462

22

6.00 ± 1.05

5.50 ± 1.65

6.20 ± 1.32

6.33 ± 1.80

0.5720

23

6.80 ± 0.42

6.40 ± 1.58

6.33 ± 1.05

6.60 ± 1.30

0.7701

24

6.40 ± 0.84

6.10 ± 1.37

6.87 ± 0.35

6.87 ± 0.35

0.0464#

25

5.70 ± 1.83

5.30 ± 2.58

6.33 ± 1.11

6.80 ± 0.41

0.0958

26

5.40 ± 2.46a

5.70 ± 1.42ab

6.93 ± 0.26b

6.73 ± 0.80ab

0.0159

*Infected with B. pilosicoli strain CPSp1 following sampling at 20 weeks of age
#

No individual differences

ab

Group means with different superscripts differ at the 5% level of significance
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Table 6.18 Weekly group mean and standard deviation of egg weights (gm) following allocation of hens into four groups.

Hen age

Control

Control

Infected*

Infected*

P-value

(weeks)

(Stiletto)

(Westonia)

(Stiletto)

(Westonia)

20

45.64 ± 16.83

48.85 ± 3.54

44.98 ± 13.46

43.76 ± 12.69

0.8017

21

53.58 ± 3.17

52.49 ± 4.43

52.32 ± 3.71

51.26 ± 4.07

0.5663

22

56.03 ± 4.66

53.42 ± 6.44

54.33 ± 3.51

50.28 ± 14.28

0.4152

23

56.12 ± 4.42

55.58 ± 3.88

55.49 ± 2.81

54.99 ± 3.47

0.8947

24

58.09 ± 3.54

56.15 ± 4.51

56.22 ± 4.51

56.57 ± 4.30

0.7003

25

59.29 ± 6.05

50.73 ± 18.32

56.04 ± 2.79

57.50 ± 4.39

0.1751

26

59.0 ± 6.03

55.96 ± 5.15

56.62 ± 2.33

58.21 ± 4.31

0.3650

*Infected with B. pilosicoli strain CPSp1 following sampling at 20 weeks of age.
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6.4.3.4

Post-mortem findings
No gross pathological changes were found in any of the hens at post-mortem,

and there was no histological evidence of typhlitis or end-on attachment of
spirochaetes to the caecal epithelium.

6.4.3.5

Viscosity of ileal contents
The viscosity values of the ileal contents are shown in Table 6.19. There were

no significant differences between the groups. When the results for the uninfected and
infected hens on each diet were pooled and compared, again there was no significant
dietary effect (P = 0.8399).

Table 6.19 Mean and standard viscosity measurements (in mPa•s) of the ileal contents
at post mortem (26 weeks of age).

Control

Control

Infected*

Infected*

(Stiletto)

(Westonia)

(Stiletto)

(Westonia)

4.38 ± 3.11

4.27 ± 2.12

4.19 ± 1.22

3.98 ± 2.23

P-value

9.765

*Infected with B. pilosicoli strain CPSp1 following sampling at 20 weeks of age.
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6.4.4

Discussion
In this experiment a dietary influence on B. pilosicoli colonisation was

demonstrated, but in this case colonisation was more common in hens fed the diet
containing wheat variety Stiletto than on those fed the diet containing variety
Westonia. Hence this dietary effect was opposite to that found in the previous B.
intermedia infection trial, where again a clear dietary influence on colonisation was
observed. The only difference in the diets in the current experiment compared to
experiment 2 was the inclusion of 50 ppm ZnB, and this may have had some
unexpected interactions.
The relative differences in colonisation rates between diets seen for B.
intermedia in experiment 2 were greater than those seen in the current experiment
with B. pilosicoli. Apparently these two distinct but related spirochaetal pathogens are
influenced in different and perhaps opposite ways by the diet. If this is correct, then it
will make development of dietary means to control AIS extremely difficult and highly
dependant on having good diagnostic capacity to identify the species of intestinal
spirochaete present in a given flock. Moreover, individual flocks may be colonised by
both species, making dietary control even more complicated.
In the current experiment there was no difference in the viscosity of the ileal
digesta in hens on the two diets, so there was no obvious link between increased
viscosity and increased colonisation, as was seen with B. intermedia. The ileal
viscosity tended to be slightly higher than in experiment 2 (3.70 versus 4.20). The
slightly higher viscosity and lack of a dietary group viscosity effect in the current
experiment compared to the previous experiment may have resulted from inclusion of
ZnB in the diet (necessary to facilitate colonisation by B. pilosicoli), or may have
been associated with the prolonged storage of the wheat and associated changes in
NSP content before it was used in the current experiment. Unfortunately the NSP
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content of the diets was not tested prior to this experiment, and hence any and/or the
extent of degradation of the NSP content is unknown. The fact that the hens were two
weeks older at post-mortem compared to the previous experiment seems unlikely to
have had an important influence on the digesta viscosity.
Colonisation with B. pilosicoli did not have any influence on egg production,
body weight or faecal moisture content, nor were any pathological changes found at
post-mortem. In the field B. pilosicoli infection has been associated with an increase in
faecal water content and a reduction in egg production (Trampel et al., 1994; Stephens
and Hampson, 1999), but this has only occasionally been reproduced under
experimental conditions (Stephens and Hampson, 2002). The difference may be due to
a more extensive colonisation of individual hens held under commercial conditions,
compared to those in experimental conditions, the associated increased stress and
crowding of hens under commercial conditions for example, may facilitate increased
hen-to-hen transmission of the spirochaete.
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6. 5

Experiment 4: Effect of exogenous dietary enzymes on colonisation

of laying hens by B. intermedia
6.5.1

Introduction
In experiment 1, addition of an exogenous digestive enzyme mix to a wheat-

based commercial diet was shown to reduce colonisation with B. intermedia. In
experiment 2, the wheat variety used was shown to have an effect on colonisation with
B. intermedia. Increased colonisation of hens fed the Westonia wheat variety was
correlated with an elevated viscosity of the ileal contents compared to hens fed the
Stiletto variety. The purpose of the present experiment was to repeat experiment 1, but
in this case feeding all the hens on the Westonia diet, with half receiving a commercial
exogenous enzyme designed to degrade the sNSP in the wheat. It was hypothesised
that the enzyme treatment would both reduce digesta viscosity and limit the extent of
colonisation by B. intermedia.

6.5.2
6.5.2.1

Methods
Experimental procedures
Fifty 18-week-old ISA-Brown laying hens were obtained from the same

commercial breeder (section 2.7.2) and the hens were randomly allocated to individual
cages (section 2.7.3). The infected hens were kept to 27 weeks of age, but the two
control groups were removed at 24 weeks of age because the experimental diets were
beginning to run out, and it was necessary to keep the infected hens as long as possible
to maximise the chance of detecting infection.
The hens were fed ad libitum using the same Westonia diet that had been used
in experiment 2. Half the hens received this diet (previously shown to enhance
colonisation with B. intermedia), and half received the same diet to which the same
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commercial enzyme preparation as in experiment 1 (Avizyme® 1302) was added at
the manufacturer’s recommended rate (256g/tonne).
Experimental infection (section 2.7.5) was repeated daily for five days using B.
intermedia strain HB60-1 at 20 weeks of age, after the pre-infection samples were
collected.
Weekly hen weights (section 2.7.6), monitoring for spirochaetes in faeces three
times a week (section 2.7.7), faecal moisture content (section 2.7.8), and egg
production (section 2.7.9) were measured. Post-mortem examination was conducted at
27 weeks of age (section 2.7.10), and viscosity analysis of the ileal contents (section
2.7.11) and histology were carried out according to the previously described
methodology.

6.5.3
6.5.2.1

Results
Colonisation with B. intermedia
Colonisation occurred in both dietary groups following experimental

infection, but in both groups it was relatively transient, and there were no differences
between the groups (Table 6.20). In the group without enzyme, 10 of 15 hens were
colonised at some point, whilst 12 of 15 hens receiving enzyme were colonised at
some point.
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Table 6.20 Colonisation of hens with B. intermedia, showing number of colonised
hens and of positive faecal samples of a possible 315 taken at 21 samplings between 21
to 26 weeks of age. Hens were infected at 20 weeks of age.

Hen age

Infected*

Infected*

(weeks)

(No enzyme)

(Enzyme)

21-27

19/315

21/315

P-value

0.8705

* Infected with B. intermedia strain HB60-1 following sampling at 20 weeks of age

6.5.2.2

Faecal water content
The mean faecal water contents of the hens in the four groups are presented in

Table 6.21. At week 21 the uninfected hens receiving enzyme had significantly drier
faeces than the infected hens that were not receiving enzyme. At week 22 the
uninfected hens not receiving enzyme had wetter faeces than the other three groups.
No other differences were significant.

6.3.2.3

Hen weights and egg production parameters

Details of hen weights, egg production and egg weights are presented in Tables 6.22,
6.23 and 6.24 respectively. No significant group differences occurred.

6.5.2.4

Post-mortem findings
No gross pathological changes were found in the hens at post-mortem, and

there was no histological evidence of typhlitis.
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Table 6.21 Weekly group mean and standard deviation of faecal water content (%) following allocation of hens into four groups.

Hen age

Control

Control

Infected*

Infected*

P-value

(weeks)

(No Enzyme)

(Enzyme)

(No Enzyme)

(Enzyme)

20

71.93 ± 5.27

75.03 ± 6.31

74.58 ± 5.41

75.65 ± 4.84

0.5156

21

76.28ab ± 7.98

68.86a ± 3.87

76.68b ± 5.73

74.68ab ± 4.40

0.0076

22

76.29a ± 8.02

68.86b ± 4.24

70.14b ±5.06

66.61b ± 4.45

0.0022

23

75.45 ± 7.24

73.24 ± 9.01

72.68 ± 5.92

71.93 ± 3.40

0.6091

24

69.94 ± 8.41

69.95 ± 5.88

73.46 ± 3.57

69.04 ± 4.39

0.2445

25

NA

NA

71.05 ±5.14

68.79 ± 5.84

0.3725

26

NA

NA

67.54 ± 3.79

68.20 ± 5.88

0.9580

27

NA

NA

71.49 ± 3.16

69.44 ± 5.34

0.2248

* Infected with B. intermedia strain HB60-1 following sampling at 20 weeks of age
ab

Group means with different superscripts differ at the 5% level of significance

NA, not available
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Table 6.22 Weekly group mean and standard deviation of body weight (kgs) following allocation of hens into four groups.

Hen age

Control

Control

Infected*

Infected*

P-value

(weeks)

(No Enzyme)

(Enzyme)

(No Enzyme)

(Enzyme)

20

1.82 ± 0.13

1.85 ± 0.17

1.84 ± 0.17

1.87 ± 0.18

0.9078

21

1.81 ± 0.11

1.83 ± 0.26

1.87 ± 0.17

1.90 ± 0.18

0.5090

22

1.82 ± 0.10

1.80 ± 0.21

1.88 ± 0.18

1.90 ± 0.21

0.4552

23

1.86 ± 0.15

1.72 ± 0.18

1.89 ± 0.18

1.91 ± 0.26

0.1606

24

1.92 ± 0.15

1.90 ± 0.18

1.96 ± 0.18

1.96 ± 0.21

0.7315

25 a

NA

NA

NA

NA

NA

26

NA

NA

1.98 ± 0.18

2.01 ± 0.19

0.6579

27

NA

NA

NA

NA

NA

* Infected with B. intermedia strain HB60-1 following sampling at 20 weeks
a

Control chickens were killed at the start of week 25 due to a lack of feed

NA, not available
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Table 6.23 Weekly group mean and standard deviation of egg numbers following allocation of hens into four groups.

Hen age

Control

Control

Infected*

Infected*

P-value

(weeks

(No Enzyme)

(Enzyme)

(No Enzyme)

(Enzyme)

20

5.60 ± 2.01

6.00 ± 1.63

5.53 ± 1.77

6.00 ± 1.73

0.8562

21

6.63 ± 1.06

5.40 ± 2.17

6.07 ± 1.69

6.21 ± 1.76

0.5036

22

5.67 ± 1.66

6.13 ± 0.83

5.60 ± 2.23

5.86 ± 1.75

0.9172

23

4.60 ± 1.71

6.25 ± 1.04

5.29 ± 1.54

6.00 ± 1.36

0.0620

24

6.25 ± 0.71

5.33 ± 2.06

6.15 ± 0.99

5.86 ± 1.61

0.5228

25

NA

NA

5.43 ± 1.99

5.29 ± 1.86

0.8458

26

NA

NA

6.00 ± 1.54

5.64 ± 1.39

0.5401

27

NA

NA

4.87 ± 2.80

4.73 ± 2.34

0.8885

* Infected with B. intermedia strain HB60-1 following sampling at 20 weeks of age
NA, not available
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Table 6.24 Weekly group mean and standard deviation of egg weight (gm) following allocation of hens into four groups.

Hen age

Control

Control

Infected*

Infected*

P-value

(weeks)

(No Enzyme)

(Enzyme)

(No Enzyme)

(Enzyme)

20

60.01 ± 2.97

59.43 ± 3.45

58.76 ± 3.46

60.27 ± 3.72

0.6588

21

60.10 ± 4.17

59.97 ± 3.37

59.71 ± 2.34

60.76 ± 4.40

0.8893

22

60.68 ± 2.79

61.02 ± 2.18

60.28 ± 3.29

62.38 ± 4.07

0.3815

23

59.96 ± 3.65

61.18 ± 2.02

60.48 ± 2.95

62.21 ± 2.83

0.1139

24

60.29 ± 3.45

60.28 ± 4.39

61.50 ± 2.64

62.80 ± 3.13

0.1937

25

NA

NA

62.64 ± 3.48

62.55 ± 4.39

0.9067

26

NA

NA

63.15 ± 3.63

63.43 ± 4.52

0.6873

27

NA

NA

62.97 ± 4.25

61.50 ± 3.89

0.5202

* Infected with B. intermedia strain HB60-1 following sampling at 20 weeks of age
NA, not available
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6.5.2.5

Viscosity of ileal contents

The viscosity of the ileal contents in the four groups of hens is presented in Table 6.25.
There were no significant differences between the groups overall. Also there were no
significant differences between the two control groups, or between the two infected
groups, when these were separately compared using t-tests.

Table 6.25 Mean and standard viscosity measurements (in mPa•s) of the ileal contents
at post mortem in hens aged 24 weeks (controls) or 27 weeks (infected hens).

Control

Control

Infected*

Infected*

(No Enzyme)

(Enzyme)

(No Enzyme)

(Enzyme)

2.28 ± 1.20

2.35 ± 1.36

2.82 ± 0.92

2.06 ± 0.63

P-value

0.4199

* Infected with B. intermedia strain HB60-1 following sampling at 20 weeks of age

6.5.4

Discussion
In this experiment the lack of a consistent and prolonged colonisation in both

groups of infected hens made it impossible to determine, in the context of this diet,
whether the enzyme preparation could have had any protective effect on colonisation.
There was no obvious explanation for why the colonisation rate was lower than in
experiments 1 and 2. Indeed, in the current experiment, the hens were dosed daily for 5
days compared to only 3 days in experiment 2, which should have considerably
increased their exposure to the B. intermedia strain. The cultures used for infection
appeared equally as active as previously, and the hens were from the same source.
Although the base diet was the same as in experiments 2 and 3, the diets had now been
209

Chapter 6: Experimental infections

in storage for an additional 6 months after experiment 3, and 11 months after
experiment 2. As previously discussed in section 6.4.4, the prolonged storage of the
wheat and the associated changes in NSP content may have assisted in the reduced
colonisation seen in this experiment. Unfortunately the Westonia wheat was not
available after the 2000 harvest, so enough diet had to be made for the three planned
experiments as more diet could not be made up later. This ultimately led to the
prolonged storage of the diets prior to their use, which may in turn have affected the
outcome of these experiments. It would be useful to repeat this set of experiments, and
eliminate the prolonged storage of the diets to see the effect of fresh compared to aged
diets. However, due to time limitations, lack of resources and the practicality of
eliminating prolonged storage, these repeat experiments could not be carried out.
Given the relatively low incidence of colonisation, it is not surprising that the
infection did not influence the faecal water content or any of the measured production
parameters. Equally, addition of enzyme to the diet did not cause any significant or
obvious changes in these parameters. Furthermore, addition of enzyme did not
influence the viscosity of the ileal contents. This finding is consistent with the results
of a recent Australian study, where a number of different commercial enzyme products
failed to significantly alter digesta viscosity in the jejunum or ileum of laying hens
(Roberts, 2003). The viscosity values in the current experiment were unexpectedly
low, and this also may account for a lack of effect of the enzyme mix
Overall, this experiment did not answer the specific research question posed.
This was largely because of a lack of successful experimental infection, but also it may
have been contributed to by a relatively low NSP value of the diet used.
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6.6

Experiment 5: Effect of different cereal sources on colonisation of

laying hens with B. intermedia
6.6.1

Introduction
Following some concerns about the relatively low levels of NSP in the wheat-

based diets used in experiments 2 - 4, it was decided to examine the effects of other
diets that were predicted to have greater NSP contents, on the colonisation of hens with
B. intermedia. In this way the association between dietary sNSP, viscosity of the
intestinal contents and the colonisation of laying hens with B. intermedia following
experimental infection were again examined. The hypothesis being tested was that
increased digesta viscosity arising from the presence of sNSP in the diet would
enhance colonisation with B. intermedia, and that hydrolysing the sNSP with specific
exogenous enzymes would result in a reduced digesta viscosity and less spirochaetal
colonisation. In order to manipulate the sNSP content of the experimental diets, each
was based on a different cereal grain or combination of grains with high sNSP
contents, with or without the addition of appropriate dietary enzymes designed to
hydrolyse the sNSP in the diet.

6.6.2 Methods
6.6.2.1

Experimental procedures
Seventy two ISA-Brown laying hens of 18 weeks of age were obtained from

the same commercial breeder as in previous experiments (section 2.7.2). The hens
were randomly divided into six groups of 12, each housed in individual adjacent cages.
Eight hens from each diet were housed in one room while the remainder of the hens
were housed in an adjacent room (section 2.7.3).
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The hens were fed ad libitum on three base diets, with each dietary group being
divided into the diet with or without an appropriate commercial dietary exogenous
enzyme being added to the dry diets (ie six groups in total). The specifications of the
diets were typical for laying hens of this age. The cereal sources used in the three diets
were wheat, barley, or barley + sorghum respectively (Table 6.26). The NSP
contribution from all the non-cereal sources in the diet were balanced across diets, so
that any difference in NSP content between diets was due to the cereal of interest. The
NSP contents of the dry diets were measured in the laboratory of Professor Mingan
Choct in the School of Rural Science and Agriculture at the University of New
England, and they are presented in Table 6.27. Detailed description of the diet
constituents are provided for diets in this experiment. Diets were fed as a mash, and the
mash and fresh drinking water were available ad libitum.
Dietary enzymes from DSM Nutritional Products were added to duplicates of
each diet. Ronozyme WX at 200 g/tonne was added to the wheat-based diet: this
contained endo-1-4 β-xylanase with a minimal activity of 1000 FXU/g. Ronozyme A
at 200 g/tonne was added to the barley-based diet: this contained α-amylase with a
minimum activity of 200 KNU/g, and endo-1,3-1,4 β-glucanase with a minimum
activity of 350 FBG/g. For the barley + sorghum diet, both Ronozyme WX and
Ronozyme A were added, both at 100 g/tonne. The enzyme replaced the equivalent
amount of cereal in the respective diet.
Experimental infection (section 2.7.5) was repeated daily over five days using
B. intermedia strain HB60-1 starting after samplings at 20 weeks of age.
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Table 6.26

Complete analysis of the laying hen diets used in experiment 5.

Formula name
Raw material
wheat
barley
sorghum
choline chloride 75%
groats
lupin kernel
soya-bean meal
meat & bone meal
fishmeal (peruvian)
canola oil
limestone fine
dicalcium phosphate
salt
dl-methionine
l-lysine HCl
enzyme premix
household laying premix
total
Nutrient
soluble NSP from wheat,
barley and sorghum
apparent metabolisable energy
(kcals/kg)
protein
calcium
total phosphate
available phosphate
methionine
total sulphur amino acids
lysine
threonine
tryptophane
leucine
fat
linoleic acid
crude fibre
sodium

wheat diet

barley diet

barley+sorghum diet

%
49.24
.
.
0.01
15.000
7.00
11.20
2.00
1.00
2.00
10.40
1.20
0.31
0.13
0.01
0.25
0.25
100.00

%
.
50.58
.
0.01
15.000
7.00
10.00
2.35
1.00
2.15
10.00
1.05
0.23
0.13
.
0.25
0.25
100.00

%
.
24.65
25.76
0.01
15.000
7.00
10.00
3.50
1.00
1.00
10.45
0.75
0.24
0.14
.
0.25
0.25
100.00

analysis

analysis

analysis

10.59

20.74

10.57

2,738
17.28
4.45
0.63
0.42
0.37
0.68
0.79
0.60
0.19
1.22
4.76
2.11
3.03
0.16

2,739
17.14
4.29
0.61
0.40
0.37
0.68
0.80
0.61
0.18
1.20
5.10
2.29
3.87
0.14

2,735
17.00
4.50
0.63
0.40
0.37
0.66
0.78
0.60
0.18
1.33
4.33
1.73
3.13
0.16
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Table 6.27

NSP analysis of laying diets. Last column shows the total values.

g/Kg
Sample ID

wheat+E

wheat-E

barley+E

barley-E

barley/sorg+E

Barley/sorg-E

Rhamnose Fucose Ribose Arabinose Xylose Mannose Galactose Glucose
Sugars*

0.17

0.00

0.08

0.30

0.16

1.75

7.34

15.06

24.87

sNSP

0.12

0.07

0.13

4.05

5.09

0.31

3.24

7.21

17.79

iNSP

0.64

0.48

0.30

16.04

17.23

2.29

16.60

22.42

67.72

tNSP

0.76

0.55

0.43

20.09

22.32

2.60

19.84

29.63

85.51

Sugars

0.17

0.00

0.08

0.28

0.14

1.58

6.96

13.61

22.82

sNSP

0.12

0.04

0.07

3.24

3.78

0.27

3.62

6.66

15.66

iNSP

0.70

0.50

0.33

18.50

20.80

2.50

18.09

23.84

75.93

tNSP

0.82

0.54

0.40

21.74

24.58

2.77

21.71

30.50

91.59

Sugars

0.16

0.00

0.07

0.25

0.10

1.83

7.15

16.93

26.48

sNSP

0.12

0.05

0.11

2.62

2.73

0.70

2.22

25.61

30.41

iNSP

0.63

0.58

0.38

17.66

26.88

3.00

15.41

31.78

85.78

tNSP

0.75

0.63

0.49

20.28

29.61

3.70

17.63

57.39

116.19

Sugars

0.17

0.11

0.08

0.30

0.12

1.83

7.14

16.52

26.23

sNSP

0.14

0.06

0.11

2.69

2.65

0.59

2.70

25.49

30.65

iNSP

0.70

0.47

0.40

19.25

29.30

3.15

17.78

34.38

93.90

tNSP

0.84

0.53

0.51

21.94

31.95

3.74

20.48

59.87

124.55

Sugars

0.18

0.00

0.08

0.36

0.13

1.79

6.92

15.22

24.68

sNSP

0.09

0.07

0.08

1.88

1.77

0.49

2.50

16.76

20.98

iNSP

0.65

0.47

0.33

14.58

17.14

2.64

16.57

26.24

70.12

tNSP

0.74

0.54

0.41

16.46

18.91

3.13

19.07

43.00

91.10

Sugars

0.17

0.20

0.06

0.25

0.08

1.40

7.04

14.35

23.45

sNSP

0.12

0.06

0.08

1.67

1.37

0.38

2.66

16.69

20.44

iNSP

0.61

0.40

0.26

13.79

15.47

2.44

16.90

23.69

65.61

tNSP

0.73

0.46

0.34

15.46

16.84

2.82

19.56

40.38

86.05

*Free sugars. E, enzyme.
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Weekly hen weights (section 2.7.6), monitoring for spirochaetes in faeces three
times a week (section 2.7.7), faecal moisture content (section 2.7.8), and egg
production (section 2.7.9) were recorded, starting one week before experimental
infection. Post-mortem examination was conducted at the end of samplings at 25
weeks of age (section 2.7.10), with viscosity analysis of the digesta in both the ileum
and colon (section 2.7.11) and histology carried out according to the previously
described methodology.

6.6.3
6.6.3.1

Results
Colonisation with B. intermedia
The results for faecal excretion of B. intermedia during the samplings are

presented in Table 6.28. Not all hens became colonised, and there was no significant
group effect on the number of hens that shed the spirochaete. The faeces of several
hens were positive at all or most of the samplings taken over periods of up to four
weeks. There was a significant overall effect of diet on number of days when faecal
samples were positive (χ2 = 19.831; P = 0.001). Subsequent pair-wise comparison of
colonisation rates between dietary groups indicated the hens on the wheat-based diet
without enzyme had significantly more colonisation than hens in all other groups
except those receiving wheat with enzyme. In addition, the group receiving barley
with enzyme demonstrated significantly less colonisation than both the other cereal
groups receiving enzyme. No other differences were significant. For the wheat and
the barley diets, addition of enzyme to the diets was associated with a trend for less
colonisation, but the reverse occurred with the barley + sorghum diet. Regression
analysis of sNSP, iNSP and tNSP content of the diets against colonisation all gave
slope of the curves that were not significantly different from zero
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Table 6.28 Colonisation of hens with B. intermedia, showing number of colonised hens and of positive faecal samples of a possible 204 taken at 17
samplings between 21 to 26 weeks of age. Hens were infected at 20 weeks of age.

Cereal base of diet

Wheat

Wheat

Barley

+ enzyme

Barley

Barley +

Barley +

+ enzyme

sorghum

sorghum

P-value

+ enzyme
No. of hens

8

8

7

5

7

8

NS

42/204a

30/204ab

25/204bc

14/204c

20/204bc

27/204b

0.001

colonised
No. of samples
positive

Group values having different superscripts differ at the 5% level of significance (paired Chi-squared analysis)
NS = Not significant
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(r-squared values 0.526, 0.046 and 0.175 respectively, P-values 0.103, 0.684 and
0.409 respectively). Regression analysis of ileal and colonic viscosity values against
colonisation also failed to reveal significant relationships. The r-squared values for
the regressions were 0.212 and 0.163 and the P values 0.358 and 0.428 respectively.

6.6.3.2

Faecal water content
Group faecal water contents are presented in Table 6.29. No significant group

effects were identified at any sampling time.

6.6.3.3

Body weights and egg production parameters
The body weights, total eggs produced and egg weights are presented in

Tables 6.30, 6.31 and 6.32 respectively. The only significant group differences in
body weight occurred towards the end of the experiment. There was an overall effect
(P = 0.042) when the hens were 26 weeks of age, with hens fed barley + sorghum +
enzyme tending to be heavier than the other groups of hens. At 27 weeks of age the
significance increased (P = 0.026), with the hens fed barley + sorghum + enzyme
now being significantly heavier than those fed barley without enzyme (2.07 ± 0.12 kg
compared with 1.92 ± 0.12 kg).
The only significant group effect on egg production occurred when the hens
were 23 weeks of age (P = 0.027). The hens receiving wheat without enzyme produced
significantly fewer eggs than the group receiving barley without enzyme (4.3 ± 2.4
compared to 6.8 ± 0.4 eggs per week). No other group differences in egg numbers or
weights were significant at any age.
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Table 6.29 Weekly group mean and standard deviation of faecal water content (%) following allocation of hens into six groups.

Hen age

Wheat

Wheat

Barley

Barley

Barley/sorghum

Barley/sorghum

P-value

(weeks)

+ enzyme

- enzyme

+ enzyme

- enzyme

+ enzyme

- enzyme

20*

72.54 ± 3.39

75.66 ± 6.57

75.45 ± 6.08

77.72 ± 3.25

75.23 ± 3.26

71.26 ± 7.44

0.0610

21

73.46 ± 9.05

76.28 ± 6.03

77.15 ± 6.02

77.54 ± 5.53

73.78 ± 4.54

75.09 ± 5.01

0.4722

22

76.38 ± 5.52

77.79 ± 5.06

77.02 ± 5.02

79.19 ± 3.55

78.39 ± 3.55

79.88 ± 7.03

0.5534

23

73.95 ± 4.41

76.69 ± 5.16

77.02 ± 3.36

76.98 ± 3.36

75.45 ± 4.60

76.57 ± 5.44

0.5327

24

75.06 ± 6.34

76.70 ± 5.55

73.94 ± 3.85

74.86 ± 4.80

73.80 ± 8.65

74.74 ± 4.36

0.8568

25

73.91 ± 4.69

77.80 ± 4.79

78.08 ± 3.73

73.96 ± 6.70

74.17 ± 5.81

78.36 ± 5.30

0.0679

26

77.97 ± 8.22

75.70 ± 5.22

77.93 ± 2.12

73.60 ± 3.40

76.37 ± 3.91

76.47 ± 4.39

0.2774

27

73.89 ± 6.38

74.87 ± 5.72

76.99 ± 3.83

77.27 ± 6.99

74.85 ± 6.78

75.23 ± 4.86

0.6880

* All hens infected with B. intermedia strain HB60-1 following sampling at 20 weeks
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Table 6.30 Weekly group mean and standard deviation of body weight (kgs) following allocation of hens into six groups.

Hen age

Wheat

Wheat

Barley

Barley

Barley/sorghum

Barley/sorghum

P-value

(weeks)

+ enzyme

- enzyme

+ enzyme

- enzyme

+ enzyme

- enzyme

20*

1.80 ± 0.15

1.78 ± 0.14

1.76 ± 0.13

1.71 ± 0.07

1.76 ± 0.16

1.73 ± 0.20

0.8105

21

1.83 ± 0.17

1.80 ± 0.14

1.80 ± 0.13

1.76 ± 0.09

1.78 ± 0.16

1.80 ± 0.15

0.8576

22

1.88 ± 0.15

1.88 ± 0.13

1.88 ± 0.12

1.78 ± 0.09

1.87 ± 0.15

1.85 ± 0.18

0.4608

23

1.90 ± 0.10

1.85 ± 0.10

1.88 ± 0.12

1.80 ± 0.09

1.84 ± 0.29

1.85 ± 0.17

0.7763

24

1.90 ± 0.10

1.85 ± 0.11

1.88 ± 0.14

1.82 ± 0.10

1.92 ± 0.14

1.88 ± 0.17

0.5439

25

1.94 ± 0.10

1.88 ± 0.12

1.93 ± 0.13

1.87 ± 0.11

2.00 ± 0.13

1.93 ± 0.16

0.1885

26

1.98 ± 0.09

1.90 ± 0.11

1.98 ± 0.12

1.90 ± 0.11

2.03 ± 0.11

1.96 ± 0.13

0.0415#

27

2.01ab ± 0.08

1.95ab ± 0.12

2.03ab ± 0.13

1.92a ± 0.12

2.07b ± 0.12

2.00ab ± 0.13

0.0257

* All hens infected with B. intermedia strain HB60-1 following sampling at 20 weeks
ab

#

Group means with different superscripts differ at the 5% level of significance

Overall significance but not significant between individual columns
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Table 6.31 Weekly group mean and standard deviation of egg numbers following allocation of hens into six groups.

Hen age

Wheat

Wheat

Barley

Barley

Barley/sorghum

Barley/sorghum

P-value

(weeks)

+ enzyme

- enzyme

+ enzyme

- enzyme

+ enzyme

- enzyme

20*

1.67 ± 2.33

2.08 ± 2.94

1.83 ± 3.13

3.08 ± 3.0

1.67 ± 2.10

2.33 ± 2.90

0.6488

21

1.92 ± 3.00

3.00 ± 3.30

3.25 ± 3.17

4.33 ± 3.31

2.33 ± 2.99

3.67 ± 3.42

0.4845

22

4.33 ± 3.26

3.83 ± 3.43

4.25 ± 3.17

6.08 ± 1.83

3.58 ± 3.03

5.08 ± 2.50

0.3256

23

5.08ab ± 2.64

4.33a ± 2.42

5.42ab ± 2.11

6.83b ± 0.39

4.92ab ± 2.61

6.58ab ± 1.16

0.0274

24

5.42 ± 1.93

5.75 ± 1.29

5.92 ± 1.78

6.83 ± .0.39

5.83 ± 2.72

6.58 ± 0.67

0.2905

25

6.33 ± 1.44

6.44 ± 1.42

6.33 ± 1.72

7.00 ± 0.00

5.67 ± 2.67

6.42 ± 1.24

0.5409

26

6.42 ± 1.24

6.75 ± 0.45

6.17 ± 1.99

6.92 ± 0.29

5.75 ± 2.70

6.42 ± 2.02

0.6057

27

5.67 ± 2.15

6.58 ± 0.67

6.75 ± 0.45

6.75 ± 0.45

6.08 ± 2.11

6.42 ± 2.02

0.4613

* All hens infected with B. intermedia strain HB60-1 following sampling at 20 weeks
ab

Group means with different superscripts differ at the 5% level of significance
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Table 6.32 Weekly group mean and standard deviation of egg weight (gm) following allocation of hens into six groups.

Hen age

Wheat

Wheat

Barley

Barley

Barley/sorghum Barley/sorghum

P-value

(weeks)

+ enzyme

- enzyme

+ enzyme

- enzyme

+ enzyme

- enzyme

20*

53.86 ± 7.95

47.40 ± 4.10

47.94 ± 7.25

49.04 ± 5.11

43.22 ± 3.68

48.21 ± 2.41

0.1024

21

55.80 ± 5.66

52.26 ± 3.61

47.73 ± 4.49

51.25 ± 6.41

49.75 ± 4.47

50.93 ± 5.74

0.2378

22

54.69 ± 3.73

53.31 ± 2.09

52.30 ± 4.26

51.99 ± 6.21

51.41 ± 3.73

51.99 ± 4.34

0.6968

23

56.22 ± 4.65

56.41 ± 2.90

54.51 ± 3.96

55.01 ± 4.31

54.23 ± 4.25

54.51 ± 3.56

0.6584

24

56.69 ± 3.41

56.73 ± 3.62

56.89 ± 3.27

56.98 ± .3.82

58.07 ± 3.98

55.84 ± 3.46

0.8239

25

60.07 ± 3.77

58.56 ± 3.67

57.06 ± 3.62

58.92 ± 4.45

60.22 ± 4.93

58.24 ± 4.23

0.4551

26

62.79 ± 7.47

60.03 ± 3.28

57.76 ± 3.74

59.66 ± 3.24

60.77 ± 3.33

59.27 ± 3.40

0.1586

27

60.72 ± 3.45

61.56 ± 3.43

58.99 ± 4.26

60.29 ± 4.16

60.64 ± 3.38

59.71 ± 3.38

0.6399

* All hens infected with B. intermedia strain HB60-1 following sampling at 20 weeks
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6.6.3.4

Post-mortem findings
At post-mortem, all hens were in good condition. No gross pathological

changes were found, and no histological evidence of typhlitis was observed.
Brachyspira intermedia was isolated from the caeca of six hens: two fed wheat, one
fed barley, two fed barley + sorghum with enzyme and one fed the latter diet without
enzyme.

6.6.3.4 Viscosity of the digesta
Group results for digesta viscosity in the ileum and the colon are presented in
Table 6.33. There was a significant dietary effect at the ileum (P = <0.001), with hens
fed barley + enzyme having significantly more viscous digesta than hens in the other
groups, except for those receiving barley without enzyme. There were no other
significant differences between groups. Addition of enzyme was associated with a
numerically lower group mean ileal digesta viscosity in hens fed wheat and barley +
sorghum, but with a higher viscosity in hens fed barley. Regression analyses of sNSP,
iNSP and tNSP content of the six diets against mean ileal viscosity gave r-squared
values of 0.454, 0.475 and 0.51 respectively, and the slopes were not significantly
different from zero (P = 0.142, 0.130 and 0.111 respectively).
Viscosity values in the colon were lower than in the ileum, and no significant
group differences were detected at this site. Addition of enzyme was associated with a
numerically lower mean colonic viscosity in hens fed wheat, and a slightly lower value
in those fed barley, but there were no differences for the hens fed barley + sorghum
with or without enzyme.
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Table 6.33 Mean and standard deviation of viscosity of intestinal contents in mPa•s at post mortem.

Site

Wheat

Wheat

Barley

+ enzyme

Barley

Barley

+ Barley + sorghum P-value

+ enzyme

sorghum

+ enzyme

Ileum

1.95a ± 0.22

1.69a ± 0.28

2.01ab ± 0.13

2.41b ± 0.70

1.84a ± 0.40

1.61a ± 0.20

<0.001

Colon

1.77 ± 0.45

1.48 ± 0.21

1.72 ± 0.24

1.62 ± 0.41

1.47 ± 0.25

1.48 ± 0.36

0.150

Group means having different superscripts differ at the 5% level of significance
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Regression analyses of sNSP, iNSP and tNSP content of the diets against mean
colonic viscosity gave r-squared values of 0.055, 0.527 and 0.327 respectively. As in
the ileum, none of the slopes were significantly different from zero (P = 0.655, 0.102
and 0.236 respectively).

6.6.4

Discussion
This experiment utilised diets differing in their NSP content. The sNSP

content of the barley-based diet was about twice that of the wheat-based diet, whilst
the sNSP content of the barley + sorghum diet was a little higher than that of the
wheat diets (Table 6.27). In comparison to the sNSP contents, the iNSP and the tNSP
contents of the barley-based diet were only about 20% higher than those of the other
two diets. Hence, in relation to NSP, the difference in the diets mainly resided in their
sNSP content. The addition of the enzymes to the dry diets had little or no effect on
their measured NSP contents, but this may have been because these enzymes require
moisture for activation. In retrospect, it was realised that it would have been more
informative to have moistened the diets and allowed the enzymes time to act before
measuring the NSP content.
The different diets resulted in different viscosities of the ileal digesta, but this
effect was not observed in the colon, presumably as a result of bacterial degradation
of remaining dietary substrate in the caeca. As expected, the barley-based diets, with
the greatest sNSP content, resulted in the greatest viscosity of the ileal digesta. Across
all six diets, however, the relationship between sNSP content and viscosity of the ileal
digesta was not linear. For example, the wheat-based diet without enzyme had about
half the sNSP content of the barley diet without enzyme, but the mean viscosity of the
ileal contents in hens on the two diets was similar. One explanation for this difference
could be that specific sub-fractions of the sNSP, or other factors or components of the
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wheat besides sNSP, could act independently to increase digesta viscosity values in
the ileum of laying hens.
Addition of the recommended dose rates of dietary enzymes, each designed
for diets containing the particular cereal types used, had no significant effect on the
viscosity of the digesta. This lack of effect was consistent with results for wheat in
the previous experiments, and, as previously stated, a similar lack of effect of
enzymes on digesta viscosity in laying hens has been reported (Roberts 2003). In part,
this lack of effect again may have been due to the low intestinal viscosity values
found in all hens. Generally, enzymes are believed to be more effective and useful in
broilers than in adult hens, probably because the intestinal viscosity is greater and
more limiting in younger hens (Almirall et al., 1995; Petersen et al., 1999) In a study
by Lazaro et al. (2003), where enzymes successfully reduced digesta viscosity in
laying hens, viscosity values were considerably greater than those found here.
In the current study there was a tendency for the different enzymes to have
different effects. Hens fed wheat tended to have lower viscosities in the ileum and
colon if their diets were supplemented with xylanase, but in the case of the barley
diet, viscosities were actually higher in the ileal contents in hens receiving α-amylase
and β-glucanase than in those not receiving enzymes. As NSPs in barley and wheat
have different branching structures (Bacic and Stone, 1981), the effectiveness of any
particular enzyme will be more related to its appropriateness and efficacy for the
substrate than to the total quantity of NSP in the diet. Hence, when evaluating the
effectiveness of dietary enzymes, it is necessary to consider these in the context of
their use with the specific cereal sources for which they are designed.
A highly significant dietary effect on colonisation with B. intermedia was
found, with hens fed wheat shedding spirochaetes in their faeces more frequently than
hens on the other diets. This result was somewhat unexpected, as the hens fed the diet
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with the lowest sNSP (wheat) had the greatest colonisation, and those with the
highest sNSP (barley) had the least colonisation. The sNSP content of the diet
therefore did not predict colonisation rates. Similarly, the iNSP, tNSP or free sugar
contents of the diets were not related to colonisation rates. The wheat diet did result
in ileal and colonic viscosities similar to those with the barley diets, but overall
regressions of viscosity values against colonisation did not reveal a significant
relationship between the two at either intestinal site. Hence this experiment also failed
to show a clear relationship between viscosity of the ileal and colon contents and
colonisation with B. intermedia. The specific properties of the wheat-based diets that
have this effect of encouraging colonisation remain unknown, and require more
detailed analysis. It is possible that wheat has some other non-sNSP related effects on
the physico-chemical properties of the digesta, or on components of the intestinal
microbiota, which in turn predispose to colonisation by intestinal spirochaetes. A
better understanding of these interactions could greatly assist the development of
control strategies for these bacteria, and possibly even for other enteric pathogens.
The hens given the enzyme preparation with the wheat diet in the current
experiment tended to have less colonisation than those receiving wheat without
enzyme, but this difference was not significant. In experiment 1, a significant enzyme
effect occurred, although a different enzyme preparation was used (Avizyme® 1302:
which included a protease with the xylanase). Besides the action of the protease, the
two xylanases also might have different sites of catalytic action, and different
efficiencies against different NSP components. Further work is required to determine
to what extent, and by what mechanisms different dietary enzyme preparations might
influence colonisation with B. intermedia in hens fed a wheat-based diet.
In this experiment, neither infection with B. intermedia nor feeding the
various dietary combinations had obvious influences on production parameters or on
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health. As previously discussed, his lack of effect may reflect the small group sizes
used, the relatively stress-free and uncrowded environment in which the hens were
housed, and the relatively short experimental period. Had the experiments been
conducted under commercial conditions, greater differences may have been seen.
In conclusion, this experiment confirmed that there are dietary influences on
colonisation of laying hens with B. intermedia, with wheat predisposing to
colonisation. The sNSP content of the diet was not the main influence, and the
viscosities of the ileal and colonic contents also were not good predictors of whether or
not hens were susceptible to infection. Similarly, in this experiment, the sNSP content
of the diet was not a good predictor of the viscosity of the ileal or colonic digesta in
laying hens. Addition of dietary enzymes did not significantly change the viscosity of
the ileal or colonic contents under the experimental conditions used, and, depending on
diet, addition of dietary enzyme had inconsistent and non-significant effects on altering
the susceptibility of the hens to colonisation by B. intermedia.

6.7

Summary of Findings in the Experimental Infection Studies

This series of experiments have shown that:


It is possible to obtain B. intermedia and B. pilosicoli colonisation of
experimentally-infected hens.



Cloacal swabs may not necessarily detect low levels of caecal colonisation.



Fifty ppm ZnB was significantly more effective than 100 ppm ZnB in reducing
colonisation with B. intermedia compared to untreated hens.



The addition of an enzyme compliment containing predominantly xylanase and
protease activity to a commercial wheat-based diet significantly reduced
colonisation with B. intermedia (experiment 1).
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The wheat variety used as the main cereal source in a diet for laying hens can
influence spirochaete colonisation.



Differences in colonisation rates associated with different diets were greater
for B. intermedia compared to B. pilosicoli.



Barley-based diets, with high sNSP content, resulted in a greater viscosity of
the ileal digesta than diets based on wheat.



Addition of dietary enzymes to a wheat-based diet did not influence the
viscosity of the ileal contents.



The sNSP content of the diet was not the main influence on colonisation with
B. intermedia and the viscosities of the ileal and colonic contents also were not
good predictors of whether or not hens were susceptible to infection.



The sNSP content of the diet was not a good predictor of the viscosity of the
ileal or colonic digesta in laying hens.



Addition of dietary enzymes to different cereal-based diets did not
significantly change the viscosity of the ileal or colonic contents.



Depending on diet, addition of dietary enzyme had inconsistent effects on
reducing susceptibility to colonisation by B. intermedia.
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7.1

Introduction
Although AIS has been recognised as a “genuine” disease or disease complex

for more than 20 years, at the time the work described in this thesis was planned a
large number of questions about the condition still needed to be answered. For
example, AIS was known to be widespread (although under-reported) in flocks of
laying hens and breeders, but the detailed epidemiology of the infection at the
individual flock level had not been studied. It was not entirely clear whether to expect
there to be single or multiple strains or even species of Brachyspira spirochaetes
present on individual farms, nor was it known how these spirochaetes might be
transmitted between hens in a flock, between flocks on an individual farm, or between
successive flocks in a given shed. When considering how to control the spirochaetes
on an individual farm, their survival time in the environment of poultry sheds had not
been studied, nor was it known how susceptible they are to commonly used
disinfectants. Methodology for detection of these spirochaetes also was limited, and
new and more rapid detection methods were required to help with future studies on
AIS. Finally, it was not known if, and to what extent, colonisation by avian intestinal
spirochaetes could be influenced by diet, as has been shown to occur in pigs.
Identification of dietary measures to help reduce colonisation could be of considerable
help in situations where antimicrobial therapy was not practical or possible.
Accordingly, the work described in this thesis was undertaken with the aim of
investigating the deficiencies outlined above. A number of answers were obtained, but
further work is still required to more fully understand the dynamics of the infections
and to develop means to control them more effectively.
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7.2

Survival of B. intermedia and B. pilosicoli
At the start of this study no information was available about the survival of B.

intermedia or B. pilosicoli in chicken faeces or in the environment of poultry houses –
and indeed there had been no survival studies at all done on B. intermedia. Previous
studies had been conducted on B. pilosicoli in pond water containing duck faeces, with
the spirochaetes surviving for up to 66 d at 4oC (Oxberry et al., 1998). Furthermore, B.
pilosicoli had been shown to survive for long periods in soil and in pig faeces (Boye et
al., 2001). Therefore, it was thought that avian strains of B. pilosicoli, and potentially
also of B. intermedia, would remain viable for prolonged periods in the environment of
a chicken shed and be indirectly transmitted to new and uninfected hens via this route.
A major finding from the study was that the strains of B. intermedia and B.
pilosicoli tested were relatively short-lived when seeded into fresh chicken faeces
(chapter 3). They survived for a much shorter period than has been reported for
Brachyspira species in pig faeces, soil or pond water. Furthermore, these results were
reinforced by the fact that all the environmental samples collected from the AISaffected commercial laying hen farm were negative for Brachyspira species (chapter
4), despite the abundance of these spirochaetes in the intestinal tracts of chickens on
the farm. Hence, in comparison to diseases such as swine dysentery, local
environmental sources of infection are probably not of great importance in the
epidemiology of AIS.
A complementary study was conducted to investigate the survival of these
spirochaetes in the presence of disinfectants, and again it was found that the
pathogenic intestinal spirochaete strains were relatively susceptible to the disinfectants
tested, with most survival times being less than one minute (Chapter 3). For
completeness sake, it would have been useful to conduct further work with other
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strains of avian intestinal spirochaetes to confirm these results, and to identify any
species or strain related differences.
The general conclusions from this part of the study are that avian intestinal
spirochaetes are very labile in chicken faeces and in the environment of chicken
houses, and so they should be relatively easy to remove by routine cleaning,
disinfection and leaving sheds empty for a few days. Besides such routine hygienic
procedures, farmers should be warned of the potential for wild animal species to
introduce infection into a flock (and hence should attempt to enclose the hens fully),
and also to prevent cross-contamination of sheds of new hens with faeces from flocks
of older hens on the farm. To emphasise this last point, it would be useful to conduct
an experiment in which the undersides of boots of farm employees were sampled after
they have left a shed, to determine the presence and viability of spirochaetes in faecal
matter that could potentially be spread around a farm. Farmers should be advised to
change overalls and boots before moving between sheds, and avoid moving potentially
contaminated equipment to new sheds. Provision of footbaths containing disinfectants
would also be a useful control measure.
Another important implication of the survival studies that were done relates to
the way in which faecal matter is collected for diagnostic purposes. Standard collection
procedures should ensure that only fresh faeces are collected, and that these are held at
4oC, transported to the laboratory and processed as quickly as possible (and certainly
within 24 h of collection). When faecal samples are stored for several days before
microbiological culture, the likelihood of isolating and identifying Brachyspira spp.
will be greatly reduced.
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7.3

Epidemiology of AIS on a Western Australian Layer Farm
The study undertaken on the Western Australian laying hen farm (chapter 4)

was the first that has attempted to look in detail at the molecular epidemiology of AIS
at the farm level. It used the classical epidemiological techniques of a cross-sectional
survey followed by a longitudinal survey of hens on the farm, with molecular strain
typing being undertaken on spirochaete isolates using pulsed field gel electrophoresis
(PFGE).
The high prevalence of infection that was found on this farm mirrors findings
from other “between-farm” surveys, where relatively small numbers of faecal samples
from each farm were examined (typically 10-20 per farm) (McLaren et al., 1996;
Stephens and Hampson, 1999). The larger numbers examined in the current study
provide more confidence in estimating the within-flock prevalence on this farm.
Overall, around 20% of faecal samples from the farm yielded spirochaetal
growth on the primary isolation plates, even though these spirochaetes frequently
could not be isolated in pure culture. About 12% of samples contained spirochaetes of
unknown identity, whilst about 7% contained B. intermedia and only 1% contained B.
pilosicoli. Mixed infections with different spirochaete species on individual farms have
also been seen in the previous Australian surveys.
This farm was experiencing significant economic loss due to problems
associated with AIS. Based on the abundance of the different species, it could be
assumed that B. intermedia was the most common and important pathogenic species
associated with the disease signs. The role of the unidentified spirochaete was unclear:
it was either an essentially “non-pathogenic” commensal species, or it could have been
another pathogenic species such as B. alvinipulli. As faecal samples from under cages
were pooled, it was not necessarily clear whether an individual sample containing a
given spirochaete species had an increased water content.
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To characterise a small subset of the unidentified spirochaetes, 16S rRNA gene
sequencing was performed, and all the spirochaetes tested were identified as belonging
to the provisionally named species “B. pulli”. The pathogenic potential of these
spirochaetes is unclear, and experimental infection trials need to be conducted with
them in laying hens. Furthermore, DNA-DNA hybridisation studies are required to
help support a proposal to officially name these organisms as a new species in the
genus Brachyspira.
Although the cross-sectional survey was successful, unexpected problems arose
during the longitudinal survey. These were associated with poor communication with
the farm owner, who chose to make a number of major changes to management
without consulting with or informing the investigator. This was unfortunate, as it
prevented obtaining a clear observation of the dynamics of the spirochaete infections
on this farm. Ideally, a new cross-section survey followed by a longitudinal survey
should have been undertaken on the farm under standard conditions, but unfortunately
there was insufficient time available to do this. Furthermore, future studies should try
to incorporate such surveys on a number of flocks and farms, to get a better
understanding of the detailed epidemiology of AIS under different farm conditions.
PFGE analysis of the 24 B. intermedia isolates obtained from this study
indicated that there were at least four major strains circulating on the farm, and that
these strains were not flock-specific. This finding emphasised the complex on-farm
epidemiology of AIS, and supported the likelihood that given strains were being spread
between flocks/sheds on the farm, perhaps by faecal contamination on the boots or
overalls of farm staff. The results of this study emphasises the necessity for an increase
in the bio-security measures which are incorporated into the everyday running of
commercial chicken farms. These measures would ensure that cross-contamination
between batches of hens and sheds are minimised.
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The presence of multiple spirochaete species, and multiple strains of a species
on a small laying hen farm is of significance. Different species/strains of Brachyspira
may have different biological properties, including properties such as colonisation
ability, virulence, and susceptibility to antimicrobial agents. In turn the presence of
different combinations of such different strains could pose problems that would make
control of AIS more difficult than is the case with diseases such as swine dysentery,
where it is usual for there to be only one strain of the spirochaete present on an
infected farm (Hampson et al., 2006).

7.4

Development of an improved diagnostic PCR
At the time this study commenced, the best available technique for identifying

avian intestinal spirochaetes was to perform anaerobic culture on faecal or caecal
samples, followed by the use of species-specific PCR assays conducted on the primary
growth on the isolation plate. This process was rather slow and laborious, and,
consequently, during the course of the study a new aim emerged: to develop a rapid,
sensitive and specific diagnostic test for the direct detection of both B. intermedia and
B. pilosicoli from chicken faeces. Although this aim was eventually achieved (chapter
5), it came too late to use the new technique in the other studies described in this
thesis.
The study confirmed that direct extraction of DNA from chicken faeces
followed by PCR is associated with inhibition of the PCRs – presumably caused by
inhibitory substances in the faeces. Although washing of the faeces was shown to
remove these inhibitory substances, the dilution that was involved reduced the limits of
detection by a factor of 1,000. To overcome this problem, a two step nested PCR was
developed in which genus specific 16S rRNA gene and nox gene products were
amplified in an initial duplex PCR, followed by a second duplex PCR in which
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species-specific portions of the two gene products were amplified. This two-step
nested PCR worked very well on the washed faeces, and restored limits of detection to
103 cells/g of faeces – a detection limit equivalent to that of culture followed by PCR.
The great advantage of the new technique was its rapidity (potentially “same day”), as
well as the ability to detect both pathogenic species in one assay. Furthermore, when
tested on a large collection of faecal samples, the new technique detected about 4%
more B. pilosicoli and 5% more B. intermedia-containing faeces than did culture/PCR.
Where the test is used, its specificity, sensitivity and rapidity should greatly
facilitate future epidemiological studies on AIS, and improve diagnostic capacity. This
test was designed to detect B. pilosicoli and B. intermedia specifically and
simultaneously. However, since the first PCR step conducted in the two-step nested DPCR was designed to amplify the 16S rRNA gene and the NADH oxidase gene of all
Brachyspira spp., the second PCR step could be further customised to detect other
spirochaetes associated with AIS, such as B. alvinipulli, and “B. pulli”. Therefore, the
initial D-PCR step provides the basis to conduct a wide variety of Brachyspira speciesspecific PCRs on this amplified material.

7.5

Experimental infections of laying hens
The final experimental chapter of this thesis (chapter 6) described a series of

five experimental infection studies in which different aspects of the diet or dietary
treatments were examined to investigate their potential in influencing susceptibility to
AIS. The rationale for this approach was that if diets or dietary treatments could be
identified that reduced susceptibility to Brachyspira species, these could be used as an
alternative “non-antibiotic” approach to help control AIS in the field. All but one of the
studies used B. intermedia as the infecting strain, as this is the most common of the
pathogenic avian species so far identified in Western Australia (and is common
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elsewhere). Had more time been available, additional experiments using B. pilosicoli
strains would have been conducted.
The idea that there might be a dietary influence on AIS comes from the results
of studies of Brachyspira species infections in pigs, where it has been shown that diets
that are low in sNSP (especially cooked rice-based diets) can inhibit experimental
colonisation with B. hyodysenteriae and B. pilosicoli. In light of these observations, the
experiments that were conducted mainly aimed to investigate the role of dietary sNSP
in different cereals on susceptibility of laying hens to AIS. In some experiments
exogenous enzymes designed to hydrolyse these sNSP were added to the experimental
diets, to see if these reduced susceptibility to infection.
In the first experiment, hens were fed a commercial wheat-based diet
supplemented with two different levels of the growth promoter zinc bacitracin (ZnB),
or a commercial enzyme mix designed to hydrolyse the sNSP in wheat. A subset of
birds was then experimentally infected with B. intermedia strain HB60-1. Somewhat
surprisingly, 50 ppm ZnB was significantly more effective than 100 ppm ZnB in
reducing colonisation. The mechanism(s) involved in this inhibition are incompletely
understood, but may relate to the effect of the ZnB on specific components of the
Gram-positive intestinal microbiota, the activity of which is necessary to facilitate
colonisation with B. intermedia. The addition of the commercial enzyme mix also
significantly reduced colonisation with B. intermedia, possibly by reducing the
viscosity of the intestinal contents through hydrolysing sNSP components in the
wheat-based diet. This experiment therefore suggested that dietary sNSP is important
in influencing colonisation by B. intermedia in laying hens, and that it may be possible
to reduce susceptibility to colonisation by addition of commercial enzyme mixes to
hydrolyse the sNSP.
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The second experiment was undertaken to see whether wheat varieties
differing in their sNSP content would have different effects on colonisation by B.
intermedia. The experiment was slightly compromised by the retrospective finding
that the two wheat varieties chosen did not differ greatly in their sNSP content.
Nevertheless, the ileal digesta of hens fed wheat variety Westonia were shown to be
more viscous than those of hens fed variety Stiletto, and these hens were more than
twice as likely to be colonised. These observations help link the presence of viscous
intestinal contents with increased spirochaete colonisation, although this viscosity
could not be directly correlated with the amount of sNSP in the two wheat varieties.
In view of the findings in experiment 2, this experiment was repeated but
using a strain of B. pilosicoli. In this case a dietary influence on colonisation was
again observed, but, unexpectedly, colonisation was more common in the hens fed the
diet containing wheat variety Stiletto than in those fed the diet containing Westonia.
On face value this result suggests that the two spirochaete species have different
requirements for there successful colonisation and growth in the intestinal
environmental – a finding which would make it difficult to take a generic “dietary”
approach to the control of AIS. A complicating factor was present however that may
help to explain the differences observed. The hens in experiment 3 received 50 ppm
ZnB in their diets, as it has been shown that addition of this growth promoter
enhances colonisation with B. pilosicoli in laying hens (Jamshidi and Hampson,
2002). Unfortunately, the ZnB may have had other complicating effects on the
intestinal microenvironment that could help to explain the different results seen with
B. pilosicoli compared to B. intermedia. Ideally this experiment should be repeated
without the addition of ZnB, although it is likely that far more hens would have to be
infected to get a reasonable number colonised under these experimental conditions.
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In experiment 4 it was decided to revisit the results of experiment 1, where the
addition of exogenous enzyme to digest the sNSP in wheat reduced colonisation with
B. intermedia. Unfortunately, this experiment was not a success as the colonisation rate
was very low and no differences were found between the different treatment groups.
The reason for this was not clear, but it was felt that as the diet had been stored for a
prolonged period of time prior to use, individual components may have degraded in
such a way that they affected B. intermedia colonisation.
In the final experiment (experiment 5) a more concerted effort was made to
try to link the sNSP content of the diet to the viscosity of the digesta and to
colonisation with B. intermedia. Cereals with high sNSP contents (barley and barley
+ sorghum) were used alongside a wheat-based diet. Replicate dietary groups had
appropriate commercial exogenous enzyme mixes added to the diets to hydrolyse
their sNSP content. As hypothesised, the different diets resulted in different
viscosities of the ileal digesta, with the high sNSP-containing barley-based diets
resulting in the greatest viscosity. Generally, however, the relationship between the
dietary sNSP content and the viscosity of the ileal digesta was not linear, as hens fed
the wheat-based diet had proportionately greater digesta viscosity than would have
been predicted from the total dietary sNSP content. Somewhat unexpectedly, the
addition of dietary enzymes did not significantly change the viscosity of the ileal
contents under the experimental conditions used. A strong dietary influence was
found on B. intermedia colonisation, but it was not linked to total dietary sNSP
content - as hens fed the wheat-based diet with the least sNSP content were
significantly more commonly colonised than those fed the other cereals with higher
sNSP contents (and higher ileal viscosities). Depending on diet, addition of dietary
enzyme also had inconsistent and/or non-significant effects on altering the
susceptibility of the hens to colonisation by B. intermedia. Unlike the situation found
239

Chapter 7: General Discussion

with the commercial wheat-based diet in experiment 1, addition of enzyme to the
wheat-based experimental diet did not significantly reduced colonisation (but
colonisation was numerically reduced - suggesting there may be some justification for
adding enzyme mixes to wheat based diets in situation where AIS occurs).
Taken together, these experiments confirmed that there are dietary influences
on the colonisation of laying hens with B. intermedia – with wheat-based diets
predisposing the hens to colonisation. In flocks with AIS, wheat-based diets should
be avoided wherever possible. The sNSP content of the diets may not be the main
influence on colonisation, and the viscosities of the ileal and colonic contents are not
good predictors of susceptibility to infection. The specific properties of the wheatbased diets that predispose to colonisation are not understood, but they could be
related to specific sub-components of the total sNSP content of the wheat.
More detailed analysis is needed to fully understand the interactions between
diets, enzymes, the physico-chemical properties of the digesta, and spirochaete
colonisation. A better understanding of these processes could potentially assist in the
development of diet-based control strategies to help control AIS.

7.6

Overall outcomes from this thesis
This work described in this thesis successfully addressed all the aims that were

established for the PhD programme. A number of questions about the survival, control
and on-farm epidemiology of AIS were answered. “B. pulli” was identified in a
commercial laying hen farm, and improved diagnostic capacity for AIS caused by B.
intermedia and B. pilosicoli was developed. Experimental infection studies showed
that there is a significant dietary effect on the colonisation of Brachyspira spp. in
laying hens, although there may be different effects for B. intermedia and B. pilosicoli.
Diets based on wheat appear to predispose to infection with B. intermedia. These
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studies also showed that the sNSP content of a diet is not necessarily a good predictor
of the viscosity of the ileal or colonic digesta, or of spirochaete colonisation. Addition
of exogenous enzymes to laying hen diets does not necessarily significantly reduce the
viscosity of the ileal contents in laying hens, or inhibit spirochaete colonisation.

241

References
Achacha, M., Messier, S., 1991, Identification of Treponema hyodysenteriae and
Treponema innocens using two four-hour identification systems. Journal of
Veterinary Diagnostic Investigation 3, 211-214.
Achacha, M., Messier, S., 1992, Comparison of six different culture media for isolation of
Treponema hyodysenteriae. Journal of Clinical Microbiology 30, 249-251.
Achacha, M., Mittal, K.R., 1995, Production and characterization of monoclonal
antibodies against Serpulina hyodysenteriae and S. innocens and their use in
serotyping. Journal of Clinical Microbiology 33, 2519-2521.
Adachi, Y., Sueyoshi, M., Miyagawa, E., Minato, H., Shoya, S., 1985, Experimental
infection of young broiler chicks with Treponema hyodysenteriae. Microbiology
and Immunology 29, 683-688.
Almirall, M., Francesch, M., Perez-Vendrell, A.M., Brufau, J., Esteve-Garcia, E., 1995,
The differences in intestinal viscosity produced by barley and beta-glucanase alter
digesta enzyme activities and ileal nutrient digestibilities more in broiler chicks
than in cocks. Journal of Nutrition 125, 947-955.
An, S.F., Fleming, K.A., 1991, Removal of inhibitor(s) of the polymerase chain reaction
from formalin fixed, paraffin wax embedded tissues. Journal of Clinical Pathology
44, 924-927.
Andrews, J.J., Hoffman, L.J., 1982. A porcine colitis caused by a weakly beta-hemolytic
treponeme (Treponema innocens?). In: American Association of Veterinary
Laboratory Diagnostics 25th Annual Meeting.
Antonakopoulos, G., Newman, J., Wilkinson, M., 1982, Intestinal spirochaetosis: an
electron microscopic study of an unusual case. Histopathology 6, 477-488.
242

Arbeit, R.D., 1995, Laboratory procedures for the epidemiologic analysis of
microorganisms, In: Manual of Clinical Microbiology. Murray, P.R., Baron, E.J.,
Pfaller, M.A., Tenover, F.C., Yolken, R.H. (Eds.) American Society for
Microbiology, Washington, D.C., pp. 190-208.
Atyeo, R.F., Oxberry, S.L., Hampson, D.J., 1996, Pulsed-field gel electrophoresis for subspecific differentiation of Serpulina pilosicoli (formerly 'Anguillina coli'). FEMS
Microbiology Letters 141, 77-81.
Atyeo, R.F., Oxberry, S.L., Combs, B.G., Hampson, D.J., 1998, Development and
evaluation of polymerase chain reaction tests as an aid to diagnosis of swine
dysentery and intestinal spirochaetosis. Letters in Applied Microbiology 26, 126130.
Atyeo, R.F., Oxberry, S.L., Hampson, D.J., 1999a, Analysis of Serpulina hyodysenteriae
strain variation and its molecular epidemiology using pulsed-field gel
electrophoresis. Epidemiology and Infection 123, 133-138.
Atyeo, R.F., Stanton, T.B., Jensen, N.S., Suriyaarachichi, D.S., Hampson, D.J., 1999b,
Differentiation of Serpulina species by NADH oxidase gene (nox) sequence
comparisons and nox-based polymerase chain reaction tests. Veterinary
Microbiology 67, 47-60.
Bacic, A., Stone, B.A., 1981, Chemistry and organisation of aleurone cell wall
components from wheat and barley. Australian Journal of Plant Physiology 8, 475495.
Baranton, G., Old, I.G., 1995, The Spirochaetes: a different way of life. Bulletin of the
Institute Pasteur 93, 63-95.

243

Barcellos, D.E., Mathiesen, M.R., de Uzeda, M., Kader, II, Duhamel, G.E., 2000a,
Prevalence of Brachyspira species isolated from diarrhoeic pigs in Brazil.
Veterinary Record 146, 398-403.
Barcellos, D.E.S.N., de Uzeda, M., Ikuta, N., Lunge, V.R., Fonesca, A.S.K., Kader,
I.I.T.A., Duhamel, G.E., 2000b, Identification of porcine intestinal spirochetes by
PCR-restriction fragment length polymorphism analysis of ribosomal DNA
encoding 23S rRNA. Veterinary Microbiology 75, 189-198.
Barrett, S.P., 1990, Intestinal spirochaetes in a Gulf Arab population. Epidemiology and
Infection 104, 261-266.
Baum, D.H., Joens, L.A., 1979, Serotypes of beta-haemolytic Treponema hyodysenteriae.
Infection and Immunity 25, 792-796.
Bedford, M.R., Schulze, H., 1998, Exogenous enzymes for pigs and poultry. Nutritional
Research Reviews 11, 91-114.
Binek, M., Szynkiewicz, Z., 1984, Physiological properties and classification of strains of
Treponema sp. isolated from pigs in Poland. Comparative Immunology
Microbiology and Infectious Diseases 7, 141-148.
Binek, M., Wojcik, U., Szyncikwicz, Z., Jakubowski, T., 1994. Dynamics of susceptibility
of Serpulina hyodysenteriae to different chemotherapeutics in vitro. In:
Proceedings of the 13th International Congress of the Pig Veterinary Society,
Bangkok, Thailand p. 203.
Boye, M., Jensen, T.K., Møller, K., Leser, T.D., Jorsal, S.E., 1998, Specific detection of
the genus Serpulina, S. hyodysenteriae and S. pilosicoli in porcine intestines by
fluorescent rRNA in situ hybridization. Molecular Cell Probes 12, 323-330.

244

Boye, M., Baloda, S.B., Leser, T.D., Møller, K., 2001, Survival of Brachyspira
hyodysenteriae

and

B.

pilosicoli

in

terrestrial

microcosms.

Veterinary

Microbiology 81, 33-40.
Brook, C.J., Clair, A.N., Mikosza, A.S., Riley, T.V., Hampson, D.J., 2001, Carriage of
intestinal spirochaetes by humans: epidemiological data from Western Australia.
Epidemiology and Infection 127, 369-374.
Brooke, C.J., Riley, T.V., Hampson, D.J., 2003, Evaluation of selective media for the
isolation of Brachyspira aalborgi from human faeces. Journal of Medical
Microbiology 52, 509-513.
Burns, W.C., Liu, Y.S., Dow, C., Thomas, R.J.S., Phillips, W.A., 1997, Direct PCR from
paraffin-embedded tissue. Biotechniques 22, 638-640.
Calderaro, A., Dettori, G., Grillo, R., Cattani, P., Chezzi, C., 1997a, Comparative growth
of pure cultures of human intestinal spirochaetes on six selective media. New
Microbiology 20, 47-54.
Calderaro, A., Dettori, G., Grillo, R., Spinetti, A.P., Storchi Incerti, S., Cattani, P., Chezzi,
C., 1997b, Evaluation of the in vitro activity of seven selected antimicrobial agents
to be used for the isolation of human intestinal spirochaetes. New Microbiology
20, 35-45.
Calderaro, A., Merialdi, G., Perini, S., Ragni, P., Guegan, R., Dettori, G., Chezzi, C.,
2001, A novel method for isolation of Brachyspira (Serpulina) hyodysenteriae
from pigs with swine dysentery in Italy. Veterinary Microbiology 80, 47-52.

245

Calderaro, A., Villanacci, V., Conter, M., Ragni, P., Piccolo, G., Zuelli, C., Bommezzadri,
S., Guegan, R., Zambelli, C., Perandin, F., Arcangeletti, M.C., Medici, M.C.,
Manca, N., Dettori, G., Chezzi, C., 2003, Rapid detection and identification of
Brachyspira aalborgi from rectal biopsies and faeces of a patient. Research in
Microbiology 154, 145-153.
Calderaro, A., Bommezzadri, S., Piccolo, G., Zuelli, C., Dettori, G., Chezzi, C., 2005,
Rapid isolation of Brachyspira hyodysenteriae and Brachyspira pilosicoli from
pigs. Veterinary Microbiology 105, 229-234.
Chia, S.P., Taylor, D.J., 1978, Factors affecting the survival of Treponema hyodysenteriae
in dysenteric pig faeces. Veterinary Record 103, 68-70.
Choct, M., Hughes, R.J., Wang, J., Bedford, M.R., Morgan, A.J., Annison, G., 1996,
Increased small intestinal fermentation is partly responsible for the anti-nutritive
activity of non-starch polysaccharides in chickens. British Poultry Science 37, 609621.
Choi, C., Han, D.U., Kim, J., Cho, W.S., Chung, H.K., Jung, T., Yoon, B.S., Chae, C.,
2002, Prevalence of Brachyspira pilosicoli in Korean pigs, determined using a
nested PCR. Veterinary Record 150, 217-218.
Coene, M., Agliano, A.M., Paques, A.T., Cattani, P., Dettori, G., Sanna, A., Cocito, C.,
1989, Comparative analysis of the genomes of intestinal spirochetes of human and
animal origin. Infection and Immunity 57, 138-145.
Combs, B., Hampson, D.J., 1991, Use of a whole chromosomal probe for identification of
Treponema hyodysenteriae. Research in Veterinary Science 50, 286-289.
Combs, B., Hampson, D.J., Mhoma, J.R.L., Buddle, J.R., 1989, Typing of Treponema
hyodysenteriae by restriction endonuclease analysis. Veterinary Microbiology 19,
351-359.
246

Combs, B.G., Hampson, D.J., Hardes, S.J., 1992, Typing of Australian isolates of
Treponema hyodysenteriae by serology and by DNA restriction endonuclease
analysis. Veterinary Microbiology 31, 273-285.
Combs, B., Atyeo, R.F., Hampson, D.J., 1994. The use of the polymerase chain reaction
for the identification of Serpulina hyodysenteriae. In: Proceedings: The 13th
Congress of the International Pig Veterinary Society, Bangkok, Thailand, p. 148.
Cooper, C., Cotton, D.W.K., Hudson, M.J., Kirkham, N., Wilmott, F.E.W., 1986, Rectal
spirochaetosis in homosexual men: characterisation of the organism and
pathophysiology. Genitourinary Medicine 62, 47-52.
Corona-Barrera, E., Smith, D.G., La, T., Hampson, D.J., Thomson, J.R., 2004,
Immunomagnetic separation of the intestinal spirochaetes Brachyspira pilosicoli
and Brachyspira hyodysenteriae from porcine faeces. Journal of Medical
Microbiology 53, 301-307.
Cotton, D.W.K., Kirkham, N., Hicks, D.A., 1984, Rectal spirochaetosis. British Journal of
Venereal Disease 60, 106-109.
Crucioli, V., Busuttil, A., 1981, Human intestinal spirochaetosis. Journal of
Gastroenterology 70, 177-179.
Damron, B.L., Eldred, A.R., Roland, D.A., Sr., Underhill, D.B., Harms, R.H., 1975, The
dietary-fecal relationship of calcium and phosphorus levels in White Leghorn hens.
Poultry Science 54, 1716-1718.
Davelaar, F.G., Smit, H.F., Hovind-Hougen, K., Dwars, R.M., van der Valk, P.C., 1986,
Infectious typhlitis in chickens caused by spirochetes. Avian Pathology 15, 247258.

247

De Smet, K.A., Worth, D.E., Barrett, S.P., 1998, Variation amongst human isolates of
Brachyspira (Serpulina) pilosicoli based on biochemical characterization and 16S
rRNA gene sequencing. International Journal of Systematic Bacteriology 48, 12571263.
De Wergifosse, P., Coene, M.M., 1989, Comparison of the genomes of pathogenic
treponemes of human and animal origin. Infection and Immunity 57, 1629-1631.
Dettori, G., Amalfitanoi, G., Polonelli, L., Rossi, A., Grillo, R., Plaisant, P., 1987,
Electron microscopy studies of human intestinal spirochetes. European Journal of
Epidemiology 3, 187-195.
Dettori, G., Polonelli, L., Speziale, D., Cattani, P., Spanu, T., Grillo, R., 1988a, Antigenic
analysis of human intestinal spirochetes: cross-reaction with T. hyodysenteriae and
T. pallidum (Nichols). L'Igiene Moderna 89, 1085-1099.
Dettori, G., Polonelli, L., Cattani, P., Branca, G., Spanu, T., Grillo, R., 1988b, Production
and characterization of monoclonal antibodies to human intestinal spirochetes.
L'Igiene Moderna 89, 1211-1223.
Diarra, A.T., Mittal, K.R., Achacha, M., 1994, Evaluation of microagglutination test for
differentiation between Serpulina (Treponema) hyodysenteriae and S. innocens
and serotyping of S. hyodysenteriae. Journal of Clinical Microbiology 32, 19761979.
Diarra, A.T., Achacha, M., Mittal, K.R., 1995, Evaluation of different serological tests for
detection of antibodies against Serpulina hyodysenteriae in pig sera. Comparative
Immunology, Microbiology and Infectious Disease 18, 215-221.
Douglas, J.G., Crucioli, V., 1981, Spirochaetosis: a remediable cause of diarrhoea and
rectal bleeding? British Medical Journal 283, 1362.

248

Dugourd, D., Martin, C., Rioux, C.R., Jacques, M., Harel, J., 1999, Characterization of a
periplasmic ATP-binding cassette iron import system of Brachyspira (Serpulina)
hyodysenteriae. Journal of Bacteriology 181, 6948-6957.
Duhamel, G.E., 1997, Intestinal spirochaetes in non-production animals, In: Intestinal
spirochaetes in domestic animals and humans. Hampson, D.J., Stanton, T.B.
(Eds.), Cab International, Oxon, pp. 301-320.
Duhamel, G.E., 1998, Colonic spirochetosis caused by Serpulina pilosicoli. Large Animal
Practice 19, 1043-1075.
Duhamel, G.E., 2001, Comparative pathology and pathogenesis of naturally acquired and
experimentally induced colonic spirochetosis. Animal Health Research Reviews 2,
3-17.
Duhamel, G.E., Joens, L.A., 1994, Laboratory Procedures for Diagnosis of Swine
Dysentery. In: Serpulina hyodysenteriae. American Association of Veterinary
Laboratory Diagnosticians, Inc. Columbia, USA. pp. 2-17.
Duhamel, G.E., Ramanathan, M., Gardner, I., Anderson, M.A., Walker, R.L., Hampson,
D.J., 1993. Intestinal spirochetosis of swine associated with weakly b-hemolytic
spirochetes distinct from Serpulina innocens. In: Proceedings of the Annual
Convention of the American Association of Veterinary Laboratory Diagnosticians,
Las Vegas, p. 53.
Duhamel, G.E., Muniappa, N., Mathiesen, M.R., Gardner, I., Anderson, M.A., Blanchard,
P.C., DeBey, B.M., Walker, R.L., 1995a, Porcine colonic spirochaetosis: a
diarrhoeal disease associated with a newly recognised species of intestinal
spirochaetes. The Pig Journal 35, 101-110.

249

Duhamel, G.E., Muniappa, N., Mathiesen, M.R., Johnson, J.L., Toth, J., Elder, R.O.,
Doster, A.R., 1995b, Certain canine weakly b-hemolytic intestinal spirochetes are
phenotypically and genotypically related to spirochetes associated with human and
porcine intestinal spirochetosis. Journal of Clinical Microbiology 33, 2212-2215.
Duhamel, G.E., Elder, R.O., Muniappa, N., Mathiesen, M.R., Wong, V.J., Tarara, R.P.,
1997, Colonic spirochetal infections in nonhuman primates that were associated
with Brachyspira aalborgi, Serpulina pilosicoli, and unclassified flagellated
bacteria. Clinical Infectious Diseases 25 Supplement 2, S186-188.
Duhamel, G.E., Kinyon, J.M., Mathiesen, M.R., Murphy, D.P., Walter, D., 1998a, In vitro
activity of four antimicrobial agents against North American isolates of porcine
Serpulina pilosicoli. Journal of Veterinary Diagnostic Investigation 10, 350-356.
Duhamel, G.E., Trott, D.J., Muniappa, N., Mathiesen, M.R., Tarasiuk, K., Lee, J.I.,
Hampson, D.J., 1998b, Canine intestinal spirochetes consist of Serpulina pilosicoli
and a newly identified group provisionally designated "Serpulina canis" sp. nov.
Journal of Clinical Microbiology 36, 2264-2270.
Duhamel, G.E., Ganely, L., Barr, B.C., Whipple, J.P., Mathiesen, M.R., Nordhausen,
R.W., Walker, R.L., Bargar, T.W., Van Kruiningen, H.J., 1998c. Intestinal
spirochetosis of North American opossums (Didelphis virginiana): a potential
biological vector for pathogenic spirochetes. In: Proceedings of the American
Association of Zoo Veterinarians and American Association of Wildlife
Veterinarians Joint Conference, Omaha, Nebraska, pp. 83-88.

250

Durmic, Z., Pethick, D.W., Mullan, B.P., Schulze, H., Accioly, J.M., Hampson, D.J.,
2000, Extrusion of wheat or sorghum and/or addition of exogenous enzymes to pig
diets influences the large intestinal microbiota but does not prevent development of
swine dysentery following experimental challenge. Journal of

Applied

Microbiology 89, 678-686.
Dwars, R.M., Smit, H.F., Davelaar, F.G., Van 'T Veer, W., 1989, Incidence of
spirochaetal infections in cases of intestinal disorder in chickens. Avian Pathology
18, 591-595.
Dwars, R.M., Smit, H.F., Davelaar, F.G., 1990, Observations on avian intestinal
spirochaetosis. The Veterinary Quarterly 12, 51-55.
Dwars, R.M., Davelaar, F.G., Smit, H.F., 1992a, Spirochaetosis in broilers. Avian
Pathology 21, 261-273.
Dwars, R.M., Smit, H.F., Davelaar, F.G., 1992b, Influence of infection with avian
intestinal spirochaetes on the faeces of laying hens. Avian Pathology 21, 513-515.
Dwars, R.M., Davelaar, F.G., Smit, H.F., 1993, Infection of broiler parent hens (Gallus
domesticus) with avian intestinal spirochaetes: effects on egg production and chick
quality. Avian Pathology 22, 693-701.
Egan, I.T., Harris, D.L., Joens, L.A., 1983, Comparison of the microtitration agglutination
test and the enzyme-linked immunosorbent assay for the detection of herds
affected with swine dysentery. American Journal of Veterinary Research 44, 13231328.
Elder, R.O., Duhamel, G.E., Schafer, R.W., Mathiesen, M.R., Ramanathan, M., 1994,
Rapid detection of Serpulina hyodysenteriae in diagnostic specimens by PCR.
Journal of Clinical Microbiology 32, 1497-1502.

251

Engberg, R.M., Hedemann, M.S., Leser, T.D., Jensen, B.B., 2000, Effect of zinc
bacitracin and salinomycin on intestinal microflora and performance of broilers.
Poultry Science 79, 1311-1319.
Faine, S., 1965, Silver staining of spirochaetes in single tissue sections. Journal of Clinical
Pathology 18, 381-382.
Fellström, C., Gunnarsson, A., 1995, Phenotypical characterisation of intestinal
spirochaetes isolated from pigs. Research in Veterinary Science 59, 1-4.
Fellström, C., Pettersson, B., Uhlen, M., Gunnarsson, A., Johansson, K.E., 1995,
Phylogeny of Serpulina based on sequence analyses of the 16S rRNA gene and
comparison with a scheme involving biochemical classification. Research in
Veterinary Science 59, 5-9.
Fellström, C., Pettersson, B., Gunnarsson, A., Thomson, J., Persson, M., Johansson, K.-E.,
1996. PCR as a complement to a diagnostic system for Serpulina pilosicoli based
on biochemical tests. In: Proceedings of the 14th International Pig Veterinary
Society Congress, Bologna, Italy, p. 279.
Fellström, C., Pettersson, B., Thomson, J., Gunnarsson, A., Persson, M., Johansson, K.E.,
1997, Identification of Serpulina species associated with porcine colitis by
biochemical analysis and PCR. Journal of Clinical Microbiology 35, 462-467.
Fellström, C., Karlsson, M., Pettersson, B., Zimmerman, U., Gunnarsson, A., Aspan, A.,
1999, Emended descriptions of indole negative and indole positive isolates of
Brachyspira (Serpulina) hyodysenteriae. Veterinary Microbiology 70, 225-238.
Fellström, C., Pettersson, B., Zimmerman, U., Gunnarsson, A., Feinstein, R., 2001a,
Classification of Brachyspira spp. isolated from Swedish dogs. Animal Health
Research Review 2, 75-82.

252

Fellström, C., Zimmerman, U., Aspan, A., Gunnarsson, A., 2001b, The use of culture,
pooled samples and PCR for identification of herds infected with Brachyspira
hyodysenteriae. Animal Health Research Reviews 2, 37-43.
Fernandez, F., Sharma, R., Hinton, M., Bedford, M.R., 2000, Diet influences the
colonisation of Campylobacter jejuni and distribution of mucin carbohydrates in
the chick intestinal tract. Cellular and Molecular Life Science 57, 1793-1801.
Fernie, D.S., Ripley, P.H., Walker, P.D., 1983, Swine dysentery: protection against
experimental challenge following single dose parenteral immunisation with
inactivated Treponema hyodysenteriae. Research in Veterinary Science 35, 217221.
Fisher, L.N., Mathiesen, M.R., Duhamel, G.E., 1997, Restriction fragment length
polymorphism of the periplasmic flagellar flaA1 gene of Serpulina species.
Clinical and Diagnostic Laboratory Immunology 4, 681-686.
Fisher, L.N., Duhamel, G.E., Westerman, R.B., Mathiesen, M.R., 1997, Immunoblot
reactivity of polyclonal and monoclonal antibodies with periplasmic flagellar
proteins FlaA1 and FlaB of porcine Serpulina species. Clinical Diagnostic
Laboritory Immunology 4, 400-404.
Fossi, M., Heinonen, M., Pohjanvirta, T., Pelkonen, S., Peltoniemi, A.T., 2001,
Eradication of endemic Brachyspira pilosicoli infection from a farrowing herd: a
case report. Animal Health Research Reviews 2, 53-57.
Fossi, M., Pohjanvirta, T., Pelkonen, S., 2003, Molecular epidemiological study of
Brachyspira pilosicoli in Finnish sow herds. Epidemiology and Infection 131, 967973.

253

Fossi, M., Pohjanvirta, T., Sukura, A., Heinikainen, S., Lindecrona, R., Pelkonen, S.,
2004, Molecular and ultrastructural characterization of porcine hippurate-negative
Brachyspira pilosicoli. Journal of Clinical Microbiology 42, 3153-3158.
Fournie-Amazouz, E., Baranton, G., Carlier, J.P., Chambreuil, G., Cohadon, F., Collin, P.,
Gougeon Jolivet, A., Hermes, I., Lemarie, C., Saint Girons, I., 1995, Isolations of
intestinal spirochaetes from the blood of human patients. Journal of Hospital
Infection 30, 160-162.
Gabe, J.D., Chang, R.J., Slomiany, R., Andrews, W.H., McCaman, M.T., 1995, Isolation
of extracytoplasmic proteins from Serpulina hyodysenteriae B204 and molecular
cloning of the flaB1 gene encoding a 38-kilodalton flagellar protein. Infection and
Immunity 63, 142-148.
Gabe, J.D., Dragon, E., Chang, R.J., McCaman, M.T., 1998, Identification of a linked set
of genes in Serpulina hyodysenteriae (B204) predicted to encode closely related
39-kilodalton extracytoplasmic proteins. Journal of Bacteriology 180, 444-448.
Gad, A., Willén, R., Furugård, K., Fors, B., Hradsky, M., 1977, Intestinal spirochaetosis
as a cause of longstanding diarrhoea. Uppsala Journal of Medical Science 82, 4954.
Galvin, J.E., Harris, D.L., Wannemuehler, M.J., 1997, Prevention and control of intestinal
spirochaete disease: immunological and pharmacological mechanisms, In:
Hampson, D.J., Stanton, T.B. (Eds.) Intestinal spirochaetes in domestic animals
and humans. CAB International, Wallingford, England, pp. 343-374.
Gebbers, J.-O., Marder, H.-P., 1989, Unusual in vitro formation of cyst-like structures
associated with human intestinal spirochaetosis. European Journal of Clinical
Microbiology and Infectious Disease 8, 302-306.

254

Gebbers, J.-O., Ferguson, D.J.P., Mason, C., Kelly, P., Jewell, D.P., 1987, Spirochaetosis
of the human rectum associated with an intraepithelial mast cell and IgE plasma
cell response. Gut 28, 588-593.
Girard, C., Jaques, M., Higgins, R., 1989, Colonic spirochetosis in piglets. Canadian
Veterinary Journal 30, 68.
Girard, C., Lemarchand, T., Higgins, R., 1995, Porcine colonic spirochetosis: a
retrospective study of eleven cases. Canadian Veterinary Journal 36, 291-294.
Glock, R.D., Vanderloo, K.J., Kinyon, J.M., 1975, Survival of certain pathogenic
organisms in swine lagoon effluent. Journal of the American Veterinary Medical
Association 166, 277-278.
Glock, R.D., Kinyon, J.M., Harris, D.L., 1978. Transmission of Treponema
hyodysenteriae by canine and avian vectors. In: Proceedings of the 3rd
International Pig Veterinary Society Congress, Zagreb, Yugoslavia, p. KB63.
Goossens, H., Lejour, M., De Mol, P., De Boeck, M., Verhaeghen, G., Dekegel, D.,
Butzler, J.P., 1983. Isolation of Treponema hyodysenteriae from human faecal
specimens: a curiosity or a new enteropathogen? In: European Congress of Clinical
Microbiology, Bologna, 1983.
Greenberg, P., Canale-Parola, E., 1977, Chemotaxis in Spirochaeta. Journal of
Bacteriology 130, 1006-1012.
Griffiths, I.B., Hunt, B.W., Lister, S.A., Lamont, M.H., 1987, Retarded growth rate and
delayed onset of egg production associated with spirochaete infection in pullets.
Veterinary Record 121, 35-37.
Guccion, J.G., Benator, D.A., Zeller, J., Termanini, B., Saini, N., 1995, Intestinal
spirochetosis and acquired immunodeficiency syndrome: ultrastructural studies of
two cases. Ultrastructural Pathology 19, 15-22.
255

Hampson, D., Duhamel, G., 2006, Porcine colonic spirochaetosis/intestinal spirochaetosis
Chapter 46, In: Straw, B.E., Zimmerman, J.J., D'Allaire, S., Taylor, D.J. (Eds.)
Diseases in Swine. Blackwell Publishing, Oxford, UK, pp. 755-767.
Hampson, D., La, T., 2006, Reclassification of Serpulina intermedia and Serpulina
murdochii in the genus Brachyspira, as Brachyspira intermedia comb nov. and
Brachyspira murdochii comb nov.. International Journal of Systematic and
Evolutionary Microbology, In Press.
Hampson, D.J., McLaren, A.J., 1997, Prevalence, genetic relationships and pathogenicity
of intestinal spirochaetes infecting Australian poultry. In: Proceedings of the
Australian Poultry Science Symposium, Sydney, Australia, pp. 108-112.
Hampson, D.J., McLaren, A.J., 1999, Experimental infection of laying hens with
Serpulina intermedia causes reduced egg production and increased faecal water
content. Avian Pathology 28, 113-117.
Hampson, D., Stephens, C., 2001, Control of intestinal spirochaete infection in chickens.
A report for the Rural Industries Research and Development Corporation August.
Hampson, D.J., Trott, D.J., 1995, A Review - Intestinal spirochaetal infections of pigs: an
overview with an Australian perspective, In: Hennessy, D.P., Cranwell, P.D. (Eds.)
Manipulating Pig Production V. Australasian Pig Science Association, Werribee,
Victoria, Australia, pp. 139-169.
Hampson, D., Trott, D., 1999, Spirochetal diarrhea/Porcine intestinal spirochetosis, In:
Straw, B., D'Allaire, S., Mengling, W., Taylor, D. (Eds.) Diseases of Swine. Iowa
State University Press, Ames Iowa, pp. 553-562.
Hampson, D.J., Mhoma, J.R.L., Combs, B., 1989, Analysis of lipopolysaccharide antigens
of Treponema hyodysenteriae. Epidemiology and Infection 103, 275-284.

256

Hampson, D.J., Mhoma, J.R.L., Combs, B., Lee, J.I., 1990, Serological grouping of
Treponema hyodysenteriae. Epidemiology and Infection 105, 79-85.
Hampson, D.J., Combs, B.G., Harders, S.J., Connaughton, I.D., Fahy, V.A., 1991,
Isolation of Treponema hyodysenteriae from a wild rat living on a piggery.
Australian Veterinary Journal 68, 308.
Hampson, D.J., Robertson, I.D., Mhoma, J.R.L., 1993, Experiences with a vaccine being
developed for the control of swine dysentery. Australian Veterinary Journal 70, 1820.
Hampson, D.J., Atyeo, R.F., Combs, B.G., 1997, Swine dysentery, In: Hampson, D.J.,
Stanton, T.B. (Eds.) Intestinal spirochaetes in domestic animals and humans. CAB
International, Wallingford, England, pp. 175-209.
Hampson, D.J., Robertson, I.D., Oxberry, S.L., 1999, Isolation of Serpulina murdochii
from the joint fluid of a lame pig. Australian Veterinary Journal 77, 48.
Hampson, D.J., Robertson, I.D., La, T., Oxberry, S.L., Pethick, D.W., 2000, Influences of
diet and vaccination on colonisation of pigs by the intestinal spirochaete
Brachyspira (Serpulina) pilosicoli. Veterinary Microbiology 73, 75-84.
Hampson, D.J., Oxberry, S.L., Stephens, C.P., 2002, Influence of in-feed zinc bacitracin
and tiamulin treatment on experimental avian intestinal spirochaetosis caused by
Brachyspira intermedia. Avian Pathology 31, 285-291.
Hampson, D., Fellström , C., Thomson, J., 2006, Swine Dysentery Chapter 48, In: Straw,
B.E., Zimmerman, J.J., D'Allaire, S., Taylor, D.J. (Eds.) Diseases in Swine.
Blackwell Publishing, Oxford, UK, pp. 785-805.
Harel, J., Forget, C., 1995, DNA probe and polymerase chain reaction procedure for the
specific detection of Serpulina hyodysenteriae. Molecular and Cellular Probes 9,
111-119.
257

Harland, W.A., Lee, F.D., 1967, Intestinal spirochaetosis. British Medical Journal 3, 718719.
Harris, D.L., Glock, R.D., Christensen, C.R., Kinyon, J.M., 1972a, Swine dysentery -I
inoculation of pigs with Treponema hyodysenteriae (new species) and
reproduction of the disease. Veterinary Medicine/Small Animal Clinician 67, 6164.
Harris, D.L., Kinyon, J.M., Mullin, M.T., Glock, R.D., 1972b, Isolation and propagation
of spirochetes from the colon of swine dysentery affected pigs. Canadian Journal
of Comparative Medicine 36, 74-76.
Harris, D.L., Hampson, D.J., Glock, R.D., 1999, Swine Dysentery, In: Straw, B.E.,
D'Allaire, S.D., Mengeling, W.D., Taylor, D.J. (Eds.) Disease of Swine. Iowa State
University Press, Ames Iowa USA, pp. 579-600.
Heine, R.G., Ward, P.B., Mikosza, A.S., Bennett-Wood, V., Robins-Browne, R.M.,
Hampson, D.J., 2001, Brachyspira aalborgi infection in four Australian children.
Journal of Gastroenterology and Hepatology 16, 872-875.
Holt, J.G., Krieg, N.R., Sneath, P.N.A., Staley, J.T., Williams, S.T. 1994. Bergey's
Manual of Determinative Bacteriology (Baltimore Maryland, Williams and
Wilkins).
Hommez, J., Castryck, F., Haesebrouck, F., Devriese, L.A., 1998, Identification of porcine
Serpulina strains in routine diagnostic bacteriology. Veterinary Microbiology 62,
163-169.
Hopwood, D.E., Pethick, D.W., Hampson, D.J., 2002, Increasing the viscosity of the
intestinal contents stimulates proliferation of enterotoxigenic Escherichia coli and
Brachyspira pilosicoli in weaner pigs. British Journal of Nutrition 88, 523-532.

258

Hovind-Hougen, K., Birch-Andersen, A., Henrik-Nielsen, R., Orholm, M., Pedersen, J.O.,
Teglbjaerg, P.S., Thaysen, E.H., 1982, Intestinal spirochetosis: morphological
characterization and cultivation of the spirochete Brachyspira aalborgi gen. nov.,
sp. nov. Journal of Clinical Microbiology 16, 1127-1136.
Hsu, T., Hutto, D.L., Minion, F.C., Zuerner, R.L., Wannemuehler, M.J., 2001, Cloning of
a beta-hemolysin gene of Brachyspira (Serpulina) hyodysenteriae and its
expression in Escherichia coli. Infection and Immunity 69, 706-711.
Hudson, M.J., Alexander, T.J., Lysons, R.J., 1976, Diagnosis of swine dysentery:
spirochaetes which may be confused with Treponema hyodysenteriae. Veterinary
Record 99, 498-500.
Hunter, D., Wood, T., 1979, An evaluation of the API ZYM system as a means of
classifying spirochaetes associated with swine dysentery. Veterinary Record 104,
383-384.
Huyghebaert, G., De Groote, G., 1997, The bioefficacy of zinc bacitracin in practical diets
for broilers and laying hens. Poultry Science 76, 849-856.
Jacques, M., Girard, C., Higgins, R., Goyette, G., 1989, Extensive colonization of the
porcine colonic epithelium by a spirochete similar to Treponema innocens. Journal
of Clinical Microbiology 27, 1139-1141.
Jamshidi, A., Hampson, D.J., 2002, Zinc bacitracin enhances colonization by the intestinal
spirochaete Brachyspira pilosicoli in experimentally infected layer hens. Avian
Pathology 31, 293-298.
Jamshidi, A., Hampson, D.J., 2003, Experimental infection of layer hens with a human
isolate of Brachyspira pilosicoli. Journal of Medical Microbiology 52, 361-364.

259

Jansson, D.S., Brojer, C., Gavier-Widen, D., Gunnarsson, A., Fellström, C., 2001,
Brachyspira spp. (Serpulina spp.) in birds: a review and results from a study of
Swedish game birds. Animal Health Research Reviews 2, 93-100.
Jansson, D.S., Johansson, K.E., Olofsson, T., Rasback, T., Vagsholm, I., Pettersson, B.,
Gunnarsson, A., Fellström, C., 2004, Brachyspira hyodysenteriae and other
strongly beta-haemolytic and indole-positive spirochaetes isolated from mallards
(Anas platyrhynchos). Journal of Medical Microbiology 53, 293-300.
Jansson, D.S., Johansson, K.-E., Zimmerman, U., Gunnarsson, A., Fellström, C., 2005,
Intestinal spirochaetes isolated from Jackdaws, hooded crows and Rooks (Genus
Corvus). In: Proceedings of the Third International Conference on Colonic
Spirochaetal Infections in Animals and Humans, Parma, Italy, Abstract 11.
Jenkinson, S.R., Wingar, C.R., 1981, Selective medium for the isolation of Treponema
hyodysenteriae. Veterinary Record 109, 384-385.
Jensen, N.S., 1997, Detection, identification and subspecific differentiation, In: Hampson,
D.J., Stanton, T.B. (Eds.) Intestinal spirochaetes in domestic animals and humans.
CAB International, Wallingford, England, pp. 323-341.
Jensen, N.S., Casey, T.A., Stanton, T.B., 1990, Detection and identification of Treponema
hyodysenteriae by using oligodeoxynucleotide probes complementary to 16S
rRNA. Journal of Clinical Microbiology 28, 2717-2721.
Jensen, N.S., Stanton, T.B., Swayne, D.E., 1996, Identification of the swine pathogen
Serpulina hyodysenteriae in rheas (Rhea americana). Veterinary Microbiology 52,
259-269.
Jensen, T.K., 2005, Application of fluorescent in situ hybridisation for the diagnosis of
Brachyspira spp. In: Proceedings of the Third International Conference on Colonic
Spirochaetal Infections in Animals and Humans, Parma, Italy, Abstract 5.
260

Jensen, T.K., Møller, K., Boye, M., Leser, T.D., Jorsal, S.E., 2000, Scanning electron
microscopy and fluorescent in situ hybridization of experimental Brachyspira
(Serpulina) pilosicoli infection in growing pigs. Veterinary Pathology 37, 22-32.
Jensen, T.K., Boye, M., Ahrens, P., Korsager, B., Teglbjaerg, P.S., Lindboe, C.F., Møller,
K., 2001, Diagnostic examination of human intestinal spirochetosis by fluorescent
in situ hybridization for Brachyspira aalborgi, Brachyspira pilosicoli, and other
species of the genus Brachyspira (Serpulina). Journal of Clinical Microbiology 39,
4111-4118.
Jensen, T.K., Boye, M., Møller, K., 2004, Extensive intestinal spirochaetosis in pigs
challenged with Brachyspira pilosicoli. Journal of Medical Microbiology 53, 309312.
Joens, L.A., Glock, R.D., 1979, Experimental infection in mice with Treponema
hyodysenteriae. Infection and Immunity 25, 757-760.
Joens, L.A., Kinyon, J.M., 1982, Isolation of Treponema hyodysenteriae from wild
rodents. Journal of Clinical Microbiology 15, 994-997.
Joens, L.A., Songer, J.G., Harris, D.L., Glock, R.D., 1978, Experimental infection with
Treponema hyodysenteriae in guinea pigs. Infection and Immunity 22, 132-135.
Jones, M.J., Miller, J.N., George, W.L., 1986, Microbiological and biochemical
characterization of spirochetes isolated from the feces of homosexual males.
Journal of Clinical Microbiology 24, 1071-1074.
Kanavaki, S., Mantadakis, E., Thomakos, N., Pefanis, A., Matsiota-Bernard, P., Karabela,
S., Samonis, G., 2002, Brachyspira (Serpulina) pilosicoli spirochetemia in an
immunocompromised patient. Infection 30, 175-177.

261

Käsbohrer, A., Gelderblom, H.R., Arasteh, K., Heise, W., Grosse, G., L'age, M.,
Schönberg, A., Koch, M.A., Pauli, G., 1990, Intestinale spirochätose bei HIVinfektion-vorkommen isolierung und morphologie der spirochaten. Deutsche
Medizinische Wochenschrift 115, 1499-1506.
Kazemi, R., Balloun, S.L., 1972, Effect of urea and diammonium citrate on fecal
components of chicken hens. Poultry Science 51, 1480-1481.
Kim, J.C., Mullan, B.P., Simmins, P.H., Pluske, J.R., 2003, Variation in the chemical
composition of wheats grown in Western Australia as influenced by variety,
growing region, season, and post-harvest storage. Australian Journal of
Agricultural Research 54, 541-550.
Kinyon, J.M., Harris, D.L., 1974, Growth of Treponema hyodysenteriae in liquid medium.
Veterinary Record 95, 219.
Kinyon, J.M., Harris, D.L., 1979, Treponema innocens, a new species of intestinal
bacteria, and emended description of the new type strain of Treponema
hyodysenteriae. International Journal of Systematic Bacteriology 29, 102-109.
Kinyon, J.M., Harris, D.L., Glock, R.D., 1977, Enteropathogenicity of various isolates of
Treponema hyodysenteriae. Infection and Immunity 15, 638-646.
Kostman, J.R., Patel, M., Catalano, E., Camacho, J., Hoffpauir, J., DiNubile, M.J., 1995,
Invasive colitis and hepatitis due to previously uncharacterized spirochetes in
patients with advanced human immunodeficiency virus infection. Clinical
Infectious Diseases 21, 1159-1165.
Kraaz, W., Pettersson, B., Thunberg, U., Engstrand, L., Fellström, C., 2000, Brachyspira
aalborgi infection diagnosed by culture and 16S ribosomal DNA sequencing using
human colonic biopsy specimens. Journal of Clinical Micrbiology 38, 3555-3560.

262

Kraaz, W., Thunberg, U., Pettersson, B., Fellström, C., 2001, Human intestinal
spirochetosis diagnosed with colonoscopy and analysis of partial 16S rDNA
sequences of involved spirochetes. Animal Health Research Review 2, 111-116.
Krogdahl, A., Dalsgard, B., 1981, Estimation of nitrogen digestibility in poultry: content
and distribution of major urinary nitrogen compounds in excreta. Poultry Science
60, 2480-2485.
Kumar, S., Tamura, K., Jakobsen, I.B., Nei, M., 2001, MEGA2: molecular evolutionary
genetics analysis software. Bioinformatics 17, 1244-1245.
Kunkle, R.A., Kinyon, J.M., 1988, Improved selective medium for the isolation of
Treponema hyodesenteriae. Journal of Clinical Microbiology 26, 2357-2360.
Kunkle, R.A., Harris, D.L., Kinyon, J.M., 1986, Autoclaved liquid medium for
propagation of Treponema hyodysenteriae. Journal of Clinical Microbiology 24,
669-671.
La, T., Hampson, D.J., 2001, Serologic detection of Brachyspira (Serpulina)
hyodysenteriae infections. Animal Health Research Reviews 2, 45-52.
La, T., Phillips, N.D., Hampson, D.J., 2003, Development of a duplex PCR assay for
detection of Brachyspira hyodysenteriae and Brachyspira pilosicoli in pig feces.
Journal of Clinical Microbiology 41, 3372-3375.
La, T., Phillips, N.D., Reichel, M.P., Hampson, D.J., 2004, Protection of pigs from swine
dysentery by vaccination with recombinant BmpB, a 29.7 kDa outer-membrane
lipoprotein of Brachyspira hyodysenteriae. Veterinary Microbiology 102, 97-109.
Law, C.L.H., Grierson, J.M., Stevens, S.M.B., 1994, Rectal spirochaetosis in homosexual
men: the association with sexual practices, HIV infection and enteric flora.
Genitourinary Medicine 70, 26-29.

263

Lazaro, R., Garcia, M., Aranibar, M.J., Mateos, G.G., 2003, Effect of enzyme addition to
wheat-, barley- and rye-based diets on nutrient digestibility and performance of
laying hens. British Poultry Science 44, 256-265.
Lee, J.I., 1994. Characterisation of intestinal spirochaetes from pigs, dogs and man. Ph.D.
Ph.D. Thesis. School of Veterinary Studies. Murdoch University, Perth.
Lee, B.J., 1996, Preparation, characterisation and applications of monoclonal antibodies
raised against outer envelope components of Serpulina hyodysenteriae and
Serpulina pilosicoli. PhD Thesis.
Lee, J.I., Hampson, D.J., 1992, Intestinal spirochaetes colonizing aborigines from
communities in the remote north of Western Australia. Epidemiology and Infection
109, 133-141.
Lee, J.I., Hampson, D.J., 1994, Genetic characterisation of intestinal spirochaetes and their
association with disease. Journal of Medical Microbiology 40, 365-371.
Lee, B.J., Hampson, D.J., 1995, A monoclonal antibody reacting with the cell envelope of
spirochaetes isolated from cases of intestinal spirochaetosis in pigs and humans.
FEMS Microbiology Letters 131, 179-184.
Lee, B.J., Hampson, D.J., 1996a, Production and characterisation of a monoclonal
antibody to Serpulina hyodysenteriae. FEMS Microbiology Letters 136, 193-197.
Lee, J.I., Hampson, D.J., 1996b, The prevalence of intestinal spirochaetes in dogs.
Australian Veterinary Journal 74, 466-467.
Lee, B.J., Hampson, D.J., 1999, Lipo-oligosaccharide profiles of Serpulina pilosicoli
strains and their serological cross-reactivities. Journal of Medical Microbiology 48,
411-415.

264

Lee, J.I., Hampson, D.J., Combs, B.G., Lymbery, A.J., 1993a, Genetic relationships
between isolates of Serpulina (Treponema) hyodysenteriae, and comparison of
methods for their subspecific differentiation. Veterinary Microbiology 34, 35-46.
Lee, J.I., Hampson, D.J., Lymbery, A.J., Harders, S.J., 1993b, The porcine intestinal
spirochaetes: identification of new genetic groups. Veterinary Microbiology 34,
273-285.
Lee, J.I., McLaren, A.J., Lymbery, A.J., Hampson, D.J., 1993c, Human intestinal
spirochetes are distinct from Serpulina hyodysenteriae. Journal of Clinical
Microbiology 31, 16-21.
Leeson, S., Caston, L., Summers, J.D., 1997, Layer performance of four strains of
Leghorn pullets subjected to various rearing programs. Poultry Science 76, 1-5.
Lemcke, R.M., Bew, J., Burrows, M.R., Lysons, R.J., 1979, The growth of Treponema
hyodysenteriae and other porcine intestinal spirochaetes in a liquid medium.
Research in Veterinary Science 26, 315-319.
Lemcke, R.M., Burrows, M.R., 1981, A comparative study of spirochaetes from the
porcine alimentary tract. Journal of Hygiene (London) 86, 173-182.
Leser, T.D., Møller, K., Jensen, T.K., Jorsal, S.E., 1997, Specific detection of Serpulina
hyodysenteriae and potentially pathogenic weakly beta-haemolytic porcine
intestinal spirochetes by polymerase chain reaction targeting 23S rDNA.
Molecular and Cellular Probes 11, 363-372.
Linboe, C.F., Tostrup, N.E., Nersund, R., Rekkavik, G., 1993, Human intestinal
spirochaetosis in mid-Norway - a retrospective histpathological study with clinical
correlations. Acta Pathologica, Microbiologica et Immunologica Scandinavica
101, 858-864.

265

Lindecrona, R.H., Jensen, T.K., Møller, K., 2004, Influence of diet on the experimental
infection of pigs with Brachyspira pilosicoli. Veterinary Record 154, 264-267.
Lo, T.C.N., Heading, R.C., Gilmour, H.M., 1994, Intestinal spirochaetosis. Postgraduate
Medical Journal 70, 134-137.
Lymbery, A.J., Hampson, D.J., Hopkins, R.M., Combs, B., Mhoma, J.R., 1990,
Multilocus enzyme electrophoresis for identification and typing of Treponema
hyodysenteriae and related spirochaetes. Veterinary Microbiology 22, 89-99.
Lysons, R.J., 1992. Swine dysentery and other colitides. In: Proceedings of the Pig
Veterinary Society, pp. 69-74.
Margawani, K.R., Robertson, I.D., Brooke, C.J., Hampson, D.J., 2004, Prevalence, risk
factors and molecular epidemiology of Brachyspira pilosicoli in humans on the
island of Bali, Indonesia. Journal of Medical Microbiology 53, 325-332.
Maslow, J.N., Slutsky, A.M., Arbeit, R.D., 1993, Application of pulsed-field gel
electrophoresis to molecular epidemiology, In: Persing, D.H., Smith, T.F.,
Tenover, F.C., White, T.J. (Eds.) Diagnostic Molecular Microbiology Principles
and Applications. American Society for Microbiology, Washington D.C., pp. 563572.
Maslow, J.N., Mulligan, M.E., 1996, Epidemiologic typing systems. Infection Control and
Hospital Epidemiology 17, 595-604.
McDonald, D.E., Pethick, D.W., Mullan, B.P., Hampson, D.J., 2001, Increasing viscosity
of the intestinal contents alters small intestinal structure and intestinal growth, and
stimulates proliferation of enterotoxigenic Escherichia coli in newly-weaned pigs.
British Journal of Nutrition 86, 487-498.

266

McLaren, A.J., Hampson, D.J., Wylie, S.L., 1996, The prevalence of intestinal
spirochaetes in poultry flocks in Western Australia. Australian Veterinary Journal
74, 319-321.
McLaren, A.J., Trott, D.J., Swayne, D.E., Oxberry, S.L., Hampson, D.J., 1997, Genetic
and phenotypic characterization of intestinal spirochetes colonizing chickens and
allocation of known pathogenic isolates to three distinct genetic groups. Journal of
Clinical Microbiology 35, 412-417.
McMillan, A., Lee, F.D., 1981, Sigmoidoscopic and microscopic appearance of the rectal
mucosa in homosexual men. Gut 22, 1035-1041.
Miao, R., Fieldsteel, A.H., 1978, Genetics of Treponema: characterisation of Treponema
hyodysenteriae and its relationship to Treponema pallidum. Infection and
Immunity 22, 736-739.
Mikosza, A.S.J., 1996. The molecular epidemiology of Serpulina pilosicoli in villages in
the eastern highlands of Papua New Guinea. Honours Thesis. Murdoch University,
Perth.
Mikosza, A.S.J., Hampson, D.J., 2001, Human intestinal spirochetosis: Brachyspira
aalborgi and/or Brachyspira pilosicoli? Animal Health Research Reviews 2, 101110.
Mikosza, A.S.J., La, T., Brooke, C.J., Lindboe, C.F., Ward, P.B., Heine, R.G., Guccion,
J.G., de Boer, W.B., Hampson, D.J., 1999, PCR amplification from fixed tissue
indicates frequent involvement of Brachyspira aalborgi in human intestinal
spirochetosis. Journal of Clinical Microbiology 57, 2093-2098.
Mikosza, A.S.J., La, T., Margawani, K.R., Brooke, C.J., Hampson, D.J., 2001, PCR
detection of Brachyspira aalborgi and Brachyspira pilosicoli in human faeces.
FEMS Microbiology Letters 197, 167-170.
267

Mikosza, A.S.J., Hampson, D.J., Koopmans, M.P., van Duynhoven, Y.T., 2003, Presence
of Brachyspira aalborgi and B. pilosicoli in feces of patients with diarrhea. Journal
of Clinical Microbiology 41, 4492.
Milner, J.A., Sellwood, R., 1994, Chemotactic response to mucin by Serpulina
hyodysenteriae and other porcine spirochetes: potential role in intestinal
colonization. Infection and Immunity 62, 4095-4099.
Minio, F., Tonietti, G., Torsoli, A., 1973, Spontaneous spirochete infestation in the
colonic mucosa of healthy men. Renidic Gastroenterology 5, 183-195.
Møller, K., Jensen, T.K., Jorsal, S.E., Leser, T.D., Carstensen, B., 1998, Detection of
Lawsonia intracellularis, Serpulina hyodysenteriae, weakly beta-haemolytic
intestinal spirochaetes, Salmonella enterica, and haemolytic Escherichia coli from
swine herds with and without diarrhoea among growing pigs. Veterinary
Microbiology 62, 59-72.
Møller, K., Jensen, T.K., Boye, M., T.D., L., Ahrens, P., 1999, Amplified fragment length
polymorphism and pulsed field gel electrophoresis for subspecies differentiation of
Serpulina pilosicoli. Anaerobe 5, 313-315.
Muniappa, N., Duhamel, G.E., 1997, Phenotypic and genotypic profiles of human, canine,
and porcine spirochetes associated with colonic spirochetosis correlates with in
vivo brush border attachment. Advances in Experimental Medicine & Biology
412, 159-166.
Muniappa, N., Mathiesen, M.R., Duhamel, G.E., 1997, Laboratory identification and
enteropathogenicity testing of Serpulina pilosicoli associated with porcine colonic
spirochetosis. Journal of Veterinary Diagnostic Investigation 9, 165-171.

268

Munshi, M.A., Margawani, K.R., Robertson, I.D., Mikosza, A.S.J., Hampson, D.J., 2003a.
Prevalence and risk factors for Brachyspira aalborgi colonisation in Bali. In:
Proceedings of the Second International Conference on Colonic Spirochaetal
Infections in Animals and Humans, Edinburgh, Scotland, p. 8.
Munshi, M.A., Phillips, N.D., Mikosza, A.S., Spencer, P.B., Hampson, D.J., 2003b,
Detection by PCR and isolation assays of the anaerobic intestinal spirochete
Brachyspira aalborgi from the feces of captive nonhuman primates. Journal of
Clinical Microbiology 41, 1187-1191.
Munshi, M.A., Traub, R.J., Robertson, I.D., Mikosza, A.S., Hampson, D.J., 2004,
Colonization and risk factors for Brachyspira aalborgi and Brachyspira pilosicoli
in humans and dogs on tea estates in Assam, India. Epidemiology and Infection
132, 137-144.
Neef, N.A., Lysons, R.J., Trott, D.J., Hampson, D.J., Jones, P.W., Morgan, J.H., 1994,
Pathogenicity of porcine intestinal spirochetes in gnotobiotic pigs. Infection and
Immunity 62, 2395-2403.
Nemes, C.S., Glavits, R., Dobos-Kovacs, M., Ivanics, E., Kaszanyitzky, E., Beregszaszi,
A., Szeredi, L., Dencso, L., 2006, Typhlocolitis associated with spirochaetes in
goose flocks. Avian Pathology 35, 4-11.
Ochiai, S., Adachi, Y., Mori, K., 1997, Unification of the genera Serpulina and
Brachyspira, and proposals of Brachyspira hyodysenteriae Comb. Nov.,
Brachyspira innocens Comb. Nov. and Brachyspira pilosicoli Comb. Nov.
Microbiology and Immunology 41, 445-452.

269

Ochiai, S., Adachi, Y., Asano, T., Prapasarakul, N., Ogawa, Y., Ochi, K., 2000, Presence
of 22-kDa protein reacting with sera in piglets experimentally infected with
Brachyspira hyodysenteriae. FEMS Immunology and Medical Microbiology 28,
43-47.
Olive, D.M., Bean, P., 1999, Principles and applications of methods for DNA-based
typing of microbial organisms. Journal of Clinical Microbiology 37, 1661-1669.
Olsen, I., Paster, B.J., Dewhirst, F.E., 2000, Taxonomy of spirochetes. Anaerobe 6, 39-57.
Olson, L.D., 1995, Survival of Serpulina hyodysenteriae in an effluent lagoon. Journal of
the American Veterinary Medical Association 207, 1470-1472.
Olson, L.D., 1996. Enhanced isolation of Serpulina hyodysenteriae using sliced agar
media. In: Proceedings of the 14th International Pig Veterinary Society Congress,
Bologna, Italy, p. 294.
Oxberry, S.L., 2002. Studies on the epidemiology of the intestinal spirochaete
Brachyspira pilosicoli. PhD Thesis. Murdoch University, Perth.
Oxberry, S.L., Hampson, D.J., 1998. Comparative sensitivity of Serpulina hyodysenteriae
and Serpulina pilosicoli isolates to six antimicrobials. In: Proceedings of the 15th
International Pig Veterinary Society Congress, Birmingham, England, p. 132.
Oxberry, S.L., Hampson, D.J., 2003a, Colonisation of pet shop puppies with Brachyspira
pilosicoli. Veterinary Microbiology 93, 167-174.
Oxberry, S.L., Hampson, D.J., 2003b, Epidemiological studies of Brachyspira pilosicoli
in two Australian piggeries. Veterinary Microbiology 93, 109-120.
Oxberry, S.L., Trott, D.J., Hampson, D.J., 1998, Serpulina pilosicoli, waterbirds and
water: potential sources of infection for humans and other animals. Epidemiology
and Infection 121, 219-225.

270

Padmanabhan, V., Dahlstrom, J., Maxwell, L., Kaye, G., Clarke, A., Barrett, P.J., 1996,
Invasive intestinal spirochaetosis: a report of three cases. Pathology 28, 283-296.
Park, N.Y., Chung, C.Y., McLaren, A.J., Atyeo, R.F., Hampson, D.J., 1995, Polymerase
chain reaction for identification of human and porcine spirochaetes recovered from
cases of intestinal spirochaetosis. FEMS Microbiology Letters 125, 225-229.
Paster, B.J., Dewhirst, F.E., 1997, Taxonomy and phylogeny of intestinal spirochaetes, In:
Hampson, D.J., Stanton, T.B. (Eds.) Intestinal spirochaetosis in domestic animals
and humans. CAB International, Wallingford, England, pp. 47-61.
Paster, B.J., Dewhirst, F.E., 2000, Phylogenetic foundation of spirochetes. Journal of
Molecular Microbiology and Biotechnology 2, 341-344.
Paster, B.J., Dewhirst, F.E., Weisburg, W.G., Tordoff, L.A., Fraser, G.J., Hespell, R.B.,
Stanton, T.B., Zablen, L., Mandelco, L., Woese, C.R., 1991, Phylogenetic analysis
of the spirochetes. Journal of Bacteriology 173, 6101-6109.
Peghini, P.L., Guccion, J.G., Sharma, A., 2000, Improvement of chronic diarrhea after
treatment for intestinal spirochetosis. Digestive Diseases and Sciences 45, 10061010.
Petersen, S.T., Wiseman, J., Bedford, M.R., 1999, Effects of age and diet on the viscosity
of intestinal contents in broiler chicks. British Poultry Science 40, 364-370.
Pettersson, B., Fellström, C., Andersson, A., Uhlen, M., Gunnarsson, A., Johansson, K.E.,
1996, The phylogeny of intestinal porcine spirochetes (Serpulina species) based on
sequence analysis of the 16S rRNA gene. Journal of Bacteriology 178, 4189-4199.
Pluske, J.R., Siba, P.M., Pethick, D.W., Durmic, Z., Mullan, B.P., Hampson, D.J., 1996,
The incidence of swine dysentery in pigs can be reduced by feeding diets that limit
the amount of fermentable substrate entering the large intestine. Journal of
Nutrition 126, 2920-2933.
271

Pluske, J.R., Durmic, Z., Pethick, D.W., Mullan, B.P., Hampson, D.J., 1998, Confirmation
of the role of rapidly fermentable carbohydrates in the expression of swine
dysentery in pigs after experimental infection. Journal of Nutrition 128, 17371744.
Podzorski, R.P., Persing, D.H., 1995, Molecular detection and identification of
microorganisms, In: Murray, P.R., Baron, E.J., Pfaller, M.A., Tenover, F.C.,
Yolken, R.H. (Eds.) Manual of Clinical Microbiology. American Society for
Microbiology, Washington, D.C., pp. 190-208.
Pringle, M., Landen, A., Franklin, A., 2006, Tiamulin resistance in porcine Brachyspira
pilosicoli isolates. Research in Veterinary Science 80, 1-4.
Ramanathan, M., Duhamel, G.E., Mathiesen, M.R., Messier, S., 1993, Identification and
partial characterization of a group of weakly beta-hemolytic intestinal spirochetes
of swine distinct from Serpulina innocens isolate B256. Veterinary Microbiology
37, 53-64.
Rayment, S.J., Barrett, S.P., Livesley, M.A., 1997, Sub-specific differentiation of
intestinal

spirochaete

isolates

by

macrorestriction

fragment

profiling.

Microbiology 143, 2923-2929.
Roberts, J.R., 2003, Effects of commercial feed enzymes in wheat-based diets on egg and
egg shell quality in imported strains of laying hen. Australian Egg Corporation,
Hurtsville, NSW. Publication number 03/02.
Rodgers, F.G., Rodgers, C., Shelton, A.P., Hawkey, C.J., 1986, Proposed pathogenic
mechanism for the diarrhea associated with human intestinal spirochetes.
American Journal of Clinical Pathology 86, 679-682.

272

Rohde, J., Rothkamp, A., Gerlach, G.F., 2002, Differentiation of porcine Brachyspira
species by a novel nox PCR-based restriction fragment length polymorphism
analysis. Journal of Clinical Microbiology 40, 2598-2600.
Ruane, P.J., Nakata, M.M., Reinhardt, J.F., George, W.L., 1989, Spirochete-like
organisms in the human gastrointestinal tract. Reviews of Infectious Diseases 11,
184-196.
Ruano, M., El-Attrache, J., Villegas, P., 2001, Efficacy comparisons of disinfectants used
by the commercial poultry industry. Avian Diseases 45, 972-977.
Sagartz, J.E., Swayne, D.E., Eaton, K.A., Hayes, J.R., Amass, K.D., Wack, R., Kramer,
L., 1992, Necrotizing typhlocolitis associated with a spirochete in rheas (Rhea
americana). Avian Diseases 36, 776-781.
Saiki, R.K., Scharf, S., Faloona, F., Mullis, K.B., Horn, G.T., Erlich, H.A., Arnheim, N.,
1985, Enzymatic amplification of b-globin genomic sequences and restriction site
analysis for diagnosis of sickle cell anaemia. Science 230, 1350-1354.
Sanna, A., Dettori, G., Grillo, R., Rossi, A., Chiarenza, D., 1982, Isolation and
propagation of a strain of Treponema from the human digestive tract - preliminary
report. L'Igiene Moderna 77, 287-297.
Sanna, A., Dettori, G., Aglianò, A.M., Branca, G., Grillo, R., Leone, F., Rossi, A., Parisi,
G., 1984, Studies of treponemes isolated from human gastrointestinal tract.
L'Igiene Moderna 81, 959-973.
Schwartz, D.C., Cantor, C.R., 1984, Separation of yeast chromosome-sized DNAs by
pulse field gradient gel electrophoresis. Cell 37, 67-75.
Selander, R.K., Caugant, D.A., Ochman, H., Musser, J.M., Gilmour, M.N., Whittam, T.S.,
1986, Methods of multilocus enzyme electrophoresis for bacterial population
genetics and systematics. Applied and Environmental Microbiology 51, 873-884.
273

Sellwood, R., Bland, A.P., 1997, Ultrastructure of intestinal spirochaetes, In: Hampson,
D.J., Stanton, T.B. (Eds.) Intestinal spirochaetes in domestic animals and humans.
CAB International, Wallingford, England, pp. 109-149.
Shivaprasad, H.L., Duhamel, G.E., 2005, Cecal spirochetosis caused by Brachyspira
pilosicoli in commercial turkeys. Avian Diseases 49, 609-613.
Siba, P.M., Pethick, D.W., Hampson, D.J., 1996, Pigs experimentally infected with
Serpulina hyodysenteriae can be protected from developing swine dysentery by
feeding them a highly digestible diet. Epidemiology and Infection 116, 207-216.
Smibert, R.M., 1989, The Spirochaetales, In: O'Leary, W.M. (Ed.) Practical Handbook of
Microbiology. CRC Press Inc, Boca Raton, pp. 3-36.
Smit, H.F., Dwars, R.M., Davelaar, F.G., Wijtten, A.W., 1998, Observations on the
influence of intestinal spirochaetosis in broiler breeders on the performance of
their progeny and on egg production. Avian Pathology 27, 133-141.
Songer, J.G., Kinyon, J.M., Harris, D.L., 1976, Selective medium for isolation of
Treponema hyodysenteriae. Journal of Clinical Microbiology 4, 57-60.
Songer, J.G., Glock, R.D., Schwartz, K.J., Harris, D.L., 1978, Isolation of Treponema
hyodysenteriae from sources other than swine. Journal of the American Veterinary
Association 172, 464-466.
Sotiropoulos, C., Smith, S.C., Coloe, P.J., 1993, Characterization of two DNA probes
specific for Serpulina hyodysenteriae. Journal of Clinical Microbiology 31, 17461752.
Spearman, J.G., Nayar, G., Sheridan, M., 1988, Colitis associated with Treponema
innocens in pigs. Canadian Veterinary Journal 29, 747.
Spiller, G.A., 1993, CRC handbook of dietary fibre and human nutrition. Boca Raton,
Florida: CRC Press, Inc.
274

Stanton, T.B., 1989, Glucose metabolism and NADH recycling by Treponema
hyodysenteriae, the agent of swine dysentery. Applied and Environmental
Microbiology 55, 2365-2371.
Stanton, T.B., 1992, Proposal to change the genus designation Serpula to Serpulina gen.
nov. containing the species Serpulina hyodysenteriae comb. nov. and Serpulina
innocens comb. nov. International Journal of Systematic Bacteriology 42, 189-190.
Stanton, T.B., Jensen, N.S., 1993, Purification and characterization of NADH oxidase
from Serpulina (Treponema) hyodysenteriae. Journal of Bacteriology 175, 29802987.
Stanton, T.B., Cornell, C.P., 1987, Erythrocytes as a source of essential lipids for
Treponema hyodysenteriae. Infection and Immunity 55, 304-308.
Stanton, T.B., Lebo, D.F., 1988, Treponema hyodysenteriae growth under various culture
conditions. Veterinary Microbiology 18, 177-190.
Stanton, T.B., Jensen, N.S., Casey, T.A., Tordoff, L.A., Dewhirst, F.E., Paster, B.J., 1991,
Reclassification of Treponema hyodysenteriae and Treponema innocens in a new
genus, Serpula gen. nov., as Serpula hyodysenteriae comb. nov. and Serpula
innocens comb. nov. International Journal of Systematic Bacteriology 41, 50-58.
Stanton, T.B., Hanzelka, B.L., Jensen, N.S., 1995, Survey of intestinal spirochaetes for
NADH oxidase activity by gene probe and enzyme assay. Microbial Ecology in
Health and Disease 8, 93-100.
Stanton, T.B., Trott, D.J., Lee, J.I., McLaren, A.J., Hampson, D.J., Paster, B.J., Jensen,
N.S., 1996, Differentiation of intestinal spirochaetes by multilocus enzyme
electrophoresis

analysis

and

16S

rRNA

sequence

comparisons.

FEMS

Microbiology Letters 136, 181-186.

275

Stanton, T.B., Fournie-Amazouz, E., Postic, D., Trott, D.J., Grimont, P.A., Baranton, G.,
Hampson, D.J., Saint Girons, I., 1997, Recognition of two new species of intestinal
spirochetes: Serpulina intermedia sp. nov. and Serpulina murdochii sp. nov.
International Journal of Systematic Bacteriology 47, 1007-1012.
Stanton, T.B., Postic, D., Jensen, N.S., 1998, Serpulina alvinipulli sp. nov., a new
Serpulina species that is enteropathogenic for chickens. International Journal of
Systematic Bacteriology 48: 669-676.
Stephens, C.P., Hampson, D.J., 1999, Prevalence and disease association of intestinal
spirochaetes in chickens in Eastern Australia. Avian Pathology 28, 447-454.
Stephens, C.P., Hampson, D.J., 2001, Intestinal spirochete infections of chickens: a review
of disease associations, epidemiology and control. Animal Health Research
Reviews 2, 83-91.
Stephens, C.P., Hampson, D.J., 2002, Experimental infection of broiler breeder hens with
the intestinal spirochaete Brachyspira (Serpulina) pilosicoli causes reduced egg
production. Avian Pathology 31, 169-175.
Summanen, P., Baron, E.J., Citron, D.M., Strong, C.A., Wexler, H.M., Finegold, S.M.,
1993, Wadsworth Anaerobic Bacteriology Manual, 5th Edition. Star Publishing
Company, Belmont California.
Suriyaarachchi, D.S., Mikosza, A.S., Atyeo, R.F., Hampson, D.J., 2000, Evaluation of a
23S rDNA polymerase chain reaction assay for identification of Serpulina
intermedia, and strain typing using pulsed-field gel electrophoresis. Veterinary
Microbiology 71, 139-148.
Sutter, V.L., Carter, W.T., 1972, Evaluation of media and reagents for indole-spot tests in
anaerobic bacteriology. American Journal of Clinical Pathology 58, 335-338.

276

Swayne, D.A., 2003, Avian Intestinal Spirochaetosis, In: Disease of Poultry. Barnes, H.J.,
Glisson, J.R., Fadly, A.M., McDougald, L.R., Swayne, D.A. (Eds.). Blackwell
Publishing, Iowa, USA, pp. 827-836.
Swayne, D.E., McLaren, A.J., 1997, Avian intestinal spirochaetes and avian intestinal
spirochaetosis, In: Hampson, D.J., Stanton, T.B. (Eds.) Intestinal spirochaetes in
domestic animals and humans. CAB International, Wallingford, England, pp. 267300.
Swayne, D.E., Bermudez, A.J., Sagartz, J.E., Eaton, K.A., Monfort, J.D., Stoutenburg,
J.W., Hayes, J.R., 1992, Association of cecal spirochetes with pasty vents and dirty
eggshells in layers. Avian Diseases 36, 776-781.
Swayne, D.E., Eaton, K.A., Stoutenburg, J., Buckles, E.L., 1993. Comparison of the
ability of orally inoculated avian-, pig-, and rat-origin spirochetes to produce
enteric disease in 1-day-old chickens. In: Proceedings of the Annual Meeting of
the American Veterinary Medical Association, p. 155.
Swayne, D.E., Eaton, K.A., Stoutenburg, J., Trott, D.J., Hampson, D.J., Jensen, N.S.,
1995, Identification of a new intestinal spirochete with pathogenicity for chickens.
Infection and Immunity 63, 430-436.
Szynkiewicz, Z.M., Binek, M., 1986, Evaluation of selective media for primary isolation
of

Treponema

hyodysenteriae

and

Treponema

innocens.

Comparative

Immunology, Microbiology and Infectious Disease 9, 71-77.
Takeuchi, A., Jervis, H.R., Nakazawa, H., Robinson, D.M., 1974, Spiral-shaped
organisms on the surface colonic epithelium of the monkey and man. American
Journal of Clinical Nutrition 27, 1287-1296.

277

Taylor, D.J., 1992, Spirochetal diarrhea, In: Leman, A.D., Straw, B.E., Mengeling, W.L.,
D'Allaire, S., Taylor, D.J. (Eds.) Diseases of Swine. Wolfe Publishing Ltd,
London, pp. 584-587.
Taylor, D.J., Alexander, T.J.L., 1971, The production of dysentery in swine by feeding
cultures containing a spirochaete. British Veterinary Journal 127, 58-61.
Taylor, D.J., Trott, D.J., 1997, Porcine intestinal spirochaetosis and spirochaetal colitis, In:
Hampson, D.J., Stanton, T.B. (Eds.) Intestinal spirochaetes in domestic animals
and humans. CAB International, Wallingford, England, pp. 211-242.
Taylor, D.J., Simmons, J.R., Laird, H.M., 1980, Production of diarrhoea and dysentery in
pigs by feeding pure cultures of a spirochaete differing from Treponema
hyodysenteriae. Veterinary Record 106, 324-332.
Teglbjærg, P.S., 1990, Intestinal spirochaetosis. Current Topics in Pathology 81, 247-256.
Tenaya, I.W., Penhale, W.J., Hampson, D.J., 1998, Preparation of diagnostic polyclonal
and monoclonal antibodies against outer envelope proteins of Serpulina pilosicoli.
Journal of Medical Microbiology 47, 317-324.
Tenover, F.C., Unger, E.R., 1993, Nucleic acid probes for detection and identification of
infectious agents, In: Persing, D.H., Smith, T.F., Tenover, F.C., White, T.J. (Eds.)
Diagnostic

Molecular

Microbiology

Principles

and

Applications.

Mayo

Foundation, Rochester MD, pp. 3-25.
Tenover, F.C., Arbeit, R.D., Goering, R.V., Mickelsen, P.A., Murray, B.E., Persing, D.H.,
Swaminathan, B., 1995, Interpreting chromosomal DNA restriction patterns
produced by pulsed-field gel electrophoresis: criteria for bacterial strain typing.
Journal of Clinical Microbiology 33, 2233-2239.

278

Tenover, F.C., Arbeit, R.D., Goering, R.V., 1997, How to select and interpret molecular
strain typing methods for epidemiological studies of bacterial infections: a review
for healthcare epidemiologists. Infection Control and Hospital Epidemiology 18,
426-439.
ter Huurne, A.A.H.M., van Houten, M., Koopman, M.B.H., van der Zeijst, B.A.M.,
Gaastra, W., 1992, Characterization of Dutch porcine Serpulina (Treponema)
isolates by restriction endonuclease analysis and DNA hybridization. Journal of
General Microbiology 138, 1929-1934.
Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., Higgins, D.G., 1997, The
CLUSTAL_X windows interface: flexible strategies for multiple sequence
alignment aided by quality analysis tools. Nucleic Acids Res 25, 4876-4882.
Thomson, J.G., Thomson, D., Cantab, D.P.H., 1914, Some researches on spirochaetes
occurring in the alimentary tract of man and some of the lower animals.
Proceedings of the Royal Society of Medicine 7, 47-70.
Thomson, J.R., Smith, W.J., Murray, B.P., McOrist, S., 1997, Pathogenicity of three
strains of Serpulina pilosicoli in pigs with a naturally acquired intestinal flora.
Infection and Immunity 65, 3693-3700.
Thomson, J.R., Smith, W.J., Murray, B.P., Murray, D., Dick, J.E., Sumption, K.J., 2001,
Porcine enteric spirochete infections in the UK: surveillance data and preliminary
investigation of atypical isolates. Animal Health Research Reviews 2, 31-36.
Tompkins, D.S., Waugh, M.A., Cook, E.M., 1981, Isolation of intestinal spirochaetes
from homosexuals. Journal of Clinical Pathology 34, 1385-1387.
Tompkins, D.S., Foulkes, S.J., Godwin, P.G., West, A.P., 1986, Isolation and
characterisation of intestinal spirochaetes. Journal of Clinical Epidemiology 39,
535-541.
279

Townsend, K.M., Giang, V.N., Stephens, C., Scott, P.T., Trott, D.J., 2005, Application of
nox-restriction fragment length polymorphism for the differentiation of
Brachyspira intestinal spirochetes isolated from pigs and poultry in Australia.
Journal of Veterinary Diagnostic Investigation 17, 103-109.
Trampel, D.W., Jensen, N.S., Hoffman, L.J., 1994, Cecal spirochetosis in commercial
laying hens. Avian Diseases 38, 895-898.
Trampel, D.W., Kinyon, J.M., Jensen, N.S., 1999, Minimum inhibitory concentration of
selected antimicrobial agents for Serpulina isolated from chickens and rheas.
Journal of Veterinary Diagnostic Investigation 11, 379-382.
Trivett-Moore, N.L., Gilbert, G.L., Law, C.L., Trott, D.J., Hampson, D.J., 1998, Isolation
of Serpulina pilosicoli from rectal biopsy specimens showing evidence of
intestinal spirochetosis. Journal of Clinical Microbiology 36, 261-265.
Trott, D.J., 1997. Characterisation, pathogenicity and epidemiology of Serpulina pilosicoli
sp. nov and other intestinal spirochaetes in pigs and humans. PhD Thesis. Murdoch
University, Perth, Western Australia.
Trott, D.J., Hampson, D.J., 1998, Evaluation of day-old specific pathogen-free chicks as
an experimental model for pathogenicity testing of intestinal spirochaete species.
Journal of Comparative Pathology 118, 365-381.
Trott, D.J., McLaren, A.J., Hampson, D.J., 1995, Pathogenicity of human and porcine
intestinal spirochetes in one-day-old specific-pathogen-free chicks: an animal
model of intestinal spirochetosis. Infection and Immunity 63, 3705-3710.
Trott, D.J., Atyeo, R.F., Lee, J.I., Swayne, D.A., Stoutenburg, J.W., Hampson, D.J.,
1996a, Genetic relatedness amongst intestinal spirochaetes isolated from rats and
birds. Letters in Applied Microbiology 23, 431-436.

280

Trott, D.J., Huxtable, C.R., Hampson, D.J., 1996b, Experimental infection of newly
weaned pigs with human and porcine strains of Serpulina pilosicoli. Infection and
Immunity 64, 4648-4654.
Trott, D.J., Stanton, T.B., Jensen, N.S., Duhamel, G.E., Johnson, J.L., Hampson, D.J.,
1996c, Serpulina pilosicoli sp. nov., the agent of porcine intestinal spirochetosis.
International Journal of Systematic Bacteriology 46, 206-215.
Trott, D.J., Stanton, T.B., Jensen, N.S., Hampson, D.J., 1996d, Phenotypic
characterisation

of

Serpulina

pilosicoli

human

and

porcine

intestinal

spirochaetosis. FEMS Microbiology Letters 142, 209-214.
Trott, D.J., Jensen, N.S., Saint Girons, I., Oxberry, S.L., Stanton, T.B., Lindquist, D.,
Hampson, D.J., 1997a, Identification and characterization of Serpulina pilosicoli
isolates recovered from the blood of critically ill patients. Journal of Clinical
Microbiology 35, 482-485.
Trott, D.J., Oxberry, S.L., Hampson, D.J., 1997b, Evidence for Serpulina hyodysenteriae
being recombinant, with an epidemic population structure. Microbiology 143,
3357-3365.
Trott, D.J., Oxberry, S.L., Hampson, D.J., 1997c. Evaluation of day-old SPF chicks for
pathogenicity testing of intestinal spirochete species. In: Abstracts of the NADC
First International Virtual Conference on Infectious Diseases of Animals.
Trott, D.J., Mikosza, A.S., Combs, B.G., Oxberry, S.L., Hampson, D.J., 1998, Population
genetic analysis of Serpulina pilosicoli and its molecular epidemiology in villages
in the eastern Highlands of Papua New Guinea. International Journal of Systematic
Bacteriology 48, 659-668.

281

Vos, P., Hogers, R., Bleeker, J., Reijans, M., van de Lee, T., Hornes, M., Frijters, A., Pot,
J., Peleman, J., Kuiper, M., Zabeau, M., 1995, AFLP: a new technique for DNA
fingerprinting. Nucleic Acids Research 23, 4407-4414.
Wagenaar, J.A., van Bergen, M.A.P., Graaf., v.d., Landman, W.J.M., 2003, Free-range
chicken show a higher incidence of Brachyspira infections in the Netherlands. In:
Proceedings of the Second international Conference on Colonic Spirochaetal
Infections in Animals and Humans Edinburgh, Scotland, abstract 16.
Webb, D.M., Duhamel, G.E., Mathiesen, M.R., Muniappa, N., White, A.K., 1997, Cecal
spirochetosis associated with Serpulina pilosicoli in captive juvenile ring-necked
pheasants. Avian Diseases 41, 997-1002.
Weissenbock, H., Maderner, A., Herzog, A.M., Lussy, H., Nowotny, N., 2005,
Amplification and sequencing of Brachyspira spp. specific portions of nox using
paraffin-embedded tissue samples from clinical colitis in Austrian pigs shows
frequent solitary presence of Brachyspira murdochii. Veterinary Microbiology
111, 67-75.
Westerman, R.B., Phillips, R.M., Joens, L.A., 1995, Production and characterization of
monoclonal

antibodies

specific

for

lipooligosaccharide

of

Serpulina

hyodysenteriae. Journal of Clinical Microbiology 33, 2145-2149.
White, J., Roche, D., Chan, Y., 1994, Intestinal spirochetosis in children: report of two
cases. Pediatric Pathology 14, 191-199.
Wilkinson, J.D., Wood, E.N., 1987, Grower scour/ non-specific colitis. Veterinary Record
121, 277-279.
Willén, R., Furugård, K., Fors, B., Hradsky, M., 1977, Intestinal spirochaetosis as a cause
of longstanding diarrhoea. Uppsala Journal of Medical Science 82, 49-54.

282

Wright, J.C., Wilt, G.R., Reed, R.B., Powe, T.A., 1989, Use of an enzyme-linked
immunosorbent assay for detection of Treponema hyodysenteriae infection in
swine. Journal of Clinical Microbiology 27, 411-416.
Zuerner, R.L., Stanton, T.B., 1994, Physical and genetic map of the Serpulina
hyodysenteriae B78T chromosome. Journal of Bacteriology 176, 1087-1092.
Zuerner, R.L., Stanton, T.B., Minion, C., Chunhao Li, Charond, W.N., Trott, D.,
Hampson,

D.J.,

2004,

Genetic

variation

in

Brachyspira:

chromosomal

rearrangements and sequence drift distinguish B. pilosicoli from B. hyodysenteriae.
Anaerobe 10, 229-237.

283

Appendix A:
Materials

A.1

Chemicals, reagents, desiccated media and enzymes.

Chemical / Reagent / Medium / enzymes

Supplier and Address

DNA grade Agarose

Progen Biosciences, Archerfield,
QLD, Australia

Alkaline salts

Active Dot, Peerless Emulsion
Products Pty Ltd, Australia

Avizyme® 1302

Danisco, Marlborough, UK:

Barium chloride

BDH Chemicals, Port Fairy, Vic,
Australia

Boric acid

ICN Biomedicals Inc., Aurora, OH,
USA

Bovine serum albumin

Promega Corporation, Madison, WI,
USA

Brij® 58 (polyoxyethylene 20 cetyl ether)

Sigma Chemical Company, St
Louis, MO, USA.

Chlorine from Chloramine T

Halamid, Akzo Nobel Chemicals,
The Netherlands

Cholesterol

Sigma Chemical Company

Cysteine hydrochloride monohydrate

Sigma Chemical Company
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A.1 cont

Chemicals, reagents, desiccated media and enzymes.

Chemical / Reagent / Medium / enzymes

Supplier

Defibrinated ovine blood

Animal Biological collection and
Delivery Enterprises, Perth, Western
Australia

dNTPs

Promega Corporation, Madison

DNA size standards (100 Bp)

New England Biolabs, Ipswich, MA,
USA

Ethylenediaminetetraacetic acid

Merck, Colchester, Victoria,

disodium salt (EDTA)

Australia

Ethanol

Scot Scientific, Welshpool, Perth
Australia

Ethidium bromide

Sigma Chemical Company, St
Louis, MO, USA

Foetal calf serum

Commonwealth Serum Laboratories
(CSL), Parkville, Victoria, Australia

Glucose

Merck, Colchester, Victoria,
Australia

Glutaraldehyde

Sigma Chemical Company

Glycerol

BDH Chemicals, Port Fairy, Vic,
Australia

Hydrochloric acid

BDH Chemicals
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A.1 cont

Chemicals, reagents, desiccated media and enzymes.

Chemical / Reagent / Medium / enzymes

Supplier

Hydrogen peroxide

BDH Chemicals

InStat version 3

GraphPad Software inc., San Diego,
CA, USA

Iodine as an iodophor

Vetadine, PharmTech Pty Ltd,
Australia

Lambda ladder

Bio-rad Laboratories, Hercules, CA,
USA

Lysostaphin

Sigma Chemical Co

Lysozyme

Sigma Chemical Co

Magnesium chloride

Biotech, West Perth, Australia

Metronidazole

Sigma Chemical Co

Mlu1

Biotech, West Perth, Australia

Mlu1 reaction buffer (10x)

Biotech

New born calf serum

Commonwealth Serum Laboratories,

PCR reaction buffer (10x)

Biotech

Potassium chloride

Merck

Proteinase K

Sigma Chemical Co

Pulsed field certified agarose (plug

Bio-rad Laboratories

agarose)
Quaternary ammonium

Quickmaster Lemon, Kwikmaster
Products, Australia
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A.1 cont

Chemicals, reagents, desiccated media and enzymes.

Chemical / Reagent / Medium / enzymes

Supplier

Resazurin (7-hydroxy-3H-phenoxazin-3-

Sigma Chemical Co

one-10-oxide)
Ronozyme A

DSM Nutritional Products (French’s
Forest, NSW, Australia)

Ronozyme WX

DSM Nutritional Products

Sodium bicarbonate

Merck

Sodium chloride

Merck

Sodium deoxycholate

BDH Chemicals

Sodium n-lauroyl sarcosine

Sigma Chemical Co

Sodium dihydrogen orthophosphate

BDH Chemicals

Sodium hydroxide

BDH Chemicals

Spectinomycin dihydrochloride

Sigma Chemical Co

Tris(hydroxymethyl)aminomethane

Sigma Chemical Co

hydrochloride (Tris-HCl)
Taq DNA polymerase

Biotech

Trypticase soy agar, modified

Becton Dickinson, Cockeysville,
MD, USA

Trypticase soy broth

Becton Dickinson, Cockeysville,
MD, USA

Yeast extract

Oxoid, UK

Vancomycin hydrochloride

Sigma Chemical Co

Zinc Bacitracin

Alpharma Animal Health,
Melbourne, Australia
287

A.2

Kits and other consumables

Consumable

Supplier

APIZYM

Biomerieux, Lyon, France

Gaspak plus system

Becton Dickinson

Inoculation loops (10 μl)

Sarstedt Aktiengesellschaft and Co.,
Nümbrecht, Germany

Needles (0.9 x 25 mm)

Terumo Medical Corporation

Nesco parafilm

Bando Chemical Industries Ltd, Kobe, Japan

Parafilm

American National Can Inc., Menasha
WI154952, USA

DNA purification kit

Qiagen Pty Ltd, Clifton Hill, Vic, Australia

QIAmp DNA stool mini kit

Qiagen Pty Ltd

Vacutainer

Sherwood Medical, St Louis MO 63103, USA
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A.3

Buffers, solutions and chicken feed enzymes

Agarose for polymerase chain reaction

Agarose dissolved in 1x TAE. Gels of 1.0% (w/v) used routinely.

Agarose for pulsed-field gel electrophoresis

Agarose dissolved in 0.5 x TBE. Agarose for gels 1% (w/v); low melting point agarose
for plugs 1.8% (w/v).

dNTPs

A 2 mM concentration working mix of dNTPs made from a 100 mM stock
concentration of each in sterile ultra high pure water.

EDTA stock solutions

A 0.5 M pH 8.0 stock solution made by dissolving 46.5 g EDTA disodium salt in 250
ml sterile HPW. A 0.4 M pH 7.5 stock solution made by dissolving 37.22 g EDTA
disodium salt in 250 ml.

Ethidium Bromide

Stock ethidium bromide of 10 mg/ml stored in the dark at 4°C. Stock solution diluted
1:2000 to stain agarose gels.
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Gel Loading Buffer (6x)
Bromophenol blue

2.5 g

Sucrose

400 g

Stored at 4°C

Kunkle’s broth (modified)

Trypticase soy broth

30 g/L

Yeast extract

10 g/L

Glucose

5 g/L

Sodium carbonate

3 g/L

Foetal calf serum

20 ml/L

Newborn calf serum

5 ml/L

Cholesterol

0.02 g/L

Cysteine HCl.H2O

1 g/L

Resazurin

1 ml/L

Brij 58

0.5 g

sodium deoxycholate

0.2 g

sodium lauroyl sarcosine

0.5 g

Lysis buffer

Solution 1
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Solution 2
Tris stock solution

300 μl

NaCl

5.84 g

EDTA pH7.5 stock solution

25 ml

Solution 1 prepared in 30 ml HPW and heated to 60°C in a water bath to dissolve the
components. Added to Solution 2 and the combined volume made up to 100 ml and
sterilised by autoclaving.

Lysostaphin

Powdered lysostaphin made to a concentration of 400 μg/ml in UHPW, filter sterilised,
aliquoted, and stored at -20°C.

Lysozyme

Powdered lysozyme made to a concentration of 20 mg/ml in UHPW, filter sterilised,
aliquoted, and stored at -20°C.

McFarland nephelometer standards
A 0.5 McFarland nephelometer standard made according to the method of (Summanen
et al., 1993) by adding 9.95 ml of a 1% solution of sulfuric acid to 0.05 ml of a 1.175%
solution of barium chloride. A 5.0 McFarland nephelometer standard made by adding
9.5 ml of sulfuric acid to 0.5 ml of barium chloride. After mixing, 5 ml volumes added
to glass vials and sealed with parafilm. Standards agitated before use.
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Phosphate-buffered saline (PBS) – pH 7.2

NaCl

8.0 g

KCl

0.2 g

Na2HPO4

1.44 g

KH2PO4

0.24 g

Phosphotungstic acid – pH 7.3

Phosphotungstic acid

3 ml

Tris stock solution (2 M)

1 ml

DIW

196 ml

The phosphotungstic acid was added to the diluted Tris solution.

Potassium chloride

A 10 mM potassium chloride solution prepared by dissolving 3.73 g KCl in 200 ml of
DIW.

Proteinase K

Powdered Proteinase K made to a concentration of 20 mg/ml in UHPW, filter
sterilised, aliquoted, and stored at -20°C.

Sodium hydroxide

A 1 N solution made by dissolving 4.0 g NaOH in 100 ml DIW.
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Tris acetic EDTA (TAE) buffer (50x)

Tris Base

242 g

Glacial acetic acid

47.2 ml

0.5 M EDTA pH 8.0

50 ml

HPW

1000 ml

The pH adjusted to 8.0 with glacial acetic acid. TAE diluted 1:50 with HPW as
required.

Tris - borate EDTA buffer (TBE) (10x)

Boric acid

55 g

Tris base

108 g

EDTA pH 8.0 stock solution

40 ml

HPW

1000 ml

A working solution of 0.5x made with HPW.

Tris EDTA buffer (TE) – pH 7.6

Tris stock solution

5 ml

EDTA pH 8.0 stock solution

200 μl

HPW

1000 ml

Tris EDTA sarcosine buffer (TES)

Tris stock solution

2.5 ml

EDTA pH 8.0 stock solution

10 ml

lauroyl sarcosine

1g

HPW

100 ml
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Tris stock solution (2 M) – pH 7.4

A 250 ml stock solution was made in HPW.
Tris Base

60.55 g

concentrated HCl

18.8 ml

10x Tth Plus buffer

Tth Plus DNA Polymerase buffer (10x) consisted of 670 mM Tris-HCl (pH 8.8), 166
mM (NH4)2SO4, 4.5% Triton X-100 and 2 mg/ml gelatin.
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Appendix B:
Brachyspira Strains used

Table B.1

Brachyspira strains used in the specificity testing of B. intermedia, B.

pilosicoli, B. hyodysenteriae, general 16S rRNA and general NADH (nox) genes.
Species

Strain

Host

Country of

Reference

Origin
B. hyodysenteriae

B78T

Pig

Australia

(Taylor and Alexander, 1971)

B204

Pig

USA

(Kinyon et al., 1977)

B169

Pig

Canada

(Hampson et al., 1990)

P18A

Pig

England

(Hampson et al., 1990)

B/Q02 (BW1)

Pig

Australia

(La et al., 2004)

VS1 (FW10)

Pig

UK

(Hampson et al., 1990)

SA3 (SS2206)

Pig

Australia

(Milner and Sellwood, 1994)

FMV89-3323

Pig

Canada

(Harris et al., 1972a)

B234

Pig

USA

(Harris et al., 1972a)

FM88-90

Pig

Canada

(Harris et al., 1972a)

NSW 1 (N897)

Pig

Australia

(Lee et al., 1993b)

WA1 (155/6)

Pig

Australia

(Hampson et al., 1990)

WA6 (155/11)

Pig

Australia

(Hampson et al., 1990)

WA5 (155/10)

Pig

Australia

(Lee et al., 1993b)

Vic 87 (V2809/87)

Pig

Australia

(Hampson et al., 1990)

Q36 (90.1613.4.13)

Pig

Australia

(Lee, 1996)

Q14 (Q88.1607)

Pig

Australia

(Hampson et al., 1990)

881

Pig

Australia

(Lee, 1996)

Vic 35 (V885)

Pig

Australia

(Lee, 1996)

Vic 31 (V70)

Pig

Australia

(Lee, 1996)

B13836/79

Pig

Australia

(Lee, 1996)

N/A Not available
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Table B.1 cont. Brachyspira strains used in the specificity testing of B. intermedia, B.
pilosicoli, B. hyodysenteriae, general 16S rRNA and general NADH (nox) genes.
Species

Strain

Host

Country of

Reference

Origin

B. pilosicoli

WA4 (155/9)

Pig

Australia

(Lee et al., 1993b)

WA18 (155.13)

Pig

Australia

(Lee et al., 1993b)

NSW3 (N884)

Pig

Australia

(Lee et al., 1993b)

NIV-1

Rhea

USA

(Jansson et al., 2004)

P43/6/78 T

Pig

Scotland

(Taylor et al., 1980)

95/1000

Pig

Australia

(Oxberry, 2002)

3295.90B

Pig

Australia

(Lee et al., 1993b)

B1555a

Pig

USA

(Duhamel, 1998)

7082

Pig

Australia

(Lee et al., 1993b)

181792

Pig

Australia

(Lee et al., 1993b)

Gut C

Pig

USA

(Lee et al., 1993b)

89.1069

Pig

Canada

(Duhamel, 1998)

UNL-5

Pig

USA

(Duhamel, 1998)

MW1

Pig

Australia

(Oxberry, 2002)

H21

Human

Australia

(Lee and Hampson, 1992)

SP16

Human

USA

(Fellström et al., 1997)

HRM7

Human

Italy

(Sanna et al., 1982)

Wes B

Human

Australia

(Lee and Hampson, 1992)

Q98.0028.3

Chicken

Australia

(Stephens and Hampson, 1999)

Q94.0354.0.6

Chicken

Australia

(Stephens and Hampson, 1999)

Q97.3008.4.2

Chicken

Australia

(Stephens and Hampson, 1999)

Q98.0072.38

Chicken

Australia

(Stephens and Hampson, 1999)

QAP12 (Q98.0026.12)

Chicken

Australia

(Stephens and Hampson, 1999)

1772

Chicken

Netherlands

(McLaren et al., 1997)

42167

Chicken

USA

(McLaren et al., 1997)

N/A Not available
296

Table B.1 cont. Brachyspira strains used in the specificity testing of B. intermedia, B.
pilosicoli, B. hyodysenteriae, general 16S rRNA and general NADH (nox) genes.
Species

Strain

Host

Country of

Reference

Origin

B. .intermedia

308.93

Chicken

USA

(McLaren et al., 1997)

4742

Chicken

Netherlands

(McLaren et al., 1997)

13316

Chicken

Netherlands

(McLaren et al., 1997)

QU-1

Chicken

Australia

(McLaren et al., 1997)

QAP3 (Q97.2110.4.1)

Chicken

Australia

(Oxberry, 2002)

QAP4 (Q97.3008.4.2)

Chicken

Australia

(Oxberry, 2002)

QAP2 (Q97.2975.0.1)

Chicken

Australia

(Oxberry, 2002)

QAP9 (Q98.0028.3)

Chicken

Australia

(Oxberry, 2002)

Dog 17

Dog

Australia

(Lee, 1994)

K9-12

Dog

USA

(Lee, 1994)

24072-93A

Dog

USA

(Duhamel, 1997)

16242-94

Dog

USA

(Duhamel, 1997)

PWS/A T

Pig

England

(Hudson et al., 1976)

889

Pig

Australia

(Lee et al., 1993b)

P280/1

Pig

UK

(Lee et al., 1993b)

2818.5

Pig

Australia

(Lee et al., 1993b)

AN983.90

Pig

Sweden

(Pettersson et al., 1996)

V992.2F

Pig

Australia

N/A

WestB

Pig

Australia

N/A

WPW2 (OF2)

Pig

Australia

N/A

UNL-4

Pig

Australia

N/A

97/1905

Pheasant

Australia

N/A

2A-10

Chicken

Australia

(McLaren et al., 1997)

1380

Chicken

Netherlands

(McLaren et al., 1997)

HB60-1

Chicken

Australia

(McLaren et al., 1997)

N/A Not available
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Table B.1 cont. Brachyspira strains used in the specificity testing of B. intermedia, B.
pilosicoli, B. hyodysenteriae, general 16S rRNA and general NADH (nox) genes.
Species

Strain

Host

Country of

Reference

Origin

B. innocens

22-5

Chicken

Australia

(McLaren et al., 1997)

E2

Chicken

Australia

(McLaren et al., 1997)

22-6

Chicken

Australia

(McLaren et al., 1997)

22-8

Chicken

Australia

(McLaren et al., 1997)

3B-1

Chicken

Australia

(McLaren et al., 1997)

B37iii

Chicken

Australia

(McLaren et al., 1997)

P3

Chicken

Australia

(McLaren et al., 1997)

A7

Chicken

Australia

(McLaren et al., 1997)

Abb60-9

Chicken

Australia

(McLaren et al., 1997)

B52-iii

Chicken

Australia

(McLaren et al., 1997)

Histo 6

Chicken

Australia

(McLaren et al., 1997)

APWG 33

Chicken

Australia

(McLaren et al., 1997)

B230

Chicken

UK

(McLaren et al., 1997)

histo 5

Chicken

Australia

(McLaren et al., 1997)

APWG 34

Chicken

Australia

(McLaren et al., 1997)

QAW1 (Q97.2224.3.1)

Chicken

Australia

N/A

QAW4 (Q98.0446.2)

Chicken

Australia

N/A

B256 T

Pig

USA

(Kinyon and Harris, 1979)

4/71

Pig

UK

(Lee et al., 1993b)

WPP11 (Whites 11)

Pig

Australia

(Oxberry, 2002)

WPP12 (10C)

Pig

Australia

(Oxberry, 2002)

155/5

Pig

Australia

(Lee et al., 1993b)

Q98.10894.42

Chicken

Australia

(McLaren et al., 1997)

Q98.0034.16

Chicken

Australia

(McLaren et al., 1997)

2A-20

Chicken

Australia

(McLaren et al., 1997)

N/A Not available
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Table B.1 cont. Brachyspira strains used in the specificity testing of B. intermedia, B.
pilosicoli, B. hyodysenteriae, general 16S rRNA and general NADH (nox) genes.
Species

Strain

Host

Country of

Reference

Origin

B. murdochii

B. alvinipulli

Q98.0228.5.7

Chicken

Australia

(McLaren et al., 1997)

94-0354.03

Chicken

Australia

(McLaren et al., 1997)

56/150 T

Pig

Canada

(Stanton et al., 1997)

155/20

Pig

Australia

(Lee et al., 1993b)

155/21

Pig

Australia

(Lee et al., 1993b)

T94.6363

Pig

Australia

N/A

I-caec-I

Chicken

Australia

(Stephens and Hampson, 1999)

CPBB-5

Chicken

Australia

(Stephens and Hampson, 1999)

DL40-7

Chicken

Australia

(Stephens and Hampson, 1999)

Q98.0062.11

Chicken

Australia

(Stephens and Hampson, 1999)

Q98.0092.13

Chicken

Australia

(Stephens and Hampson, 1999)

2726

Chicken

Netherlands

(McLaren et al., 1997)

C1 T

Chicken

USA

(Swayne et al., 1992; Stanton et
al., 1998)

B. aalborgi

“B. pulli”

C2

Chicken

USA

(Stanton et al., 1998)

C5

Chicken

USA

(Stanton et al., 1998)

513 T

Human

Denmark

(Hovind-Hougen et al., 1982)

Z12

Primate

Australia

(Munshi et al., 2003b)

Brachy W1

Human

Sweden

N/A

A5

Chicken

Australia

(McLaren et al., 1997)

H4

Chicken

Australia

(McLaren et al., 1997)

H6

Chicken

Australia

(McLaren et al., 1997)

A34iii

Chicken

Australia

(McLaren et al., 1997)

B37ii

Chicken

Australia

(McLaren et al., 1997)

B37iv

Chicken

Australia

(McLaren et al., 1997)

N/A Not available
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Table B.1 cont. Brachyspira strains used in the specificity testing of B. intermedia, B.
pilosicoli, B. hyodysenteriae, general 16S rRNA and general NADH (nox) genes.
Species

Strain

Host

Country of

Reference

Origin

“B. canis”

C38iv

Chicken

Australia

(McLaren et al., 1997)

IV 3

Chicken

Australia

(McLaren et al., 1997)

IV 4

Chicken

Australia

(McLaren et al., 1997)

IV 9

Chicken

Australia

(McLaren et al., 1997)

PHB-3

Chicken

Australia

(McLaren et al., 1997)

PHB-8

Chicken

Australia

(McLaren et al., 1997)

PHB-9

Chicken

Australia

(McLaren et al., 1997)

PHB-11

Chicken

Australia

(McLaren et al., 1997)

PHB-14

Chicken

Australia

(McLaren et al., 1997)

60-5

Chicken

Australia

(McLaren et al., 1997)

2B-13

Chicken

Australia

(McLaren et al., 1997)

2A-15

Chicken

Australia

(McLaren et al., 1997)

94-01966.2

Chicken

Australia

(McLaren et al., 1997)

Ragheal

Chicken

Netherlands

(McLaren et al., 1997)

D15

Dog

Australia

(Duhamel et al., 1998b)

D16

Dog

Australia

(Duhamel et al., 1998b)

D22

Dog

Australia

(Duhamel et al., 1998b)

Dog A

Dog

Australia

(Duhamel et al., 1998b)

Dog B

Dog

Australia

(Duhamel et al., 1998b)

Dog C1

Dog

Australia

(Duhamel et al., 1998b)

Dog T

Dog

Australia

(Duhamel et al., 1998b)

Dog X

Dog

Australia

(Duhamel et al., 1998b)

14199-95

Dog

USA

(Duhamel et al., 1998b)

24072-93B

Dog

USA

(Duhamel et al., 1998b)

N/A Not available
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Table B.2

Enteric bacterial species used in the specificity testing of B. intermedia, B.

pilosicoli, B. hyodysenteriae, general 16S rRNA and general NADH (nox) genes.
Species

Host

Origin

Reference

Escherichia coli

Pig

Murdoch c

N/A

E. coli serovar 08

Pig

Murdoch c

(Hopwood et al., 2004)

E. coli serovar K87

Pig

Murdoch c

(Hopwood et al., 2004)

Campylobacter coli

Pig

Sydney b d

(La et al., 2006)

C. jejuni

Pig

Sydney b d

(La et al., 2006)

C. hyointestinalis

Pig

Sydney b d

(La et al., 2006)

C. fetus veneralis

Pig

Sydney b d

(La et al., 2006)

Lawsonia intracellularis 11/98 Pig

Murdoch c

(La et al., 2006)

Helicobacter pylori

Pig

Sydney b d

(La et al., 2006)

H. heilmannii

Pig

ATCC 49268 a

(La et al., 2006)

H. bilis

Pig

Sydney b d

(La et al., 2006)

Arcobacter butzleri

Pig

ATCC 49616 a

(La et al., 2006)

A. cryaerophilus

Pig

ATCC 43158 a

(La et al., 2006)

A. skirrowii

Pig

ATCC 51132 a

(La et al., 2006)

Salmonella enteritidis

Pig

Murdoch c

N/A

S. Typhimurium

Pig

Murdoch c

(La et al., 2006)

S. derby

Pig

Murdoch c

(La et al., 2006)

serovar 0149

a Bacterial cells supplied by American Type Culture Collection (ATCC).
b DNA supplied by the Helicobacter Research Group, University of New South Wales,
Sydney, Australia.
c Bacterial cells supplied by the Culture Collection in the School of Veterinary and Biomedical
Sciences, Murdoch University.
d Supplied as DNA.
N/A Not available
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