L aboratory Diagnostics of
Brachyspira species

Therese Rasback

Faculty of Veterinary Medicine and Animal Science,
Department of Clinical Sciences, Section of Pig Bodltry Medicine,
and
Department of Bacteriology,

National Veterinary Institute, Uppsala

Doctoral thesis
Swedish University of Agricultural Sciences
Uppsala 2007



Acta Universitatis Agriculturae Sueciae
Veterinaria 2007: 69

ISSN 1652-6880

ISBN 978-91-576-7368-8

© 2007 Therese Rasback, Uppsala

Cover illustrationBrachyspira hyodysenteriamlls. Photo: Méarit Pingle

Tryck: SLU Service/Repro, Uppsala 2007



Change your thoughts and you change your world
Norman Vincent Peale



Abstract

Réasback, S. M. T. 2007. Laboratory DiagnosticBEchyspiraspeciesDoctoral
dissertation. ISSN 1652-6880, ISBN 978-91-576-7868-

Bacteria of the genu8rachyspira are intestinal spirochaetes that can cause
diarrhoea and mortality in pigs. Laboratory diagimesof Brachyspiraspecies is
essential for confirming clinical diagnosis, folopiding data for optimal treatment
and for surveillance of the bacteria in individaaimals or herds. The aims of the
present thesis were to evaluate presently used, deveélop new, laboratory
diagnostic techniques foBrachyspira species, to describe the pathogenic and
epidemiological features and antimicrobial susd®iitif of selectedBrachyspira
isolates, and to evaluate DNA-based epidemiologindl phylogenetic tools.

In study |, seeded samples were sent to laborateriaorthern Europe to assess
their ability to detect and identiffBrachyspira species and test antimicrobial
susceptibility. In study I, a PCR system was getind compared with traditional
culture and biochemical tests; and in study llljlwlescribedBrachyspiraisolates
were analysed by five molecular typing methods. the last two studies
Brachyspiraisolates from animals other than pigs were inalud&n atypical
isolate detected in study Il was further charastatitogether with identical or
similar isolates (study IV) and a new genetic tgpmethod for the entire genus of
Brachyspiraspecies was tested and evaluated (study V).

Overall, the results indicated that laboratory dizggics ofBrachyspiraspecies
is difficult. Of the tested genetic typing methottenoxgene and MLST sequence
analyses showed the highest taxonomic resolutiams, randomly amplified
polymorphic DNA showed the highest discriminatorgwer for the isolates
studied. A high genetic variability was observedhwi the Brachyspiragenus.
This genetic variability could make it difficult toely solely on DNA-based
methods for detection and identification of braglisgs. A new unique group of
isolates pathogenic to pigs was detectable onlghleycombined use of culture,
biochemical tests and PCR. The provisional ndBiesuanatina” was suggested
for this type of isolates, of which some were foundmallards. By MLST data
analysed by e-BURST, a close evolutionary relatigmswas identified for
“B. suanatinaand B. hyodysenteriaesolates recovered from pigs and mallards.

In conclusion, these studies show that the mosdhiel method for laboratory
diagnostics oBrachyspiraspecies is culture and biochemical tests, useettieg
with at least one DNA-based method.

Keywords Spirochaetes, Brachyspira anaerobe, culture, antimicrobial
susceptibility, PCR, PFGE, RAPD, MLST, 16S rRNAS2RNA, nox tlyA
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Sammanfattning

Intestinala spiroketer av bakterieslakBrachyspiraér en vanlig orsak till diarré
och dédsfall hos griBrachyspiraarter kan aven pavisas hos andra djurslag, vilket
inkluderar manniskarBrachyspiraslaktet utgér en grupp syretoleranta, anaeroba
bakterier som vaxer langsamt och svarmande med ell@gstark hamolys. Den
mest dramatiska sjukdomen hos gris som bakter@n idetta slékte kan orsaka &ar
svindysenteri; en slemrik och blodig diarré som kara fatal. Svindysenteri
orsakas av den starkt hamolyseranBe hyodysenteriae En annan starkt
hamolyserande spiroket &Brachyspira suanatina”som har beskrivs for forsta
gangen och som hos gris ocksd orsakar en dyséatarile diarré. En mildare
form avBrachyspiraersakad diarré hos gris kallas spiroketal diarir @htestinal
spiroketos, vilken orsakas av den svagt hamolyserBnpilosicoli Fran gris kan
aven svagt hamolyserande innocensB. intermediaoch B. murdochiiisoleras,
vilka inte anses vara sjukdomsframkallande. Av Bemr grisbesattningar
uppskattas cirka 4 % vara infekterade nigdhyodysenteriaeoch 30 % med

B. piloscioli Syftet med denna avhandling var att utvarderagraiatik och
utveckla molekylarbiologiska metoder for pavisamdé identifiering av bakterier
inom Brachyspirasléaktet.

De tre forsta studierna omfattade olika diagnkatimetoder foBrachyspira-
arter isolerade fran gris. | den forsta studierclskiles bakterieisolat och faeces-
prover medBrachyspiraceller till europeiska laboratorier for art- ochtiaiotika-
resistensbestamning. | studie nummer tva jamforgiesfor studien utvecklad
molekylarbaserad diagnostisk metod (PCR) med teamditi diagnostik (odling och
biokemiska tester). | den tredje studien jamfordessultat fran fem
molekylarbiologiska metoder (16S rRNA- ocbx-gensekvensering, RAPD, PFGE
och PCR) med traditionell diagnostik. | de tvaaistudierna ingick identifiering
och klassificering av atypiska isolat, inklusiBrachyspiraisolat frAn andra
djurslag an gris. | studie fyra beskrevs unikadasslom var identiska eller mycket
lika det atypiska isolatet vilket identifieradesstudie tva. | den sista studien
utvéarderades en ny DNA-baserad diagnostik (MLSTedd for klassificering av
Brachyspirastammar. Denna metod kan komma att bli "gold stediddor
medlemmar av genuBrachyspiradd MLST-data latt kan jamféras mellan olika
laboratorier i varlden.

Resultaten visar att laboratoriediagnostik av hédskiktetBrachyspirakan vara
en utmaning. PCR-resultaten och DNA-sekvensanalgsinr somliga gener visar
pa en hog genetisk variabilitet inom arterna. Dé&tta forsvara utformningen av
tillférlitiga molekylarbiologiska metoder, men kantnyttias i smittsparning.
Jamforelser mellan olika molekylérbiologiska metodeh traditionell diagnostik
visar att vissa DNA-baserade metoder inte ar tlitfiga for klassificering av alla
Brachyspiraarter. De atypiska isolaten, som aven fanns hosagdi visade sig
vara sjukdomsframkallande hos gris. En ny ‘@t,suanatina”, foreslogs, vilken
kraver odling i kombination med PCR for identifiggi Sammanfattningsvis bor
odling och biokemiska tester anvandas tillsammagad minst en DNA-baserad
metod for en séker och tillforlitlig laboratoriediaostik av sléakteBrachyspira
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Abbreviations

A

ATCC

B. species

“B. suanatina”

BHI

BHIS

bp
Brachyspiraspp.
Brachyspirasp.
C

CBT
CCUG
CFU
DNA
dNTP
DVM
FAA
G
MIC
MLEE
MLST
NADH
NCCLS
nox
PCR
PFGE
RAPD
rDNA
RNA
rRNA
S
SLU

Sp. nov.
Superscript T

Superscript R

SVA

adenine

American Type Culture Collection
Brachyspiraspecies
“Brachyspira suanatina” (the quotation marks indicate
that the species is provisionally named)

brain heart infusion

brain heart infusion with serum

base pair
Brachyspiraspecies (plural)
Brachyspiraspecies (singular)

cytosine

culture and biochemical tests

culture collection, University of Getiburg, Sweden
colony-forming unit

deoxyribonucleic acid

all four deoxynucleoside triphosphates (ATCG)
doctor of veterinary medicine (Legitmad Veterinar)
fastidious anaerobe agar

guanine

minimum inhibiting concentration

multilocus enzyme electrophoresis

multilocus sequence typing

reduced form of nicotinamide adenirieutleotide
National Committee for Clinical Lalatory Standards
NADH oxidase

polymerase chain reaction

pulsed-field gel electrophoresis

randomly amplified polymorphic DNA

the DNA coding for a ribosomal RNAmge

ribonucleic acid

ribosomal RNA

the Svedberg unit
Sveriges Lantbruksuniversitet (Swedish Univgrsof
Agricultural Sciences)

species novum (new species)

type strain for a species (held ainéernational strain
collection)

reference strain for a species (la¢lén international
strain collection)
Statens Veterinarmedicinska Anstalt (Nationat&finary
Institute)

thymine

tryptone soya agar

uracil



Hypothesis and objectives

This thesis is based upon the hypothesis that #bigr diagnostics dBrachyspira
species can be improved and that it is in constaat of adjustment to allow for
the ever-changing bacterial population. The gengb@ctives of the studies were
to develop and evaluate suitable methods for labgraliagnostics oBrachyspira
species and to study the genetic diversity witlie genus. The main group of
Brachyspiraspecies studied were those detected in pigs.

The specific objectives of the studies were to:
* Assess laboratory diagnostics and antimicrobiateypigbility testing of
Brachyspiraspecies in northern European laboratories throughgatest
(Study I).

« Develop and/or evaluate different laboratory diagitotechniques for
detection and identification &rachyspiraspecies (Studies I, 11l and V).

« Evaluate epidemiological and phylogenetic toolsBoaichyspiraspecies
(Studies Il and V).

« Describe selecte@rachyspiraisolates, their pathogenic, antimicrobial
susceptibility and epidemiological features (StiMy
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I ntroduction

The Roman philosopher Lucretius suspected the ezxist of microorganisms
already between 98-55 before Christ (Prescott,dya®d Klein, 1996), but it was
not until 1674 that the first observations and desions were made by
Leeuwenhoek. Some of the organisms were descriteedreay nimble with
serpentwise bodies, which presumably were spirdebad.eeuwenhoek used a
single-lens microscope of his own design to studiatwhe called “animalcules”
(Dobell, 1932). The nambacterium which means small staff (stick, rod), was
introduced in 1828 by Ehrenberg (http://www.etynie@lcom/, 4-July-2007). In
the development of medical microbiology, Louis Rast(1822-1895) and Robert
Koch (1843-1910) are considered the two most inffia¢ founders. Pasteur
confirmed the germ theory of disease, and createdfitst vaccine for rabies.
Robert Koch became famous for isolating the tudesisi bacillus (1882), for
which he was awarded the Nobel Prize in 1905. Hso d@tipulated Koch's
postulate, which says that to establish an orgaasithe cause of a disease, it must
be: found in all cases of the disease examineghapeel and maintained in a pure
culture; capable of producing the original infenti@ven after several generations
in culture; be retrievable from an inoculated ariara cultured again.

Traditionally, bacteria have been described by tifieng what they lack in
comparison to the mammalian (eukaryotic) cells. Thacteria (formerly
eubacteria) are prokaryotic cells (i.e. withoutedl cucleus). They do not have
mitochondria or most other organelles such as tldgiGapparatus and the
endoplasmic reticulum. Bacteria are often smalleant eukaryotic cells. The
morphology of bacteria differs widely and they cée found practically
everywhere on earth, and have been estimated dmaer of 4-6 x 1 (Whitman,
Coleman & Wiebe, 1998). However, only half of appnaately 50 bacterial phyla
(major lines of descent) have representatives ¢aat be cultured (Rappé &
Giovannoni, 2003), which corresponds to only appmately 1% of all bacteria
(Hugenholtz, Goebel & Pace, 1998).

The intestinal spirochaetes of the gemrachyspiraare a common cause of
diarrhoea in pigs. Other animals, including humaas, also harbour these bacteria
in their intestines. The brachyspiras are fastigliaxygen tolerant, anaerobes, and
cause haemolysis on blood agar and have a slowueonfgrowth. The genus
comprises seven officially named species and faoripionally named species.
Six of these can be found in the pig intestinewbich only three are considered
enteropathogenic to the pig. Traditional laboratdiggnostics ofBrachyspira
species is based on anaerobic culture for deteaiwh biochemical tests for
identification. Antimicrobial susceptibility testse performed on pure sub-cultured
bacterial isolates. Many DNA based techniques Hen introduced for detection
and identification of microorganisms. These techagare often quick and easy,
and have precise targets. However, for antimictolsiasceptibility testing,
epidemiological investigations and research, celtand long-term storage of
isolates are needed. For clinicians, correct laboyadiagnosis is essential for
optimal treatment and surveillance of the bacteriadividual animals or herds.
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Phylum Spirochaetes

The Spirochaetesrepresent one phylum in the domain bacteria (Eig. The
morphology (outward appearance), phenotype (ddikctaharacteristic of an
organism) and genotype (DNA) are main components ghylogeny. The
morphologic characteristics and ultrastructure lé tmembers of the phylum
Spirochaetesare unique (Woese, 1987). They are helical-shamedile, slender
and long with characteristic periplasmic flagelzoked to the cell membrane but
enclosed by an outer sheath. The outer sheatmikassio the Gram-negative cell
wall in many aspects, however, it is very looselgnmected to the thin
peptidoglycan layer that closely surrounds the melimbrane (Holt, 1978; Trogt
al., 2001). This loose connection between the outeatbhand the peptidoglycans
is assumed to contribute to the motility of thd.cel

Flavobacterium psychrophilum I

Actinobacteria
Bacteroides fragilis”

Rhodococcus equi”
Mycobacterium bovis
Corynebacterium bovis
Renibacterium salmoniarum’™
Arcanobacterium pyogenes’

Bacteroidetes

Fusobacterium ulcerans’
F. necrophorum’

Fusobacteria

Brachyspira hyodysenteriae”
Borrelia burgdorferi™

Leptospira interrogans” Clostridium tetani”
C. botulinum A

Spirochaetes

Acholeplasma laidlawii™

©
% Listeria monocytogenes”
S Bacillus anthracis ”
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Q Anabaena cylindrica’ : . I 3
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[ > Streptococcus equi '§
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2 I Chlamydophilia felis" Erysipelothrix rhusiopathiae
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=
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Lawsonia intracellularis’

Pasteurella multocida subsp. multocida o
Salmonella enterica subsp. enterica’ Anaplasma phagocytophilum
Escherichia coli™ Taylorella equigenitalis™ 0.10

E. coli 0157 Burkholderia mallei

Proteobacteria

Fig. 1. A radial tree illustrating bacterial phylogeny bdson 16S rDNA. The origin and
evolution of a set of organisms, usually a set pécges, are the phylogeny (or
phylogenesis). Only some phyla are representedeant phylum is based on a restricted
selection of genera and strains. The majority @f idolates are pathogens of veterinary
interest, but strict human pathogens as well asesoomn-pathogenic strains are also
included. Approximately 1,250 nucleotides have based for calculation by the distance
matrix method of Neighbor Joining (Saitou & Nei, 819. The evolutionary distance
between two organisms is proportional to the suntafesponding horizontal branch
lengths. The scale bar shows the distance equivialelD substitutions per 100 nucleotide
positions, which corresponds to approximately 188sstutions in the sequenced gene
fragment. Members of the genfilmabaenaandNodulariswere used as out-group.

The phylum contains one class and one order, winicludes three families:
SpirochaetacegeBrachyspiraceage and Leptospiraceae The Spirochaetaceae
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family includes the gener&pirochaeta Borrelia, Brevinema Clevelandina
Cristispira, Diplocalyx ~ Hollandia, Pillotina and Treponema The
Brachyspiraceae family includes only the genusBrachyspira and the
Leptospiraceae family includes the generalLeptospira and Leptonema
(http://dx.doi.org/10.1007/bergeysoutline20031Qudy-2007; Paster & Dewhirst,
2000).

Taxonomy

The practice and science of classification accgrdindegree of related evolution,
i.e. taxonomy, includes nomenclature and identificacriteria. To begin with, all
intestinal porcine spirochaetes were included theogenusreponemaHowever,
after comparing treponemes by DNA-DNA reassociatiand 16S rDNA
sequencingnter alia, a new genus for the haemolytic porcine intestipidochetes
was proposed. The new genus was na®erpula which had to be changed to
Serpulinadue to the existence of a fungal geBespula(Stanton, 1992; Stantaat
al., 1991)

Later, a unification of the genuBrachyspira which included a haemolytic
intestinal spirochaete recovered from humaBs a@lborgi see below), and
Serpulina(the porcine haemolytic intestinal spirochaetea$ Vater proposed based
on DNA-DNA reassociation experiments (Ochiai, Adag&hMori, 1997). In the
unification of the two genera, thBrachyspiragenus preceded the latter genus
because it was the first published of the two. T®erpulina species were
described at the time of the unification of the eyan which were not renamed as
Brachyspirauntil 2006 (Hampson & La, 2006). Today, all haeytiol intestinal
spirochaetes that can be cultured are includeldemyénuBrachyspira

The scientific classification system f@&rachyspiraspecies, exemplified by the
speciesBrachyspira hyodysenteriaés outlined below. The brachyspiras have no
subspecies. A phylogenetic tree for the phypirochaetess shown in Fig. 2.
Domain: Bacteria

Phylum: Spirochaetes

Class: Spirochaetes

Order:  Spirochaetales

Family: Brachyspiraceae

Genus: Brachyspira

Species: B. hyodysenteriae

Three non-haemolytic intestinal spirochaetes haenkcultured from pig faeces:
Treponema porcinum Treponema berlinensgNordhoff et al, 2005) and
Treponemasuccinifaciens(Cwyk & Canale-Parola, 1979; Harrt al, 1972).
These species require culture techniques other thase for brachyspiras.
Undoubtedly, there are other species of faecalospaetes that have not been
cultivated or characterised (Stantetnal, 1997).
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Genus Brachyspira

A large haemolytic spirochaete was almost conctigrédentified in the UK and
the USA as the agent of swine dysentery (Haetisal, 1972; Taylor & Alexander,
1971). This spirochaete was nam&eponema hyodysenterigglarris et al,
1972) and was distinguished from the small non-tedgin spirocheteTreponema
succinifaciens(Harris et al, 1971). Further, weakly haemolytic spirochaetes
similar to Treponema hyodysenteriagere identified from healthy pigs (Taylor,
1970; Taylor & Alexander, 1971) and were nanf@dponema innocen@inyon

& Harris, 1979). However, some researchers suspeatel later showed, that not
all weakly haemolytic large spirochaetes were ntmagenic (Hudson, Alexander
& Lysons, 1976; Taylor, 1977%erpulina pilosicolwas identified as causing mild
diarrhoea in pigs (Taylor, Simmons & Laird, 1980,0ff et al, 1996b). These
spirochaetes, according to multilocus enzyme eadptioresis (MLEE) studies,
were thought to represent a new geridstguillina coli” (Lee & Hampson, 1994;
Leeet al, 1993b), but 16S rDNA analysis showed that theyukhbe considered
as belonging to the same genus @srpulina (Treponema hyodysenteriae
(Fellstromet al, 1995; Stantoret al, 1996). Two new species were described
shortly after:Serpulina intermediandSerpulina murdochi{Stanton et al, 1997),
which were considered to be non-pathogenic. Negka$is,two Swedish studies
(Fellstrom & Gunnarsson, 1995; Fellstroet al, 1995) and one Polish study
(Binek & Szynkiewicz, 1984) indicated that isolatesth the phenotype of
Serpulina intermediavere related to diarrhoea. However, in the lastedy, the
isolates had a strong haemolysis identical to@h&. hyodysenteriaafter 72 h of
incubation, and their species classification cardfore be debated. Recently, a
new porcine pathogeniBrachyspira species was identified and given the
provisional name dfB. suanatina” (Paper 1V).

Birds are colonised by many different intestinalreghaetes, some of which
have not yet been characterised (Janssbmal, 2007a; Janssoet al, 2005).
Hitherto, in comparison with the porciBrachyspira two additional species have
been described. These have been isolated fromertscRrachyspira alvinipulli
(Stanton, Postic & Jensen, 1998; Swawheal, 1995), and'B. pulli” the name
assigned to a distinct group of chicken isolatesedaon data from MLEE
(Stephens & Hampson, 1999; Stephehsal, 2005) and 16S rDNA sequence data
(Phillips, La & Hampson, 2005). A uniguBrachyspiraspecies has also been
identified from dogs,'Brachyspira (Serpuling canis” (Duhamelet al, 1998;
Johanssoet al, 2004).

The first isolated spirochaetes from humans wergtsh and thinner than the
porcine spirochaetes, had a slower growth and rdiftemetabolism. As human
spirochaetes do not possess any cytoplasmic tylldgsaracteristic distinguishing
treponemes, a new genus was propoBeachyspirathe species beirg. aalborgi
(Hovind-Hougernet al, 1982). This species has been detected in humanskeys
and opossums (Duhamel, 2001). New species of hispanchaetes have been
proposed;B. ibaraki” , based on DNA-DNA hybridisation (Tachibana, Nakamu
& Adachi, 2003), andB. christiania” based orin situ hybridisation with a probe
for Brachyspira(Jenseret al, 2001)

14



B. hyodysenteriae’ (U14930)
B. hyodysenteriae™ (U14932)
"B. suanatina" (DQ473575)
B. intermedia (EF488166)
B. alvinipulli (EF455559)
"B. pulli” (AY745542)
B. innocens’ (U14920)
B. murdochii " (AY312492)
"B. canis" (AY349936)
B. pilosicoli" (U14927)
"B. ibaraki" (AB079583)
B. aalborgi” (Z22781)
Spirochaeta africana’ (X93928)

— Treponema bryantii” (M57737)
Treponema succinifaciens’ (M57738)
Ll—‘—— Treponema porcinum (AY518274)
Treponema berlinense (AY230217)

Treponema palladium subsp. palladium (AE000520)
"Treponema medium subsp. bovis" (EF061249)
"Treponema bovis" (EF061266)

"Treponema pedis" (TEF061 267)
Treponema denticola’ (AF139203)
r Borrelia afzelii (AY342030)

L Borrelia burgdorferi” (AJ224136)
Leptospira interrogans’ (Z12817)
4,—: Leptospira biflexa’ (Z12821)
Leptonema illini" (Z21632)
Taylorella equigenitalis™ (X68645)
Escherichia coli" (X80725)

Brachyspiraceae

Spirochaetaceae

Leptospiraceae

0.1

Fig. 2. Phylogenetic tree for the phyluSpirochaetesbased on 16S rDNA to elucidate
evolutionary relatedness. Included are all named provisionally namedrachyspira
species with determined 16S rDNA sequences, stfeons three of the nine genera of the
Spirochaetaceaéamily and strains from the two genera in tteptospiraceadamily. The
tree is based on a distance matrix of approximate®s0 nucleotides and calculated by
Neighbor Joining (Saitou & Nei, 1987). The evolatwy distance between two organisms
is the sum of corresponding horizontal branch lesigThe scale bar shows the distance
equivalent to 10 substitutions per 100 nucleotidssitions, which corresponds to
approximately 120 substitutions in the sequencete geagment. Members of the genera
TaylorellaandEscherichiawere used as out-group.

Characteristics of Brachyspira species

Brachyspiraspecies are loosely coiled spirochaetes (FigTBg number of peri-
plasmatic flagella differs between 8-28 for thecipe in the following ascending
order: B. aalborgj B. pilosicoli and B. hyodysenteriagHampson & Stanton,
1997). The size varies between 2-12.9 um in leagth0.2-0.4 pm in width, with
B. aalborgi being the smallest, followed Hby. pilosicoli and B. hyodysenteriae

The two latter species can be of the same lengtiBbpilosicoli is thinner than

B. hyodysenteriaeNon-optimal growth results in longer and stragghtells and

unfavourable conditions can result in sphericaliésad

The genome oBrachyspirasp. consists of a circular chromosome with a sfze o
approximately 3.2 Mbp foB. hyodysenteriaeand 2.45 Mbp forB. pilosicoli
(Zuerner & Stanton, 1994; Zuernet al, 2004). Genetic rearrangement and
sequence drift betwee. hyodysenteria@and B. pilosicoli were identified when
comparing gene maps for the two species (Zuerrar al, 2004). No
extrachromosomal DNA was detected in these stutiesiever, other researchers
have reported the occurrence of plasmids (AdachralH Hirano, 1994; Joens,
Margolin & Hewlett, 1986) and bands of extrachroomal DNA (Combs,
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Hampson & Harders, 1992). These bands of extraabsomal DNA were later
shown to be of chromosomal origin, and most likelgdom fragments packaged
by a bacteriophage (VSH-1) (Humphrey, Stanton &éan 1995; Ritchiet al,
1978; Turner & Sellwood, 1997). The VHS-1 phages transfer gene material
between B. hyodysenteriaestrains when co-cultured (Humphrest al, 1997;
Matson, Zuerner & Stanton, 2007; Stanton, 2007nt8tg Matson & Humphrey,
2001). This phage transfer mechanism, together syptintaneous point mutation
and recombination events, are most likely to b@aasible for the high genetic
diversity of B. hyodysenteria@and B. pilosicoli as indicated from MLEE studies
(Stanton, 2007; Trotét al, 1998; Trott, Oxberry & Hampson, 1997). At present
no complete Brachyspira genome sequence is available, but at least one
commercial genomic project d8. hyodysenteriaeand B. pilosicoli is ongoing
(Hampson, 2005).

Fig. 3. Brachyspira hyodysenteriazlls (6-13 pum in length) in phase-contrast micopsc
In comparison a red blood cell is 7 pum and a gsgliteoccus (e.g.Staphylococcus
Streptococcysis 1 um in diameter. Photo: Claes Fellstrém.

Clinical aspects

Pigs Sus scrofa domestitawere domesticated 4,000 to 6,000 years ago
(Johansson, 1953). In 2004, there were well overmhion domestic pigs in the
world, and half of them were reared in China (itpvw.fao.org/, 31-July-2007).
The slaughter age for a finishing pig is around #ahths. General hazard times
for diarrhoea can be categorised for the pig, whinh be divided into time periods
according to the production system: sucklings, wesarand growers (Jacobson,
2003). Diarrhoeal diseases are often viewed aswoebe diseases. However, the
composition of the microflora in the intestine manfluence the ability of a
microbe to colonise and cause diarrhoea. The ansmdhttomposition of bacteria
in the intestine are dependent on age, food, arditealth status (Melin, 2001).
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Swine dysentery

Brachyspira hyodysenteriagauses severe diarrhoea with blood, mucus anc whit
fibrin-debris grains, which is referred to as swihgsentery (Harriset al, 1972;
Taylor & Alexander, 1971). The disease was firsgalibed in 1921 in the USA
(Whiting, 1924; Whiting, Doyle & Spray, 1921). InuEbpe, swine dysentery
became an increasing problem in the early 1960méRs, 1960). The severity of
the disease varies depending on the virulence efsttain and the immunity to
B. hyodysenteriaén the herd (Leest al, 1993a; Lyson®t al, 1982; Thomsoret

al., 2001).

The incubation period can be as short as 5 dayydnies generally between 10-
16 days (Fisher & Olander, 1981; Jacobsbml, 2004b; Olson, 1974). However,
it has been shown to be as long as up to 51 daga Wie bacterium is transmitted
by an asymptomatic carrier pig that shed the bc{@&onger & Harris, 1978).
When first introduced in a herd, all age groupsdaiten affected with a morbidity
up to 90% and a mortality that can be over 50%¢Hhionically infected herds, the
disease is typically seen in growers, affectingaif0% of the animals in a cyclic
manner. Some animals may die from the diarrhoea déveeated, but most pigs
recover within two weeks, even though their growtély be depressed for a much
longer period. Untreated pigs that recover fromnswdysentery can transmit the
disease up to 90 days after recovery, and mice baea shown to be able to
spread the microbe for up to 180 days (Joens, 198fAger & Harris, 1978). The
bacterium can survive up to 112 days in porcinedaeat 10C (Boye et al,
2001).

Brachyspira hyodysenteriaeolonises the large intestine. The spirochaetas ca
be found on the luminal surface and within the tsypf the caecum, colon and
rectum. Spirochaetes have been detected invadingrtterocytes, goblet cells and
the lamina propria (Glock, Harris & Kluge, 1974;yla& & Blakemore, 1971).
Although the pathogenesis of the disease is nhyt fiderstood, the motility of the
bacteria and their strong chemotaxis to mucus appefparticular importance
(Kennedyet al, 1988; Milner & Sellwood, 1994; Rosey, Kennedy &ncey,
1996). Further, toxins such as haemolysin(s) (eksal, 2001; Hyattet al, 1994;
Lysonset al, 1991) and lipooligosaccarids (Nibbelink & Wanneshier, 1991;
Nuessen, Birmingham & Joens, 1982; Wannemuehlebbkiuwl & Greer, 1988)
may be involved in, or contribute to, damages ie thucosa of the intestine.
Protection from oxygen toxicity by NADH oxidaseas important virulence factor
through enhancing the ability to colonise the oxygespiring tissue of the
intestine (Stantoret al, 1999). Repeated infection provides protectiondoying
degrees; between 7-53% of the pigs can be reimfesith B. hyodysenteriae
(Joens, Harris & Baum, 1979; Joegtsal, 1983; Olson, 1974; Rees al, 1989).

The severity of swine dysentery disease appeaisctease if other anaerobic
bacteria that normally form part of the intestifiata, such aacteroides fragilis
Bacteroides vulgatusnd Fusobacterium necrophorynare present in the gut
(Harris et al, 1978; Joen®t al, 1981; Whippet al, 1979). Changes in diet can
alter the microbial flora in the intestine, whiclkayncontribute alone or together
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with other mechanism to decrease the severity efdiarrhoea (Durmiet al,
2002; Leseret al, 2000; Siba, Pethick & Hampson, 1996; Zhaigal, 2001).
Changes in the diet can also be used to obtairetr@se effect, i.e. to enhance the
diarrhoea, by the use of for example soybean nJaabpsonet al, 2004b).

Spirochaetal diarrhoea

Brachyspira pilosicolicauses a milder form of diarrhoea, which is reférto as
spirochaetal diarrhoea (Taylor, 2005a; Taylor, Sonmé& Laird, 1980), porcine
intestinal spirochaetosis (Trptt al, 1996b), or colonic spirochaetosis (Duhamel,
2001). The diarrhoea is grey-wet, sometimes wittcusuand occasionally with
blood. This disease is often detected amongst yerupis, approximately two
weeks after weaning. There is little or no moryaliiut colonisation results in loss
of condition, which is regained after one or twoek& Some pigs do not develop
diarrhoea even though colonised by the bacterid,ifadiarrhoea occurs, changing
the dietary management may reduce clinical signanfbsonet al, 2000;
Lindecrona, Jensen & Mgller, 2004; Thomsral, 2007). A characteristic fringe
of Brachyspiracells often attaches apically to the enterocytethefcaecum and
colon, often called “false brush border” (Tayloim$&ons & Laird, 1980; Trott,
McLaren & Hampson, 1995). Some spirochaetes invhdeepithelium of the
intestine and the lamina propria. Diarrhoea maydbe to physical blockage of
passive absorption by the brachyspiras (&adal, 1977; Trott, McLaren &
Hampson, 1995), but other mechanisms may also vm@ved (Thomsoret al,
1997; Trott, Huxtable & Hampson, 199@&)achyspira pilosicolis not attracted to
porcine mucus (Milner & Sellwood, 1994), but theficdéncy of motion is
improved forB. pilosicoliin viscous environments (Nakamuwgal, 2006).

Intestinal spirochaetosis in hosts other than pigs

In chickens, B. alvinipulli, B. intermedia and B. pilosicoli are considered as
potential pathogenic species causing reduced eguption, delayed start of lay,
increased water content in faeces and faecal stpiof egg shellsB. innocens

B. murdochiiand“B. pulli” are presumed to be non-pathogenic species (Jaasson
al., 2001; Stephens & Hampson, 2001). In rheas, tgrkayd geese, naturally
acquired infections have been reported to causetigiog typhlocolitis (Jensen,
Stanton & Swayne, 1996; Nemes al, 2006; Shivaprasad & Duhamel, 2005).
Brachyspiraspecies have been isolated from dogs and catst sngliggested that
B. pilosicoli can induce diarrhoea in puppies (Duhamel, 200& &eHampson,
1994; Songeet al, 1978). Mice and guinea pigs develop intestinaioles from
Brachyspiraspecies colonisation (Joens & Glock, 1979; Jaetnal, 1978). The
few naturally infected rats investigated have nbbven any intestinal lesions
(Backhans, Rasback & Fellstrom, 2007; Blatal, 1984; Hampsowet al, 1991;
Joens & Kinyon, 1982). In addition, intestinal giginaetes have been isolated from
opossums, non-human primates, guinea pigs, horgefiumans (Duhamel, 2001;
Hampsonet al, 2006; Hovind-Hougenet al, 1982). The clinical significance of
human intestinal spirochaetosis is uncertain (Kratzal, 2000; Mikosza &
Hampson, 2001), although zoonotic transmissioB.qdilosicolito humans may be
considered (Hampson, Oxberry & La, 2006; Trettal, 1998).
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Virulence assessments

Considering the expensive and laborious eradicatibrthe brachyspiras from
affected herds, determination of the virulenceh#f isolates is of great concern.
Some isolates within pathogerBrachyspiraspecies are reported as not inducing
diarrhoea or lesions in the intestine (Broamal, 2007; Kinyon, Harris & Glock,
1977; Lee et al, 1993a; Lysonset al, 1982; Neefet al, 1994; Thomsoret al,
2003). The virulence is further of importance wimenw genotypes or species are
identified.

When the agent of swine dysentery was identifiedtiie early seventies,
experimental challenge with host animals was usedulfil Koch's postulate
(Harris et al, 1972; Taylor & Alexander, 1971). This pig modebsvlater
supplemented with other animal models involving enf@amshidiaret al, 2004;
Joens & Glock, 1979; Nibbelink & Wannemuehler, 19%hickens (Adachet al,
1985; Sueyoshi & Adachi, 1990; Trott & Hampson, 8Pguinea pigs (Joenst
al., 1978), and mallards (Janssenal, 2007b). However, some degree of animal
species specificity is observed in animal modelsult;ng in lower or no
colonisation and no intestinal lesions in othernaais than the natural host species
(Achacha, Messier & Mittal, 1996; Janssaet al, 2007b; Trott & Hampson,
1998). As an alternative to animal models, pordimeod cells and intestinal
epithelial cell-cultures have been used (Biretkal, 1995; Bowden, Joens &
Kelley, 1989; Knoop, Schrank & Ferraro, 1979; Wdk& Olander, 1979; Witters
& Duhamel, 1997). It would be more convenient teritify genes suitable as PCR
markers of virulence and which play a role in c@dorg and inducing lesions in
the intestine. However, to the author's knowledge, such genes have been
identified.

Today, the main method available to assess reli@bldence capacity of
Brachyspira isolates is by animal model, preferable with thesthanimal.
Therefore, a refined pig model has been developadl ¢énables pathogenesis
studies during the infection (Jacobsenhal, 2004b; Jacobsoet al, 2007), which
will result in the use of less animals. Howeverttiar development is needed in
this field to refine the methods, and to reduce &ndlly replace animals for
virulence assessments.

Clinical importance

Brachyspira species can be found worldwide. In Brazil, 35% hefrds with
diarrhoea are infected wittB. hyodysenteriaeand 41% with B. pilosicoli
(Barcelloset al, 2000a). In South Korea, 37% of the herds withrti@ea or a
history of diarrhoea are PCR positive frhyodysenteriaéSuh & Song, 2005a).

In Denmark, 2.5% of randomly selected herds arectefd byB. hyodysenterige
and 19% byB. pilosicoli (Stegeet al, 2000). In Hungary, amongst diarrhoeic
herds,B. hyodysenteriaeould be detected in 45%, aBd pilosicoliin 61% (Biksi

et al, 2007). Among diarrhoeic outbreals the UK, the primary agent or
concomitant with other pathogens in herds #&ehyodysenteriag29%) or

B. pilosicoli(42%) (Thomsonet al, 2001). In randomly selected herds in Sweden,
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none were infected witB. hyodysenterigebut 32% were infected . pilosicoli
(Jacobsoret al, 2005). In the same studgrachyspiraspecies were not detected
in the wild boar population. However, another ststpwed that 26% of domestic
pig herds with suspecte@rachyspiracaused diarrhoea were infected with
B. hyodysenterigewhich corresponds to approximately 4% of the péads in
Sweden (Rasbackt al, 2004). Only old prevalence data exists for Auigtran
which a serological survey predicted that 33% af terds were infected with
B. hyodysenteriag(Mhoma, Hampson & Robertson, 1992). A recent study
indicated that 7% of the feral pigs in Western Aalsd are infected with
B. hyodysenteriaéPhillips et al, 2007).

Epidemiology

The most common cause of spreadBigichyspiraspecies is through carrier
pigs, but the bacteria can be transmitted througbenrats, dogs, and cats
(Fellstrém & Holmgren, 2005; Hampsoet al, 1991; Songeret al, 1978; Trottet
al., 1996a; Weber & Schramm, 1989). In addition, faecamtaminated transport
vehicles, clothing, farm equipment, soil, lagoontevaor housing can also spread
the bacteria (Boyeet al, 2001; Chia & Taylor, 1978; Olson, 1995). Lately,
mallards have been suspected of being involvedhim transmission of the
bacterium (Rasbackt al, 2005). The efficiency of disinfectants & pilosicoli
and total inhibition of viability of the bacteriss idifficult to achieve if the
disinfectant is mixed with organic matter such asces (Corona-Barreswt al,
2004b). Differential diagnoses Brachyspirainfection in pigs are infections with
Lawsonia intracellularis Salmonella entericasubspeciesenterica serotypes,
Escherichia coliand the parasif€richuris suis(Taylor, 2005b).

Laboratory diagnostics of Brachyspira

A pig suffering from diarrhoea caused by brachyspiexcretes T@10"° CFU/g
faeces (Neefet al, 1994).Brachyspiraspecies that do not cause diarrhoea are
present only in low numbers (A6-1¢' CFU/g faeces) (Kinyoret al, 1976).
However, pigs that have recovered froBrachyspira infection can infect
susceptible pigs even though the bacteria canndebected by culture (Songer &
Harris, 1978); furthermore, the pigs may excrete thacteria intermittently.
Historically, faecal smear observations were usgdlétection of th&rachyspira
cells, but today, anaerobic culture with selectivedia is used. For antimicrobial
susceptibility testing and differentiation belowesfes level, pure isolates are
crucial.

Culture and biochemical tests

The porcineBrachyspiraspecies need 2-7 days in a temperature betwed 3C-
to flourish on blood agar base or similar mediapseimented with 5-10% blood
(Fig. 4). However, on selective media, the growdh often bee see only as a thin
haze.Brachyspira aalborgiwill only grow at 37-38.5C (Hovind-Hougenet al,
1982). TheBrachyspiraspecies grow under anaerobic conditions; althdogh
amounts of oxygen are important to enable efficigriwth (Stanton & Lebo,
1988). Selective agar for primary isolation willpguess general faecal flora or
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enhance the growth drachyspiraspecies, or both, and antimicrobial substances
are used to suppress bacteria other Brathyspiraspecies. Several studies have
been performed to compare selective agarsBfachyspiragrowth (Achacha &
Messier, 1992; Calderaret al, 2005; Jenkinson & Wingar, 1981; Kunkle &
Kinyon, 1988). Som®&rachyspiraspecies grow very slowly or are inhibited by the
use of excessive amounts or numbers of antimicksbiastances (Duhamet al,
1995; Kraazet al, 2000). Elevated incubation temperature (approtaipat2°C)

can also be used to suppress general faecal flaranauld (Corona-Barreret al,
2004a; Lemckeet al, 1979; Songer, Kinyon & Harris, 1976).

VetBakt (mm) Vetléia,il&i,i(, <

Fig. 4. Growth of the type strains d. pilosicoli P43/6/78 (left) andB. hyodysenteriae
B78" (right) on fastidious anaerobe agar (FAA) platesubated 3 days at 4. Photo:
Karl-Erik Johansson (http://www.vetbakt.se/, Aceesg-July-2007).

Broth culture is useful, especially if large amauof spirochaetes are needed
(Kunkle, Harris & Kinyon, 1986; Stanton & Lebo, 138 Classification of
brachyspiras can be based on biochemical testdeatify the phenotypical
features (Fellstrom & Gunnarsson, 1995; Taylor &¥snder, 1971). The reported
sensitivity for detection by culture and biochenitsts is 16-10° CFU/g faeces
for B. hyodysenteria@ellstromet al, 2001; Stegeet al, 2000).

Antimicrobial susceptibility testing

The most commonly used drugs for treatmentBo&chyspira infections are
macrolides, lincosamides and pleuromutilins. Paintation(s) in the 23S rRNA
gene inB. hyodysenteria@nd B. pilosicoli cause resistance to both macrolides
(e.g. tylosin) and lincosamides (e.g. lincomycidauissonet al, 1999; Karlssoret

al., 2004b). The two pleuromutilins used are tiamwaimd valnemulin. In some
countries, tetracyclines are us€dzek, Prasek & Smola, 2007).

Between 85-100% ofB. hyodysenteriaeisolates, and only slightly fewer
B. pilosicoliisolates, are resistant to tylosin (Buller & Hampsh994; Herbset
al., 2007; http://www.sva.se/, 8-July-2007; Karlsseh al, 2003; Rgnne &
Szancer, 1990; Uezato, Kinjo & Adachi, 2004). Tisimu resistant
B. hyodysenteriaexist (Gresham, Hunt & Dalziel, 1998; Karlssehal, 2004a;
Molnar, 1996) and are steady in number, if notéasing (iZek, Prasek & Smola,
2007; Hidalgoet al, 2007; Lobova, Smola & Cizek, 2004). In Sweded, al
B. hyodysenteriasolates tested have so far been susceptiblarautin; however,
B. pilosicoli isolates resistant to tiamulin have been detedteddweden and
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Finland (Fossi, Saranpda & Rautiainen, 1999; Ihtpw.sva.se/, 8-July-2007).
Isolates resistant to both tylosin and tiamulin areincreasing problenC{Zek,
PraSek & Smola, 2007; http://www.sva.se/, 8-Jul@-D0 In Europe, stamping out
due to multi-resistanB. hyodysenterigemay be the only method to clear a farm
from the infection (Merialdi & Sandri, 2007). Thiuation is further complicated
in that no standard method is available for antioh@l susceptibility testing and
that different methods yield different minimum ibhling concentrations (MICs)
(Pringleet al, 2006; Rohdet al, 2004; Rasbackt al, 2003b).

DNA-based methods

Several DNA-based methods have been used for @malfyBrachyspiraspecies,
e.g. polymerase chain reaction (PCR), randomly #iexqbl polymorphic DNA
(RAPD), DNA restriction endonuclease analysis, rietsbn fragment length
polymorphism (RFLP), pulsed field gel electrophise@FGE), DNA probes,
DNA-DNA homology, ribotype analysis and gene sea@imgn These methods
measure the DNA sequence variation in differentsyaynd can be used for species
or strain identification, or both.

The most extensively used DNA-based typing metloodaboratory diagnostics
is PCR, which targets a specific region on the DRER is usually designed to be
species specific, but some genus specific systaws hlso been developed. The
products obtained from a genus specific PCR cadidpested by enzymes before
analysis by electrophoresis, which may result iecgs-specific banding patterns
(PCR-RFLP). The genes that have been used for at#iga of Brachyspira
species include: theox gene (Atyecet al, 1999; La, Phillips & Hampson, 2003;
Rohde, Rothkamp & Gerlach, 2002); the 23S rRNA g&scelloset al, 2000b;
Leseret al, 1997; Suriyaarachchét al, 2000; Thomsonet al, 2001); thetlyA
gene (Fellstromet al, 2001); the 16S rRNA gene (Fellstrost al, 1997; La,
Phillips & Hampson, 2003; Muniappa, Mathiesen & Botel, 1997; Parlet al,
1995); and two genes of unknown function (Elégeral, 1994; Harel & Forget,
1995). PCR applied on pure cultures has an extsehigh sensitivity (one DNA
molecular per reaction), however, when applied afiyeon faecal samples the
sensitivity is reported to be decreased by twdoed orders of magnitude.

RAPD, a PCR-based system with a short primer timatsbto unknown segments
of the DNA and yields many different fragments siZer each genome, is a
method that has lately been used ®wachyspira species identification and
subtyping (Dugouret al, 1996; Janssoet al, 2004; Rasbaglet al, 2005).

PFGE is a method that has been used extensivelyforg and subtyping of
Brachyspiraspecies. Genomic DNA is cleaved with a rare cgténzyme and the
banding pattern is analysed in a gel by pulsedH-fadectrophoresis. The method
has been used for gene mapping (Zuerner & Staf&®¥; Zuerneret al, 2004),
epidemiological studies (Atyeo, Oxberry & Hamps®B96; Fossi, Pohjanvirta &
Pelkonen, 2003; Karlsspret al, 2004a), and for typing of isolates (Fellstré&m
al., 1999; Rayment, Barrett & Livesley, 1997).

22



Sequence analysis of the 16S rRNA gene is the loaekfor bacterial phylogeny
(Ludwig & Klenk, 2001; Olsen & Woese, 1993). Howevier some of the species
in the Brachyspiragenus, the 16S rRNA gene analysis is insufficfentspecies
identification because the gene is too conservetidissoret al, 1996; Stantonet
al., 1996). Thenoxgene that is relatively conserved amorisichyspiraspecies,
but to a lesser degree than the 16S rRNA gene,bbas investigated for its
suitability as a phylogenetic marker fBrachyspiraspecies (Atyeoet al, 1999;
Stanton, Hanzelka & Jensen, 1995). The 23S rRN/A ders also been used for
phylogenetic studies of members of the gdBrachyspira but only few sequences
are available. This gene has been shown to contgipsrvariable regions and it
has more sequence divergences than the 16S rRNé, pen less than theox
genes (Atyepet al, 1999; Leseret al, 1997; Olsen & Woese, 1993).

Other characterisation techniques

Proteins of theBrachyspiracells have been studied by electrophoresis in sodiu
dodecyl sulphate containing polyacrylamide gels SFEAGE). The proteins can
afterwards be transferred from the gel to a menwifan further analysis. In a
Western blot, antibodies are used to bind to thetegms, for which substantial
cross-reactivity exists amongst tBeachyspiraspecies (Joens & Marquez, 1986).
Based on lipooligopolysaccarideBrachyspira species have been divided into
several serogroups and later also serovars (Lauagpd$on, 1992). Although,
there are no commercial methods available for eggglseveral potential proteins
have been identified that may be useful as futarelsgic tools. Another protein-
based technique that has been used is the MLEExHgh enzymes can be
detected with an artificial substrate that can wgdea colour reaction in the
presence of enzyme activity. Potentially nd&rxachyspira species have been
identified by this technique (Duhamet al, 1998; Leeet al, 1993b; Swayneet
al.,, 1995). However, MLEE is a time-consuming method & not available in
most diagnostic laboratories: it is also less dhisicratory than PFGE
(Suriyaarachchiet al, 2000; Trott et al, 1998).

Aspects on materials and methods

A general introduction and some additional inforioatto materials and methods
used are given below. Further details are presdntéue publications included in
this thesis.

Bacterial isolates

All isolates used (studies I, Il and IV, and palti study Il) were held at the strain
collection at the Department of Bacteriology, Na#b Veterinary Institute,
Uppsala, Sweden. The isolates were carefully ssdetd fulfil criteria such as
being type or reference strains Bfachyspiraspecies, possessing low or high
MICs for antimicrobial substances, exhibiting a Wmodeviating genotype or
phenotype, or being isolated from different aninfedst species. Type and
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reference strains were obtained from the ATCC Badtgy Collection
(Manassas, VA, USA). The Swedish isolates wereversa from porcine faecal
samples submitted from field veterinarians or aéld from previous research
projects at the department. Field isolates werdlkisent by colleagues at foreign
laboratories. The isolates were stored in beehbndth 10% horse serum and 15%
glycerol in liquid nitrogen (-198C).

The Swedish field isolates used in study Il werwered from clinical samples
from diarrhoeic herds that were submitted by fiedderinarians foBrachyspira
diagnostics. The samples consisted of rectal swabsported in Amies Charcoal
medium (Copan, Italy), which is the standard methaddsubmitting clinical
samples in Sweden, and this medium has provedblelifor obtaining viable
spirochaetes for culture after one or even afterethveeks of storage (Fellstrpat
al., 2001; Tayloret al, 1985). Routinely, oneB. hyodysenteriaeand/or one
B. pilosicoli subcultured isolate from each submission was nahdchosen and
stored at the National Veterinary Institute’s stradllection.

Culture and biochemical tests

Traditionally, culture and biochemical test (CBEjudies I-11) can be divided into
primary isolation on a selective agar plate frorack swabs followed by sub-
culture on a non-selective agar plate. The selediyar plate consisted of blood
agar base no 2 (Oxoid), 5% sheep blood and 1% sodhonucleate, to enhance
haemolysis (Picard, Massicotte & Saheb, 1979), ahdee antibiotics:
spectinomycin 800 pg/ml, vancomycin 25 pug/ml anlistia 25 pg/ml. Anaerobic
incubation time was 6-7 days at 2. Brachyspiraspecies was subcultured to a
non-selective agar plate consisting of fastidionaesiobe agar (Lab M) with 10%
horse blood (FAA) and a tryptone soya agar (Oxevith 5% ox blood (TSA),
before identification by biochemical analysis (studV) (Fellstrom, et al, 1995;
Fossiet al, 2004). Type of haemolysis was read on the TSA affar 3 and 6
days of incubation under the same conditions asritbesl above (Fig 5). Bacteria
from the FAA plate incubated for 6 days were used detection of indole
production,a-galactosidase angkglucosidase activities and hippurate hydrolysis.
The type strains oB. hyodysenteria@and B. pilosicoli were included as controls
for the biochemical tests.

This culture method was used as a standard mettodi€s I-11), as a previous
study showed high sensitivity f@. hyodysenteriaeulture for the method used
(Fellstrém et al, 2001). However, for extraction of bacterial DNA\study I, the
incubation period for primary plates was reducethati of the routine incubation
time (i.e. 3 days) for half of the samples analygedevaluate whether the time
needed for a laboratory diagnosis could be shodtevithout impaired sensitivity.
Thawed bacterial strains or isolates were subadtento agar plates at least once
before biochemical testing (studies I-1V).

Broth culture (study IV) obtained large numbers hafcteria for virulence
assessment. The cells were cultured in 40 ml BHt8hb(Brain Heart Infusion,
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Difco, supplemented with 10% foetal calf serum)orRran agar subculture
incubated anaerobically for 3 days at°€2 bacteria were picked with a cotton
swab and transferred to the broth. The inoculatedthb was incubated
anaerobically at 37C on a shaker for 2 days, after which viabilitysanéhecked
with a phase-contrast microscope and optical demsih a spectrophotometer. By
this method, sufficient amounts of bacteria weregamled for inoculation of
B. hyodysenteriaein pigs, in accordance with a challenge model ipresly
described (Jacobspat al, 2004b).

Fig. 5 Haemolysis after 3 days culture on tryptone s@a 4TSA) plate supQIemented with
5% ox blood forB. pilosicoli P43/6/78 (left side) andB. hyodysenteriaB78" (right side),
incubation at 42C. Photo: Mérit Pringle.

Antimicrobial susceptibility testing

Antimicrobial susceptibility testing (studies | atid) at the National Veterinary
Institute in Sweden is routinely performed by brdtlution (Karlsson, Oxberry &
Hampson, 2002). In brief, two 1-ul loops of bacdrom a 3 day-old agar culture
were mixed in 2 ml of BHIS, before diluted by tréarsing 300 pul of the bacterial
suspension to 30 ml BHIS broth. Of the final dibmj 0.5 ml was dispensed into
each well in a panel and incubated anaerobicalB7&C on a shaker (60-80 rpm)
for 4 days. The MICs were read with a special deeizntaining a mirror to obtain
indirect light. Broth dilution generally shows otveofold-dilution step lower MICs
than agar dilution (Karlssomt al, 2003; Rohdget al, 2004).

Transportation and distribution

In study I, pure cultures were transported in ssofid transport medium
(PortaGerm, bioMérieux, Goteborg, Sweden). This ioraddid not contain any
charcoal, which has previously been shown to havenhibiting effect on the
survival of pure cultures d@. hyodysenteriaéDuhamelet al, 1992). The bacteria

25



were picked with a sterile cotton swab, dipped Hil Broth, from fastidious agar
plates that had been incubated for 3 days &tC4XSeeded faeces (study I) was
transported in a modified Amies medium with 0.6%ara¢National Veterinary
Institute, Uppsala, Sweden). This transport mediwas chosen mainly for
practical reasons, because the size of the twhasitprovided with fitted well in the
plastic container that was used for courier trartsppon. Further, the medium
contained charcoal as well as high water conternitltwhave been shown to be
beneficial for viability ofB. hyodysenteriaan faeces during transportation (Chia &
Taylor, 1978; Duhamelet al, 1992; Taylor et al, 1985). Courier or postal
services were used for distribution due to courggulations.

DNA extraction and faecal seeding

For all DNA-based methods (studies 1-V) except PFBNA was extracted from
subculturedBrachyspirastrains or isolates by boiling bacteria, pickedhwat 1-pl
plastic loop, in 50 pl SuperQ-water for 10 min. WA was then separated from
the cell debris by centrifugation at 6,000 rpm 4omin and the supernatant was
transferred to a new tube for storage. The DNA dsednalysis was diluted 1/10.
DNA from faeces with seedeBrachyspiracells (study 1) was extracted with
QIAampDNA® Stool Mini Kit (QIAGEN GmbH, Hilden, Germany) orytrobot
extraction, based on magnetic beads (MagAttract DA M48 Kit, QIAGEN
GmbH), according to manufacture’s instructions. Sehawo easily available
methods for DNA extraction are used at the Natiafeterinary Institute for other
bacteria (Jacobsaet al, 2004a).

Faecal seeding (studies | and Il) was achievedilbgiah of Brachyspiracells in
BHI broth, before mixing equivalent amounts of tweth with porcine faeces.
Cultures had been subcultured and incubated fary3 dt 42C. In brief, 10 pl of
bacterial cells (picked with a 1-pl plastic loopgre inoculated into 10 ml BHI
broth followed by thorough mixing for 2 min withartex machine. A dilution
series was made by transferring 1 ml of mixed-bé&dtdroth to 9 ml fresh BHI
broth, and so on. The concentration of cells in fingt mixture (the highest
concentration) was estimated to 1.5%X0FU per ml of broth. The dilution series
was obtained to —8 (approximately 1.5 CFU per mbmith). The CFU per ml of
broth was estimated by viable counts. In brief, 1000f broth mixture were
streaked onto an agar plate without antimicrobiabstances, followed by
anaerobic incubation at 42 for 3-6 days, before counting visible colonidédess
amount of the broth mixture was needed, only ahteritthe above-mentioned
amounts was used, i.e. bacterial cells picked avithul plastic loop and 1 ml broth
(study II) were mixed. Faeces were collected frags ggweight approximately 30
kg) from the Swedish University of Agricultural $oces’ pig-research herd,
which is known to be free from brachyspiras. Thedhs a one-site, closed,
integrated and age separated herd. To ensurehgndhéces did not contain any
spirochaetes, culture was performed on randombgcesd pigs two weeks before
faecal collection, and on faeces collected for insgtudies I-1l. Broth and faeces
were mixed in a stomacher bag and homogenised foin5This seeding method
has previously been satisfactory (Fellstr@nal, 2001).
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DNA-based methods

The PCR (studies I-IV) is based on a primer pappfaximate length of 20

nucleotides) that is designed to bind to flankimmgions of a known gene or
segment of the DNA. A PCR usually consists of d&senf 20 to 35 cycles, where
each cycle consists of three different steps &rmift temperatures. The first step
separates the DNA strands (usually around 95 %@, Second step allow the
primers to bind to each of the respective DNA sigmifat a low temperature
specific for the primers; around 50-60 °C), in thed step a DNA polymerase

adds the nucleotides to the 3’-end of the primqatifeal temperature normally

around 72 °C) (Fig 6). This reaction results ineavrstrand of DNA, which has

been synthesised with the old strand as templéte |&hgth of the fragment can be
estimated by electrophoresis in an agarose getde&isualisation under UV-light,

where the migration distance is compared with adsted; a DNA ladder (Fig. 6).

This method is widely used in laboratory diagnastic
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Fig. 6. Schematic drawing of how a PCR system works (lefage created by Madeleine
Price Ball). Gel with RAPD products analysed by etgahoresis (right). The gel was
stained with ethidium bromide and viewed under W. First lane is loaded with a DNA
ladder, followed by DNA products from single is@stfor each well.

At the onset of the studies, two systems designe@rachyspiraspecies were
available at the National Veterinary Institute. $hewvere systems targeting the
tlyA gene forB. hyodysenteriaéFellstrom et al, 2001), and the 16S rRNA gene
for B. pilosicoli (Fellstrom et al, 1997). These systems were combined into a
duplex system (Rasbaek al, 2003a) for convenience in the laboratory. In gtud
Il this duplex system was tested for sensitivitg apecificity. Studies 11l and IV
included PCR systems other than the one used isehaither because species
other thanB. hyodysenteriaend B. pilosicoli were analysed (study 1), and/or
because of diverging PCR results from isolatesetesh the in-house system
(studies llI-IV). The supplementary PCR systems ewepecies-specific for
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B. hyodysenteriaandB. intermediaand targeted portions of the 23S rRNA gene
(Leser et al, 1997), or thenoxgene (Atyepet al, 1999; La, Phillips & Hampson,
2003). These systems were chosen because theybbawveextensively used for
DNA detection inBrachyspiraresearch and routine diagnostics worldwide.

RAPD (studies 11I-V) is based on short primers (@pgmate length of nine
nucleotides). The principal of RAPD is similar t€R, but only one primer is used
in the reaction, which binds to unspecified segwmarftthe DNA. The resultant
products will be amplicons of different sizes. Hadysed by electrophoresis, a
banding pattern is observed when viewed under gktliThe banding pattern for
each isolate is discriminatory at species and rstlewel, and can be used for
epidemiological studies (Dugouyrdt al, 1996). The technique is easy and fast to
carry out; however, it is sensitive because smdfer@nces in batches of the
mixture or involuntarily altered volume in the réaa tubes can result in different
band intensities. This can sometimes be interpretediwo separate banding
patterns for the same isolate analysed at diffeomtiasions. Primers used in
studies IlI-IV have previously been described lyiglanssonet al, 2004). In
study lll, the method was used to evaluate itsulse$s forBrachyspiraspecies,
and in study 1V, this method was used because ndibg patterns were obtained
by PFGE on the strongly haemolyBcachyspiraisolates.

PFGE was used to separate long DNA fragments ggudli-IV). These
fragments are normally too long to migrate in amrage gel under a constant
electric field, but the DNA fragments can be forced migrate in the gel by
alternating the electric field. To obtain long DNfagments, genomic DNA is
cleaved with rare cutting enzymes. In study lllotware cutting enzymes were
used:Mlul and Sal, as previously used fd. hyodysenteriaésolates (Fellstrom
et al, 1999). In study IVMIul was used alone since other studies had shown that
one enzyme could accurately discriminate betwBeachyspiraisolates (Atyeo,
Oxberry & Hampson, 1996; Karlssoet al, 2004a; Trottet al, 1996a). Washed
intact bacterial cells were moulded in an agaroke fpefore the DNA was
released to ensure that the genomic DNA was nataded by shearing before or
during the analysis. PFGE is especially useful épidemiological studies, in
particular for B. pilosicoli However, certain strongly haemolytBrachyspira
isolates are difficult or unfeasible to analyse BFGE (Atyeo, Oxberry &
Hampson, 1999; Fossi, Pohjanvirta & Pelkonen, 208@riyaarachchiet al,
2000).

Sequencing, aligning of sequences and construclimgirograms are used for
phylogenetic analysis and species identificatidadigs I11-V). The procedure for
sequencing starts with a PCR amplification of tlemeyor fragment of interest,
which in studies IlI-V were the almost complete I&BIA gene (Johansspet al,
2004; Petterssoret al, 1996) and in studies IlI-1V, the partiabx gene (Rohde,
Rothkamp & Gerlach, 2002; Townseatlal, 2005). The DNA fragments obtained
from the PCR-reaction were purified before the reteawere labelled by cycle
sequencing, in which BigDye (dNTP in combinatiothatabelled terminators) was
used in a similar reaction as for the PCR, but witlhy one primer that bound to
the amplicons in either a forward or reversed dioec This resulted in copied
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fragments of all lengths from the original amplisabtained by PCR. The labelled
DNA was then analysed by electrophoresis in a DNalyser.

The raw sequence data appeared as coloured pgaksenting the respective
type of base. Large gene fragments need to be seggiénto shorter segments that
overlap, so that the whole gene could be unifigd ancontig. When aligning, the
sequences of one gene for several isolates weemisegl into a matrix. The rows
contained the sequences and the columns consistatleotides in homologous
positions (Fig. 7). This arrangement facilitatednpoterised comparison. The
differences were identified and the relatedness ngmibie isolates calculated.
Several computer programmes can be used for thgope. The distances in the
dendrogram correspond to the number of substitstgmparating two isolates: the
fewer substitutions, the closer the isolates alated. The Neighbor joining
method, which is based on a distance matrix, wad o calculating phylogenetic

trees.
AACTTC AA TC T T A CAA A

ICTTTCAATTCTAACATCAATCATTTACACATAACT CACACCCCAACCACCTTTTACATACCTCCTCCATCCCTCTCCTCACCTC
ICTTTCAATTCTAACATCAATCATTTACACATAACT CACACCCCAACCACCTTTTACATACCTCCTCCATCGECTCTCCETCACCTC
ICTTTCAATTCTAACATCAATCATTTACACATAACT CACACCCCAAGEACCTTTITACATACGCTCCTCCATCECTCETCCTCACGCTC
ICTTTCAATTCTTACATCAATCATTTACACATAACT CACATCCCAACAACCTTTAACATACCTCCTCCATCECTCTCCTCACCTC
ICTTTCAATTCTTACATCAATCATTTACACATAACT CACACCCCAAGCACCTTTAACATACCTCCTCCATCECTCETCCETCACGCTC
ICTTTCAATTCTTACATCAATCATTTACACATAACT CACACCCCAACCACCTTTAACATACCTCCTCCATCCCTCTCCTCACCTC
ICTTTCAATTCTAACATCAATCATTTACACATAACT CACACCCCAACCACCTTTTACATACCTCCTCCATCGECTCTCCETCACGCTC
ICTTTTAATTCTAACATCAATCATTTACACATAACT CACACCCCAACCACCTTTTACATACCTCCTCCATCECTCTCCTCACCTC
ICTTTCAATTCTAACATCAATCATTTACACATAACT CACACCCCAACEACCTTTTACATACCTCCTCCATCECTCTCCTCACCTC

Fig. 7. Raw sequence data (above). A short alignment frl8S rRNA gene for some
Brachyspiraisolates (below).

Brachyspira species have only one single copy of the ribosoRdA genes
(rrn) 16S, 23S and 5S (Zuerner & Stanton, 1994; Zueetal, 2004). Therefore,
mixed isolates can be identified by the presencdoofble peaks when analysing
these genes by sequencing. Tiex gene was analysed as this gene is well
distributed among®rachyspiraspecies and has higher sequence divergences than
the 16S rRNA gene (Atyeet al, 1999; Stanton, Hanzelka & Jensen, 1995).

Multilocus sequence typing (MLST) (study V) is a thmed where several
segments of genes, or loci, on the genome are sethlpy sequencing. The
majority of loci included were portions of genesattrencode for previously
published MLEE enzymes f@rachyspiraspecies. The MLST data were analysed
by constructing a dendrogram, and by using e-BURSI1p://eburst.mlist.net) to
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identify epidemiological connections and infer dlys related isolates. The
eBURST is a computer programme that groups isolaiibsidentical locus for all
loci in one dot if seven loci or more are analys€le size of the dot will be
proportional to the number of isolates incorporat€tle grouped isolates may
represent a clone, which can be interpreted aspétemiological connection
between the isolates within that group. Furthee, phogramme connects isolates
with only one diverging locus. The isolates (orus) that are connected with a
line (i.e. which have six out of seven identicakijoindicate that a close
evolutionary relation exists between these isolategoups.

Results and discussion

Paper |

This study assessed laboratory diagnostics foripeintestinal spirochaetes of the
genusBrachyspira Implementing a ring test for bacterial laborataoliggnostics
proved to be time-consuming and troublesome. This partly due to the strict
regulations for transporting biological matter, wiipecial packages, labelling and
documents. Delivery time of the consignments to ¢basignees could not be
monitored, which resulted in a delay of up to 1ysdim some cases. However, this
did not affect the outcome of laboratory analysesich confirmed good viability
of the cultures and a suitable transport mediunttfisrpurpose.

The majority of laboratories used culture and béltal tests in conjunction
with PCR. The lowest concentration®f hyodysenteriathat could be detected, in
seven of nine laboratories, was’ TTFU per ml faeces. However, when two species
were mixed, the majority of laboratories identifiedly one of the two. The
different growth rates foBrachyspira species, which has been described as
slightly faster forB. pilosicoli than for B. hyodysenteriag€Trott, et al, 1996b),
may have influenced the results for the mixed samprlhe preparation of the
seeded samples was uncomplicated, but detecties oatained by the laboratories
could still be related to uneven distribution of Brachyspiracells in the mixture.
This speculation may be especially relevant for @amwith mixedBrachyspira
species or low concentration Bfachyspiracells.

The detection oBrachyspiraspecies in samples not containing &mgchyspira
cells and the vast disparity in MICs reported wiksnaing. Large differences in
detection rate have previously been reported féu with a span of £o10°
bacterial cells foB. hyodysenteriaéFellstrom et al, 2001; Stegeet al, 2000).
This study clearly illustrated that a ring test Brachyspiralaboratorydiagnostics
is crucial for monitoring the standard of laborgtdiagnostics of these microbes.
Brachyspira species proved to be difficult to detect, identdpd to test for
antimicrobial susceptibility. The outcome of thedst emphasised the importance
of using methods with similar sensitivity and sfiietiy in order to be able to
compare prevalence of these bacteria in pig hends #he resistance to
antimicrobial substances.
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Paper 11

Traditional laboratory diagnostics based on culamd biochemical tests (CBT) is
time consuming (2-3 weeks) and the sensitivity hsometimes been reported to
be insufficient for the detection of carrier pigsceeting very low numbers of
Brachyspiracells (Songer & Harris, 1978). A duplex PCR systeas developed
in this study for easier and quicker analysis thgrthe excisting separate PCR
systems foBrachyspiraspecies at National Veterinary Institute (Fellstyét al,
1997; Fellstromet al, 2001). The sensitivities of traditional laborgtanethods
and the newly developed duplex PCR system weredefdr the detectiornf
B. hyodysenteriaandB. pilosicoliin seeded porcine faeces. The results revealed a
very high sensitivity for detection by culture, agreement with study I. The
sensitivity for the PCR system was similar to ttadial diagnostics based on
culture (approximately 100 cells f@. hyodysenteriaandB. pilosicol), if DNA
from pureBrachyspiraisolates was analysed. However, with DNA extradtech
seeded faeces, the sensitivity of the PCR systarredsed substantially, which
probably was due to PCR inhibitors in the faecasdbsonet al, 2004a; Lantzt
al., 2000; Phillips, La & Hampson, 2006), or extendioss ofBrachyspiraDNA

or cells with the DNA extraction kit, previously sdrved for other kits (Corona-
Barrera et al, 2004a). However, this observation contradictedteostudies that
revealed no differences, or even superior sensitifor PCR applied on faecal
samples after DNA extraction compared to culturel &CR (La, Phillips &
Hampson, 2003; Suh & Song, 2005b). In an unpubtistteidy, seeded faecal
samples used for sensitivity testing at the Natioviaterinary Institute were
applied to a previously published duplex PCR protowith a reported sensitivity
on seeded faeces of 100" cells per gram faeces (La, Phillips & Hampson,3)00
The sensitivity with Swedish porcine faeces was elowhan that previously
reported; the lowest detection was GFU per ml faeces with the same extraction
kit. This further supported the hypothesis thatcpwr faecal samples include
varying levels of PCR inhibiting factors.

The duplex PCR technique was simple to use andtsesare obtained within a
day. However, due to the high number of DNA fragtadnom the amplification
procedure, DNA contamination can occur when thes$utontaining PCR products
are opened for gel electrophoresis. To avoid fasstive PCR reactions, separate
rooms for preparation and gel electrophoresis, omhination with non-
contaminated personnel, are vital. Personnel aisubito prepare PCR mixtures
for PCR amplification at the National Veterinansiitute must not have opened a
tube with a PCR product or visited the gel eledtamesis room that day. Real-time
PCR, by which amplification is registered directihile amplifying the DNA,
could solve these problems. Nevertheless, the B is still rather sensitive to
small alterations of the composition of the PCR tomi&, which may occur from
different pipettes or users. In routine diagnostiis can be solved by pre-mixed
batches of PCR mixture that are allotted and frqzemding usage, or through a
pre-mixed PCR mixture from the manufacturer (altfftomore expensive).
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The study showed that the PCR system applied to DBracted from
suspectedBrachyspiragrowth on primary cultures and incubated for 6 sday
42°C, was as sensitive as traditional CBT. Howevdrenvthe PCR system was
applied parallel to traditional CBT, on routine sdes submitted from field
veterinarians for Brachyspira diagnostics of diarrhoeic pigs, one strongly
haemolyticBrachyspiraisolate was detected only by CBT. Furthermore réiselts
showed that PCR applied on suspedeachyspiragrowth from primary cultures
incubated a week had detection rates similar toditteaal CBT for
B. hyodysenteriaandB. pilosicoli This application resulted in a faster laboratory
diagnostics foBrachyspiraspecies, although, isolates still need to be cedtun
parallel for biochemical tests, antimicrobial systdality tests and to be stored for
future studies.

Paper 111

In this study Brachyspiraisolates from all recognised porciBeachyspiraspecies
were included and analysed by RAPD, PFGE, sequgrafii6S rRNA anchox
genes, and species-specific PCRs. The RAPD and RifGlsis did not separate
the Brachyspiraspecies into clear distinct clusters for each igsed-or example,
isolates with phenotypes dB. hyodysenteriaeand B. intermediaformed one
cluster when analysed by PFGE. RAPD proved to baueh easier technique to
use and slightly more discriminating than PFGE.

The analysis of the 16S rRNA gene sequences cadirtimatB. hyodysenteriae
andB. intermediaor B. innocensand B. murdochiicould not be differentiated by
this method (Pettersspat al, 1996; Stantonet al, 1996). Thenoxgene (Stanton
& Jensen, 1993; Stanton & Sellwood, 1999) showdiibh taxonomic resolution
with a clear distinction for thBrachyspiraspecies tested. These results indicated
that thenox gene was useful for phylogeny and species ideatifio for porcine
Brachyspira species. However, unpublished data revealed tbatalh isolates
included in study V could be sequenced with theéquols used (Rohde, Rothkamp
& Gerlach, 2002; Townsenet al, 2005). The isolates that could not be amplified
were mainly avian in origin, although also otheslases could not be sequenced
with the sequencing primers. This was in agreemihta previous study in which
not all isolates could be probed with a degenerptetle for the N-terminal end of
the NADH oxidase gene (Stanton, Hanzelka & Jens885). Interestingly, some
of these isolates were porcine isolates of Swedigin. However, all 45 strains
analysed, except fofreponema succinifacierdTreponema bryantiipossessed
NADH oxidase activity. This indicated that tlex gene is divergent within the
genus.

The use of PCR systems for identification of isgdatvith the phenotype of
B. intermediatargeting portions of thaox and 23S rRNA genes gave unforeseen
results. Of the twenty isolates analysed initiafiythis study, the 23S rRNA gene
fragment of one isolate was unexpectedly ampliigdhe 23S rRNA PCR (Leser
et al, 1997) and th@ox gene fragment of another was not amplified as ptedi
by thenoxgene PCR (Atyecet al, 1999) specific foB. intermedia Of the tested
porcine isolatepresumed to bB. intermedian study Ill, 13 isolates did not react
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by thenox gene PCR. Thaoxgene PCR have previously been shown to correctly
identify all tested porcine isolates, but not abkted isolates recovered from
chickens (Atyep et al, 1999). However, anox gene based PCR-RFLP was
recently tested that did not amplify all porciBeachyspiraisolates within the
genus, and which also gave diverging results faresof the isolates (Calderaed
al., 2006). The false positive reaction for one isolay a 23S rRNA based PCR
system was in agreement with a previous studBrachyspiraspecies where 11 of
195 isolates gave a false-positive reaction (Sargehchj et al, 2000). In the
extended analysis in study lll, three isolates wiith phenotype oB. intermedia
gave false-negative reactions with tBeintermediaspecies-specific 23S rRNA
system. The long hypervariable regions in the ZBSA gene (Leseret al, 1997)
and general higher rate of sequence variations aogdpwith the 16S rRNA gene
(Olsen & Woese, 1993) can make this gene difficoltuse inBrachyspira
diagnostics. The PFGE analysis further indicated tbolates with the phenotype
of B.intermedia were genetically heterogeneous, as previously esigd
(Suriyaarachchiet al, 2000), and this genotypic variability might be tteasons
for the unexpected PCR results. New primers for P@Bntification of
B. intermediahave been tested on isolates recovered from ahi@iRhillips, La &
Hampson, 2006), and even though these were netdtest porcine isolates, they
might show a higher specificity for all isolategiwthe phenotype @. intermedia

Paper |V

In this study, a previously described group of mglg haemolytic intestinal
spirochaetes, with a genotype different froBn hyodysenteriaewas further
characterised. These isolates were detected bettais¢ested negative in a PCR
system detectingB. hyodysenterige even though they were identified as
B. hyodysenteriaby traditional CBT (study II).

The isolates were initially analysed by DNA-baseétiods to investigate
whether any of the most commonly used PCR systemgdwdetect these isolates
asB. hyodysenteriaéNone of the PCR systems tested gave a positaatioa for
B. hyodysenteriaeFalse negative reactions have previously beeairodd for
B. hyodysenteriagsolates when analysed by the 23S rRNA gene PCERPRF
developed for the genBrachyspira(Thomson et al, 2001). However, analysis
of the 16S rRNA gene showed that the porcine isslatharacterised were
identical, or very similar to, two mallard isolatedut different from
B. hyodysenteriaeIn contrast, a Danish isolate of this group ofedging
spirochaetes gave a positive reaction with a 238Argene based PCR system
(Leser et al, 1997) developed for detection Bf intermedia The tendency of this
PCR system for giving false-positive results hasnbdiscussed above (study IIl).
Analysis of nox gene sequences revealed that these unique isadabeped
together in a separate cluster, indicating thay ttmmprised a new species within
the Brachyspiragenus. In this study, the genomic DNA from thes®ates could
not be digested with the rare cutting restrictioyene Mlul: the reason for this
was not investigated further. Similarly, other sésdhave reported difficulties in
analysing strongly haemolytic isolates by PFGE éaty Oxberry & Hampson,
1999; Fossi, Pohjanvirta & Pelkonen, 2003). Furthiul has been reported to
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give many fragments that are difficult to resolvieerw applied to the type strain of
B. hyodysenteriaéB78") (Zuerner & Stanton, 1994), and difficulties irgesting
some B. intermedia isolates with the same enzyme have been reported
(Suriyaarachchi et al, 2000). The usefulness of PFGE for typing of
B. hyodysenteriabas been shown in other studies (Fellstrom & Hoéng2005;
Fellstrém et al, 1999; Karlssonet al, 2004a). For subtyping of the new group of
isolates, RAPD was useful.

The isolates characterised were recovered fromDam@sh and three Swedish
pig herds with diarrhoea, and from mallards. Ardepiiological link between the
three pig herds in Sweden was identified from hardl transportation data,
together with RAPD analysis of the isolates. Diag& in pigs similar to swine
dysentery was induced by one of the porcine isslate challenge study with the
new genotype, and diarrhoea without mucus and bieasl induced by an avian
isolate. In a subsequent study, mallards inoculatéd porcine isolates, were
colonised (Janssoet al, 2007b). To the author’s knowledge, this is thst fstudy
of experimental transmission of the bacteria froedlands to pigs resulting in cross
infection. The provisional naméBrachyspira suanatina” was proposed,
specifying that the isolates had been recoverad fvoth pigs and mallards; Latin
noun: suus (pig/swine) and Latin adjective: anatirffrom/of ducks) mallard;
added together, shortened and used with the pimgaifeminine genus of
Brachyspirawill be Neo-Latin feminine adjective: suanatineo(h pigs/swine and
ducks/mallard).

Paper V

In this study,Brachyspiraisolates from different animal origins were incldgdef
which almost one third consisted of provisionallgmed species or atypical
isolates. Some DNA was from extractions stored2&°€ over 15 years, before
diluted 1/10 and transported three weeks withomtptrature control. All these
templates yielded distinct PCR bands and sequessiits where expected. The
primers for the MLST system that were used for ysial were designed at
Murdoch University. This was the first study to dp and evaluate an MLST
system for analysis of isolates of the geBuschyspira

Five of the loci included were segments of genedingp for previously used
MLEE enzymes oBrachyspiraspecies. These enzymes were present in all named
Brachyspiraspecies, as well as in two provisionally propospecies. However,
only two loci could be amplified and sequenceddtiisolates with these primers.
The sequences obtained showed superimposed peakartcular isolates and
segments, which could be interpreted as mixed tis®lar multiple gene copies.
The existence of repeated gene sequences or ep&NA could not be excluded
in a previous study (Zuerner & Stanton, 1994); haevethe genes included in the
MLST study had been confirmed as existing in onhe ogene copy in the
B. hyodysenteriaeand B. pilosicoli genome-sequencing project ongoing at
Murdoch University (Hampson, 2005). The sequenoesesmes differed greatly
within the genus, and some species sometimes aggpamhave a similar deviation
in comparison with other species within the gerMany single mutations were

34



observed for some of the genes, others had loggneats of insertions/deletions.
These changes could be a result of DNA rearrangemeigene transfer by a
phage-like VHS-1 virus (Humphreyet al, 1997; Matson, Zuerner & Stanton,
2007; Stanton, 2007). This study indicated thatéh@ire genus oBrachyspira
exhibit a high genetic recombination structure; be&r, only a few bacteria are
well known for their promiscuous exchange of DNAg.enembers in the genus
Neisseria(Smith, Feil & Smith, 2000).

Phylogenetic and eBURST analyses of the sequeneevaae performed. The
dendrograms for the entire genus, based on the MHS8M, showed high
taxonomic resolution, even though only two loci véncluded. However, the
positions of the species clusters within the gewuliffiered compared to a
phylogenetic tree, based on the 16S rRNA gene.dbpimlogical analysis by using
eBURST agreed with results obtained by PFGE andRAR. those isolates that
represented the same PFGE type and RAPD type werper together in the
eBURST analysis. Further, a close evolutionary timta was identified for
B. hyodysenteriaeisolates and“B. suanatina” isolates. There was a close
evolutionary connection between isolates recovémaa pigs and mallards within
two Brachyspiraspecies, and these results further strengtherebyiothesis that
mallards could be a natural source for transmitBrachyspiraisolates to pigs, as
suggested in study IV.

Conclusions

The overall conclusions from studies I-IV were thalboratory diagnostics of
Brachyspira species needs to be surveyed and adjusted reggutanmeet the
changing bacterial population. Of prime importangrild be to initiate a regularly
performed ring test for laboratory diagnostics anttimicrobial susceptibility
testing ofBrachyspiraspecies. In addition, standardised methods famisrobial
susceptibility testing are needed. A workshop onindarobial susceptibility
testing procedures and techniques should prefetablgarried out before strains
are sent out for validation.

The two developed and evaluated DNA-based systdupdex PCR and MLST
systems, were shown to be useful for detectionntifieation and analysis of
Brachyspiraspecies. However, not a@irachyspiraisolates could be analysed by
the existing MLST system, and the system needbhdudevelopment. The results
obtained from all tested DNA-based systems showatithe genuBrachyspirais
genetically heterogeneous. For the isolates studieguences analysis of thex
gene and the MLST system were shown to give theesigtaxonomic resolution
and the RAPD analysis were shown to be the mostidimatory.

A new genetic type, pathogenic to pigs, was idexatjfwhich could easily be

missed if DNA-based methods had been the only ndstlised for identification.
Laboratory diagnostics based on traditional cullamd biochemical tests were the
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most reliable methods for detecting strongly hagtiolisolates. DNA-based
methods could be combined with traditional CBT hortéen the time needed for
laboratory diagnosis, for surveillance of new ggpes of the bacterial population,
and to increase the specificity of the diagnostleere isolates is a necessary
prerequisite  for biochemical tests, antimicrobialusceptibility tests,
epidemiological studies, and research. Thereforéiureu should always be
performed.

The results further showed that pigs can get iefibetith Brachyspiraisolates
originating from mallards. Mallards were suspedsdhe infection source for the
provisionally named‘B. suanatina” and a close evolutionary relationship was
identified for “B. suanatina” and B. hyodysenteriaésolates recovered from pigs
and mallards.

The specific conclusions for the separate studieewStudy | emphasised the
difficulties with laboratory diagnostics and antimobial susceptibility testing of
Brachyspiraspecies. Studies Il-IV showed that the use of P@Bysmay result in
false negative results iBrachyspira diagnostics, if not used together with
traditional CBT. The erroneous PCR results seerbeadue to the high DNA
sequence variability particularly withiB. intermedia(study 1ll) and within the
whole genus (study V). If the divergences are tigh lwithin the genus, it may be
difficult to identify conserved regions suitable ftevelopment of primers covering
the entire genus for, e.g. tx gene, or loci for a MLST system, or to find
suitable species-specific primers for specific gersich as the 23S rRNA gene.
RAPD was shown to be a useful method for epidergiold studies, and to be
more discriminatory than PFGE with the respectitimers and enzymes used.
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Future studies

The MLST systems should be further developed, dmsl $hould involve the
identification of suitable regions conserved witttie genus to include more genes
that are not too variable. With the high genetidalzlity within the genus, such
genes might be difficult to find, and therefore cps-specific MLST systems
could be an alternative. However, a method thaermthe entire genus would be
desirable especially since isolates with diverginigchemical reactions may
represent a new species that may not amplify ipegies-specific MLST system.
From the MLST system data used for identificatiepidemiological links can be
deduced. The drawback for such a system is thateseing facilities, as well as
additional analysis capacities in the laboratoriesuld be required, which is
expensive. Furthermore, several loci have to béysed for each isolate, which is
time-consuming, even if the existing online MLSTtatmse will simplify analysis
for species identification and epidemiological Bnk

A thorough study with information from pig herdsstied positive for
B. intermediaby CBT should be performed, to search for cori@fat between
presence of different genotypes of spirochaetesh wite phenotype of
B. intermediaand diarrhoea. Virulence studies could theredfeeperformed with
field isolates with suspected pathogenicity. In ifdd, B. intermediaisolates
recovered from birds should be tested to evalusebssibility of transmission of
the bacteria between birds and pigs. This is ingmdrsince we showed that isolates
within the phenotype oB. intermediaare heterogeneous, and some researchers
have reported a correlation between diarrhoeaBandtermediaHence,some of
the genotypes @. intermediamay be pathogenic to pigs.

Reliable in-vitro methods for studying virulence should be developgdch
techniques would be useful for screenBigichyspiraisolates, and for searching
for virulence genes that could be used as PCR mmrke elucidate the
pathogenesis, or for development of an ELISA faokgic surveillance of pig
herds.
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