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Abstract

This thesis aimed to characterize Western Canadian “Brachyspira hampsonii” clinical

isolates and to develop and characterize an attenuated “B. hampsonii” vaccine candidate.

Clinical “B. hampsonii” isolates selected from different Western Canadian barns were
described biochemically and by sequencing the NADH-oxidase (nox) gene to improve the
information available about clinical isolates present in Western Canada. The biochemical profiles
of two clade | and eight clade Il isolates were compared and variability in some diagnostic
biochemical markers (f-glucosidase and hippurate hydrolysis) was detected. Representative
isolates of clade I and II “B. hampsonii” were also compared to other swine-associated Brachyspira
spp. based on biochemical profiles and morphometric data. Cell dimensions, number of flagella,
and select biochemical markers (hippurate hydrolysis, a-glucosidase, and f-glucosidase) were not
sufficient to discern “B. hampsonii” from other Brachyspira species. The data highlighted that
consistent biochemical characteristics (indole and a-galactosidase negative) of “B. hampsonii” and
morphology were not sufficient to differentiate them from other Brachyspira spp. and that nox
gene sequencing is a more reliable tool for identification and differentiation of Brachyspira

species.

Development of a potential vaccine strain was also carried out by serial passage of a
virulent “B. hampsonii” clade II strain (passage 13 (P13)) for 100 passages, resulting in strain
P113. The virulent P13 and serially passaged P113 strains were phenotypically and genotypically
compared to identify any changes in P113. Phenotypes of P13 and P113, including the biochemical

profile, f-haemolysis, growth profile, and virulence in a murine model, were compared to identify



changes. More extensive S-haemolysis and more rapid growth of P113 over P13 was observed
suggesting laboratory adaptation after serial passage. Two experiments were performed to assess
the virulence of P113 and P13 in a murine model, which both demonstrated a decrease of P113
virulence, suggesting that partial attenuation was achieved. No difference between the virulent and
attenuated strains was detected based on genomic profiling by random amplified polymorphic

DNA (RAPD) or whole genome sequence comparison.

The results of this thesis demonstrate the complexity of phenotypic identification and
discrimination of “B. hampsonii” and other swine-associated Brachyspira species. Serial passage
of a virulent “B. hampsonii” resulted in a laboratory adapted, partially attenuated strain that will
be attenuated further and used as a potential vaccine. This serially passaged strain also provides
opportunities for further studies to identify virulence determinants, which can aid immensely with

prevention and treatment of “B. hampsonii”.
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1 Introduction and Literature review

1.1 Swine-associated Brachyspira

The genus Brachyspira consists of Gram-negative, aerotolerant, motile, and s-haemolytic
spirochaetes. The progress of the formation of the genus originated with Treponema, then Serpula,
Serpulina, and Brachyspira (combination of existing Serpulina and Brachyspira genera) (Harris
etal., 1972, Stanton et al., 1991, Stanton, 1992, Ochiai et al., 1997). Culture of Brachyspira spp.
is performed anaerobically on variants of blood agar and in broth supplemented with fetal bovine
serum or with fetal bovine serum and sheep blood (Joens and Kinyon, 1982, Jenkinson and Wingar,
1981, Kunkle and Kinyon, 1988). Electron microscopy of several Brachyspira spp. revealed cells
5 t0 9.78 um long and 0.27 to 0.36 um wide with 8-16 periplasmic flagella per cell (Harris and
Kinyon, 1972, Trott et al., 1996¢, Stanton et al., 1997, Oxberry et al., 1998, Fellstrom et al., 1999,
Mushtaq et al., 2015). Brachyspira spp. with standing in nomenclature and that are pathogenic in
swine are B. hyodysenteriae, B. pilosicoli, and B. murdochii. “B. suanatina” is a proposed
Brachyspira species that has only been found in parts of northern Europe where it has been isolated
from pigs in Sweden and Denmark and mallards in Sweden (Rasback et al., 2006, Rasbéck et al.,
2007a, Mushtaq et al., 2015). Conventional pigs experimentally infected with a clinical isolate of
“B. suanatina” from pigs or isolated from mallards led to dysentery-like signs and mild diarrhea,
respectively (Rasbéck et al., 2007a, Mushtaq et al., 2015). Another pathogenic Brachyspira, for
which the name “B. hampsonii” has been proposed is described in detail in section 1.1.2.. B.

innocens and B. intermedia are non-pathogenic species that are also found in swine.



Brachyspira hyodysenteriae is the causative agent of swine dysentery and was the first
characterized species of the genus, isolated from swine in 1972 (Harris et al., 1972). B.
hyodysenteriae is strongly f-haemolytic, has 8 to 12 total periplasmic flagella, and is the most
studied of the swine-pathogenic Brachyspira spp. (Trott et al., 1996c). The history of B.

hyodysenteriae is discussed in more detail below.

Milder disease (porcine intestinal colitis) is caused by B. pilosicoli, which can also cause
intestinal colitis in humans, intestinal spirochaetosis in chickens, chronic diarrhea in weanling
horses, and colonization of the intestines of dogs (Trott et al., 1996¢, Fellstrom et al., 2001,
Oxberry and Hampson, 2003, Hampson et al., 2006, Bait-Merabet et al., 2008). B. pilosicoli is
weakly -haemolytic, has 8 to 12 total periplasmic flagella, and was formerly known as “Anguilina
coli”, then Serpulina pilosicoli (Lee and Hampson, 1994). B. pilosicoli is associated with diarrhea
in humans in developing nations and, in some rare cases, spirochaetemia (spirochaete invasion of
the bloodstream) in immunocompromised patients, which is of great concern due to the potential
zoonosis of B. pilosicoli (Mikosza and Hampson, 2001, Bait-Merabet et al., 2008). In swine, B.
pilosicoli infects the mucosal surface of the colonic epithelium, forming a dense layer of
spirochaetes observed as a “false brush border” when viewed under microscopy (Trott et al.,
1996¢). The colons of swine infected with B. pilosicoli exhibit gross lesions and watery, mucoid

contents (Trott et al., 1996Db).

B. murdochii, a weakly s-haemolytic spirochaete, was originally considered to be non-
pathogenic but has been reported as an agent of catarrhal colitis (Jensen et al., 2010). While disease

linked to B. murdochii has also been proposed to be due to high spirochaetal load (Weissenbdck



et al., 2005, Komarek et al., 2009). B. murdochii, on multiple occasions, has been the most
prevalent Brachyspira spp. recovered from swine with diarrhea in Spain and Portugal (Osorio et
al., 2013) and in the USA (Warneke et al., 2014). A study of Brachyspira spp. colonizing healthy
pigs on a farm with a history of Brachyspira diarrhea based on culture and identification by partial
NADH-oxidase (nox) gene sequencing, revealed a high prevalence of B. murdochii-like isolates
(Patterson et al., 2013). Among the isolates characterized in this study were strongly s-haemolytic
Brachyspira highly similar to B. murdochii based on nox sequence, which suggests that there is

variance in the haemolysis trait within B. murdochii (Patterson et al., 2013).

Traditionally B. innocens is not thought to cause disease in pigs, but is able to colonize the
colon of pigs (Kinyon and Harris, 1979). However, experimental colonization of gnotobiotic and
conventional pigs with B. innocens led to mucoid faeces and typhlocolitis (inflammation of the
colon and caecum) in the gnotobiotic pigs, but not conventional pigs, which suggests that B.

innocens may have the potential to cause disease under certain conditions (Neef et al., 1994).

Phylogenetic analysis of the genus has demonstrated that there is great diversity within the
genus and even within species, and that distinct Brachyspira-like taxa with no obvious species
affiliation can be isolated routinely from pigs (Rasback et al., 2007b, Backhans et al., 2010). Partial
nox-sequencing of isolates cultured from a farrow-to-finish farm in western Canada indicated that
a mixture of Brachyspira spp. were present at each production stage with more B. murdochii and
unidentified Brachyspira taxa detected than other species (Patterson et al., 2013). The presence of
species mixtures in individual animals and the enormous diversity of Brachyspira are added

challenges for understanding Brachyspira spp. disease in pigs. Weissenbock et al. (2005)



postulated that the spirochaete load is a key factor in the production of disease in pigs, regardless
of the Brachyspira spp. present within the colon, supporting the idea that Brachyspira disease is
not solely due to a single Brachyspira species. The potential importance of Brachyspira
communities is also illustrated by an investigation of pigs from herds with chronic health problems
including wasting and diarrhea where Brachyspira detection was common (13% of 202 animals
tested) and 37% of Brachyspira infected pigs were colonized by two or more Brachyspira spp.

(Komarek et al., 2009).

1.1.1 Brachyspira hyodysenteriae and swine dysentery

Swine dysentery (mucohaemorrhagic diarrhea) was first described in 1921 and the
aetiologic agent was subsequently identified in 1972 by electron microscopy to be a spirochaete
and named Treponema hyodysenteriae (Harris and Kinyon, 1972, Harris et al., 1972). In 1972,
Harris and Glock (1972) showed that experimental infection with T. hyodysenteriae leads to swine
dysentery in conventional swine. In the years following its initial isolation and characterization, T.
hyodysenteriae was assigned to the genus Serpula, then Serpulina, and finally Brachyspira

(Stanton et al., 1991, Stanton, 1992, Ochiai et al., 1997).

High morbidity and lower mortality of approximately 90% and 30%, respectively, have
been reported for on-farm outbreaks of B. hyodysenteriae (Harris and Glock, 1973). The impact
of swine-associated Brachyspira disease leads to poor feed conversion and growth rates, which
negatively affects the economic return from the herd. Another problematic aspect of the disease is

the cyclical pattern of disease where disease re-emerges in herds that have undergone treatment,
4



or affects replacement animals after depopulation of infected barns (Harris et al., 1999). Prevention
of recurrence and eradication of Brachyspira spp. from affected farms is also complicated by the
fact that the agent survives in animal and environmental reservoirs including feral pigs, mice,
waterfowl, soil, water, and faeces (Joens and Kinyon, 1982, Boye et al., 1998, Oxberry et al., 1998,
Phillips et al., 2009, Desrosiers, 2011, Martinez-Lobo et al., 2013, Rubin et al., 2013b).

Subclinically infected pigs are another potential source of future outbreaks (Duff et al., 2014).

In infected animals, spirochetes are found in close proximity to the luminal surface of the
colon and within colonic crypts (Glock et al., 1974). Putative virulence factors identified to date
include haemolysis, cytolysis, motility, and endotoxins (Nibbelink and Wannemuehler, 1991,
Muir et al., 1992, Milner and Sellwood, 1994). However, specific genetic determinants and
mechanisms for these putative virulence factors have not been elucidated. Complicating the
understanding of B. hyodysenteriae virulence is that swine dysentery is a multi-factorial disease,
requiring environmental stressors such as cold temperatures, transportation stress, poor hygiene,
and overstocking (Brandenburg et al., 1977, Burrough, 2016). It has also been suggested that
availability of excess fermentable substrates in the diet reaching the colon can contribute to the
expression of dysentery (Pluske et al., 1996). Further support for the multi-factorial nature of swine
dysentery is found in the results of studies demonstrating that singular infection of gnotobiotic pigs
with B. hyodysenteriae does not lead to dysentery, but co-infection with other anaerobic bacteria

does (Meyer et al., 1975, Brandenburg et al., 1977).



1.1.2 Re-emergence of mucohaemorrhagic diarrhea in Western Canada

A re-emergence of mucohaemorrhagic diarrhea and colitis was noted by producers and
veterinarians in North America beginning in 2007 (Harding et al., 2010, Burrough et al., 2012b,
Hampson et al., 2015). The rise of antibiotic resistance has been suggested as a component of the
re-emergence of mucohaemorrhagic diarrhea, with greater Brachyspira survival after antibiotic
treatment (Hidalgo et al., 2011, Rugna et al., 2015). Subclinical disease may have also permitted
persistent infections that led to outbreaks due to changes in the environmental conditions
(temperature stress, poor hygiene, crowding, transportation), diet (type of carbohydrate,
concentration of feed additives), or spirochaete load (O Connor et al., 1979, Pluske et al., 1998,
Durmic et al., 2002, Weissenbock et al., 2005, Hansen et al., 2011, Hampson et al., 2015,
Burrough, 2016). The cessation of use of specific antimicrobials such as carbadox (sale stoppage
in Canada in 2001) may also be linked to the re-emergence of mucohaemorrhagic diarrhea due to
Brachyspira spp. (Hampson et al., 2015). Reservoirs of Brachyspira spp. in feral pigs, mice,
waterfowl, soil, and water may have also provided Brachyspira protection against eradication and
enabled unknown changes to occur in these reservoirs in the spirochaetes that contributed to the
re-emergence (Joens and Kinyon, 1982, Boye et al., 1998, Oxberry et al., 1998, Phillips et al.,
2009, Desrosiers, 2011, Martinez-Lobo et al., 2013, Rubin et al., 2013b). The re-emergence of
mucohaemorrhagic diarrhea has been multi-faceted and complex, adding to the challenge of
understanding Brachyspira-associated disease. Another major contributor to resurgence of
mucohaemorrhagic diarrhea as a production-limiting disease has been the emergence of at least

one new species of Brachyspira.



The agent responsible for the re-emergence of dysentery-like disease in North America,
was identified in clinical material using NADH-oxidase (nox) gene sequencing (Harding et al.,
2010). Sequences of partial nox gene PCR amplicons from these cases were found to be only 92%
identical to any known Brachyspira sp. (Harding et al., 2010). Results of case-control studies
supported a strong association between detection of this nox sequence and mucohaemorrhagic
diarrhea in pigs free of B. hyodysenteriae, B. pilosicoli, and Lawsonia intracellularis (Harding et
al., 2012). Further investigation revealed two separate clades (clades I and I1) within the novel
species that could be resolved through nox and 16S rRNA gene sequencing (Chander et al., 2012)
and it was established that like B. hyodysenteriae, the new spirochete was strongly s-haemolytic.
The name “B. hampsonii” has been proposed for this novel species (Chander et al., 2012, Mirajkar

et al., 2016).

Burrough et al. (2012b) demonstrated that “B. hampsonii” fulfilled Koch’s postulates when
conventional pigs inoculated with clinical isolates of “B. hampsonii” developed
mucohaemorrhagic diarrhea and spirochaetes from infected animals were isolated and identified
to be “B. hampsonii”. Subsequent experimental inoculations of conventional pigs with either tissue
homogenate or a clinical isolate of clade 1l “B. hampsonii” (D09-30446) produced
mucohaemorrhagic diarrhea and “B. hampsonii” D09-30446 was recovered from these
experimentally inoculated pigs (Rubin et al., 2013a). Similar experiments established the
pathogenicity of “B. hampsonii” clade 1 (Burrough et al., 2012b, Costa et al., 2014b). The clinical
and pathological presentation of disease following infection with either clade | or clade 1l “B.

hampsonii” was indistinguishable from swine dysentery.



1.1.2.1 Global “B. hampsonii” distribution

The distribution of “B. hampsonii” is challenging to describe due to the many reservoirs
(feral pigs, mice, waterfowl, soil, water, and fomites) and methods of transport (migrating
waterfowl and pig transport) that have been identified. However, based on investigations to date,
“B. hampsonii” is widely distributed across North America and has also been detected in Europe
(Phillips et al., 2007, Chander et al., 2012, Martinez-Lobo et al., 2013, Rubin et al., 2013a, Rubin
et al., 2013b, Rohde et al., 2014, Mirajkar et al., 2015). Detection of “B. hampsonii” from Czech
pigs in Belgium and Belgian pigs in Germany highlights that transport of pigs plays a potentially
significant role in widening the distribution of the spirochaetes among farms (Mahu et al., 2014,
Rohde et al., 2014). “B. hampsonii’ has been detected in three species of waterfowl to date: lesser
snow geese, greylag geese, and mallards (Martinez-Lobo et al., 2013, Rubin et al., 2013b). It is
very likely that the distribution of “B. hampsonii” and other Brachyspira spp. is wider than
currently acknowledged but information is lacking. Knowledge of distribution of Brachyspira spp.
has been primarily through passive surveillance (voluntary reporting and diagnostic sample
submission by producers and veterinarians), so its true prevalence remains unknown (Hampson et

al., 2015).

In North America, a difference in clade distribution has been noted for unknown reasons,
with more clade I “B. hampsonii” detected in the United States of America and more clade II “B.
hampsonii” in Western Canada (Mirajkar et al., 2015, Perez et al., 2016). In Europe, clade I “B.
hampsonii” has been detected in pigs in Belgium and Germany, while the clade affiliation of

isolates from waterfowl in Spain has not been specified (Mahu et al., 2014, Rohde et al., 2014,



Martinez-Lobo et al., 2013). One particular isolate (P280/1) from the United Kingdom in the 1990s
was labelled at the time as a non-B. hyodysenteriae strain, but was recently suggested to belong to
“B. hampsonii” (Neef et al., 1994, Mirajkar et al., 2015). A recent retrospective study of clinical
submissions in western Canada showed that the earliest cases of “B. hampsonii” clade | and Il in
western Canada were 2002 and 2006, respectively, and each involved a single farm (Fernando et
al., unpublished). More information on the distribution of “B. hampsonii” is needed to improve

diagnosis and ensure that appropriate tools are available and utilized to control future outbreaks.

1.1.2.2 Diagnostics of clinical material and tools for Brachyspira detection and identification

Identification of the cause of mucohaemorrhagic diarrhea and other Brachyspira-related
disease is important for appropriate treatment of herds. Diagnosis may be performed based on
some combination of clinical signs, gross and histopathology, microscopic detection of
spirochaetes, culture of spirochaetes from faeces or colonic tissue and differentiation of strength
of s-haemolysis (Burrough, 2016). Histology has been useful for the detection of spirochaetes and
determining their location within tissues after necropsy of pigs with disease, while lesions found
during necropsy provides more information about the degree of illness and progress of disease
(Hughes et al., 1977, Kinyon et al., 1977). Advances in laboratory detection and identification of
Brachyspira have been made with the addition of biochemical assays, genome profiling tools,
polymerase chain reaction (PCR), quantitative PCR, matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry, enzyme-immunoabsorbent assays (ELISA), and
fluorescence in situ hybridization (FISH). Routine detection of “B. hampsonii” and other
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Brachyspira spp. has shifted towards the use of tools such as PCR and MALDI-TOF, which

provide differentiation capabilities that bolster traditional diagnostic methods (Burrough, 2016).

Microscopy has been useful for identifying isolated spirochaetes, although it is not useful
for differentiating Brachyspira species due to similar sizes and morphologies (Hughes et al., 1977,
Perez et al., 2016). Haemolysis strength is a characteristic used for differentiating cultured
Brachyspira spp. from samples, as strong fS-haemolysis suggests that an isolate may be B.
hyodysenteriae, “B. hampsonii”, or “B. suanatina” (Chander et al., 2012, Rasbéck et al., 2007a).
However, variation in strength S-haemolysis has been observed among isolates of B.
hyodysenteriae and B. pilosicoli, making haemolysis strength a less reliable option for
classification of Brachyspira spp. as “strongly” or “weakly” f-haemolytic (Mahu et al., 2016).
Biochemical characterization and multi-locus sequence typing (MLST) have been used to
characterize “B. hampsonii” isolates further and, in some cases, improve differentiation of strains,
but are not used as the primary tools for detection and identification of “B. hampsonii” (Chander
et al., 2012). MLST has proven useful for investigations aimed at elucidating global distribution

and population structure of “B. hampsonii” (Mirajkar et al., 2015).

The NADH-oxidase (nox) gene is the preferred genetic marker for Brachyspira compared
to the 16S rRNA gene as phylogenetic analysis with the nox gene sequence provides greater
discrimination of Brachyspira spp. (Chander et al., 2012). Genus-specific PCR primers facilitate
the amplification of nox sequences from any Brachyspira spp. (Atyeo et al., 1999), and so nox
PCR followed by sequencing has become a mainstay in diagnostic laboratories. Various species-

specific PCR, real-time quantitative PCR assays and restriction fragment length polymorphism
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(RFLP) approaches have been developed based on the nox gene sequence (Rohde et al., 2002,

Song and Hampson, 2009, Rohde and Habighorst-Blome, 2012, Aller-Moran et al., 2016).

MALDI-TOF generates spectra profiles for isolates that are compared to a reference
database. While it has been shown to be effective for identification of Brachyspira species, it
cannot reliably differentiate “B. hampsonii” clades (Calderaro et al., 2013, Warneke et al., 2014).
The initial set-up costs for MALDI-TOF are also limiting, although analysis cost per sample once

the equipment is in place is extremely low.

Serological ELISA has been developed to detect serum antibodies against B.
hyodysenteriae with high specificity and sensitivity (Song et al., 2015). ELISAs are useful for
detecting pathogen exposure even in clinically healthy animals, but this method is not suited for
detection of B. hyodysenteriae infection during an active outbreak since time is required for
seropositivity to occur. Furthermore, “B. hampsonii’ antigens still need to be identified in order to

adapt the method for detection of serum response against “B. hampsonii” (Hampson et al., 2016).

Fluorescence in situ hybridization has also been utilized to specifically detect “B.
hampsonii” or other Brachyspira spp. in histologic sections of formalin-fixed colonic tissue from
infected pigs (Burrough et al., 2013), but this approach is also not practical for routine clinical

diagnostics.
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1.1.2.3 “B. hampsonii” in swine and virulence determinants

In swine, “B. hampsonii” causes mucohaemorrhagic colitis and has been observed in the
crypts of the colon of infected animals (Rubin et al., 2013a). The pathogenesis of Brachyspira
including “B. hampsonii” is not yet well understood, as the determinants of virulence have not
been elucidated. Some putative virulence determinants have been suggested for the genus,
including haemolysis, motility, and lipopolysaccharides (Nuessen et al., 1982, Halter and Joens,

1988, Greer and Wannemuehler, 1989, Bellgard et al., 2009, Naresh and Hampson, 2010).

Haemolysis, as observed on agar containing blood, is suggestive of the capacity for
cytotoxicity against enterocytes and other cell types (Muir et al., 1992), and several putative
haemolysins have been identified (ter Huurne et al., 1994, Hsu et al., 2001, Wanchanthuek et al.,
2010). Strong p-haemolysis has been generally associated with greater virulence (Hyatt et al.,
1994), and indeed the species that cause most severe disease in pigs (B. hyodysenteriae, “B.
hampsonii” and “B. suanatina”) are all defined as strongly haemolytic. However, identification of
atypical isolates of B. hyodysenteriae and “B. hampsonii” with moderate or weak S-haemolysis
has demonstrated that variance in the p-haemolysis trait exists and thus it may not always be

reliable for indicating virulence of an isolate (Rubin et al., 2013b, Mahu et al., 2016).

Snake-like motility driven by periplasmic flagella allows Brachyspira spp. to navigate
through viscous material and mucus, while chemotaxis guides the spirochaete to colonize the
surface or crypts of the swine colon (Kennedy et al., 1988). “B. hampsonii” have been observed
in colonic crypts, where they are suspected to cause disease by some unknown mechanisms, and
with snake-like motility under microscopy (Burrough et al., 2013, Rubin et al., 2013a).
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Lipopolysaccharides are another group of virulence determinants that have been shown to
be mostly homologously reactive with sera from rabbits exposed to whole cell extracts or pigs with
swine dysentery due to B. hyodysenteriae, and some are toxic to mice and cultured murine cells
(Nuessen et al., 1983, Halter and Joens, 1988, Greer and Wannemuehler, 1989). However,
variation of lipopolysaccharides between serotypes and species may permit colonization and
disease if Brachyspira immunity is induced only by highly-specific antigens (Halter and Joens,
1988, Lee and Hampson, 1999, Hidalgo et al., 2010). Panels of lipooligosaccharides have also
been useful for detecting B. hyodysenteriae in herds by ELISA, although lipooligosaccharides
from sera from pigs exposed to other Brachyspira do not react with the antibodies (Joens et al.,

1982).

In addition to specific features of Brachyspira pathogens, other extrinsic factors have been
suggested to be important determinants of virulence of Brachyspira spp. in swine. Early
experiments investigating Brachyspira pathogenesis showed that infection of gnotobiotic pigs with
B. hyodysenteriae alone or co-infection with B. hyodysenteriae and Vibrio coli failed to cause
disease (Brandenburg et al., 1977). The presence of other anaerobic bacteria was later suggested
as an important factor in the virulence of certain Brachyspira spp., since B. hyodysenteriae co-
infection with select anaerobic bacteria led to disease in gnotobiotic pigs, which did not become
ill after sole B. hyodysenteriae infection (Whipp et al., 1979). These observations suggest that at
least some of the pathogenicity of Brachyspira is due to secondary infection once the integrity of
the colon epithelium is compromised. The role of the resident intestinal microbiota in Brachyspira
pathogenesis remains unclear, and preliminary investigations of the relationship of colon

microbiota population structure to development of clinical disease in experimentally infected pigs
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did not reveal any obvious determinants of susceptibility (Costa et al., 2014a). Others have
suggested that the total spirochaete load within an animal is a possible determinant in the
development of disease (Weissenbock et al., 2005). The detection of only “non-pathogenic”
Brachyspira spp. (B. innocens, B. murdochii, and B. intermedia) in pigs diagnosed as swine
dysentery cases raises the possibility that high spirochaete load regardless of species, may cause
disease (Weissenbock et al., 2005). Although specific virulence factors are still not well
understood due to the multi-factorial nature of Brachyspira-associated disease, progress is being

made with advances in available tools and in vivo models to study disease.

1.2 Brachyspira disease models

Since “B. hampsonii” naturally infects and causes disease in swine, both conventional and
gnotobiotic swine models are ideal models for studying its pathogenesis. Conventional pigs
possess the wild-type gastrointestinal microbiota, whereas gnotobiotic pigs are germ-free. The
models can be inoculated orally or less commonly via ligated colonic loops (Joens and Kinyon,
1982). High health weaner pigs (aged 3 to 10 weeks old) are commonly used as animal models
since pigs at this age are most vulnerable, although older pigs may still become infected (Kinyon
et al., 1977, Hampson, 2012). Pigs with high health, being free of pathogens including Lawsonia
intracellularis, porcine circovirus type 2 (PCV2) and porcine respiratory and reproductive
syndrome virus (PRRSV), and with no history of swine dysentery, are required to avoid other

illness and false positive results due to non-bloody diarrhea caused by L. intracellularis, PCV2, or
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by other swine-virulent Brachyspira spp. (Mgller et al., 1998, Pogranichniy et al., 2002, Segalés

and Domingo, 2002, Rubin et al., 2013a).

Diet fed to pigs during experimental inoculation experiments is another factor that affects
disease development. A reduction in the expression of swine dysentery has been observed in pigs
fed modified diets with cooked white rice or distillers dried grains with solubles (DGGS), while
modified diets with soybean meal or resistant carbohydrates are associated with increases in swine
dysentery expression (Siba et al., 1996, Pluske et al., 1998, Burrough, 2016). High levels of
soybean meal have been suggested as necessary for the expression of clinical signs of swine
dysentery, although other studies utilized commercial diets without soybean (Jacobson et al., 2004,
Rubin et al., 2013b, Burrough, 2016). It has also been noted that other factors are important in the
development of disease in the laboratory setting, such as cold ambient temperature, and inoculum

dosage (Brandenburg and Wilson, 1974, Burrough, 2016).

Outcomes of interest in animal inoculation studies are changes in weight gain, faecal
consistency changes, faecal shedding of spirochaetes, lesions in the colon, and presence of
spirochaetes in colonic crypts (Kinyon et al., 1977, Rubin et al., 2013a). Swine models have been
valuable in providing a realistic presentation of the disease for study of pathogenesis and the
possible preventative effect of certain diets and vaccines, but achieving adequate statistical power
may require large numbers of animals, which presents logistical and animal welfare challenges

(Jacobson et al., 2004, Burrough, 2016).

A desire to reduce animal use and study cost, and improve statistical power led to the
development of other models to study Brachyspira spp., such as in vitro organ culture (IVOC) and
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mouse models (Joens and Glock, 1979, Costa et al., 2016b). Porcine IVOC has been developed to
observe Brachyspira infection of and interaction with the colonic epithelium, but is limited as
challenges with maintenance of viability of the IVOC requires experimental timelines of less than
5days (Costaetal., 2016b, Costa et al., 2016a). Murine models have also been adapted for use in
Brachyspira spp. infection studies due to the low cost of mice, ease of housing and care (Joens and
Glock, 1979, Joens et al., 1980, Jamshidian et al., 2004). “B. hampsonii” has not been isolated
from wild rodents yet, but other swine-pathogenic and non-pathogenic Brachyspira spp. have been

isolated from wild rodents (Joens and Kinyon, 1982, Fellstrom et al., 2004, Backhans et al., 2010).

Two murine models (CF1 and C3H strains) have been experimentally infected with B.
hyodysenteriae and “B. hampsonii”, while C3H has also been used to model B. pilosicoli infection
(Joens and Glock, 1979, Nibbelink and Wannemuehler, 1991, Jamshidian et al., 2004, Burrough
et al., 20123, Ek et al., Submitted). For both B. hyodysenteriae and B. pilosicoli infection models,
special diets were required for colonization and expression of some disease signs (decreased
weight, colonic lesions, luminal mucus, and shedding), but blood and diarrhea have not been
observed in these models (Joens and Glock, 1979, Nibbelink and Wannemuehler, 1992,
Jamshidian et al., 2004, Burrough et al., 2012a). Assessments of disease in both CF1 and C3H
models have been limited to detection of shedding by culture and/or PCR of faeces, weight
changes, and identification of gross and microscopic lesions (Joens and Glock, 1979, Jamshidian
et al., 2004, Ek et al., Submitted). Clinical signs have been overlooked (or at least not reported) in
most studies that have utilized murine models, but mucoid faeces have been observed in CF1 mice
experimentally infected with B. hyodysenteriae (Joens and Glock, 1979). Recent studies focused

on detecting spirochaete shedding, weight changes, and histology have preferred utilization of the
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C3H mouse strain, but the reasons for using this strain as a model have not been explained
(Burrough et al., 2012a). Regular commercial rodent diet and a low-zinc diet have been used for
both murine model strains to enhance clinical signs due to Brachyspira hyodysenteriae infection
(Joens and Glock, 1979, Suenaga and Yamazaki, 1984). A recent comparison of the regular
commercial and low-zinc diets for mice experimentally infected with B. hyodysenteriae or “B.
hampsonii” demonstrated that the low-zinc diet enhances disease in both CF1 and C3H mouse
strains (EK et al., Submitted). However, clinical disease (occurrence of abnormal feces) was more
evident in the CF1 mice, which suggests that it is a more sensitive model for demonstrating
virulence of Brachyspira spp. (Ek et al., Submitted). Another important factor to produce
colonization in CF1 and C3H mice are inocula with greater than 1x10?> CFU/mL and 1x10°

CFU/mL, respectively (Suenaga and Yamazaki, 1984, Nibbelink and Wannemuehler, 1991).

1.3 Disease intervention

1.3.1 Current methods of prevention, treatment and control

Prevention of Brachyspira infection is done through various enhancements to standard
biosecurity methods, which help prevent infection of herds and barns with Brachyspira. Enhanced
biosecurity consists of limiting traffic into the farm and through aggressive rodent control
(Burrough, 2016). Limitations on visitors based on how recently they have visited another farm
can help reduce the likelihood of transmission of Brachyspira or other pathogens. The shower-in-

shower-out practice can also help prevent introduction or export of pathogens via farm workers.
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The removal of faecal matter by pressure washing, disinfection, and drying of vehicles can also
help reduce the likelihood of transmission of Brachyspira and other pathogens in faeces in vehicles
and trailers (Dewey et al., 2014). If preventative measures are not able to prevent exposure and
infection, other practices must be implemented to manage the infection and disease. Monitoring is
key to detecting diarrhea and quick identification of the cause of disease using submitted live pigs
or tissue samples for PCR, microbiological culture, and histopathology (Harding et al., 2013,
Burrough, 2016). Detection of “B. hampsonii” can then be followed up with treatment using

antibiotics and enhancement of biosecurity to prevent future outbreaks.

Brachyspira-infection on a farm is managed by use of in-feed/in-water antibiotics and all-
in-all-out herd movement. So far tiamulin has been shown to clear clinical signs within 24 hours
and cease shedding of “B. hampsonii” after 72 hours using 0.006 and 0.018% (v/v) tiamulin in
water (Wilberts et al., 2014). In-feed medication has also been used as a vehicle for antibiotics and
continuous treatment with antibiotics has been demonstrated to suppress pathogenic Brachyspira
spp. populations, and thus reduce the number of cases of swine dysentery (Hampson et al., 2015).
The practice of all-in-all-out herd management can help prevent future outbreaks on the farm due
to subclinically infected pigs mixed with replacement pigs by permitting a period of
decontamination between herds, ensuring that the new incoming herds are not infected by pigs
previously colonized by Brachyspira. All-in-all-out herds have been reported to perform better,
with higher daily gain, lower mortality, and fewer cases of some illnesses (Heinonen et al., 2001).
When management practices are not able to suppress pathogen levels and prevent outbreaks,

treatment with antibiotics becomes necessary.
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Treatment of pigs exhibiting mucohaemorrhagic diarrhea is performed using antibiotics
including pleuromutilins, lincosamides, macrolides, quinoxalines, and tetracyclines (Mirajkar and
Gebhart, 2016). Tiamulin and valnemulin are most commonly used to treat swine dysentery due
to B. hyodysenteriae and are also used to treat “B. hampsonii” infections (Wilberts et al., 2014,
Burrough, 2016). However, issues with antibiotic resistance have arisen due to overuse (Hampson
et al., 1993, Burch, 2005). Other challenges have been revealed through research on Brachyspira,
such as the identification of prophage-like gene transfer agents that are transferred between B.
hyodysenteriae strains when exposed to sub-inhibitory concentrations of carbadox and
metronidazole (Stanton et al., 2008). These gene transfer agents contain 7.5 kb DNA that could
contain antibiotic resistance genes conferring resistance to tylosin and chloramphenicol (Stanton
et al., 2008). Resistance to macrolides and lincosamides is common, however tiamulin and
valnemulin resistance has also observed in isolates from Germany (Rohde et al., 2004, Aarestrup

et al., 2008).

Additional management practices for preventing recurrent disease, such as
decontamination and depopulation, are employed to prevent future infection of new naive herds.
Decontamination of infected barns is challenging given the ability of Brachyspira to survive in
feces, requiring pressure washing, disinfection, drying, repair of surfaces, movement of faeces to
a different location, and treatment of manure with lime (Fossi et al., 2001). The method of
depopulation involves the removal of infected pigs, disinfection and cleaning of barns, followed
by a period without pigs in the barns, then addition of new healthy pigs. Even partial depopulation
has been shown to be effective in treating infected pigs and preventing recurrence, although it is

costly to implement (Figi et al., 2014). In addition to depopulation, movement of herds treated
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with antibiotics to a clean barn has also been shown to prevent future outbreaks in the herd

(Burrough, 2016).

Stringent biosecurity procedures and thorough disinfection of previously infected barns
can help prevent future “B. hampsonii” outbreaks (Burrough, 2016). However, eradication is
difficult due to the different reservoirs that exist around barns including clinical sign-free but
colonized pigs (Diego et al., 1995, Rubin et al., 2013b). Vaccines are not yet available against “B.

hampsonii”, but would be a useful tool for aiding with control and eradication of the pathogen.

1.3.2 Potential for a vaccine

Vaccination against “B. hampsonii” has not been reported, while vaccination against B.
hyodysenteriae has been attempted but has not been completely successful (Joens et al., 1983,
Hampson et al., 1993). Cross-protection between serotypes of B. hyodysenteriae in swine was not
observed when groups of swine were inoculated with different B. hyodysenteriae serotypes and
followed by challenge with the same or different serotype by Joens et al. (1983), with protection
only possible when re-infected with the same strain. Protection of 75-83% of pigs vaccinated
against the same serotype of B. hyodysenteriae using an adjuvanted whole cell vaccine has been
achieved, but protection against multiple serotypes still needs to be achieved to prevent disease at
the herd level (Hampson et al., 1993). B. hyodysenteriae vaccination has also been performed
using recombinant proteins, such as B. hyodysenteriae outer membrane protein BmpB that induced
protection against B. hyodysenteriae in some immunized pigs (La et al., 2004, Witchell et al.,

2011). BmpB recombinant vaccines have been shown to reduce lesion formation, spirochaete
20



shedding, and appearance of clinical swine dysentery (La et al., 2004). The Vsp outer membrane
proteins of B. hyodysenteriae have also been shown to be antigenic, but vaccination using these
proteins requires multiple Vsp variants to induce a sufficient level of immune response in pigs
against B. hyodysenteriae as Witchell et al. (2011) has shown. Smp proteins are another family of
outer membrane protein with some sequence similarity to Bmp proteins, which have been
evaluated as candidates for vaccine development (Holden et al., 2008). Experimental vaccination
of mice with recombinant SmpB has led to 50% protection against B. hyodysenteriae (Holden et
al., 2008). However, variation in the expression of the Smp family of outer membrane proteins has
been identified among global isolates of B. hyodysenteriae, with either SmpA or SmpB expressed
in USA isolates of B. hyodysenteriae while only SmpA expression has been detected in Spanish

isolates of B. hyodysenteriae (Holden et al., 2006, Hidalgo et al., 2010).

Progress on vaccine development and antigen research for the “B. hampsonii” has not yet
advanced to the current state of B. hyodysenteriae research. Vaccine development for “B.
hampsonii” is challenging since the species is quite distinct from B. hyodysenteriae and no specific
antigenic epitopes have been identified for “B. hampsonii”. A possible vaccine development
strategy achievable for “B. hampsonii” is production of a live attenuated strain through serial
passage of a virulent strain in the laboratory, which would not require knowledge of the specific
determinants of virulence. Evidence from previous pathogenicity trials with B. hyodysenteriae
highlighted that a serially in vitro passaged (35 times) B. hyodysenteriae strain B78 (ATCC 27164)
was no longer able to cause disease, supporting the idea that serial passage can also lead to

attenuation of “B. hampsonii” (Kinyon et al., 1977).

21



Experience to date with Brachyspira spp. vaccine development suggests that identification
of antigenic proteins and development of recombinant proteins for “B. hampsonii” may be
challenging, especially given the lack of knowledge of infection mechanisms. However, based on
previous work with B. hyodysenteriae, in vitro passaging of “B. hampsonii” to produce a live

attenuated vaccine strain may present a viable alternative approach.

22



Objectives

The re-emergence of mucohaemorrhagic diarrhea as a production limiting disease of pigs presents
a significant challenge to swine producers. Control and eradication of disease associated with “B.
hampsonii” depends upon an improved understanding of pathogen biology and the development
of tools for diagnosis, treatment and prevention of infection. To move toward achievement of these

goals, the following objectives were addressed in this thesis:

1. To further characterize the phenotypic and genotypic traits of Western Canadian clinical
isolates of “B. hampsonii”.

2. To produce an attenuated strain of “B. hampsonii” by serial passage in laboratory culture.
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2 Characterization of “Brachyspira hampsonii” clades I and II

isolated from commercial swine in Western Canada
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2.1 Abstract

Since 2009, a novel Brachyspira has emerged as a production limiting pathogen of pigs in North
America. The name “Brachyspira hampsonii” has been proposed for this novel taxon. “B.
hampsonii” is divided into two phylogenetically distinct clades based on sequence of the NADH
oxidase gene, although the clinical disease associated with clades I and 11 is indistinguishable and
phenotypic characteristics that discriminate the clades have not been determined. The objectives
of the current study were to enhance the description of the provisional species “B. hampsonii” with
biochemical profiles and morphometric data from isolates affecting Canadian swine, and to
investigate potentially diagnostically informative characteristics for this emerging pathogen.
Biochemical profiles of isolates from different commercial swine barns in Western Canada showed
that biochemical profiles were insufficient to distinguish “B. hampsonii” clades | and Il from each
other or from other pathogenic Brachyspira. Hippurate hydrolysis, previously reported as
uniformly negative in “B. hampsonii” was variable among Canadian isolates. Spirochete
dimensions and flagella numbers for “B. hampsonii” overlapped with other Brachyspira species.
Taken together, these results indicate that NADH oxidase gene sequencing remains a preferred
method for identification and discrimination of “B. hampsonii” from other pig-associated

Brachyspira spp.

Key words: “Brachyspira hampsonii”, transmission electron microscopy, NADH oxidase, indole,

hippurate
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2.2 Introduction

The genus Brachyspira consists of Gram negative, motile, p-haemolytic, aerotolerant
spirochaetes infecting the gastrointestinal tracts of wild and domestic animals, as well as humans.
In swine, Brachyspira hyodysenteriae is the causative agent of swine dysentery (Harris et al.,
1972), while B. pilosicoli infection is associated with spirochaetal colitis (Trott et al., 1996a). “B.
suanatina”, originally isolated from mallard ducks, has also been shown to cause dysentery-like
disease in experimentally inoculated pigs (Rashack et al., 2007a). Other species detected in pigs
(B. intermedia, B. innocens, B. murdochii) are non-pathogenic or have been reported to cause mild
catarrhal colitis under experimental conditions (Jensen et al., 2010, Stanton et al., 1997). Re-
emergence of Brachyspira-associated mucohaemorrhagic diarrhea in swine in Western Canada
and the US has been associated with a novel taxon (Harding et al., 2010), provisionally named
“Brachyspira hampsonii” (Chander et al., 2012). “B. hampsonii” has also recently been detected
in birds in Spain, in pigs in the Czech Republic and in pigs from Belgium transported to Germany
(Martinez-Lobo et al., 2013, Mahu et al., 2014, Rohde et al., 2014). Phylogenetic analysis of the
NADH-oxidase (nox), 16S rRNA, and 23S rRNA genes revealed two distinct clades within the
taxon (Chander et al., 2012, Rubin et al., 2013b, Burrough et al., 2013). Replacement of clades |
and Il with genetic groups 1 to 4 has also been suggested based on multi-locus sequence typing of
six targets for “B. hampsonii” (Mirajkar et al., 2015). Although the clinical disease associated with
clades I and Il is indistinguishable (Costa et al., 2014b, Rubin et al., 2013a), the phenotypic

properties distinguishing them have not been established.
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Brachyspira do not form visible colonies on agar, so growth is detected on media
containing blood by observing zones of f-haemolysis. Phenotypic characterization of Brachyspira
is generally based on the evaluation of the strength of s-haemolysis on blood agar and activity of
select biochemical markers (hippurate hydrolysis, indole production, o-galactosidase, o-
glucosidase, and S-glucosidase). Spirochaete size and number of periplasmic flagella can also be
used to discriminate species, although these approaches are not practical for the diagnostic
laboratory. The phenotypic and genotypic characteristics of “B. hampsonii” isolates in the USA
have been described (Chander et al., 2012, Mirajkar et al., 2015). Here, we describe phenotypic
characteristics of “B. hampsonii” clade | and Il isolates collected from clinical cases of
mucohaemorrhagic diarrhea in Western Canadian swine between 2009 and 2013. The objectives
of this study were to enhance the description of the provisional species “B. hampsonii” with
information from isolates affecting Canadian swine, and to investigate potentially diagnostically

informative characteristics for this emerging pathogen.

2.3 Materials and Methods

2.3.1 Selection of clinical isolates

“B. hampsonii” clade I isolate D11-30599 and clade Il isolate D09-30446 were the first
Canadian isolates of each clade derived from clinical cases of mucohaemorrhagic diarrhea in 2011
and 2009, respectively. The other isolates included in the study (one additional clade | and 7

additional clade Il) were selected from a collection of isolates from 443 “B. hampsonii”-confirmed
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clinical cases from different swine production sites in Alberta, Manitoba, or Saskatchewan
between 2009 and 2013. The original identification of the isolates from these clinical cases was
done using culture, nox sequencing, and clade-specific PCR with previously described assays
(Costa et al., 2014b, Rubin et al., 2013a). While a number of clade I and Il isolates were obtained
from farms during this time period, isolates were selected for the current study only if they
originated from different production systems (i.e. were epidemiologically distinct). Long-term
storage of Brachyspira isolates from clinical cases was at -80°C in brain-heart infusion (BHI) broth

containing 10% (v/v) glycerol.

2.3.2 nox gene sequencing and phylogenetic analysis

Genomic DNA was extracted and purified from JBS broth cultures (“Joe’s Brachyspira
Sask30446 Broth” is brain heart infusion (BHI, Becton Dickinson Canada, Mississauga, ON) with
1% (w/v) glucose, 5% (v/v) fetal bovine serum, 5% (v/v) sheep blood) using the DNeasy Blood &
Tissue Kit (QIAGEN Inc., Mississauga, ON) following the manufacturer’s instructions for pre-
treatment for Gram negative bacteria and the Animal Tissue protocol. A 939 bp region of the nox
gene was amplified using genus-specific primers Bnoxf (5’-TAG CYT GCG GTA TYG CWC
TTT GG-3°) and Bnoxr (5’-CTT CAG ACC AYC CAG TAG AAG CC-3’) as previously
described (Rubin et al., 2013a, Rohde et al., 2002). PCR products were purified using the EZ-10
Spin Column PCR Products Purification Kit (Bio Basic Inc., Markham, ON) and sequenced with
the amplification primers. Raw sequence data were trimmed to a uniform length of 810 bp prior to
alignment with CLUSTALw and phylogenetic tree construction using PHYLIP (Felsenstein,

1989).
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2.3.3 Biochemical tests

Study isolates were grown in BHIS (BHI with 1% (w/v) glucose, 10% (v/v) fetal bovine
serum) broth to mid-log phase. Cultures were adjusted to McFarland 5 and enzymatic activities
were determined using the APIl-zym kit (BioMerieux, St. Laurent, QC) according to the
manufacturer’s instructions. Spot indole and hippurate broth assays were performed as previously
described (Fellstrém and Gunnarsson, 1995). B. hyodysenteriae ATCC 27164 and B. pilosicoli

ATCC 511397 were included as controls in all biochemical tests.

2.3.4 Electron microscopy

Log phase Brachyspira cultures were prepared for TEM using the single droplet negative
staining technique and carbon coated 200 mesh-200G-CP grids (Stanton et al., 1998, Trott et al.,
1996a). Flagella counts, cell width (average of three locations along the length of the spirochaete
not including the tapered region near both ends), and cell length were measured using ImagePro
Plus (Media Cybernetics, Rockville, MD) on captured TEM images (Figure 2.2). Twenty cells of
each isolate were measured. Images were considered suitable for width and length measurements
if the cells were intact, isolated, and not twisted on themselves. Flagella counts were performed on

untwisted cells with at least one end visible.

2.4 Results and Discussion

Clinical isolates of “B. hampsonii” were selected to represent distinct pig
production sites, although most were related by a common source of replacement females. The
number of isolates included in the study from either clade (two clade I and eight clade I1) reflects
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higher isolation rates of clade Il isolates from clinical samples submitted to our laboratory, which
to our knowledge was the only laboratory performing clade level identification of “B. hampsonii”
in Western Canada during the period of study. This trend in relative occurrence of clade I and 11
“B. hampsonii” is opposite to that reported in a recent study of “B. hampsonii” diversity in the
United States (Mirajkar et al., 2015). Clade affiliation was confirmed, and relatedness of the
selected clinical isolates to other Brachyspira species was investigated based on partial NADH
oxidase (nox) gene sequences. The nox sequences of the two clade | isolates were identical, while

the pairwise identities between clade Il isolates ranged from 99-100% (Figure 2.1).
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Figure 2.1. Phylogenetic relationships of “B. hampsonii” study isolates and reference species
based on partial nox sequences. Bootstrap values (out of 1000) are indicated at the nodes.
Reference sequences were included from B. aalborgi ATCC 43994 (GenBank accession No.
AF060816), B. murdochii ATCC 51284 (KC984308), B. innocens ATCC 29796" (KC984307),
B. pilosicoli ATCC 511397 (KC984310), B. intermedia ATCC 511407 (KC984309), “B.
suanatina” AN 4859-03 (DQ487119), and B. hyodysenteriae ATCC 271647 (KC984311). Scale

bar indicates 0.1 substitutions per site.
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Results of the API-zym, indole production and hippurate hydrolysis tests for study isolates
are summarized in Table 1. Activities of a-galactosidase, a-glucosidase, and g-glucosidase, and
indole production and hippurate hydrolysis have been utilized as biochemical markers for
differentiation of Brachyspira species (Achacha and Messier, 1991, Fellstrém and Gunnarsson,
1995). All clade I and Il study isolates were negative for a-galactosidase activity, one clade Il
isolate was positive for a-glucosidase, and both clade I isolates and 6/8 clade 1l isolates were
positive for S-glucosidase activity (Table 2.1). Although indole production was negative for all
isolates as expected, hippurate hydrolysis activity was inconsistent among isolates in both clades
(Table 2.1). These results are consistent with a previous phenotypic description of “B. hampsonii”
from the USA (Chander et al., 2012) in that none of these assays could distinguish clade | and
clade Il isolates. Interestingly, all isolates in the USA study (n=17 clade I, n=3 clade Il) were
negative for hippurate hydrolysis activity (Chander et al., 2012). Variations in indole production,
hippurate hydrolysis, a-galactosidase, and a-glucosidase activities of human isolates of B.
pilosicoli have been previously observed (De Smet et al., 1998), and variation in indole production
of swine-isolated B. hyodysenteriae has also been reported (Fellstrém et al., 1999). The greater
consistency in hippurate hydrolysis activity in the USA study may reflect epidemiological
relationships of isolates, but these relationships are not described in that report. Taken together,
these results show that none of these biochemical assays can discriminate clade I and II or “B.
hampsonii” from B. hyodysenteriae (Table 2.2). The lack of specificity of biochemical markers
for differentiating Brachyspira species has inspired the development of MALDI-TOF (matrix-
assisted laser desorption/ionization time-of-flight) as a promising phenotypic method for

differentiation of Brachyspira. This technology has been demonstrated to distinguish Brachyspira
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species (Prohaska et al., 2014, Calderaro et al., 2013), but clades of “B. hampsonii” are not reliably
distinguished (Warneke et al., 2014). The initial capital costs for diagnostic MALDI-TOF have

also limited its widespread adoption.
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Table 2.1. Biochemical test results for Western Canadian clinical “B. hampsonii” isolates.

Clade* Isolate

a-galactosidase

a-glucosidase

B-glucosidase

Indole
Production

Hippurate
Hydrolysis

| D11-30599

D12-32613

I D09-30446

D11-29565-A6P8

D12-09991-28
D12-10616-P8

D12-27447

D12-27451

D12-32539

D13-06010

+

“Based on partial nox gene sequence
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Table 2.2. Morphological and biochemical characteristics of “B. hampsonii” clade I and clade II and other swine-associated Brachyspira

species.

“B. suanatina” B. murdochii B. intermedia
“ s ...  B.hyodysenteriae : B. pilosicoli B. innocens : (Stanton et
Characteristic B. hampsonii B. hampsonii (Trott et al., (Mushtag et_.al., (Trottetal., (Oxberry et al., (Jensen etal., al., 1997,
clade | clade 11 2015, Rashéck 2010, Stanton
1996a) 1996a) 1998) Jensen et al.,
etal., 2007a) etal., 1997)
2010)
Cell length (um) 7.27 +1.30* 8.53 +2.19* 9.78 +1.87% 7.27 £1.00° 6.27 £ 0.988 9.40 + 1.85% 5-8* 7.5-10*
Cell diameter (um) 0.26 + 0.045* 0.46 + 0.05* 0.35+0.028 0.3 £0.00° 0.27 +£0.038 0.36 +£0.03% 0.35-0.40* 0.35-0.45*
No. flagella 11-161 12-151 8-12 14-16 4-6 10-13 11-13 12-14
B-haemolysis Strong Strong Strong Strong Weak Weak Weak Weak
Indole production - - + Weak + - - - +
Hippurate hydrolysis Variable Variable - - + - - -
a-galactosidase - - - - + + - -
a-glucosidase - Variable + Weak + - - - +
B-glucosidase + Variable + + - + - +

# Mean = standard deviation for 20 spirochaetes
TRange for 15 spirochaetes

§ Mean + standard deviation for 5 spirochaetes
*Authors reported range

$ Mean + standard deviation for 10+ spirochaetes
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Transmission electron microscopy was performed on D11-30599 and D09-30446 to
measure the dimensions of the spirochaetes and count the number of flagella for comparison to
other Brachyspira species. Representative images are shown in Fig 2. Spirochactes of clade I “B.
hampsonii” isolate D11-30599 were 7.27 + 1.30 um and 0.26 £ 0.045 um, with 11-16 periplasmic
flagella (Figure 2.2a, Figure 2.2b, Table 2.2). For clade Il isolate D09-30446, average length and
width were 8.53 £ 2.19 um and 0.46 + 0.05 um, with 12-15 periplasmic flagella (Figure 2.2c,
Figure 2.2d, Table 2.2). Apparently dividing cells were observed (Figure 2.2e), and tailed
bacteriophages were occasionally detected on the surface D09-30446 spirochaetes under TEM
(Figure 2.2f). The presence of tailed bacteriophages is consistent with the type of bacteriophage
detected with other Brachyspira (Ackermann, 2007, Calderaro et al., 1998). The morphological
measurements and flagella counts for “B. hampsonii” overlapped with other pig associated

Brachyspira species and so do not on their own provide species identification (Table 2.2).
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Figure 2.2. TEM images of clade I isolate D11-30599 (a, b) and clade 1l isolate D09-30446 (c, d,
e, f). Images of entire spirochaete (a, c), periplasmic flagella (b, d), cell division (e), tip of D09-

30446 spirochaete with tailed bacteriophages (f). Scale bars represent 0.5 um.
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2.5 Conclusions

The biochemical variation of “B. hampsonii” isolates from Western Canadian swine
production systems highlights that biochemical characterization alone is not diagnostically
informative. Although some traits of “B. hampsonii” isolates are consistent (indole and a-
galactosidase negative), these characteristics are not solely sufficient to discern them from other
Brachyspira species as previously observed in the USA study (Chander et al., 2012). The
morphology of selected isolates was also indistinguishable from other species of Brachyspira.
Based on these results and previous observations, nox gene sequencing remains a useful, accessible

and affordable tool for identification and discrimination of Brachyspira spp. affecting pigs.
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2.6 Transition Statement

The characterization of Western Canadian “B. hampsonii” isolates showed that phenotypic
variation exists amongst clinical isolates. Due to this variation, the only reliable diagnostic
phenotypes for discriminating “B. hampsonii” from other Brachyspira spp. profiles are the
combination of indole production, a-glucosidase activity and p-haemolysis. However, these
characteristics do not distinguish clade I and II “B. hampsonii”. Sequencing of the nox gene
remains the best tool for identification and discrimination of different Brachyspira spp. and clades.
The establishment of diagnostic characteristics for “B. hampsonii” is necessary to improve
detection of the pathogen and to control the pathogen during outbreaks. Current methods for
controlling infection are not effective due to the survival of Brachyspira spp. in the environment
and wildlife. Depopulation, the removal of pigs from the barns and subsequent decontamination,
is not sufficient in permanently removing the pathogen. Treatments against Brachyspira spp. are
being challenged by the rising antibiotic resistance within the genus of Brachyspira. Better
intervention methods, such as vaccination, are necessary for preventing future outbreaks, which
may help with eradication of the pathogen from farms. Production of an attenuated vaccine strain,
derived from a virulent strain can help control the pathogen and prevent future outbreaks of “B.
hampsonii”. In addition to producing a strain for vaccine development, comparison of an

attenuated strain with its virulent precursor may lead to the identification of virulence factors.
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3.1 Abstract

The re-emergence of mucohaemorrhagic diarrhea and the novel taxon “Brachyspira
hampsonii” is a major concern of swine producers. Prevention is limited to improved biosecurity
procedures, but better methods for disease prevention are required, such as herd vaccination. The
objectives of the study were to develop and characterize a “B. hampsonii” vaccine strain. A virulent
clade II “B. hampsonii” passage 13 (P13) strain was serially passaged to produce a passage 113
(P113) strain that was phenotypically and genotypically characterized. The serially passaged strain
was compared to the original virulent strain. No differences were identified in morphology or in
selected biochemical markers of P13 and P113. Comparison of the S-haemolysis and growth
profile of P13 and P113 demonstrated that P113 was better adapted to growth in laboratory
medium. Comparison of P13 and P113 in a murine model fed with a zinc-deficient diet showed
that mice infected with P113 produced less disease and that P113 has been partially attenuated.
Genotypic comparison by random amplified polymorphic DNA (RAPD) and genome sequencing
showed that there were no detectable differences in the genome profiles or sequences. Overall, a

partially attenuated and laboratory adapted “B. hampsonii” strain was produced by serial passage.
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3.2 Introduction

Swine dysentery, due to B. hyodysenteriae, was under control until the re-emergence of
mucohaemorrhagic diarrhea started in the mid-2000s (Burrough, 2016). This re-emergence has
been associated with “Brachyspira hampsonii”, a Gram-negative, facultative anaerobic, and motile
spirochaete. “B. hampsonii” was identified in 2009 as distinct from other Brachyspira spp. based
on sequence differences in the NADH-oxidase (nox) gene (Harding et al., 2010) and has
subsequently been proposed as a novel species (Chander et al., 2012, Mirajkar et al., 2016).
Clinical isolates of “B. hampsonii” have demonstrated a high degree of virulence in swine, leading

to mucohaemorrhagic diarrhea (Rubin et al., 2013a).

Control of “B. hampsonii” is possible through the use of biosecurity, antibiotics, and
depopulation. The role of biosecurity is to prevent the exposure of swine to “B. hampsonii”, while
antibiotics are used to treat infected swine. Depopulation-repopulation is the removal of swine
from the farm, decontamination of facilities, and eventual repopulation with a new herd. The
method of depopulation-repopulation has been shown to be effective in removing Brachyspira
spp. from the farm, but facilities remain at risk for reinfection due to environmental and wildlife
reservoirs of Brachyspira spp. (Aarestrup et al., 2008). A more effective tool that would help
prevent outbreaks and possibly aid with regional eradication of “B. hampsonii” would be a vaccine.

Several approaches to Brachyspira vaccine production have been pursued with varying success.

Recombinant protein B. hyodysenteriae vaccines have been composed of outer membrane
proteins such as BmpB, which has been shown to be partially protective against at least one other

serotype from the serotype the protein was originally isolated from (La et al., 2004). Another outer
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membrane protein, SmpB, was evaluated as a vaccine candidate and found to provide 50%
protection against B. hyodysenteriae in mice (Holden et al., 2008). However, vaccination with
multiple outer membrane proteins is likely needed since only SmpA has been detected in Spanish
isolates, while SmpA and SmpB are equally distributed in US isolates (Holden et al., 2008,
Hidalgo et al., 2010). Further studies have been performed to improve the outer membrane-type
vaccines through different vaccine strategies (DNA vaccine, BmpB protein in a carrier
microparticle coated with M cell targeting peptide) or through modification of antigen proteins
through fusion with unrelated domains (poly-histidine, maltose-binding protein, glutathione S-
transferase) (La et al., 2005, Holden et al., 2008, Jiang et al., 2014). Although sera from vaccinated
pigs has been shown to recognize outer membrane extracts from multiple B. hyodysenteriae
serotypes, in vivo serotype cross-protection has not yet been demonstrated (La et al., 2004, Lee et

al., 2000).

Live attenuated B. hyodysenteriae strains have been developed by Hudson et al. (1974) and
Kinyon et al. (1977) by serial passage of a swine-virulent B. hyodysenteriae in vitro. However,
failure of heterologous protection between B. hyodysenteriae serotypes has also been raised as a
concern based on attempts at live attenuated vaccination, which may be associated with the
variable expression of the major outer membrane proteins (Bhmp) of B. hyodysenteriae (Joens et

al., 1983, Witchell et al., 2006).

A challenge for live attenuated vaccine development for “B. hampsonii” is the lack of genetic
systems for specific modification of genes and a lack of knowledge of virulence determinants to

target, even if it were possible to perform targeted manipulations. Random mutagenesis of virulent
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strains to produce live attenuated vaccine candidates is impractical due the large numbers of strains
that would need to be screened in vivo. However, laboratory attenuation through serial passage has
proven to be effective in reducing the virulence of Brachyspira hyodysenteriae, without knowledge
of virulence determinants (Kinyon et al., 1977). In vitro serial passage of B. hyodysenteriae has
also led to the reduction of antibiotic resistance towards tylosin (Kitai et al., 1987). The method of
attenuation by serial passaging has also been effective for other bacteria, such as Staphylococcus
aureus (Somerville et al., 2002), and commercial live attenuated vaccines are marketed for control
of pathogens such as Lawsonia intracellularis (Enterisol lleitis, Boehringer Ingelheim) and
Erysipelothrix rhusiopathiae (Ingelvac ERY-ALC, Boehringer Ingelheim) in pigs. Serial passage
has been shown to lead to changes in the genome, such as changes in genome structure and
sequence alterations in a wide range of genes (Fux et al., 2005, Somerville et al., 2002). Serial
passage of Staphylococcus aureus resulted in reduced production of virulence factors, due to
mutations in specific genes, such as agr which led to inactivation of quorum sensing, a decrease
in secretion of a-toxins, and improved growth yield in vitro (Somerville et al., 2002). Thus, in
addition to producing a live attenuated vaccine candidate, attenuation by serial passage may also
lead to changes in the virulence that would in turn lead to identification of genes linked to virulence

determinants.

The objective of the current study was to produce an attenuated “B. hampsonii” strain by
serial passage of an isolate previously demonstrated to be virulent in pigs. Changes in phenotypic
and genotypic characteristics of the bacterium that occurred as a result of the attenuation process
were assessed, and the effect of the attenuation process on virulence was determined in a mouse

model.
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3.3 Materials and Methods

Brachypsira isolates and culture conditions

The strain selected for serial passaging was “B. hampsonii” D09-30446 passage 13 (P13),
a clade II strain of “B. hampsonii”, which was originally isolated from intestinal contents from a
13-week old pig with mucohaemorrhagic diarrhea as described by Rubin et al. (2013a). “B.
hampsonii” D11-30599 (clade 1) was selected for genome profile comparisons as a representative
of clade I “B. hampsonii”. Type strains of other Brachyspira spp. were obtained from the American
Type Culture Collection (ATCC). B. hyodysenteriae ATCC 27164 and B. pilosicoli ATCC
511397 were used as controls for the indole spot test, hippurate hydrolysis test, and genome profile

comparisons. B. murdochii ATCC 51284 was used for genome profile comparisons.

Brachyspira spp. were cultured in BHIS broth (brain heart infusion (BHI) broth + 10%
(v/v) fetal bovine serum) or JBS broth (BHI + 5% (v/v) deactivated fetal bovine serum + 5% (v/v)
defibrinated sheep blood) in glass vials containing magnetic stir bars. Broth cultures were
incubated at 39°C under anaerobic conditions with constant stirring, using a commercial gas packet
system (Anaerogen, Oxoid Limited, Basingstoke, UK) (Rubin et al., 2013a). For growth on solid
media, Brachyspira spp. were streaked on to BJ agar (trypticase soy agar + 5% (v/v) defibrinated
sheep blood + 5% pig faeces extract + 25 pg/mL spiramycin + 12.5 pg/mL rifampin + 6.25 pg/mL
vancomycin + 6.25 pg/mL colistin + 200 pg/mL spectinomycin) (Kunkle and Kinyon, 1988). Agar
plates were incubated anaerobically at 42°C for 24 to 72 hours (Songer et al., 1976, Rubin et al.,
2013a). Long-term storage of Brachyspira spp. isolates was in brain heart infusion (BHI) broth +

10% (v/v) glycerol at -80°C.
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3.3.1 Serial passage

The initial culture of “B. hampsonii” D09-30446 P13 was grown in 10 mL JBS in duplicate.
For serial passages, 1 mL of broth culture was transferred to fresh JBS broth (9 mL) once a dense
culture had been achieved (usually 1-3 days, but occasionally up to 6 days). The presence of active
spirochaetes in the donor culture was confirmed by phase contrast microscopy prior to each
passage. Periodically, Gram-staining was performed on BHIS cultures grown from select JBS
passage cultures, to check for obvious contaminants. The serial passage of P13 for 100 passages
resulted in “B. hampsonii” D09-30446 passage 113 (P113). A minimum of four 1 mL aliquots of

all passages, from P14 to P113 were stored at -80°C.

3.3.2 Biochemical characterization

“B. hampsonii” P13 and P113 cultures were grown in BHIS broth to the mid-log phase per
the “B. hampsonii” clade II growth curve previously established in the lab. For the API-zym test,
cultures were standardized to a turbidity of McFarland 5, per manufacturer’s instructions
(BioMérieux, St. Laurent, QC). Hippurate hydrolysis and spot indole tests were performed as
previously described (Fellstrdm and Gunnarsson, 1995). B. hyodysenteriae ATCC 27164 and B.
pilosicoli ATCC 51139" were included as controls for the indole spot and hippurate hydrolysis

tests.

3.3.3 p-haemolysis assays

Haemolysis activity of Brachyspira isolates was evaluated using two approaches. For
qualitative assessment, BJ agar plates were streaked with isolates using a standard four-streak
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pattern (3 replicate plates per isolate per time point; 12 total replicate plates per isolate). A 10uL
inoculation loop was used for streaking to standardize the amount of inoculum. Plates were
observed after 1, 2, 3 and 4 days of anaerobic incubation and haemolysis was scored according to
the presence of visible f-haemolysis in quadrants 1-4. An average of scores from each of the three

replicate plates for each isolate at each time point was calculated.

For quantitative evaluation of haemolysis, the wells of 96-well flat-bottomed plates
(Greiner Bio-One, Kremsmiinster, AT) were each filled with 150 pL of BJ agar. Active cultures
of “B. hampsonii” P13 and P113, grown in BHIS, were adjusted to a McFarland 5 turbidity, using
a densitometer (Grant-Bio, Kensington, UK). Wells containing BJ agar were inoculated with 5pL
of “B. hampsonii” P13 or P113 (20 biological and 6 technical replicates each). Each plate also
contained 12 wells inoculated with sterile BHIS, as a negative control. Plates were incubated at
42°C under anaerobic conditions for 4 days, under humid conditions. Absorbance measurements
at 560 nm were made at hours 0, 24, 48, 72, and 96 using the Vmax plate reader (Molecular
Devices, Sunnyvale, CA). A haemolysis score was calculated for each well at each time point
using the following formula: (0 D¢, test — ODgqo control) X —1 = haemolysis score. For the

haemolysis plate assay, raw data was compared by Repeated Measures ANOVA.

3.3.4 Growth study

The growth rates of “B. hampsonii” P13 and P113 were compared to detect differences in
growth rates of the two strains. Three replicate cultures were prepared for each strain and each
time point (0, 12, 24, 36, 48, and 72 hours). McFarland 5 standardized cultures (0.33 mL) were

inoculated into 3.3 mL of BHIS broth, for incubation in smaller tubes (7 mL vials, 17mm x 60mm;
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VWR, Radnor, USA). Broth cultures were incubated at 39°C with stirring, under anaerobic
conditions. Optical density measurements at 600 nm were taken in polystyrene cuvettes using a
spectrophotometer. The average optical density of each time point for both P13 and P113 were

compared by Repeated Measures ANOVA.

3.3.5 Random amplified polymorphic DNA (RAPD) genome fingerprinting

RAPD fingerprinting was conducted as described by Quednau et al. (1998) and Jansson et
al. (2004). “B. hampsonii” P13 and P113, “B. hampsonii” D11-30599, B. hyodysenteriae ATCC
271647, B. pilosicoli ATCC 511397, and B. murdochii ATCC 51284 were grown in BHIS to a
dense culture, then boiled for 10 minutes to release DNA. RAPD-PCR was performed on the boiled
samples using 1.09x PCR buffer (0.2 M Tris-HCI (pH 8.4), 0.5 M KCI), 3.26 mM MgCl,, 0.44
MM JHO0724 (5°-ACGCGCCCT-3’) or JH0725 (5°-CCGCAGCCAA-3’), 4.4 mM dNTPs, 0.0054
U Tagq, and 34.5 uL ultra-pure water in a total volume of 50 pL. The RAPD-PCR was run on a
Mastercycler (Eppendorf, Hamburg, Germany) using the following settings: 4 cycles (94°C for 45
sec, 30°C for 2 min, and 72°C for 1 min), 26 cycles (94°C for 5 sec, 36°C for 30 sec, and 72°C for
30 sec with one additional sec added per cycle), final extension at 72°C for 10 min, and a hold at

4°C (Quednau et al., 1998).

PCR products (10 pL of each reaction) were loaded into a 1.5% agarose gel, then run for
2.5 hours at 100V. The gel was stained with ethidium bromide, visualized and photographed under
UV light. The resulting image was analyzed using the Gel-Compar Il software (Applied Maths,
Austin, TX). Banding patterns were clustered using UPGMA clustering of Dice co-efficient with

optimization and position tolerance settings of 0.00% and 1.00 % respectively.
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3.3.6 Genome sequencing

3.3.6.1 Preparation of DNA and genome libraries

Genomic DNA was isolated from “B. hampsonii” P13 and P113 cultures grown in BHIS
broth medium by modified salting out procedure (Martin-Platero et al., 2007). Concentration of
genomic DNA extracts was measured using a spectrophotometer and A260/A280 ratio was
measured to confirm purity. PCR targeting and sequencing of the nox gene was performed to verify
that the genomic DNA of both P13 and P113 belong to clade 11, as previously described by Atyeo

et al. (1999).

The library preparation was followed as outlined by the lllumina Nextera Mate Pair Sample
Preparation Guide (lllumina, San Diego, CA). The index adapters utilized were ADO002
(GCCAAT(A)) and AD012 (CTTGTA(A)). Average size of the final amplicon libraries in base
pairs (bp) was calculated using the DNA High-Sensitivity chip on the 2100 Bioanalyzer (Agilent
Technologies, Inc., Santa Clara, CA) and concentration in ng/uL assessed using the Qubit
fluorometer (Life Technologies, Inc., Burlington, ON). PhiX DNA (15% (v/v)) was added to the
pooled indexed libraries prior to loading onto the flow cell. Sequencing was performed using the

500 cycle (2 x 250) V2 Nano platform.

3.3.6.2 Sequence data processing and genome assembly

Raw mate-pair sequence reads in fastq format were trimmed for quality using
Trimmomatic (Bolger et al., 2014) with a minimum read length of 50 and quality cut-off of Phred
score >30. High quality paired reads were carried forward to adapter clipping. Mate-pair adapter
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sequences were identified and reads trimmed to the adapter location using NextClip (Leggett et
al., 2014), which results in classification of reads into four categories: A, where the adapter is
detected in both Read 1 and Read 2 of the mate-pair; B, adapter in Read 2 only; C, adapter in Read
1 only; D, adapter not detected in either read. Reads from categories A-C were included in further
analysis and assembly.

To estimate genome coverage, and calculate average insert size, mate-pair reads were
mapped on to the reference genome assembly for “B. hampsonii” strain 30446 (Genbank
Accession NZ_ALNZ00000000) using Bowtie2 (Langmead and Salzberg, 2012) and the results
were converted to BAM format for viewing in Qualimap v2.2.1 (Okonechnikov et al., 2016).
Genome assembly was done using all reads from NextClip categories A-C as input for
SOAPdenovo2 (Luo et al., 2012), using estimated average insert size from Qualimap analysis.

Overall genome sequence similarity between P13, P113 and additional reference genomes
from other Brachyspira species was calculated using Average Nucleotide Identity by Mummer

(ANIm) and tetranucleotide scores within JSpecies (Richter and Rossello-Mora, 2009).

3.3.7 Virulence assessment in mice

The experiments were designed and performed in accordance with the Canadian Council
for Animal Care and all work was approved by the University of Saskatchewan Animal Research

Ethics Board (protocol 20150015).

3.3.7.1 Experiment1-P13 and P113

Twenty, six-week old, female CF1 mice (Charles River, Wilmington, MA) were randomly

assigned into groups of 4 mice per cage and labelled using tail markings applied with black markers
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(Ek et al., Submitted). The mice were fed a low-zinc diet, TD8540 (Envigo, Indianapolis, IN) ad
libitum. After one week of acclimatization, mice in each group were inoculated on three
consecutive days with 0.3 mL (~108 genomic equivalents in JBS) of P13 (n=8), P113 (n=8), or
sham (sterile JBS, n=8) by oral gavage using a 20 gauge blunt-ended feeding needle. Feed was
removed six hours prior to inoculation. Health checks (hair condition, behaviour) were performed
twice daily. Mice were weighed on Days -6, -2, 0 (prior to inoculation), 5, 7, 9, 12, 14, 16, and at
termination (Day 19 post-inoculation (P1)) for the calculation of average daily gain (ADG = total
weight gained/number of days). Faecal pellets were collected for selective Brachyspira culture on
BJ agar on Days -2, 0 (prior to inoculation), 5, 7, 9, 12, 14, and 16. Caecal swabs were collected
at termination (Day 19 PI) during necropsy. Faecal scoring was performed twice a day (morning
and afternoon) throughout the experiment. Faecal consistency was scored as: 0 = normal/formed,
1 = formed with slight mucus, 2 = formed with abundant mucus, 3 mild (3m) = mucus only/soft
faeces only, 3 severe (3s) = soft and very mucoid, 4 = soft and very mucoid with blood (Figure

3.1).
3.3.7.2 Experiment 2 - P13, P113, and MP1

Thirty, six-week old, female CF1 mice (Charles River, Wilmington, MA) were randomly
assigned into pairs (2 mice per cage). The mice were fed a low-zinc diet, TD8540 ad libitum. After
one week of acclimatization, each mouse group was inoculated by oral gavage on three consecutive
days with 0.3 mL (~108 genomic equivalents in JBS) of P13 (n=8), P113 (n=8), MP1 (n=8), or
sham (sterile JBS, n=6). MP1 (mouse passage 1) was an isolate recovered from the colon of the

mouse infected with P113 from Experiment 1 with the fewest abnormal fecal scores (mouse P113-

51



7). Health checks, weight measurements, ADG calculations, and faecal pellet collection and
culture were performed as done in Experiment 1. A modification to the faecal consistency scoring
was made to add to the existing scoring system: score 0.5 = slightly soft, but formed (Figure 3.1).
The second experiment ran for 19 days PI, however the diet was changed from TD8540 to regular
rodent chow on Day 13 PI due to the exhaustion of TD8540 stocks. For this reason, only the data
collected from Days -6 to 12 Pl was used for analysis to avoid any potential effects of the diet

change on health and faecal outcomes.
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Score 3m

Score 0.5 Score 3s

Score 1 Score 4

Score 2

Figure 3.1. Faeces scoring sheet for Experiment 1 and 2. Score 0.5 was not used for Experiment
1. The scores represent the following faecal outcomes: 0 — formed pellet, 0.5 — slightly soft but
formed pellet, 1 — formed pellet with a mucus tail or mucus on one end, 2 — formed pellet coated
with mucus, 3m —mucus only/soft faeces only, 3s — mucus mixed with faeces (yellow mucus)/very
soft faeces coated with copious amounts of mucus, 4 — mucus with faeces and some blood specks

mixed in.
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3.3.7.3 Statistics for Experiment 1 and 2

For Experiment 1, the mean ADG (a period from Day 0 to 19) for each group (P13, P113,
or sham) were compared using the Kruskal-Wallis test. The average count of faecal scores > 2

from Day 3 to 19 for each group (P13, P113, or sham) were also compared by Kruskal-Wallis.

For Experiment 2, the mean ADG (a period from Day 0 to 12) for each group (P13, P113,
MP1, or sham) and the average count of faecal scores > 2 from Day 3 to 12 for each group (P13,

P113, MP1, and sham) were also compared by Kruskal-Wallis.

3.4 Results

3.4.1 Phenotypic characteristics of P13 and P113

3.4.1.1 Serial passage

A total of 100 passages of P13 were done, resulting in strain P113. The time required to
reach a dense culture under the growth conditions described was usually 1-3 days, although
occasionally longer periods (up to 6 days) were required. No contamination was detected during
serial passage. No changes to morphology were noted in Gram stains and phase-contrast images

of P13 and P113 (Figure 3.2).
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P113

P13
b)

P13 P113

Figure 3.2. Phase-contrast (a) and Gram-stained (b) images of P13 and P113. Material present in

the background of phase-contrast images were red blood cells, present in the JBS cultures used for

phase-contrast imaging.
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3.4.1.2 Biochemical characterization

To detect any changes to diagnostic biochemical characteristics, P13 and P113 were
evaluated by API-zym, indole, and hippurate hydrolysis tests. B. hyodysenteriae ATCC 271647
and B. pilosicoli ATCC 511397 were included for the indole and hippurate assays to ensure that
the assays were producing correct reactions. The API-zym assay resulted in positive S-glucosidase,
negative a-galactosidase, and negative a-glucosidase activities for both P13 and P113 (Table 3.1).
Negative hippurate hydrolysis and indole spot assay activities were also detected for both P13 and
P113. The results for B. hyodysenteriae ATCC 27164 (indole positive and hippurate negative)
and B. pilosicoli ATCC 511397 (indole negative and hippurate positive), were as expected. P13
was a-chymotrypsin negative, but a positive result was obtained for P113. Additionally, a
difference was observed in g-glucuronidase results, with P113 giving a weak positive result

compared to the negative result for P13.
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Table 3.1. Biochemical profile of P13 and P113.

D09-30446 D09-30446

P13 P113
Alkaline phosphatase + +
Esterase (C4) + +
Esterase Lipase (C8) + +
Lipase (C14) - -
Leucine arylamidase - -
Valine arylamidase - -
Cystine arylamidase - -
Trypsin - -
o -chymotrypsin - +
Acid phosphatase + +
Naphthol-AS-BIl-phosphohydrolase W+ W+
a-galactosidase - -
S -galactosidase + +
£ -glucuronidase - W+
a-glucosidase - -
£ -glucosidase + +

N-acetyl-S-glucosaminidase - -
a-mannosidase - -
a-fucosidase - -
Hippurate hydrolysis - -
Indole production - -
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3.4.1.3 p-haemolysis assays

S-haemolysis was qualitatively assessed using a four-streak pattern on BJ agar. All P113
replicates reached quadrant 3 by Day 3 and one had reached quadrant 4 by Day 4. Only one of the

P13 replicates reached quadrant 3 and only after 4 days of incubation (Figure 3.3).

The p-haemolysis activities of P13 and P113 were quantified to detect differences not
detectable by qualitative methods. Results of the 96-well plate assay are shown in Figure 6.
Haemolysis of BJ agar by P13 was greater than P113 at day 1 (p<0.05, Repeated Measures
ANOVA), but remained at similar levels the following days (Figure 3.4). Whereas, the haemolysis
performed by P113 continually increased over the 4 days and was greater than P13 on days 3 and

4 (p<0.05, Repeated Measures ANOVA) (Figure 3.4).
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P13 P113
Plate 1 2 3|1 2 3

Day 1

Day 2

Day 3

Day 4

Figure 3.3. Qualitative assessment of f-haemolysis on BJ agar over 4 days. Each of three replicate
plates for strains P13 and P113 were evaluated. Haemolysis score (quadrant number) is indicated

by colour according to the legend.
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Haemolytic activity 0.3 —
(Absorbance x -1) 0.2
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Figure 3.4. Quantitative assessment of P13 (black, n=120) and P113 (red, n=120) p-haemolytic

activity (absorbance x —1) over 4 days. Error bars represent standard deviation. Significant

differences (p<0.05, Repeated Measures ANOVA) are indicated by asterisks (*).

60



3.4.1.4 Growth study

To determine if the explanation for the unexpected observation of greater haemolysis
activity for P113 compared to P13 was related to growth rate of the laboratory adapted P113 rather
than a change in the specific activity of haemolytic factors, the growth rates of the two strains were
compared. Triplicate cultures were prepared for each time point (hours 0, 12, 24, 36, 48, and 72).
Logarithmic growth of P113 started at 12 hours and the optical density of P113 cultures were
greater than P13 cultures over the 72-hour period, except for hours 36 and 72 (Figure 3.5). The
average optical density for two of three replicates of P113 at hour 36 had very little growth
resulting in an unexpectedly low average OD for that time point. Exponential growth of P13 did
not begin until between hours 36 and 48. P113 reached the stationary phase between 48 and 72
hours, while a stationary phase was not observed for P13 during the experiment (Figure 3.5).
There was significantly greater growth of P113 at 12, 24, and 48 hours and significantly more

overall P113 growth (p=0.047, Mann-Whitney U).
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Optical Density

(600 nm) 1.0

0.5

0.0

0 12 24 36 48 72
Hours

Figure 3.5. Growth study of P13 (black, n=3 per time point) and P113 (red, n=3 per time point) in
broth medium over a 72-hour period. Error bars represent standard deviation. Significant

differences (p<0.05, Mann Whitney U) are denoted by asterisks (*).
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3.4.2 Genome fingerprinting by RAPD

Visual inspection of banding patterns of replicate RAPD profiles from individual
Brachyspira spp. indicated high reproducibility of banding patterns. RAPD profiling of P13 and
P113 were 96.3% and 94.1% identical to each other based on primers JHO0724 or JH0725,
respectively (Figure 3.6a & b). “B. hampsonii” clade | strain 30599 was 62.5 & 58.1% and 37.5
& 50.0% identical to P13 and P113, respectively, based on RAPD with primers JHO724 or JH0725.
RAPD patterns of other species of Brachyspira spp. were easily distinguished from “B.
hampsonii” with only 47.1 — 76.1% similarity to P13 and P113 depending on the species and the

primer used (Figure 3.6a & b).

3.4.3 Whole genome sequencing

Whole genome sequencing yielded a total of 816,716 and 909,529 raw reads for P13 and
P113, respectively. Details of the numbers of reads surviving quality clipping, identification of
paired reads and adapter trimming are shown in Table 3.2. A total of 520,555 and 545,614 reads
were available for Bowtie2 mapping and genome assembly for P13 and P113, respectively. De
novo genome assembly results are summarized in Table 3.3. Bowtie2 mapped >98% of reads from
either genome to the “B. hampsonii” 30446 reference genome, and coverage was calculated as 24-
25x for both sequenced genomes. The median insert size for the mate-pair fragments was 4,058
for P13 and 2,435 for P113. N50 values were low, indicating a highly fragmented genome
assembly, although coverage was apparently complete with ~3 Mb of total contig length for both

genomes (reference genome size: 3,071,124 bp). G+C content was ~27.5% for both P13 and P113.
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Comparison of the P13 and P113 showed high similarity based on tetra scores (0.99675 —
0.99982 similar) and ANIm values (99.77 — 99.8% similar) (Table 3.4). Clade I “B. hampsonii”
D11-30599 was highly similar by tetra scores to P13 (0.99675) and P113 (0.99717) and by ANIm

to P13 (93.65-93.68%) and P113 (93.66-93.69%) (Table 3.4).
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Figure 3.6. RAPD profile comparison of several Brachyspira spp. and strains using primers

JHO0724 (a) and JHO725 (b) by clustering of banding patterns using UPGMA clustering of Dice

co-efficient with optimization and position tolerance settings of 0.00% and 1.00 % respectively.
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Table 3.2. Raw read numbers and results of trimming for quality and adapter sequences.

P13 P113
Number reads raw 816,716 909,529
gﬁf&%gim tio 720,154 754,209
NextClip A 208,466 229,096
NextClip B 137,894 143,343
NextClip C 174,195 173,175
Total post-NextClip 520,555 545,614
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Table 3.3. De novo assembly results for P13 and P113.

D09-30446 D09-30446
P13 P113

Sequencing 24.1 25.2
coverage (%)
Mate pair
insert size 4058 bp 2435 bp
(median)
N50 1562 bp 1774 bp
Longest contig 12764 bp 34186 bp
Total contig 3032560bp 3082682 bp
length
No. of contigs 2093 1939
(>500 bp)
%GC 27.56% 27.51%
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Table 3.4. Tetra (a) and ANIm (b) scores of pairwise comparisons of P13, P113, and reference

genomes.
a)
B. hyodysenteriae
Isolate P13 P113 D09-30446 D11-30599 ATCC 271647
P13 — 0.99675 0.99985 0.99717 0.9872
P113 0.99982 — 0.9999 0.99675 0.98697
D09-30446 0.99985 0.9999 — 0.99681 0.9872
D11-30599 0.99717 0.99675 0.99681 — 0.98703
B fyocysenteriac 0.9872 0.98697 0.9872 0.98703 -
b)
B. hyodysenteriae
olate P13 P113 D09-30446 D11-30599 ATCC 271647
P13 — 99.77 99.87 93.68 89.17
P113 99.8 — 99.89 93.69 89.15
D09-30446 99.84 99.84 — 93.54 88.7
D11-30599 93.65 93.66 93.55 — 89.18
B hyodysenteriae 89.17 89.13 88.73 93.54 _
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3.4.4 Virulence in a mouse model

In Experiment 1, mouse behaviour did not differ between the sham, P13, and P113 groups.
The calculated ADG also did not differ significantly between among groups (Table 3.5; NS,
Kruskal-Wallis). There were no faecal scores >2 for the sham group, while the P113 group had
fewer scores >2 than the P13 group. Differences in the number of daily faecal scores >2 were
significant between all the groups (Kruskal-Wallis, p<0.05) and the number of faecal scores >2 in
P13-inoculated mice was greater than P113- and sham-inoculated mice (Figure 3.7a; Kruskal-
Wallis, p<0.05). On days when abnormal feces were observed, it was often observed in individual
mice either in the morning or afternoon observation periods, but not both, which has also been
observed by our group in swine trials (Figure 3.7). Mouse P113-7 had the fewest faecal scores >2
within the P113 group (n=4). To explore the possibility of further attenuation of P113 resulting
from mouse passage or selection of a particularly avirulent subpopulation of P113 in this mouse,
strain MP1 (mouse passage 1) was isolated from the colon of P113-7 upon termination for use as

inoculum in Experiment 2.

In Experiment 2, mouse behaviour did not differ between the sham, P13, P113, and MP1
groups. The calculated ADG also did not differ significantly between all the groups (Table 3.5;
NS, Kruskal-Wallis). The average count of faecal scores between all groups was significantly
different, except between P113 and MP1 (Kruskal-Wallis, p < 0.05). The P13 group had the highest
average count of faecal scores >2 (Figure 3.7b). Abnormal fecal scores were also observed in the
sham group in this experiment. Due to low TD8540 feed stocks, less food was available 5 days PI,

which may have acted as a stressor for all groups.
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Table 3.5. Calculated average daily gain of mice for Experiment 1 and 2. No significant difference

was detected by Kruskal-Wallis.

Average ADG Standard

(g/day) Deviation
) Sham (n=4) 0.1641 0.1058
EXperl'me”t P113 (n=8) 0.1869 0.0473
P13 (n=8) 0.1589 0.1177
Sham (n=6) 0.0450 0.1699
Experiment MP1 (n=8) 0.2292 0.1677
2 P113 (n=8) 0.2061 0.1034
P13 (n=8) 0.1841 0.1200
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Figure 3.7. Heatmaps representing the daily faecal score (AM & PM) of each mouse in the
different groups for Experiment 1 (a) and Experiment 2 (b). The faecal scores are labelled by
colour in the legend for each heatmap, ND indicates no data was collected. T indicates the
termination day. For both Experiment 1 (termination - caecum) and 2 (last day of trial with low-
zinc diet — faecal pellet), results of spirochaete recovery by culture are under the final day
included as positive (+), negative (-), or no data (/). Feed rationing in Experiment 2 started 5

days PI.
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Figure 3.8. Average count of faecal scores >2 per group for Experiment 1 (a) (nsham=4,
np13p113=8) and Experiment 2 (b) (Nsham=6, Nmp1p13/,113=8). Error bars represent the standard
deviation. Significantly different groups are denoted by different letters (p<0.05, Kruskal-

Wallis).
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3.5 Discussion

In vitro serial passage of a pathogenic “B. hampsonii” clade Il strain D09-30446 was
performed as a method of producing an attenuated vaccine candidate, based on previous
experiences by other groups producing attenuated strains after several serial passages in vitro
(Kinyon et al., 1977). The resulting P113 strain was phenotypically (biochemical profile, -
haemolysis, growth curves, virulence in a mouse model) and genotypically (genome structure and

sequence comparison) characterized, relative to the original, virulent P13 strain.

An attenuated “B. hampsonii” strain could be useful for vaccine production, but may also
aid in the identification of virulence factors since comparison of virulent and attenuated strains
may highlight changes linked to virulence in swine. In this study, we examined biochemical
characteristics used to define Brachyspira species, f-haemolysis activity, genome structure, and
genomic content. Brachyspira spp. were historically identified and differentiated based on a profile
of biochemical markers (a-galactosidase, a-glucosidase, S-glucosidase, hippurate hydrolysis, and
indole production) and strength of s-haemolysis, although variation in these biochemical markers
has been reported in several Brachyspira spp. (De Smet et al., 1998, Fellstrom et al., 1999). Strong
p-haemolysis has been associated with more severe illness in swine, while milder disease is
associated with weakly S-haemolytic Brachyspira spp. (Burrough, 2016, Trott et al., 1996¢). The
reliability of the strength of p-haemolysis as a marker for virulence is in question though as
variability has been detected in the degree of S-haemolysis of B. hyodysenteriae on blood media,

with some clinical isolates producing lower degrees of s-haemolysis (Mahu et al., 2016).
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Characterization of biochemical profiles of “B. hampsonii” P13 and P113 indicated no
detectable changes in established diagnostic characteristics (Table 3.1). Differences in a-
chymotrypsin and S-glucuronidase were observed, but cannot be interpreted since the degree of
variation in these tests among “B. hampsonii” isolates has not been reported. Mutations of
metabolic enzymes have been associated with attenuation in other systems, such as changes in
glycerol dehydrogenase, an enzyme associated with virulence in Mycoplasma gallisepticum,
leading to attenuation of strains (Szczepanek et al., 2010). However, the lack of detectable changes
in diagnostic biochemical markers in our study was not surprising, since these historically
characterized markers have not been strongly linked to the level of pathogenicity of Brachyspira

spp. (Achacha and Messier, 1991, De Smet et al., 1998, Perez et al., 2016).

The morphology of P113 did not differ from P13 based on a qualitative observation of Gram-
stain and phase-contrast images (Figure 3.2). However, this is not a surprising result since major
changes, such as greater sensitivity of Brachyspira to low pH that leads to the spherical
morphotype (Bernardeau et al., 2009) or changes in the membrane composition as observed in
Borrelia burgdorferi (LaRocca et al., 2013), would have to occur for bacterial cell morphology to

change.

Attenuation of virulence has been attributed to modification of haemolysis pathway
enzymes, such as agr in S. aureus (Somerville et al., 2002). Given that strong f-haemolysis is
considered a potential virulence factor of swine pathogenic Brachyspira spp., we anticipated that
the putatively attenuated P113 would exhibit less haemolytic activity than P13. However, both the

qualitative and quantitative assays suggested the opposite pattern with more haemolytic activity
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observed for P113 (Figure 3.3, Figure 3.4). To determine if the difference was due to a modified
haemolysin or due to an improvement in the growth of P113, we compared the growth rates of the
two strains (Figure 3.5). The results highlight that the difference in haemolysis patterns is likely
due to an improvement in the growth rate of P113 on BJ agar, rather than an increase in the
haemolysis strength of P113. This is consistent with the culture adaptation of P113 through serial

passage in the laboratory.

The genome profiling performed for P13 and P113 indicated no detectable difference
between the two, based on RAPD profiling (Figure 3.6). The separation of other Brachyspira spp.,
a clade I “B. hampsonii” reference isolate, P13, and P113 by RAPD shows that the method is
capable of differentiating clades within the species. These results also indicate that serial passage
did not result in large-scale genomic changes such as major deletions or re-arrangements. To
investigate genome changes at a more detailed level, we determined the whole genome sequences
of P13 and P113. Mate-pair genome sequencing and de novo assembly of both P13 and P113
produced highly similar genomes based on the genome size, G+C content and sequence content
determined by tetra scores (0.99675 — 0.99982 similar) and ANIm values (99.77 — 99.8% similar)
(Table 3.3, Table 3.4). Comparison of the genome profile and sequence have so far have not
produced any detectable differences, however ongoing supplementation of the current data with
paired-end sequences will improve the assembly quality, permitting annotation and aiding with
detection of smaller changes between the genomes resulting from the laboratory attenuation

process.
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Infection studies of swine-virulent Brachyspira spp. have primarily used swine models to
study the effects of the spirochaete on the primary animal of concern. However, some studies have
also utilized different mouse models to study the effects of Brachyspira spp. on the mouse
intestine. A more recent study has shown that one particular strain of mice (CF1), fed with a low-
zinc diet, produced more mucus and soft faeces when infected with B. hyodysenteriae and “B.
hampsonii” compared to sham-inoculated mice (Ek et al., Submitted). Mouse models are also
appealing as they are more cost efficient and less sentient models. “B. hampsonii” P13 and P113

were both compared in a mouse model to assess the relative virulence of P113.

In Experiment 1, all mice inoculated with P113 had some abnormal fecal scores, but mice
in this group had significantly fewer faecal scores >2 than controls or mice inoculated with P13.
No difference was observed in ADG or mouse health (indicated by fur condition and behaviour)
(Table 3.5). Similar results were obtained in Experiment 2 for controls, P13 and P113. Experiment
2 was complicated by the low availability of TD8540 feed and rationing of food 5 days PI. This
stressor may be responsible for the observation of some higher faecal scores in sham group, which
were not observed in Experiment 1 (Figure 3.8). Loss of body weight and higher mortality due to
peritoneal infection after a period of fasting have been observed in mice, which may explain the

higher number of abnormal faecal scores in all groups in Experiment 2 (Bermudes et al., 2011).

To investigate the possibility that passage through mice might further attenuate virulence or
select for less virulent subpopulations within P113, we isolated MP1 from feces of the mouse in

Experiment 1 with the lowest overall fecal scores and used this isolate to challenge mice in
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Experiment 2. However, no difference in the occurrence of abnormal fecal scores was detected

between the MP1 and P113 groups.

Taken together, the results of the mouse infection studies show that partial attenuation has
been achieved, however further experimental infection in swine will be required to determine if
virulence is also attenuated in the natural host of “B. hampsonii”. These trials are ongoing at the
time of writing. Demonstration of a sufficiently low virulence in pigs will be critical to the success
of P113 as a promising vaccine candidate, and further attenuation will likely be necessary. Based
on previous experience with the lack of heterologous protection against different B. hyodysenteriae
strains, other “B. hampsonii” strains should be used to challenge P113-vaccinated pigs in future

studies (Joens et al., 1983).

Further work identifying the “B. hampsonii” virulence determinants that have changed in
P113 is still needed by detecting changes in the genome and putative virulence genes, such as tly
cytolysins that have haemolytic activity and are linked to virulence (Muir et al., 1992, Keith et al.,
2016). However, the availability of these two strains with demonstrably different virulence in mice

(and perhaps pigs) provide powerful resources for these studies.
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4 General discussion

4.1 Summary and limitations of the work

4.1.1 Biochemical characterization alone is not sufficient for differentiation of “B.

hampsonii” clades or discrimination from other Brachyspira spp.

“B. hampsonii” is a novel Brachyspira taxon that has been demonstrated to cause
mucohaemorrhagic disease in swine and is a contributor to the re-emergence mucohaemorrhagic
disease (Chander et al., 2012). US isolates of both clades have been phenotypically and
genotypically described (Chander et al., 2012), however Canadian isolates required further

description to improve the knowledge of diagnostically informative characteristics.

The results of this chapter describe the diagnostic biochemical traits of Western Canadian
isolates of clade I and II “B. hampsonii”, indicating that biochemical traits cannot be relied upon
for differentiation of clades due to variance of key biochemical traits in each clade. The chapter
also includes descriptions of select biochemical traits (indole production, hippurate hydrolysis, a-
galactosidase, a-glucosidase, and f-glucosidase), s-haemolysis strength, spirochaete dimensions,
and count of flagella per cell of representative Canadian clade 1 and II “B. hampsonii” strains
relative to previous descriptions of other swine-associated Brachyspira species. The work also
provided the first published electron micrographs of “B. hampsonii”. The results highlight that
caution should be used when characterizing isolated Brachyspira spp. using phenotypic traits. The
number of clade | isolates was small and was limited due to the apparent bias of more clade II “B.

hampsonii” being present in Canada, and their corresponding rareness in our culture collection.
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An additional constraint was that isolates were selected to be as epidemiologically independent as
possible. Western Canadian swine production is dominated by a few large, interconnected systems,
which limited the “independence” of many of the available clinical isolates. However, even the
small number of isolates was sufficient to indicate that there is variance in the diagnostic
biochemical traits within clade 1. Analysis of additional isolates will help with identification of
other variances within and between “B. hampsonii” clades. Genotypic profiling of these isolates,
with techniques such as RAPD, MLST, or whole genome sequencing would help describe genetic
variation among clinical “B. hampsonii” isolates, which was addressed only by nox sequence

comparison in our study to differentiate the two clades.

4.1.2 In vitro attenuation produced a laboratory adapted and partially attenuated “B.

hampsonii” clade II strain

Results described in Chapter 3 demonstrated that the serially passaged “B. hampsonii”
strain (P113) has become laboratory adapted and partially attenuated. The results of the haemolysis
assays and growth curves showed that P113 was better adapted to laboratory medium, with more
rapid growth on BJ agar and in broth medium. Our results do not allow us to determine if there
have been changes in haemolysis activity, due to the adaptation of P113 to laboratory medium, but
this could be studied in more detail using the in vitro haemolysis assay described by Mahu et al.
(2016) that evaluates the haemolytic capacity of supernatant (from filtered broth culture) on a red
blood cell suspension. With this approach, the haemolytic activity could be expressed relative to

cell number, eliminating the confounding factor of growth rate.

79



The virulence assessment in a murine model demonstrated the partial attenuation, based on
the lower average faecal scores in P113-inoculated mice compared to P13 inoculated mice.
However, despite the change in virulence, no difference between these strains was identified by
the genomic profile and sequence comparisons done to date. The P13 and P113 whole genome
sequences compared in Chapter 3 are not yet of sufficient quality for a greater depth of comparison,
however the addition of more sequencing data from an alternate method (paired-end sequencing)
and annotation of the resulting assembled genomes will permit detection of differences between

the genomes.

4.2 Discussion of future prospects

The work described in Chapter 2 was focused on improving the information available about
Western Canadian isolates and pointed to the variation in the biochemical traits of clinical isolates,
which is important for differentiating “B. hampsonii” clinical isolates from other Brachyspira
species. However, there are many other questions that remain unanswered about “B. hampsonii”
due to the fastidiousness of Brachyspira and the existence of Brachyspira spp. in communities
within swine. Improved diagnostic tools would facilitate surveillance to improve understanding of
Brachyspira distribution and ecology and detection of Brachyspira in healthy herds, but tools such
as ELISA have yet to be developed to detect “B. hampsonii” exposure and antigens specific to “B.
hampsonii” still need to identified and assessed. Currently, amplification and sequencing of the
nox gene, or species-specific PCR targeting this gene, remain the preferred methods for detection

and identification of Brachsypira.
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P113 was shown to be partially attenuated and laboratory adapted, although the specific
changes in genes and/or expression that produced these observed changes have not yet been
identified. The virulence determinants of Brachyspira spp. are still not clear and further work
comparing virulent and attenuated strains, such as P113, could lead to detection of novel virulence-
linked targets to study. Ongoing experiments will reveal the virulence of P113 in pigs, and
determine if exposure to an attenuated strain provides protection from future challenge. Further
studies are still required to characterize the mucosal immune response in swine to “B. hampsonii”,
to better understand the effect of P113 as a vaccine and the immune response after challenge.
Further studies in swine models are also needed to determine whether heterologous protection is
possible against other “B. hampsonii” isolates and to characterize the immune response after
exposure of pigs to P113. Ultimately, the success of a live attenuated vaccine depends upon
sufficient reduction of virulence coupled with stimulation of a protective immune response against
a sufficient range of pathogen strains. The work described in Chapter 3 represents some important

first steps toward this goal.

Future studies focused on “B. hampsonii”” will improve diagnostics, prevention of disease,
help with understanding the virulence of “B. hampsonii” and may provide clues about other swine-

virulent Brachyspira species.

81



5 References

Aarestrup, F. M., Oliver Duran, C. & Burch, D. G. 2008. Antimicrobial resistance in swine
production. Anim Health Res Rev, 9, 135-48.

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.

Ackermann, H. W. 2007. 5500 phages examined in the electron microscope. Archives of Virology,
152, 227-243.

Aller-Morén, L. M., Martinez-Lobo, F. J., Rubio, P. & Carvajal, A. 2016. Cross-reactions in
specific Brachyspira spp. PCR assays caused by "Brachyspira hampsonii” isolates:
implications for detection. Journal of Veterinary Diagnostic Investigation, 1-5.

Atyeo, R. F., Stanton, T. B., Suriyaarachichi, D. S. & Hampson, D. J. 1999. Differentiation of
Serpulina species by NADH-oxidase gene (nox) sequence comparisons and nox-based
polymerase chain reaction tests. Veterinary Microbiology, 67, 47-60.

Backhans, A., Johansson, K.-E. & Fellstrom, C. 2010. Phenotypic and molecular characterization
of Brachyspira spp. isolated from wild rodents. Environmental Microbiology Reports, 2,
720-7217.

Bait-Merabet, L., Thille, A., Legrand, P., Brun-Buisson, C. & Cattoir, V. 2008. Brachyspira
pilosicoli bloodstream infections: case report and review of the literature. Annals of
Clinical Microbiology and Antimicrobials, 7, 1-4.

Bellgard, M. I., Wanchanthuek, P., La, T., Ryan, K., Moolhuijzen, P., Albertyn, Z., Shaban, B.,
Motro, Y., Dunn, D. S., Schibeci, D., Hunter, A., Barrero, R., Phillips, N. D. & Hampson,
D. J. 2009. Genome sequence of the pathogenic intestinal spirochete Brachyspira
hyodysenteriae reveals adaptations to its lifestyle in the porcine large intestine. PLoS ONE,
4, e4641-e4641.

Bermudes, F. a. M., Dettoni, J. B. & Pereira, F. E. L. 2011. Effects of short term fasting on the
evolution of fecal peritonitis in mice. Acta Cirurgica Brasileira, 26, 181-185.

Bernardeau, M., Gueguen, M., Smith, D. G. E., Corona-Barrera, E. & Vernoux, J. P. 2009. In vitro
antagonistic activities of Lactobacillus spp. against Brachyspira hyodysenteriae and
Brachyspira pilosicoli. Veterinary Microbiology, 138, 184-90.

Bolger, A. M., Lohse, M. & Usadel, B. 2014. Trimmomatic: a flexible trimmer for lllumina
sequence data. Bioinformatics, 30, 2114-20.

82



Boye, M., Baloda, S. B., Leser, T. D. & Mgller, K. 1998. Survival of Brachyspira hyodysenteriae
and B. pilosicoli in terrestrial microcosms. Veterinary Microbiology, 81, 33-40.

Brandenburg, A. C., Miniats, O. P., Geissinger, H. D. & Ewert, E. 1977. Swine dysentery:
inoculation of gnotobiotic pigs with Treponema hyodysenteriae and Vibrio coli and a
Peptostreptococcus. Canadian Journal of Comparative Medicine, 41, 294-301.

Brandenburg, A. C. & Wilson, M. R. 1974. Swine dysentery control: the effect of virginiamycin
on the experimentally produced disease. Canadian Veterinary Journal, 15, 88-91.

Burch, D. 2005. Problems of antibiotic resistance in pigs in the UK. In Practice, 27, 37-43.

Burrough, E., Strait, E., Kinyon, J., Bower, L., Madson, D., Schwartz, K., Frana, T. & Songer, J.
G. 2012a. Comparison of atypical Brachyspira spp. clinical isolates and classic strains in
a mouse model of swine dysentery. Veterinary Microbiology, 160, 387-394.

Burrough, E. R. 2016. Swine dysentery: etiopathogenesis and diagnosis of a reemerging disease.
Veterinary Pathology, 1-10.

Burrough, E. R., Strait, E. L., Kinyon, J. M., Bower, L. P., Madson, D. M., Wilberts, B. L.,
Schwartz, K. J., Frana, T. S. & Songer, J. G. 2012b. Comparative virulence of clinical
Brachyspira spp. isolates in inoculated pigs. Journal of Veterinary Diagnostic
Investigation, 24, 1025-1034.

Burrough, E. R., Wilberts, B. L., Bower, L. P., Jergens, A. E. & Schwartz, K. J. 2013. Fluorescent
in situ hybridization for detection of "Brachyspira hampsonii" in porcine colonic tissues.
Journal of Veterinary Diagnostic Investigation, 25, 407-412.

Calderaro, A., Dettori, G., Collini, L., Ragni, P., Grillo, R., Cattani, P., Fadda, G. & Chezzi, C.
1998. Bacteriophages induced from weakly beta-haemolytic human intestinal spirochaetes
by mitomycin C. Journal of Basic Microbiology, 38, 323-35.

Calderaro, A., Piccolo, G., Montecchini, S., Buttrini, M., Gorrini, C., Rossi, S., Arcangeletti, M.
C., De Conto, F., Medici, M. C. & Chezzi, C. 2013. MALDI-TOF MS analysis of human
and animal Brachyspira species and benefits of database extension. Journal of Proteomics,
78, 273-280.

Chander, Y., Primus, A. E., Olivera, S. R. & Gebhart, C. J. 2012. Phenotypic and molecular
characterization of a novel strongly hemolytic Brachyspira species, provisionally
designated "Brachyspira hampsonii*. Journal of Veterinary Diagnostic Investigation, 24,
903-10.

Costa, M., Fernando, C., Nosach, R., Harding, J. C. S. & Hill, J. E. 2016a. Infection of porcine
colon explants with "Brachyspira hampsonii™ leads to increased epithelial necrosis and
catarrhal exudate. Submitted.

83



Costa, M. O., Chaban, B., Harding, J. C. S. & Hill, J. E. 2014a. Characterization of the fecal
microbiota of pigs before and after inoculation with "Brachyspira hampsonii*. PLOS ONE,
9, e106399.

Costa, M. O., Harding, J. C. S. & Hill, J. E. 2016b. Development and evaluation of a porcine in
vitro colon organ culture technique. In vitro Cellular & Developmental Biology - Animal.

Costa, M. O., Hill, J. E., Fernando, C., Lemieux, H. D., Detmer, S. E., Rubin, J. E. & Harding, J.
C. S. 2014b. Confirmation that "Brachyspira hampsonii" clade I (Canadian strain 30599)
causes mucohemorrhagic diarrhea and colitis in experimentally infected pigs. BMC
Veterinary Research, 10, 129-129.

De Smet, K. a. L., 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, 1257-63.

Desrosiers, R. 2011. Transmission of swine pathogens: different means, different needs. Animal
Health Research Reviews, 12, 1-13.

Dewey, C., Bottoms, K., Carter, N. & Richardson, K. 2014. A qualitative study to identify potential
biosecurity risks associated with feed delivery. Journal of Swine Health and Production,
22, 232-243.

Diego, R., Ck-Menes, P. & Carvajal, A. 1995. Serpulina hyodysenteriae challenge of fattening
pigs vaccinated with an adjuvanted bivalent bacterin against swine dysermtery. Vaccine,
13, 663-667.

Duff, J. W., Pittman, J. S., Abvp, D., Hammer, J. M., Kinyon, J. M. & Prevalencia, R. 2014.
Prevalence of Brachyspira hyodysenteriae in sows and suckling piglets. Journal of Swine
Health and Production, 22, 71-77.

Durmic, Z., Pethick, D. W., Mullan, B. P., Accioly, J. M., Schulze, H. & Hampson, D. J. 2002.
Evaluation of large-intestinal parameters associated with dietary treatments designed to
reduce the occurrence of swine dysentery. British Journal of Nutrition, 88, 159.

Ek, C. E., Nosach, R., Fernando, C., Huang, Y., Perez, J. B. D. S., Hill, J. E. & Harding, J. C. S.
Submitted. An optimized mouse model to characterize shedding and clinical disease
associated with "Brachyspira hampsonii™ infection. Submitted.

Fellstrom, C. & Gunnarsson, A. 1995. Phenotypical characterisation of intestinal spirochaetes
isolated from pigs. Research in Veterinary Science, 59, 1-4.

Fellstrom, 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.

84



Fellstrém, C., Landén, A., Karlsson, M., Gunnarsson, A. & Holmgren, N. Mice as a reservoir of
Brachyspira hyodysenteriae in repeated outbreaks of swine dysentery in a Swedish
fattening herd. Proceedings: 18th International Pig Veterinary Society Congress, 2004.
280.

Fellstrom, C., Pettersson, B., Zimmerman, U., Gunnarsson, A. & Feinstein, R. 2001. Classification
of Brachyspira spp. isolated from Swedish dogs. Animal Health Research Reviews, 2, 75-
82.

Felsenstein, J. 1989. PHYLIP - phylogeny inference package (version 3.2). Cladistics, 5, 164-166.

Figi, R., Sidler, X., Goldinger, F., Fuschini, E. & Hartnack, S. 2014. Eradication of swine
dysentery as modified partial depopulation in a nucleus sow breeding farm. Swiss Archive
for Veterinary Medicine.

Fossi, M., Heinonen, M., Pohjanvirta, T., Pelkonen, S. & Peltoniemi, O. a. T. 2001. Eradication of
endemic Brachyspira pilosicoli infection from a farrowing herd: a case report. Animal
Health Research Reviews, 2, 53-57.

Fux, C. A., Shirtliff, M., Stoodley, P. & Costerton, J. W. 2005. Can laboratory reference strains
mirror "real-world" pathogenesis? Trends in Microbiology, 13, 58-63.

Glock, R. D., Harris, D. L. & Kluge, J. P. 1974. Localization of spirochetes with the structural
characteristics of Treponema hyodysenteriae in the lesions of swine dysentery. Infection
and Immunity, 9, 167-178.

Greer, J. M. & Wannemuehler, M. J. 1989. Comparison of the biological responses induced by
lipopolysaccharide and endotoxin of Treponema hyodysenteriae and Treponema innocens.
Infection and Immunity, 57, 717-723.

Halter, M. R. & Joens, L. A. 1988. Lipooligosaccharides from Treponema hyodysenteriae and
Treponema innocens. Infection and Immunity, 56, 3152-3156.

Hampson, D. J. 2012. Diseases of Swine. In: ZIMMERMAN, J. J., KARRIKER, L. A,
RAMIREZ, A., SCHWARTZ, K. J. & STEVENSON, G. W. (eds.) 10th ed.: Wiley-
Blackwell.

Hampson, D. J., La, T. & Phillips, N. D. 2015. Emergence of Brachyspira species and strains:
reinforcing the need for surveillance. Porcine Health Management, 1, 8-8.

Hampson, D. J., La, T., Phillips, N. D. & Holyoake, P. D. 2016. Brachyspira hyodysenteriae
isolated from apparently healthy pig herds following an evaluation of a prototype
commercial serological ELISA. Veterinary Microbiology, 191, 15-19.

85



Hampson, D. J., Lester, G. D., Phillips, N. D. & La, T. 2006. Isolation of Brachyspira pilosicoli
from weanling horses with chronic diarrhoea. The Veterinary Record, 158, 661-662.

Hampson, D. J., Robertson, I. D. & Mhoma, J. R. 1993. Experiences with a vaccine being
developed for the control of swine dysentery. Australian Veterinary Journal, 70, 18-20.

Hansen, C. F., Hernandez, A., Mansfield, J., Hidalgo, A., La, T., Phillips, N. D., Hampson, D. J.
& Pluske, J. R. 2011. A high dietary concentration of inulin is necessary to reduce the
incidence of swine dysentery in pigs experimentally challenged with Brachyspira
hyodysenteriae. British Journal of Nutrition, 106, 1506-1513.

Harding, J., Fernando, C., Costa, M., Rubin, J. & Hill, J. E. 2013. What have we learned about
swine dysentery in Canada? Species: distribution of Brachyspira spp. in Western Canadian
culture is most sensitive. 24, 175-179.

Harding, J., Fernando, C., Rubin, J. & Hill, J. Swine dysentery and other emerging Brachyspiras.
Advances in Pork Production, 2012 Banff, Alberta. 127-132.

Harding, J., Hill, J. E., Chirino-Trejo, M., O'connor, B., Rubin, J. & Fernando, C. Detection of a
novel Brachyspira species associated with haemorrhagic and necrotizing colitis. 2010 2010
Vancouver. 1-5.

Harris, D., Hampson, D. J. & Glock, R. 1999. Swine dysentery. In: STRAW, B. E.,,
ZIMMERMAN, J. J.,, D'ALLAIRE, S. & TAYLOE, D. J. (eds.) Diseases of Swine. 8th
Edition ed. Ames, lowa: lowa State University Press.

Harris, D. L. & Glock, R. D. 1973. Swine dysentery. Veterinary Scope, 17, 2-7.

Harris, D. L., Glock, R. D., Christensen, C. R. & Kinyon, J. M. 1972. Inoculation of pigs with
Treponema hyodysenteriae (new species) and reproduction of the disease. Veterinary
Medicine, Small Animal Clinician, 67, 61-64.

Harris, D. L. & Kinyon, J. M. 1972. Isolation and propagation of spirochetes from the colon of
swine dysentery affected pigs. Canadian Journal of Comparative Medicine, 74-76.

Heinonen, M., Groéhn, Y., Saloniemi, H., Eskola, E. & Tuovinen, V. K. 2001. The effects of health
classification and housing and management of feeder pigs on performance and meat
inspection findings of all-in-all-out swine-finishing herds. Preventative Veterinary
Medicine, 49, 41-54.

Hidalgo, A., Carvajal, A., Pringle, M., Rubio, P. & Fellstrém, C. 2010. Characterization and

epidemiological relationships of Spanish Brachyspira hyodysenteriae field isolates.
Epidemiology and Infection, 138, 76-85.

86



Hidalgo, A., Carvajal, A., Vester, B., Pringle, M., Naharro, G. & Rubio, P. 2011. Trends towards
lower antimicrobial susceptibility and characterization of acquired resistance among
clinical isolates of Brachyspira hyodysenteriae in Spain. Antimicrobial Agents and
Chemotherapy, 55, 3330-3337.

Holden, J., Coloe, P. J. & Smooker, P. M. 2008. An evaluation of the immunogenicity and
protective responses to Brachyspira hyodysenteriae recombinant SmpB vaccination.
Veterinary Microbiology, 128, 354-363.

Holden, J., Moutafis, G., Istivan, T., Coloe, P. J. & Smooker, P. M. 2006. SmpB: a novel outer
membrane protein present in some Brachyspira hyodysenteriae strains. Veterinary
Microbiology, 113, 109-16.

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. 1974. Swine dysentery: failure of an attenuated
strain of spirochaete, given orally, to protect pigs against subsequent challenge. The British
Veterinary Journal, 130, xxxvii-xI.

Hughes, R., Olander, H. J., Kanitz, D. L. & Qureshi, S. 1977. A study of swine dysentery by
immunofluorescence and histology. Veterinary Pathology, 14, 490-507.

Hyatt, D. R., Ter Huurne, A. A, Zeijst, B. a. V. D. & Joens, L. A. 1994. Hemolysin-negative
mutants in pigs and their reduced virulence of Serpulina hyodysenteriae hemolysin-
negative mutants in pigs and their potential to protect pigs against challenge with a virulent
strain. Infection and Immunity, 62, 2244-2248.

Jacobson, M., Fellstrom, C., Lindberg, R., Wallgren, P. & Jensen-Waern, M. 2004. Experimental
swine dysentery: comparison between infection models. Journal of Medical Microbiology,
53, 273-280.

Jamshidian, M., La, T., Phillips, N. D. & Hampson, D. J. 2004. Brachyspira pilosicoli colonization
in experimentally infected mice can be facilitated by dietary manipulation. Journal of
Medical Microbiology, 53, 313-318.

Jansson, D. S., Johansson, K.-E., Olofsson, T., Rasbéack, T., Vagsholm, I., Pettersson, B.,
Gunnarsson, A. & Fellstrom, C. 2004. Brachyspira hyodysenteriae and other strongly -
haemolytic and indole-positive spirochaetes isolated from mallards (Anas platyrhynchos).
Journal of Medical Microbiology, 53, 293-300.

Jenkinson, S. & Wingar, C. 1981. Selective medium for the isolation of Treponema
hyodysenteriae. The Veterinary Record, 109, 384-385.

87



Jensen, T. K., Christensen, A. S. & Boye, M. 2010. Brachyspira murdochii colitis in pigs.
Veterinary Pathology, 47, 334-338.

Jiang, T., Singh, B., Li, H.-S., Kim, Y .-K., Kang, S.-K., Nah, J.-W., Choi, Y .-J. & Cho, C.-S. 2014.
Targeted oral delivery of BmpB vaccine using porous PLGA microparticles coated with M
cell homing peptide-coupled chitosan. Biomaterials, 35, 2365-2373.

Joens, L. A., Glock, R. & Kinyon, J. M. 1980. Differentiation of Treponema hyodysenteriae from
T. innocens by enteropathogenicity testing in the CF1 mouse. The Veterinary Record, 107,
527-529.

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, Nord, N. A., Kinyon, J. M. & Egan, I. T. 1982. Enzyme-linked immunoabsorbent
assay for detection of antibody to Treponema hyodysenteriae antigens. Journal of Clinical
Microbiology, 15, 249-252.

Joens, L. A., Whipp, S. C., Glock, R. D. & Neussen, M. E. 1983. Serotype-specific protection
against Treponema hyodysenteriae infection in ligated colonic loops of pigs recovered
from swine dysentery. Infection and Immunity, 39, 460-462.

Keith, B. A., Harding, J. C., Hill, J. E. & Loewen, M. E. 2016. Characterization of heterologously
expressed putative cytolysins from “Brachyspira hampsonii “. The FASEB Journal, 30,
855.1.

Kennedy, M. J., Rosnick, D. K., Ulrich, R. G. & Yancey Jr, R. J. 1988. Association of Treponema
hyodysenteriae with porcine intestinal mucosa. Journal of General Microbiology, 134,
1565-1576.

Kinyon, J. M. & Harris, D. L. 1979. Treponema innocens, a new species of intestinal bacteria, and
emended description of the 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.

Kitai, K., Kashiwazaki, M., Adachi, Y., Kunugita, K. & Arakawa, A. 1987. In vitro antimicrobial
activity against reference strains and field isolates of Treponema hyodysenteriae.
Antimicrobial Agents and Chemotherapy, 31, 1935-1938.

88



Komarek, V., Maderner, A., Spergser, J. & Weissenbdck, H. 2009. Infections with weakly
haemolytic Brachyspira species in pigs with miscellaneous chronic diseases. Veterinary
Microbiology, 134, 311-317.

Kunkle, R. A. & Kinyon, J. M. 1988. Improved selective medium for the isolation of improved
selective medium for the isolation of Treponema hyodysenteriae. Journal of Clinical
Microbiology, 26, 2357-2360.

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.

La, T., Tan, P., Phillips, N. D. & Hampson, D. J. 2005. The distribution of bmpB, a gene encoding
a29.7 kDa lipoprotein with homology to MetQ, in Brachyspira hyodysenteriae and related
species. Veterinary Microbiology, 107, 249-56.

Langmead, B. & Salzberg, S. L. 2012. Fast gapped-read alignment with Bowtie 2. Nature Methods,
9, 357-9.

Larocca, T. J., Pathak, P., Chiantia, S., Toledo, A., Silvius, J. R., Benach, J. L. & London, E. 2013.
Proving lipid rafts exist: membrane domains in the prokaryote Borrelia burgdorferi have
the same properties as eukaryotic lipid rafts. PLoS Pathogens, 9, e1003353.

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.

Lee, B. J., La, T., Mikosza, A. S. J. & Hampson, D. J. 2000. Identification of the gene encoding
BmpB, a 30 kDa outer envelope lipoprotein of Brachyspira (Serpulina) hyodysenteriae,
and immunogenicity of recombinant BmpB in mice and pigs. Veterinary Microbiology, 76,
245-257.

Lee, J. I. & Hampson, D. J. 1994. Genetic characterisation of intestinal spirochaetes and their
association with disease. Journal of Medical Microbiology, 40, 365-371.

Leggett, R. M., Clavijo, B. J., Clissold, L., Clark, M. D. & Caccamo, M. 2014. NextClip: an
analysis and read preparation tool for Nextera Long Mate Pair libraries. Bioinformatics,
30, 566-8.

Luo, R., Liu, B., Xie, Y., Li, Z., Huang, W., Yuan, J., He, G., Chen, Y., Pan, Q., Liu, Y., Tang, J.,
Wu, G., Zhang, H., Shi, Y., Liu, Y., Yu, C., Wang, B., Lu, Y., Han, C., Cheung, D. W.,
Yiu, S.-M., Peng, S., Xiaoqgian, Z., Liu, G., Liao, X., Li, Y., Yang, H., Wang, J., Lam, T.-
W. & Wang, J. 2012. SOAPdenovo2: an emperically improved memory-efficient short-
read de novo assembler. GigaScience, 1, 1-6.

89



Mahu, M., De Jong, E., De Pauw, N., Vande Maele, L., Vandenbroucke, V., Vandersmissen, T.,
Miry, C., Pasmans, F., Haesebrouck, F., Martel, A. & Boyen, F. 2014. First isolation of
"Brachyspira hampsonii* from pigs in Europe. The Veterinary Record, 174, 47-47.

Mahu, M., De Pauw, N., Vande Maele, L., Verlinden, M., Boyen, F., Ducatelle, R., Haesebrouck,
F., Martel, A. & Pasmans, F. 2016. Variation in hemolytic activity of Brachyspira
hyodysenteriae strains from pigs. Veterinary Research, 47, 1-10.

Martin-Platero, A. M., Valdivia, E., Maqueda, M. & Martinez-Bueno, M. 2007. Fast, convenient,
and economical method for isolating genomic DNA from lactic acid bacteria using a
modification of the protein "salting-out” procedure. Analytical Biochemistry, 366, 102-104.

Martinez-Lobo, F. J., Hidalgo, A., Garcia, M., Argiello, H., Naharro, G., Carvajal, A. & Rubio,
P. 2013. First identification of “Brachyspira hampsonii” in wild European waterfowl. PL0S
One, 8, £82626-£82626.

Meyer, R. C., Simon, J. & Byerly, C. S. 1975. The etiology of swine dysentery: I11. Role of selected
gram-negative obligate anaerobes. Veterinary Pathology, 12, 46-54.

Mikosza, A. S. J. & Hampson, D. J. 2001. Human intestinal spirochetosis: Brachyspira aalborgi
and/or Brachyspira pilosicoli? Animal Health Research Reviews, 2, 101-110.

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.

Mirajkar, N. S., Bekele, A. Z., Chander, Y. Y. & Gebhart, C. J. 2015. Molecular epidemiology of
novel pathogen “Brachyspira hampsonii” reveals relationships between diverse genetic
groups, regions, host species and other pathogenic and commensal Brachyspira. Journal
of Clinical Microbiology, 53, JCM.01236-15.

Mirajkar, N. S. & Gebhart, C. J. 2016. Comparison of agar dilution and antibiotic gradient strip
test with broth microdilution for susceptibility testing of swine Brachyspira species.
Journal of Veterinary Diagnostic Investigation, 28, 133-143.

Mirajkar, N. S., Phillips, N. D., La, T., Hampson, D. J. & Gebhart, C. J. 2016. Characterization
and recognition of Brachyspira hampsonii sp. nov., a novel intestinal spirochete that is
pathogenic to pigs. Journal of Clinical Microbiology, 1-31.

Mgller, K., Jensen, T. K., Jorsal, S. E., Leser, T. D. & Carstensen, B. 1998. Detection of Lawsonia
intracellularis, Serpulina hyodysenteriae, wealy 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.

90



Muir, S., Koopman, M. B. H., Libby, S. J., Joens, L. A., Heffron, F. & Kusters, J. G. 1992. Cloning
and expression of a Serpula (Treponema) hyodysenteriae hemolysin gene. Infection and
Immunity, 60, 529-535.

Mushtag, M., Zubair, S., Rasback, T., Bongcam-Rudloff, E. & Jansson, D. S. 2015. Brachyspira
suanatina sp. nov., an enteropathogenic intestinal spirochaete isolated from pigs and
mallards: genomic and phenotypic characteristics. BMC Microbiology, 15, 208-208.

Naresh, R. & Hampson, D. J. 2010. Attraction of Brachyspira pilosicoli to mucin. Microbiology,
156, 191-197.

Neef, N. A., Lysons, R. J., Troyt, 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.

Nibbelink, S. K. & Wannemuehler, M. J. 1991. Susceptibility of inbred mouse strains to infection
with Serpula (Treponema) hyodysenteriae. Infection and Immunity, 59, 3111-3118.

Nibbelink, S. K. & Wannemuehler, M. J. 1992. An enhanced murine model for studies of Serpulina
(Treponema) hyodysenteriae pathogenesis. Infection and Immunity, 60, 3433-3436.

Nuessen, M. E., Birmingham, J. R. & Joens, L. A. 1982. Biological activity of a lipopolysaccharide
extracted from Treponema hyodysenteriae. Infection and Immunity, 37, 138-142.

Nuessen, M. E., Joens, L. A. & Glock, R. D. 1983. Involvement of lipopolysaccharide in the
pathogenicity of Treponema hyodysenteriae. The Journal of Immunology, 131, 997-999.

O'Connor, J. J., Baughn, C. O., Pilote, R. R., Alpaugh, W. C., Linkenheimer, W. H. & Maplesden,
D. C. 1979. Tiamulin in the feed for the prevention of swine dysentery and growth
promotion of growing pigs. Journal of Animal Science, 49, 933-938.

Ochial, 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.

Okonechnikov, K., Conesa, A. & Garcia-Alcalde, F. 2016. Qualimap 2: advanced multi-sample
quality control for high-throughput sequencing data. Bioinformatics, 32, 292-4.

Osorio, J., Carvajal, A., Naharro, G., Rubio, P., La, T., Phillips, N. D. & Hampson, D. J. 2013.
Identification of weakly haemolytic Brachyspira isolates recovered from pigs with
diarrhoea in Spain and Portugal and comparison with results from other countries.
Research in Veterinary Science, 95, 861-9.

Oxberry, S. L. & Hampson, D. J. 2003. Colonisation of pet shop puppies with Brachyspira
pilosicoli. Veterinary Microbiology, 93, 167-174.

91



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, 219-25.

Patterson, A. H., Rubin, J. E., Fernando, C., Costa, M. O., Harding, J. C. S. & Hill, J. E. 2013.
Fecal shedding of Brachyspira spp. on a farrow-to-finish swine farm with a clinical history
of "Brachyspira hampsonii*-associated colitis. BMC Veterinary Researchesearch, 9, 137-
137.

Perez, J. B. D. S., Rubin, J. E., Fernando, C., Harding, J. C. S. & Hill, J. E. 2016. Characterization
of "Brachyspira hampsonii” Clade | and Il Isolated from Commercial Swine in Western
Canada. FACETS.

Phillips, N. D., Dunlop, H., La, T. & Hampson, D. J. An unusual strongly haemolytic spirochaete
isolated from an Australian herd with suspected swine dysentery. Fourth International
Conference on Colonic Spirochaetal Infections of Animals and Humans, May 2007 Prague,
Czech Republic. 20-22.

Phillips, N. D., La, T., Adams, P. J., Harland, B. L., Fenwick, S. G. & Hampson, D. J. 2009.
Detection of Brachyspira hyodysenteriae, Lawsonia intracellularis and Brachyspira
pilosicoli in feral pigs. Veterinary Microbiology, 134, 294-299.

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 1, 2, 3. The Journal of Nutrition, 128, 1737-1744.

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.

Pogranichniy, R. M., Yoon, K.-J., Harms, P. A., Sorden, S. D. & Daniels, M. 2002. Case-control
study on the association of porcine circovirus type 2 and other swine viral pathogens with
postweaning multisystemic wasting syndrome. Journal of Veterinary Diagnostic
Investigation, 14, 449-456.

Prohaska, S., Pfluger, V., Ziegler, D., Scherrer, S., Frei, D., Lehmann, A., Wittenbrink, M. M. &
Huber, H. 2014. MALDI-TOF MS for identification of porcine Brachyspira species.
Letters in Applied Microbiology, 58, 292-8.

Quednau, M., Ahrné, S., Petersson, A. C. & Molin, G. 1998. Identification of clinically important
species of Enterococcus within 1 day with randomly amplified polymorphic DNA
(RAPD). Current Microbiology, 36, 332-336.

92



Rasback, T., Fellstrom, C., Gunnarsson, A. & Aspan, A. 2006. Comparison and biochemical tests
with PCR for detection of Brachyspira hyodysenteriae and Brachyspira pilosicoli. Journal
of Microbiological Methods, 66, 347-353.

Rasback, T., Jansson, D. S., Johansson, K.-E. & Fellstrom, C. 2007a. A novel enteropathogenic,
strongly haemolytic spirochaete isolated from pig and mallard, provisionally designated
‘Brachyspira suanatina' sp. nov. Environmental Microbiology, 9, 983-91.

Rasback, T., Johansson, K. E., Jansson, D. S., Fellstrom, C., Alikhani, M. Y., La, T., Dunn, D. S.
& Hampson, D. J. 2007b. Development of a multilocus sequence typing scheme for
intestinal spirochaetes within the genus Brachyspira. Microbiology, 153, 4074-4087.

Richter, M. & Rossello-Mora, R. 2009. Shifting the genomic gold standard for the prokaryotic
species definition. Proceedings of the National Academy of Sciences of the United States
of America, 106, 19126-19131.

Rohde, J. & Habighorst-Blome, K. 2012. An up-date on the differentiation of Brachyspira species
from pigs with nox-PCR-based restriction fragment length polymorphism. Veterinary
Microbiology, 158, 211-215.

Rohde, J., Habighorst-Blome, K. & Seehusen, F. 2014. "Brachyspira hampsonii" clade | isolated
from Belgian pigs imported to Germany. Veterinary Microbiology, 168, 432-5.

Rohde, J., Kessler, M., Baums, C. G. & Amtsberg, G. 2004. Comparison of methods for
antimicrobial susceptibility testing and MIC values for pleuromutilin drugs for
Brachyspira hyodysenteriae isolated in Germany. Veterinary Microbiology, 102, 25-32.

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.

Rubin, J. E., Costa, M. O., Hill, J. E., Kittrell, H. E., Fernando, C., Huang, Y., O’connor, B. &
Harding, J. C. S. 2013a. Reproduction of mucohaemorrhagic diarrhea and colitis
indistinguishable from swine dysentery following experimental inoculation with
“Brachyspira hampsonii” strain 30446. PLOS ONE, 8, e57146-e57146.

Rubin, J. E., Harms, N. J., Fernando, C., Soos, C., Detmer, S. E., Harding, J. C. S. & Hill, J. E.
2013b. Isolation and characterization of Brachyspira spp. including "Brachyspira
hampsonii™ from lesser snow geese (Chen caerulescens caerulescens) in the Canadian
Arctic. Microbial Ecology, 66, 813-22.

Rugna, G., Bonilauri, P., Carra, E., Bergamini, F., Luppi, A., Gherpelli, Y., Magistrali, C. F.,
Nigrelli, A., Alborali, G. L., Martelli, P., La, T., Hampson, D. J. & Merialdi, G. 2015.
Sequence types and pleuromutilin susceptibility of Brachyspira hyodysenteriae isolates
from Italian pigs with swine dysentery: 2003-2012. The Veterinary Journal, 203, 115-1109.

93



Segalés, J. & Domingo, M. 2002. Postweaning multisystemic wasting syndrome (PMWS) in pigs.
A review. Veterinary Quarterly, 24, 109-124.

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, 207-207.

Somerville, G. A., Beres, S. B., Fitzgerald, J. R., Deleo, F. R., Cole, R. L., Hoff, J. S. & Musser,
J. M. 2002. In vitro serial passage of Staphylococcus aureus: changes in physiology,
virulence factor production, and agr nucleotide sequence. Journal of Bacteriology, 184,
1430-1437.

Song, Y. & Hampson, D. J. 2009. Development of a multiplex gPCR for detection and quantitation
of pathogenic intestinal spirochaetes in the faeces of pigs and chickens. Veterinary
Microbiology, 137, 129-136.

Song, Y., La, T., Phillips, N. D. & Hampson, D. J. 2015. Development of a serological ELISA
using a recombinant protein to identify pig herds infected with Brachyspira
hyodysenteriae. The Veterinary Journal, 206, 365-370.

Songer, J. G., Kinyon, J. M. & Harris, D. L. 1976. Selective medium for isolation of Treponema
hyodysenteriae. Journal of Clinical Microbiology, 4, 57-60.

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., Fournie-Amazouz, E., Postic, D., Trott, D. J., Grimont, P. a. D., Baranton, G.,
Hampson, D. J. & Saint Girons, 1. 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., Humphrey, S. B., Sharma, V. K. & Zuerner, R. L. 2008. Collateral effects of
antibiotics: carbadox and metronidazole induce VSH-1 and facilitate gene transfer among
Brachyspira hyodysenteriae strains. Applied and Environmental Microbiolgy, 74, 2950-
2956.

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., 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 Pt 3, 669-676.

94



Suenaga, |. & Yamazaki, T. 1984. Experimental Treponema hyodysenteriae infection of mice.
Zentralblatt fir Bakteriologie, Mikrobiologie und Hygiene, 1 257, 348-356.

Szczepanek, S. M., Tulman, E. R., Gorton, T. S., Liao, X,, Lu, Z., Zinski, J., Aziz, F., Frasca, S.,
Jr., Kutish, G. F. & Geary, S. J. 2010. Comparative genomic analyses of attenuated strains
of Mycoplasma gallisepticum. Infection and Immunity, 78, 1760-71.

Ter Huurne, A. a. H. M., Muir, S., Van Houten, M., Van Der Zeijst, B. a. M., Gaastra, W. &
Kusters, J. G. 1994. Characterization of three putative Serpulina hyodysenteriae
hemolysins. Microbial Pathogenesis, 16.

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, 431-6.

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.

Wanchanthuek, P., Bellgard, M. 1., La, T., Ryan, K., Moolhuijzen, P., Chapman, B., Black, M.,
Schibeci, D., Hunter, A., Barrero, R., Phillips, N. D. & Hampson, D. J. 2010. The complete
genome sequence of the pathogenic intestinal spirochete Brachyspira pilosicoli and
comparison with other Brachyspira genomes. PLoS ONE, 5, e11455-e11455.

Warneke, H. L., Kinyon, J. M., Bower, L. P., Burrough, E. R. & Frana, T. S. 2014. Matrix-assisted
laser desorption ionization time-of-flight mass spectrometry for rapid identification of
Brachyspira species isolated from swine, including the newly described "Brachyspira
hampsonii®. Journal of Veterinary Diagnostic Investigation, 26, 635-639.

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.

Whipp, S. C., Robinson, I. M., Harris, D. L., Glock, R. D., Matthews, P. J. & Alexander, T. J. L.
1979. Pathogenic synergism between Treponema hyodysenteriae and other selected
anaerobes in gnotobiotic pigs. Infection and Immunity, 26, 42-47.

Wilberts, B. L., Arruda, P. H., Warneke, H. L., Erlandson, K. R., Hammer, J. M. & Burrough, E.
R. 2014. Cessation of clinical disease and spirochete shedding after tiamulin treatment in

95



pigs experimentally infected with “Brachyspira hampsonii”. Research in Veterinary
Science, 97, 341-347.

Witchell, T. D., Coutts, S. a. J., Bulach, D. M. & Adler, B. 2006. Differential expression of the
Bhmp39 major outer membrane proteins of Brachyspira hyodysenteriae. Infection and
Immunity, 74, 3271-6.

Witchell, T. D., Hoke, D. E., Bulach, D. M., Coutts, S. a. J., Driesen, S. J., Cordwell, S. J. & Adler,
B. 2011. The major surface Vsp proteins of Brachyspira hyodysenteriae form antigenic
protein complexes. Veterinary Microbiology, 149, 157-62.

96



