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Abstract

Streptococcus equi subsp. zooepidemicus (S. zooepidemicus) is an opportunistic commensal
bacterium of the horse mucosa causing disease in susceptible populations. This research sets
out to enhance the understanding of S. zooepidemicus infections within the New Zealand
horse population through strain-associated genomic and phenotypic characteristics.
Retrospectively, S. zooepidemicus is the second most frequently isolated bacterium in New
Zealand horses, being mainly associated with respiratory and urogenital tract infections.
However, it also has the ability to colonise and or infect a diverse range of other anatomical
regions of New Zealand horses. S. zooepidemicus isolates were shown to be genetically
diverse via strain typing using either the single polymorphic gene, szp or standard multilocus
sequence typing (MLST). Both typing schemes were shown to lack the discriminatory power
needed to completely separate the isolates which was resolved by employing core genome
MLST. Importantly, none of these typing methods could link a particular strain to disease
status or anatomical region. However, when disease occurred the number of colonising
strains tended to reduce to just the infective strain, indicating bacterial competition and strain
fitness advantages. Factors available to S. zooepidemicus to colonise and persist in the horse
include biofilm formation and cellular invasion with the majority of strains tested in vitro, able

to form biofilms and all tested strains capable of invasion.

Bioinformatic analysis showed that the pangenome of S. zooepidemicus is open, which
demonstrates the ability of species to accessorise its genome enabling the species to diversify
and exploit different hosts and environment. An average of 45 new genes are discovered
with the addition of each new genome. Unfortunately, no single feature of the accessory
genome analysed was able to differentiate the New Zealand horse S. zooepidemicus strains
as commensals or pathogens or differentiate strains from respiratory disease or uterine
infection. As a result, this study defines S. zooepidemicus as an opportunistic pathogen that
can reside in the healthy equine population and infect susceptible hosts and are not

anatomically, geographically or host bound.
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Definitions

Terms used throughout this thesis are defined as follows:

Commensal

Opportunistic pathogen

Colonised

Infection

Pathogenicity

Fitness factors

Virulence factors

bacteria benefiting from living in a host without causing harm or
benefits to that host. Part of the host’s normal flora.

normally a commensal, potentially causing disease in times of
stress when host’s innate resistance is weakened.

the presence of bacteria without eliciting an immune response.
No clinical manifestations.

proliferating bacteria inducing an immune response with
resultant clinical manifestations.

the state of being capable of causing disease.

genes contributing to the survival of a bacterium in a given niche
(an increase in fitness).

types of fitness factors that are specifically attributed to the
pathogenicity of a bacterium. Increases virulence of the
bacteria and is usually associated with an increase in fitness.
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Chapter 1

S. equi subsp. zooepidemicus:

Background

1.1 Pyogenic Streptococci

The genus Streptococcus contains approximately 72 species of catalase-negative,
Gram-positive cocci with a wide range of epidemiological and ecological characteristics
(Richards et al., 2014). Based on 16S rRNA sequencing, they are classed into Pyogenic, Bovis,
Mutans, Mitis-Sanguinis, Anginosus, Salivarius or Other groups (Gobbetti & Calasso, 2014;
Janda, 2014). Members of the pyogenic group have been further classified into Lancefield
groups based on the presence and type of surface antigens and are associated with
pus-inducing (pyogenic) infections in humans and animals (Sitkiewicz & Hryniewicz, 2010;
Gobbetti & Calasso, 2014) (Sitkiewicz & Hryniewicz, 2010). The major groups of B-haemolytic,
pyogenic streptococci are Lancefield Groups A, B, C, and G (Table 1.1). Group A Streptococcus
(GAS), Streptococcus pyogenes, is an important human pathogen resulting in over half a
million yearly global deaths (Sitkiewicz & Hryniewicz, 2010). S. pyogenes can cause infections
of mucosal surfaces and skin such as pharyngitis/tonsillitis, impetigo and cellulitis with some
infections causing post-infectious sequelae such as rheumatic fever and glomerulonephritis
(Sitkiewicz & Hryniewicz, 2010). It is also the cause of severe invasive infections including
streptococcal toxic shock syndrome, necrotising fasciitis, pneumonia and bacteraemia
(Sitkiewicz & Hryniewicz, 2010). Group B Streptococcus (GBS), Streptococcus agalactiae, is a
common major bovine pathogen causing mastitis as well as a human pathogen causing
serious life-threatening disease in adults with underlying medical conditions and in neonates

and young infants (Sitkiewicz & Hryniewicz, 2010). Group C and G Streptococcus (GCS and
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GGS) are regarded as opportunistic animal pathogens which are emerging as important

human pathogens causing invasive and often fatal disease (Sitkiewicz & Hryniewicz, 2010).

The GCS contains Streptococcus dysgalactiae subsp. dysgalactiae, Streptococcus dysgalactiae

subsp. equisimilis, Streptococcus equi subsp. equi, S. equi subsp. zooepidemicus, S. equi subsp.

ruminatorum, Streptococcus phocae and Streptococcus marimammalium (Table 1.1). S. equi

subsp. zooepidemicus is the species of focus for this thesis and for ease of reading, the three

subspecies of S. equi will be referred to by their subspecies name: S. equi subsp. equi as S.

equi, S. equi subsp. zooepidemicus as S. zooepidemicus, and S. equi subsp. ruminatorum as S.

ruminatorum.

Table 1.1: The Streptococcus pyogenic group

Lancefield HEM** Host Reference
Species Group*
S. pyogenes A B human (Sitkiewicz & Hryniewicz, 2010; Janda,
2014)
S. canis G B dog, human, other (Whatmore et al., 2001; Janda, 2014)
animals
S. dysgalactiae subsp. equisimilis ACG,L B pig, cattle, horse, (Sitkiewicz & Hryniewicz, 2010; Janda,
human 2014)
S. dysgalactiae subsp. dysgalactiae C L B pig, cattle, human (Sitkiewicz & Hryniewicz, 2010; Janda,
2014)
S. equi subsp. equi C B horse, occasionally (Sitkiewicz & Hryniewicz, 2010; Janda,
human and dog 2014)
S. equi subsp. zooepidemicus CG B several animal (Sitkiewicz & Hryniewicz, 2010; Janda,
species, human 2014)
S. equi subsp. ruminatorum C B sheep, goat, hyena,  (Speck et al., 2008; Meyer et al., 2011;
zebra, primate, Janda, 2014; Guo et al., 2020)
human
S. ictaluri - Y fish (Collins et al., 2000; Janda, 2014)
S. pseudoporcinus B B human (Janda, 2014)
S. porcinus E,P,U,V, - B pig, human (Janda, 2014)
S. uberis E,P,B,G,- a,y cattle (Groschup et al., 1991; Janda, 2014)
S. parauberis P,U,G,E,- a,y cattle (Groschup et al., 1991; Collins et al.,
2000; Gobbetti & Calasso, 2014; Janda,
2014)
S. iniae - a, B fish, human (Gobbetti & Calasso, 2014; Janda, 2014)
S. urinalis - Y human (Collins et al., 2000; Janda, 2014)
S. agalactiae B a,v,p cattle (Sitkiewicz & Hryniewicz, 2010; Gobbetti
& Calasso, 2014; Janda, 2014)
S. castoresus A B beaver (Janda, 2014)
S. didelphis - B opossum (Gobbetti & Calasso, 2014; Janda, 2014)
S. halichoeri B Y seal, human, (Janda, 2014; Aaltonen et al., 2020)
badger, dog, fox,
mink , finnraccon
S. hongkongensis G Y fish, human (Janda, 2014)
S. phocae CF,- B seal, porpoise (Collins et al., 2000; Janda, 2014)
S. fryi B dog (Tomida et al., 2011; Gobbetti & Calasso,
2014)
S. marimammalium C B seal (Lawson et al., 2005; Tomida et al.,

2011; Gobbetti & Calasso, 2014)
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*Letter designations of Lancefield grouping based on composition of cell wall antigens where a single
dash indicates an un-groupable species. **Haemolysis (HEM): alpha (a) = incomplete haemolysis with
the oxidising of haemoglobin resulting in a greenish zone around colonies, beta () = complete lysis of
red blood cells resulting in a clearing zone around colonies, and gamma (y) = lack of visible haemolysis.

1.2 Evolution of Streptococcus equi subspecies

Early evolution of Streptococcus was characterized by genome expansion through gene gain
followed by a period of streamlining through gene loss, diversifying the major groups within
this genus (Richards et al., 2014). The majority of the present day species then evolved
through a period of genome expansion (gene gain) with horizontal gene transfer (HGT)
suspected to have played a large role in Streptococcus evolution (Richards et al., 2014). The
pyogenic group showed a high gene turnover (gene gain/loss) through a pattern of rapid
adaptive radiation by HGT, with little correlation between the evolutionary relationships seen
by the wide range of hosts and environments inhabited by the species of this group (Richards
et al., 2014). Genes involved in the uptake of sugar (phosphotransferase system) and the
metabolism of carbohydrates have been fundamental in the evolution of this pyogenic group
(Richards et al., 2014). Further, genes involved in pathogenesis were also important within
the group evolution with indications that they were acquired by HGT after the group branched
(Richards et al., 2014).

Mobile genetic elements have been instrumental in shaping the genomes of S. zooepidemicus
through chromosomal inversions, recombination and HGT resulting in a diverse species (Beres
etal.,2008; Holden et al., 2009; Ma et al., 2013). There is strong evidence of genetic exchange
between S. equi and S. zooepidemicus and with other species of the pyogenic group, in
particular S. pyogenes through the identification of extensive shared gene content as well as
with S. agalactiae and S. dysgalactiae (Beres et al., 2008; Holden et al., 2009; Waller &
Robinson, 2013). Beres et al. (2008) postulates that S. zooepidemicus is naturally-competent
with the presence of many homologues of competence genes in the S. zooepidemicus
MGCS10565 genome, a strain responsible for an epidemic of nephritis in Brazil caused by the
consumption of contaminated cheese (Beres et al., 2008). They identified 22 of 23

streptococcal essential genes for natural transformation in this strain. Natural competence
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would assist in the uptake of foreign DNA and evolution/adaptation of the species. However,
there is also evidence that S. zooepidemicus maintains a stable genome by resisting the
up-take of foreign DNA, balancing the need of both gene gain and genome stability. The lack
of or relatively few prophages in S. zooepidemicus genomes (Beres et al., 2008; Waller &
Robinson, 2013) is suggestive of the subspecies resistance to the uptake and incorporation of
foreign DNA through phage-mediated HGT, preventing stable prophage integration (Beres et
al., 2008). This lack of prophages is a trend seen in other naturally transformable streptococci
and is postulated to be an effect of the presence of the competence system (Beres et al.,
2008). Clustered regular interspaced short palindromic repeat (CRISPR) elements and
CRISPR-associated (Cas) genes, CRISPR-Cas systems, are also present in S. zooepidemicus
genomes further providing resistance to the incorporation of prophages (Beres et al., 2008;
Holden et al., 2009; Waller & Robinson, 2013). CRISPRs will be a part of the balancing act
between gene gain, allowing for adaptation, and genome stability. Similarity of the
CRISPR-Cas spacer sequences provides evidence that the pyogenic group share a common
phage pool which would facilitate the exchange of DNA between the Streptococcus species

through phage mediated HGT (Waller & Robinson, 2013).

The ability of the highly-related subspecies to exploit distinct niches gives evidence to the role
of adaptive evolution in diversifying this species, for example S. equi is restricted to horses, S.
ruminatorum is found in mastitic sheep and goats, and S. zooepidemicus infects a wide range
of hosts (Richards et al., 2014). The three subspecies share greater than 98 % DNA homology
(Fernandez et al., 2004; Timoney, 2004). S. zooepidemicus is thought to be the archetype of
S. equi based on multilocus enzyme electrophoresis (Jorm et al., 1994) and the composition
of 16S-23S RNA gene intergenic spacer sequences (Chanter et al., 1997). Comparative
genomics suggests that the acquisition of a novel system involving the uptake of iron was a
key speciation event in the evolution of S. equi from S. zooepidemicus becoming host

restricted to the horse (Holden et al., 2009).
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1.3 Streptococcus equi subspecies

Strangles is a well-known and highly contagious upper respiratory tract infection of equines
caused by the bacterium S. equi. As its name suggests, it often involves abscessation of the
head and neck lymph nodes which become large and painful affecting breathing and
swallowing (Taylor & Wilson, 2006). The first description of the disease goes back to 1251
(Timoney, 1993b; Sweeney et al., 2005) and has been referenced to in Europe since the 13th
century (Taylor & Wilson, 2006). It is now a worldwide problem and one of the most
diagnosed infectious diseases in horses, posing major welfare and economic impacts. In 2008
in the United Kingdom there were over 700 outbreaks of strangles, with some outbreaks
involving over 200 horses and having significant associated costs (Waller et al., 2011). S. equi
can become established in the guttural pouch of the horse via the formation of chondroids,
inspissated pus harboring bacteria, resulting in persistent asymptomatic infections which
significantly influences the survival and spread of this disease on a global scale (Waller et al.,

2011).

Polymerase chain reaction (PCR) amplification and sequencing of the variable N-terminal
region of the antiphagocytic M-protein (Sem) is used to identify the different strains of S. equi
causing an infection (Anzai et al., 2005; Kelly et al., 2006; ljaz et al., 2011), through the use of
the S. zooepidemicus multilocus sequence typing (MLST) database

(http://pubmLst.org/szooepidemicus/). This allows easy comparison of strains found

throughout the world (Jolley & Maiden, 2010). Using this method, two new S. equi Sem
strains were found, sem-100 and sem-99, in the New Zealand horse population (Patty &
Cursons, 2014). Strain sem-100 appeared more prevalent, causing nine out of the thirteen
outbreaks in the study and appearing on both the North and South Island of New Zealand.
Strain sem-99 was only found on the North Island in a total of four outbreaks. However, due
to the low numbers of outbreaks, the dominance of sem-100 is yet to be confirmed.
Continued surveillance is required to detect new strains emerging, which may have
biosecurity implications. In comparison, there has been very little identification of

S. zooepidemicus strains present within New Zealand and their associations with infection.


http://pubmlst.org/szooepidemicus/

Chapter 1

Conversely to S. equi, S. zooepidemicus is considered an opportunistic pathogen that causes
disease only when its host is under situations of stress, such as viral infection, heat stress, or
tissue injury (Timoney, 2004). In horses, S.zooepidemicus has been associated with
respiratory disease, foal pneumonia, endometritis, and abortion (Mir et al., 2013a) and has
been isolated from equine joints, lymph nodes, nasal cavities, lungs, and reproductive tracts
(Timoney, 2004; Casagrande Proietti et al., 2011). In addition, it can be a serious zoonotic
pathogen for people in contact with infected horses (Timoney, 2004; Pelkonen et al., 2013)
and is also the cause of acute infection in a number of other animals including but not limited
to: dogs (Chalker et al., 2012; Velineni et al., 2014c), chickens (Roy et al., 2013), goats (Mir et
al., 2013b), cats (Blum et al., 2010), pigs (Ma et al., 2013), and seals (Akineden et al., 2005).

Like S. zooepidemicus, S. ruminatorum also has a varied host range. It was first described in
2004 as a novel subspecies isolated from sheep and goats with clinical and subclinical mastitis
(Fernandez et al., 2004). It has since been isolated from hyenas and zebras as the likely
causative agent of an outbreak of strangles-like symptoms in hyenas (Speck et al., 2008).
Further, two cases of human disease have been reported (Marchandin et al., 2007; Meyer et
al., 2011). Most recently, it was discovered in the blood of a deceased rhesus marcaque (Guo

et al., 2020). As a novel subspecies, there is still a lot to learn about S. ruminatorum.

1.4 Streptococcus zooepidemicus and Equine Disease

Beta (B)-haemolytic streptococci are frequently associated with equine diseases. For instance,
S. zooepidemicus was the most frequently isolated streptococci (72 % of the cases) in equine
disease cases where [B-haemolytic streptococci were isolated in the United States (Erol et al.,
2012). The S. zooepidemicus isolates were mostly recovered from foetal tissue, placentas and
the genital system, as well as lymph nodes, the respiratory tract, joints, and other organs (Erol
et al., 2012). S. equisimilis was isolated in 21.3 % of the cases and at 5.8 %, S. equi was the
least isolated, recovered from lymph node abscesses, the upper and lower respiratory tract,
and guttural pouches as well as in two abortion cases. In 0.9 % of the cases the 3-haemolytic

streptococci remained unidentified, mainly isolated from foetuses and the genital tract (Erol
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et al.,, 2012). Although frequently isolated, a positive S. zooepidemicus result creates
uncertainty around it being the causative pathogen or just a commensal, due to its

opportunistic lifestyle.

1.4.1 Respiratory Infections and S. zooepidemicus

Respiratory disease is an important cause of economic loss in the horse breeding industry and
can have a major impact on racehorse performance and training. Respiratory disease is
generally of viral or bacterial aetiology, however, the role of bacteria in respiratory disease is
harder to assess and is less understood than viral infections (Christley et al., 2001). In addition,
it is thought that various other factors are involved in the disease. One study was unable to
link viral, bacterial, or mycoplasma infection to 58 % of respiratory cases (Christley et al.,
2001). They theorised that either the bacterial infection had already resolved or the case was
due to non-infectious airway disorders such as allergic irritation or non-allergic irritation
following infectious or environmental challenge. Although associations can be made, the
mere presence of bacteria isolated from respiratory infections does not confirm it as the

primary causative agent, as many bacteria are part of the normal microbial flora.

From previous studies on bacteria associated with respiratory tract infections,
S. zooepidemicus was shown to be one of the most commonly isolated bacterial species from
horses with upper respiratory disease (Laus et al., 2007; Jannatabadi et al., 2008; Ryu et al.,
2011; Mir et al., 2013a) and lower respiratory disease (Christley et al., 2001; Newton et al.,
2003; Wood et al., 2005b, 2005a). However, the association of S. zooepidemicus with
respiratory infections appears to decrease with age (Barquero et al., 2010), which may be
indicative of age-acquired immunity. Post-mortem analysis of racehorses with fatal
pneumonia resulted in the isolation of S. zooepidemicus in 72 % of the cases and in particular,
was the main bacterial agent isolated from areas of lung abscess and necrosis (Carvallo et al.,

2017).

1.4.2 Uterine Infections and S. zooepidemicus

Bacterial infections occur in 25 % to 60 % of barren mares usually presenting in three forms:

(1) venereal infections caused by the spread of a virulent pathogen between mares via live
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cover by a stallion, (2) chronic infections due to persistent opportunistic bacteria in mares and
(3) post-breeding infections (persistent breeding-induced endometritis) caused by genital
commensals of the mare after natural mating or artificial insemination (Causey, 2006).
Although there is a lack of information on bacterial and uterine interactions, there is
compelling evidence that the uterine environment and its ability to clear bacteria play a role

in whether a mare is more susceptible or resistant to bacterial infections (Causey, 2006).

Organisms associated with uterine infections include commensals (S. zooepidemicus and E.
coli), pathogenic bacteria (Klebsiella pneumoniae types 1, 2 and 5, Pseudomonas aeruginosa
and Taylorella equigenitalis) and anaerobic bacteria (Bacteroides fragilis) (Causey, 2006).
Regardless of inflammation, isolation of bacteria from the uterus is strongly associated with
decreased pregnancy rates (Riddle et al., 2007). B-haemolytic streptococci and E. coli are the
most frequently isolated organisms from the uterus of mares with fertility problems (Albihn
et al., 2003; Riddle et al., 2007; Frontoso et al., 2008) and are also the most common
organisms isolated from mares regardless of fertility problems (Nielsen, 2005; Overbeck et al.,
2011; UroSevic et al., 2011; Walter et al., 2012). B-haemolytic streptococci have been shown
to have a higher association with clinical endometritis than with repeat breeding, however
the opposite was true for E. coli (Albihn et al., 2003). In addition, uterine cultures of -
haemolytic streptococci were associated with a higher number of positive cytological results
than E. coli, shown by the presence of polymorphonuclear neutrophils indicating
inflammation (Riddle et al., 2007; Overbeck et al., 2011; Walter et al., 2012). S. zooepidemicus
makes up the majority of the isolated B-haemolytic streptococci from the uterus of mares
with fertility problems and endometritis (68 % to 92 %), with S. equi and S. dysgalactiae subsp.
equisimilis following at two to three percent and six to 13 % respectively (Albihn et al., 2003;

Casagrande Proietti et al., 2011).

A study from Denmark has highlighted the ability of S. zooepidemicus to establish dormant
infection in the endometrium of sub-clinically infected mares (Petersen et al., 2015). Barren
mares, without clinical symptoms of endometritis or reproductive abnormalities that were
culture negative for S. zooepidemicus, were treated with a novel bacterial growth medium
(bActivate). This medium significantly induced active growth of S. zooepidemicus within these

barren mares providing evidence of a dormant subclinical infection. Further, two different
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S. zooepidemicus strains isolated from clinical endometritis could form persister cells, tolerant
to 32-times the minimal inhibitory concentrations of penicillin, which may explain how the

establishment of dormant undiagnosed uterine infections could occur (Petersen et al., 2015).

1.4.3 Treatment of S. zooepidemicus Infections

To understand the current treatments for a S. zooepidemicus infection in New Zealand
equines, a survey was conducted with veterinarians (n = 19) in October 2018 as part of this
PhD project. Although there is no standard treatment for bacterial infections as they are
tailored to the individual horse and stage of the disease process, the survey indicated that
penicillin for respiratory infections (Figure 1.1 A) and ceftiofur or gentamicin for uterine
infections (Figure 1.1 B) were the primary choices for treatment of S. zooepidemicus. One
noted that antibiotics were not routinely used for treatment. When asked about usage of
non-antibiotic treatments for S. zooepidemicus, respiratory infection treatments included
antimicrobials (e.g. iodine), nonsteroidal anti-inflammatory drugs (e.g. phenylbutazone and
flunixin), and mucolytics (e.g. DMSO). Non-antibiotic treatments for uterine S. zooepidemicus

infections included saline flushing, oxytocin, kerosene and no treatment.
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Figure 1.1: Survey of 19 New Zealand equine veterinarians on antibiotic treatments for
S. zooepidemicus respiratory (A) and uterine (B) infections.

Streptococcus species isolated from respiratory infections (or colonisation) of young New
Zealand horses, of which 40.3 % were identified as S. zooepidemicus, were equally susceptible
to penicillin and ceftiofur in vitro (97.1 % and 97.0 % susceptibility respectively) with
gentamicin following at 91.6 % (Toombs-Ruane et al., 2015). Nearly 50 % of these isolates
were resistant to trimethoprim-sulfonamide. Penicillin was therefore recommended as a
first-line antimicrobial in New Zealand horses with suspected respiratory infection pending
bacterial culture and susceptibility results (Toombs-Ruane et al., 2015) which is reflected in
the survey results. Although the antibiotic susceptibility of New Zealand reproductive
S. zooepidemicus isolates remains to be investigated, 13 United States isolates from mares

with postpartum metritis were 100 % susceptible to ceftiofur, penicillin, gentamicin and
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trimethoprim-sulfonamides in vitro (Ferrer & Palomares, 2018). However, in an ex vivo model
of the equine postpartum uterus, ceftiofur lacked bactericidal activity at levels representative
of systemic administration against S.zooepidemicus whereas, a mixed formulation of
penicillin and gentamicin was bactericidal at levels representative of local administration (Von
Dollen et al., 2019). This is indicative that the fluid uterine environment will affect antibiotic

activity and the preference of ceftiofur in New Zealand should be accessed for clinical efficacy.

Through the survey, it was noted that equine veterinarians were dubious that
S. zooepidemicus could be the primary pathogen in equine disease. Studies of
S. zooepidemicus, in particular strain typing and relationship to equine disease, is lacking in

New Zealand to validate this viewpoint.

1.5 Streptococcus zooepidemicus Strain Typing

Various molecular methods have been used to delineate strains of S.zooepidemicus in
equines. An early PCR typing method targeted the 16S-23S rRNA gene intergenic region and
involved four separate reactions (Chanter et al. 1997). Later, a PCR based method was
developed towards the antigenic M-like Szp hypervariable regions involving five different
reactions (Walker & Timoney, 1998). The Szp typing scheme was later simplified by
developing a PCR-restriction length polymorphism (RFLP) approach using the Ddel restriction
enzyme (Anzai et al., 2002) as well as simply sequencing the szp gene (Anzai et al., 2000; ljaz
etal.,2011). In addition, pulsed-field gel electrophoresis (PFGE) has also been used, digesting
genomic DNA with the Smal restriction enzyme (Luque et al., 2006). In 2008, a MLST scheme
was developed (Webb et al., 2008), which resulted in the establishment of a database

(http://pubmLst.org/szooepidemicus/), allowing the direct comparison of strains between

different labs (Jolley & Maiden, 2010). The latest attempts to identify different strains has
involved the sequencing of the fibrinogen- and plasminogen-binding szm gene, which has
been shown to vary between strains (Velineni & Timoney, 2013b), and is a partial homolog to

the sem gene which is already used in the typing of S. equi.
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To date, various typing studies have shown conflicting evidence of either opportunistic
sources of S. zooepidemicus infections or infectious external sources of infection. There is
evidence of S. zooepidemicus strains being able to both colonise and persist in the upper
respiratory tract and are representative of the pneumonia-associated strains suggestive of an
opportunistic source of infection (Anzai et al., 2000; Anzai et al., 2002). Conversely, there is
also evidence showing clonal succession over time with some respiratory strains increasing in
prevalence and others decreasing, suggestive of an infectious external source of infection
(Newton et al., 2008; Barquero et al., 2010). However, high spatial strain variation between
properties in both uterine (Luque et al., 2006) and respiratory (Barquero et al., 2010)
infections suggest an opportunistic disease. Regardless of the internal opportunistic or
external source of the strain, it will be through the acquisition and regulation of genes,
particularly of virulence genes together with the host immunity that determines the success

of a strain to proliferate and cause infection.

As a result of the development of the S. zooepidemicus MLST database, 130 allelic profiles of
disease-associated isolates from horses, pigs, humans, and dogs over several countries were
defined showing the genetic diversity of this species (Webb et al., 2008) and this diversity is
continuing to expand. The allelic profiles now stand at 413 strain types (STs)

(http://pubmlLst.org/szooepidemicus/, assessed 15/8/2020). Various trends have been noted

through the clustering of STs such as strains from acute fatal hemorrhagic pneumonia in dogs
related with some of the strain types found in various equine isolates (Webb et al., 2008). It
was also unexpectedly noted that strain types clustering with the strangles abscess-forming
species S. equi, were significantly associated with cases of uterine infection or abortion in

horses rather than isolates from non-strangles lymph node abscesses (Webb et al., 2008).

1.5.18. zooepidemicus Strain Pathogenicity in Equines

Recent investigations have highlighted the pathogenic potential of particular
S. zooepidemicus strains or a subgroup of related strains. One study identified a single MLST
sequence type (ST-24) as the primary aetiological agent responsible for an outbreak of upper
respiratory disease in Icelandic horses in 2009 (Lindahl et al., 2013). Through Szp amino acid

sequences and MLST analysis, the clone causing the disease was different to isolates from
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healthy horses on the same property. This strain was also isolated from one of the affected
horses eight months post-resolution suggesting the infectious strain could persist in horses
after recovery or the horse had been re-infected by the same strain (Lindahl et al., 2013).
Similarly, yet on a larger scale, an epidemic of respiratory disease affecting almost the entire
population of Icelandic horses in April 2010, was caused by a single strain of S. zooepidemicus
(ST-209) in the absence of viral infection (Bjornsdottir et al., 2012). This strain was again
isolated from healthy Icelandic horses three years after the outbreak indicating the ability of
pathogenic strains to colonise and persist in healthy horses after infection, becoming endemic

in the population (Bjornsdéttir et al., 2017).

A second study characterised the Szm protein of a mucoid S. zooepidemicus strain from a
clonal outbreak of equine respiratory disease in New Caledonia (Velineni & Timoney, 2013b).
The outbreak persisted for 10 months and involved weanling and adult horses on at least 13
different properties. Interestingly, this outbreak occurred after the importation of six
thoroughbred weanlings from New Zealand suggesting the emergence of a novel strain into
a naive susceptible population (Velineni et al., 2014b). The isolates from this outbreak were
mucoid with identical Szp, Szm amino acid sequences and MLST typing (ST-307). Comparison
of ST-307 strain with those on the MLST database placed it into a clonal complex with 83 % of

isolates recovered from the lower respiratory tract (Waller, 2014).

A final study suggests that a subgroup of genetically-related clones, rather than a single clone,
causes uterine disease (Rasmussen et al., 2013). These authors compared isolates between
mares with and without clinical endometritis as well as isolates within mares, between
colonies from the same sample and between different regions of the reproductive tract. PFGE
was first used to group the isolates and then chosen isolates, representing the genetic
diversity, were submitted to MLST analysis resulting in 21 different STs. The uterine isolates
clustered significantly together forming a subgroup of endometritis associated with
S. zooepidemicus strains and are genetically different from isolates of the caudal reproductive

tract (Rasmussen et al., 2013).

Overall, strain typing of S. zooepidemicus has shown huge genetic diversity within this species

with some STs being more pathogenic than others. Changes in ST prevalence indicated
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stronger virulence of some strains over others and/or acquired immunity of the host species.
A pathogenic strain can become persistent/latent in its host post-resolution, and it has been
speculated that within a horse the resident population of S.zooepidemicus includes
pathogenic strains that reflect the history of infection, rather than just a population of
harmless commensals (Waller, 2014). There is evidence of strains forming clusters or groups
that are associated with disease and evidence that sources of infection can be either from
endogenous or exogenous strains. Infection can also arise from novel strains forming through
horizontal gene transfer between endogenous strains within its host (Velineni et al., 2014a).
The question that now remains is what factors influence the different fitness of particular

strains in different disease and environment situations.

1.5.2 8. zooepidemicus Fitness Factors

The success of commensals and pathogens depends on fitness factors such as adhesion,
biofilm production and/or resistance to phagocytosis allowing for increased survival and/or
virulence. Through S. zooepidemicus genetic comparisons, the diversity within the species
has been further defined and has given indication to potential fitness factors, which are
important in the abilities of different strains to colonise different hosts and tissues. Such
fitness factors also have implications for control and treatment of S. zooepidemicus infections.
Fitness factors vary between strains of S. zooepidemicus, with some of these variances

discussed below.

Phospholipase A2 (SlaA), a streptococcal virulence toxin, was encoded in some
S. zooepidemicus strain types (44 of 140) compared to a second putative phospholipase A2
toxin, SlaB, found in all S. equi and S. zooepidemicus strains tested (Holden et al., 2009).
Paillot et al. (Paillot et al., 2010a) identified three novel superantigen-encoding genes in
S. zooepidemicus; virulence factors in the immunopathogenesis of streptococci. Forty-nine
percent of a diverse group of S. zooepidemicus strain types contained at least one of the three
novel superantigens. The presence of such novel superantigens was significantly associated
with the isolation of S.zooepidemicus from equine cases of non-strangles lymph node
abscessation. The absence of superantigens, however, does not necessarily imply a reduced

pathogenicity. The highly virulent MLST ST-24 strain, responsible for the Icelandic clonal
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horse respiratory outbreak, did not contain any superantigens (Lindahl et al., 2013). In
comparing the genomes of S. equi and a virulent human and a healthy horse strain of
S. zooepidemicus (MGCS10565 and H70 respectively), with a virulent pig strain (ATCC35246),
a group of novel pig pathogenic genes grouped together tightly in four regions termed
pathogenicity islands (PAls); three containing a toxin-antitoxin system and one containing a
restriction modification system (Ma et al., 2013). Deletion of part of one of the PAls, which
included genes belonging to a toxin-antitoxin system, increased host survival in
experimentally-infected mice indicating its role in bacterial virulence (Ma et al., 2013).
Furthermore the virulence-associated protein E, VapE, along with proteins involved in

adherence, were unique to the ATCC35246 pig strain (Ma et al., 2013).

Pili play an important role in bacterial adhesion to their host and studies have shown
differences in the pili loci between strains (Beres et al., 2008; Holden et al., 2009; Ma et al.,
2013) as well as within a pilus locus among a diverse group of S. zooepidemicus strain types
(Holden et al., 2009). This is suggestive of the pili’s role in the ability to infect different hosts
and tissues. Four loci have been identified, Fiml, Fimll, Fimlll and FimIV, with only Fiml found
in all S. zooepidemicus and S. equi strains analysed (n=254) (Steward et al., 2012).
Over-expression of the Fiml genes significantly increased bacterial adhesion suggestive of its

importance in attachment and colonisation within a host (Steward et al., 2012).

Biofilm production is another fitness factor involved in bacteria colonisation and persistence
in hosts. Yi et al. (2013) identified S. zooepidemicus genes up-regulated in vivo during
experimental infection of pigs with isolate ATCC35246 using the selective capture of
transcribed sequences (SCOTS) method (Yi et al., 2013). One of the up-regulated genes
produces a fibronectin-binding protein, Fnz, a cell adhesion protein in host-pathogen
interactions. The ATCC35246 strain was consistently able to form biofilms with a fnz knockout
mutant strain having a significantly reduced biofilm formation (Ma et al., 2013). The fnz
mutant strain also demonstrated a significant reduction in its ability to adhere to Hep-2
mammalian cells and reduced virulence in experimentally-infected mice. Further, other
virulence genes associated with cell adhesion were significantly down-regulated in the fnz
mutant strain including szp (M-like protein), zag (lgG-binding protein) and gapdh

(glyceraldehyde-3-phosphate dehydrogenase) (Ma et al., 2013). An additional study
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determined that most proteins expressed during biofilm formation were associated with
metabolism, adhesion and stress conditions (Yi et al., 2014). Collectively this suggests biofilm

formation is an important virulence factor in the pig S. zooepidemicus strain.

Capsule production also plays a role in the virulence of bacteria. S. zooepidemicus typically
produces small dry colonies at 37 °C but the level of capsule production (hyaluronic acid)
increases at 23 °C (Velineni & Timoney, 2014). Although hyaluronic acid is antiphagocytic, its
increased production at ambient temperatures may also reflect an adaptation to life on the
skin and mucosal surfaces by preventing dehydration of the bacterium (Velineni & Timoney,
2014). The encapsulation of S. zooepidemicus varies with stably mucoid strains less common
yet more likely to be the source of an epizootic outbreak (Salasia et al., 2004; Lindahl et al.,
2013; Velineni et al., 2014b). Mice vaccinated with recombinant NC78 proteins challenged
with S. zooepidemicus NC78, the respiratory mucoid strain ST-307 originating from New
Zealand, revealed proteins that are important in the establishment of S. zooepidemicus
infection (Velineni & Timoney, 2013a). Three proteins in particular, provided high levels of
resistance in mice; Szm, Szp and HyIC (hyaluronidase). Both szm and szp are highly variable
and have been previously discussed in their use in strain typing (section 1.5). Of note, it has
also been found that the hyaluronidase, hyal, is associated with virulence of the mucoid
ATCC35246 pig stain, and is speculated to facilitate bacterial spread in the host tissue (Zhou
et al., 2013). DnaK, part of the molecular chaperone complex, was identified in both mucoid
strains, NC78 and ATCC35246 (Marcellin et al., 2009; Velineni et al., 2014b) but absent in the
non-mucoid isolates suggestive of its involvement in the virulence of the mucoid strain

(Velineni et al., 2014b).

The fitness of individual bacterial strains is also affected by host-microbe interactions. The
actual effectiveness of the bacteria’s repertoire of fitness factors will be influenced by the
host environment. Host-pathogen interactions are dynamic as indicated by the previously
mentioned changes in ST occurrences over time and novel strains causing outbreaks in naive
horses. These are reflections of the adaptive changes in the immunity of those particular host

sub-populations.
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1.6 Summary

Respiratory and uterine disease play an important role in the equine industry with large
welfare and economic implications. [-haemolytic streptococci are often involved in these
diseases with S. equi, a well-known clonal pathogen of the upper respiratory tract, causing
the equine disease strangles, whereas S. zooepidemicus is associated with both respiratory
and uterine diseases. Unlike S. equi, S. zooepidemicus is highly genetically diverse and
generally regarded as a common commensal of the horse mucosa, opportunistically causing
secondary infections when bacterial-host interactions are compromised. Current research
has revealed some strains to be more virulent than others in certain horse populations
causing primary infection, as well as some strains associated with particular diseases.
Acquisition and expression of different genes will influence the different strains ability to

infect different hosts and tissues.
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1.7 Aim

The overarching aim of this thesis is to enhance our understanding of the epidemiology of
S. zooepidemicus in respiratory and uterine diseases within the New Zealand horse population.
Investigation of both genomic and phenotypic characteristics of strains associated with
disease will greatly increase our understanding of the different strains and their pathogenic
potential. Advancing our knowledge of the S. zooepidemicus strains present in New Zealand
will help determine the bacterium’s importance and risk factors associated with particular

horse diseases, ultimately contributing to their successful monitoring and management.

In order to achieve this aim, four objectives were set out:

Objective 1: Determine the relative prevalence of S. zooepidemicus in the New Zealand

horse population compared with other equine bacterial pathogens.

Objective 2: Use strain typing to distinguish between strains and determine any correlation

between strain and disease status.

Objective 3: Investigate phenotypic variation of strain types through biofilm and

mammalian cell invasion assays.

Objective 4: Characterise the genomic variation of S. zooepidemicus strains using genome

sequencing to identify genetic determinants of pathogenicity.
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Prevalence and Strains of Streptococcus
zooepidemicus in the New Zealand Horse

Population

2.1 Introduction

Streptococcus zooepidemicus can be isolated from both healthy and infected horses and is
considered an opportunistic commensal, only causing disease when the host is under
situations of stress (Timoney, 2004). It is particularly associated with horse respiratory and
uterine infections, consistent with isolation from lymph nodes, nasal cavities, lungs and
reproductive tracts (Timoney, 2004; Casagrande Proietti et al., 2011). There has been little
epidemiological investigation of this bacterium in New Zealand horses, yet S. zooepidemicus
was the most frequently isolated bacterium in respiratory samples sent to commercial
diagnostic laboratories, from New Zealand horses aged four weeks to three years, between
2004-2014 (Toombs-Ruane et al., 2015). Conversely, isolation of S. zooepidemicus from the
respiratory tract of healthy New Zealand horses is low at 6.5 % (Acke et al., 2015). An
association was found between a history of respiratory disease over a six month period in
New Zealand dogs and horses with the isolation of S. zooepidemicus, although small numbers

made the significance questionable (Acke et al., 2015).

Of the various molecular methods used to delineate strains of S. zooepidemicus, the szp
virulence gene (Walker & Timoney, 1998) and the MLST scheme (Webb et al., 2008) are the
most accepted. Strain typing has allowed researchers to investigate the epidemiology of

individual strains involved with disease and have shown that rather than being a clonal
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population, S. zooepidemicus isolates represent a wide genetic diversity of strain types (Webb
et al., 2008). Initially, the role of S. zooepidemicus as a primary pathogen in equines was
debatable but recently this view is starting to be accepted with evidence that specific strains
are the primary source of infection in respiratory (Lindahl et al., 2013) and uterine disease
(Rasmussen et al., 2013). One study in particular reported a 10-month long respiratory
outbreak involving weanling and adult horses on various different properties in New
Caledonia (Velineni et al., 2014c). Interestingly, this outbreak was associated with the
importation of six thoroughbred weanlings from New Zealand suggesting the emergence of a
novel “immigrant” strain into an immunological naive horse population resulting in disease

(Velineni et al., 2014c).

2.1.1 Aim

Currently there is little knowledge on the genetic diversity of S. zooepidemicus strains isolated
from New Zealand horses. To comprehend the role of S. zooepidemicus in horse respiratory
and uterine disease in New Zealand, prevalence data obtained from submitted clinical
samples to diagnostic laboratories, together with an analysis of the genetic diversity of strains

within New Zealand equids, were investigated.

2.2 Methods

2.2.1Prevalence of S. zooepidemicus Retrospective Study

Equine sample records from New Zealand Veterinary Pathology (NZVP, Hamilton, New
Zealand) between 5 January 2009 and 1 September 2014 were retrospectively assessed. All
horse samples regardless of age, sex or breed and from all anatomical sites were included for
analysis. Two samples submitted from the same horse at the same time were considered
together. Excluded from the analysis were samples assumed to be from “clinically well”
horses described as “screening prior to export” and samples taken from stable/yard or mixed
samples (multiple horses). All isolates from mixed infections were included. There was no
knowledge of pre-treatment with antibiotics nor was there consideration for coinfection with

viruses, fungi or parasites. Samples were classed as respiratory, urogenital, musculoskeletal
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and soft tissue, digestive, and unknown. Respiratory included all samples likely to reflect the
respiratory system based on specimen descriptions and clinical details. They included
respiratory associated abscess/lymph nodes and guttural pouch samples. Urogenital samples
included uterus, umbilical/placenta/foetal, vaginal, urine/urethral, penis/semen, and
mastitis/milk samples. Musculoskeletal and soft tissue were grouped together as an
underlying wound cause could not be ruled out. These included joint, tendon, bone, hoof,
skin/hair, wound, ear/eye, abdominal fluid/seroma, mouth ulcers, and vaccine
injection/post-surgical infection sites. The digestive class included faecal and
stomach/intestine contents. Unknown included samples where not enough anatomical detail
was available to designate a class including abscesses with no information on sample location.
Data is described by counts and percentages with 95 % confidence intervals (Cl). Pearson’s

chi-squared test was used to determine p-values for isolation sites.

2.2.2 University of Waikato S. zooepidemicus Isolate Collection

Cultured S. zooepidemicus isolates came from a collection established at the University of
Waikato and held at minus 80 °C storage. These isolates included, wherever possible, up to
five randomly chosen S. zooepidemicus colonies per horse sample. The isolates were classed
by sample group as respiratory disease, respiratory abscess, respiratory apparently healthy,
and uterus. The majority of isolates were cultured on sheep blood agar plates from 51
veterinarian submitted horse samples during 2010-2017. These samples included nasal
swabs, nasopharyngeal swabs, abscess swabs, a tracheal wash, a guttural pouch wash, uterus
swabs, and uterine fluid. On four occasions, veterinarians submitted multiple individual horse
samples from a herd or a single property with a suspected respiratory disease outbreak. A
fifth “partial herd” was sampled which included isolates from 15 feral Kaimanawa horse
nasopharyngeal swabs, collected post-mortem from the 2014 Department of Conservation
muster for culling purposes. This particular group of isolates made up the “respiratory
apparently healthy” group as respiratory disease was not observed at the time within this
feral group. A further 42 single uterus isolates were received from two Hamilton veterinary
diagnostic laboratories, NZVP and SVS, in 2016. Overall, the samples equated to 286

S. zooepidemicus isolates from 108 individual horses originating from Auckland, Waikato,
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Southland, Manawatid-Whanganui, and Masterton regions of New Zealand. Details of all

isolates can be found in Table S2. 1.

2.2.3Szp and MLST Typing of the University of Waikato S. zooepidemicus Isolates

DNA was extracted using Presto™ Mini gDNA Bacteria Kit (Geneaid, GBB300) following
manufacturer’s instructions with the addition of 4 mg/mL lysozyme (Sigma, L-7001) and 3000
U/mL mutanolysin (Sigma, M9901-5KU) to the Gram+ Buffer. Each isolate was typed based
on the nucleotide sequence of the szp virulence gene (Walker & Timoney, 1998; Velineni et
al., 2014c). The szp PCR consisted of 0.5 U HOT FIREPol® DNA polymerase (Solis Biodyne,
01-02-01000), 1 x Buffer B1, 2 mM MgCl;, 0.2 mM dNTPs (Genscript, C01582-10), 0.5 uM of
IGSzPF and IGSzPR primers (ljaz et al., 2011) and 50 ng of the extracted DNA template. PCR
parameters were as follows: an initial activation/denaturation at 95 °C for 15 min, followed
by 30 cycles of denaturation at 95 °C for 15 s, annealing at 60 °C for 30 s, and extending at
72 °C for 2 min, ending with a final extension at 72 °C for 5 min. The resulting amplified
products, averaging around 1220 bp, were treated to an enzyme clean-up by adding 1 U of
rAPid alkaline phosphatase (Roche, 4898133001) and 10 U exonuclease 1 (Fermentas, EN0581)
for 30 min at 37 °C and then inactivated at 85 °C for 15 min. Both forward and reverse
amplified DNA strands were sequenced using the same PCR primers. Geneious R11.1.4

(https://www.geneious.com/) was used to align (using ClustalW) and analyse the sequences.

Szp types were assigned to each isolate based on single nucleotide polymorphisms (SNPs).

The NCBI Basic Local Alignment Search Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/) was

used to compare the szp strain type sequences with those in the nucleotide collection
database to give a global comparison. A subset of this szp typing pool, consisting of a range
of szp types and isolates from different anatomical isolation sources, were additionally used
for MLST typing using the previously described method (Webb et al., 2008). This included
amplifying and sequencing the internal fragments of seven housekeeping genes: carbamate
kinase (arcC), ribonucleoside-diphosphate reductase (nrdE), prolyl-tRNA synthetase (proS),
signal peptidase | (spi), thymidylate kinase (tdk), triosephosphate isomerase (tpi), and acetyl-
CoA acetyltransferase (ygil). The MLST sequencing data from this subset was then submitted

to the S. zooepidemicus MLST database (https://pubmLst.org/szooepidemicus/) sited at the

University of Oxford (Jolley et al., 2018), to be assigned sequence types (STs).
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2.2.4 Phylogenetic Analysis of S. zooepidemicus MLST Sequence Types (STs)

Allelic profiles were used to infer genetic relationship among strains with PHYLOVizZ 2.0
software (Nascimento et al., 2016) using the geoBURST algorithm (Francisco et al., 2009)
creating a full minimum spanning tree. The algorithm was applied to the MLST numeric
profiles to implement a model of clonal expansion and diversification based on the number
of differences between the profiles. This draws links between STs that correspond to the
most probable pattern of descent (Francisco et al., 2009). A clonal complex (CC) was defined
as a group of STs that are linked together with single and double locus variants (SLV and DLV)

within their profiles.

Maximum likelihood trees, implemented by PhyML 3.0, were created to infer evolutionary
relationships (Guindon et al., 2010). For tree construction a General Time Reversible model
(GTR) along with both gamma distribution (G) and proportion of invariable sites models (I),
GTR + G + |, were used as determined by the Smart Model Selection (SMS) in PhyML with
Akaike Information likelihood-based criteria (AIC) (Guindon et al., 2010; Lefort et al., 2017).
A BioNJ starting tree with Nearest Neighbor Interchange (NNI) starting tree topology
improvement was implemented within PhyML 3.0. The approximate Likelihood-Ratio
statistical Test (aLRT) with Shimodaira-Hasegawa (SH)-like option was selected for branch
support estimation (Anisimova & Gascuel, 2006; Guindon et al., 2010). The aLRT branch
support is considered significant when it is larger than 0.90-0.99 and with the SH-like option,
branch supports greater than 0.9 tend to be similar to bootstrap proportions greater than
0.75 (Guindon et al., 2010). Trees were constructed with ClustalW-aligned nucleotide
sequences. Resultant trees were then visualised and annotated using an online tool,

interactive Tree Of Life (iTOL) (Letunic & Bork, 2019).

2.3 Results

2.3.1Retrospective Study of S. zooepidemicus Prevalence

With the data received from NZVP diagnostic lab, there was no knowledge of pre-treatment

with antibiotics nor were other infectious agents (viruses, fungi, parasites) or biological
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factors considered, therefore a causative link between disease and isolation could not be
made in the retrospective analysis. Over a period of five and a half years, 1608 clinical horse
samples were submitted to NZVP for culture, resulting in 3816 bacterial isolates.
S. zooepidemicus isolates were highly-prevalent being the second most frequently isolated
bacterium within the samples at 27.8 % (95 % Cl: 25.6 % to 30.0 %) with alpha-haemolytic
streptococci being the most prevalent at 32.2 % (95 % Cl: 30.1 to 34.6%) (Table 2.1). No
significant difference occurred in the isolation frequency of S.zooepidemicus between
respiratory and urogenital sites (p = 0.195) (Figure 2.1). However, S. zooepidemicus had a
significantly greater probability to be isolated from respiratory (p = 0.0002) and urogenital (p
= 0.002) sites than from the musculoskeletal and soft tissue sites (Figure 2.1). Although not
as prevalent, S. zooepidemicus was also found in a range of musculoskeletal and soft tissues
sites including abdominal fluid, abscesses from hoof and eye sites, eye infections,

post-surgical and vaccine sites, joint fluid, skin disease, and wounds.
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Table 2.1: Proportion of bacterial isolates of horse samples submitted for culture to NZVP (2009-2015).

Total Culture Proportion Positive per

Species Isolated Gram Positive Total Samples
Strain n % (95 % Cl)
Alpha-haemolytic Streptococci + 518 32.2 (29.9-34.5)
Bacillus species + 280 17.4 (15.6-19.3)
Enterococcus species + 198 12.3 (10.7-13.9)
Non-haemolytic Streptococci + 82 5.1 (4.0-6.2)
Rhodococcus equi + 11 0.7 (0.3-1.1)
Staphylococcus aureus + 362 22.5 (20.5-24.6)
Staphylococcus species (Coagulase-negative) + 284 17.7 (15.8-19.5)
Streptococcus dysgalactiae subsp. equisimilus + 219 13.6 (11.9-15.3)
Streptococcus equi subsp. equi + 61 3.8 (2.9-4.7)
Streptococcus equi subsp. zooepidemicus + 447 27.8 (25.6-30.0)
Other (Gram-positive) * + 158 9.8 (8.4-11.3)
Enterobacter species - 272 16.9 (15.1-18.7)
Escherichia coli - 341 21.2 (19.2-23.2)
Klebsiella species - 134 8.3 (7.0-9.7)
Pseudomonas species - 123 7.6 (6.4-8.9)
Salmonella species - 1 0.1 (-0.1-0.2)
Other (Gram-negative) ** - 318 19.8 (17.9-21.7)
Unknown Gram-neg or -pos 7 0.4 (0.1-0.8)
Total isolates 3816
Total samples 1608

*Other Gram-positive include: Actinomyces species, Arcanobacterium species, Bergeyella zoohelcum,
B-haemolytic Streptococci, Brevibacterium linens, Corynebacterium species, Dermatophilus
congolensis, Hafnia alvei, Lactobacillus species, Micrococcus species and Staphylococcus
intermedius/pseudintermedius. **Other Gram-negative include: Acinetobacter species, Actinobacillus
species, Aeromonas species, Alcaligenes species, Citrobacter species, Flavobacterium species,
Moraxella species, Morganella morganii, Pasteurella species, Proteus species, Providencia species,
Serratia species and Stenotrophomonas maltophilia.
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Figure 2.1: Prevalence graph of the proportion of total bacterial isolates with respect to three
anatomical regions: respiratory, urogenital, musculoskeletal and soft tissue (top 11 shown). Error bars
represent 95 % Cl. *S. zooepidemicus has a significantly greater probability to be isolated from
respiratory (p = 0.0002) and urogenital (p = 0.002) sites than from the musculoskeletal and soft tissue
sites. No significant difference of S. zooepidemicus isolation probability between respiratory and
urogenital sites (p = 0.195). Faecal and samples with unknown origin were excluded from this analysis.

2.3.2 A Priori Sampling Information for the University of Waikato S. zooepidemicus

Isolate Collection

The University of Waikato’s collection of S. zooepidemicus isolates was established from
veterinarian submitted samples, diagnostic laboratory cultured isolates and post-mortem
collected Kaimanawa horse nasopharyngeal swabs. This sampling method would have led to
certain biases that should be noted and considered when analysing the data. The veterinarian
collected and submitted samples along with the diagnostic laboratory isolates caused a
location bias with the majority of samples coming from the Waikato region. This Waikato bias
however is reflective of the location of the highest population of New Zealand thoroughbreds.

Some samples did originate from other regions including Auckland, Masterton, Southland,
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and the feral Kaimanawa population in the Manawati-Whanganui region. There was also no
control over how the samples were collected, but the methods did reflect standard New
Zealand veterinary practice. Multiple isolates were not collected from all samples and in
particular, single isolates, rather than samples, were provided from the two diagnostic
laboratories. A high number of isolates with one strain type may only reflect multiple horses
from one property involved in an outbreak rather than a reflection of the genetic diversity of

S. zooepidemicus in that particular herd or of the entire sample population.

2.3.3 Genetic Diversity of the University of Waikato S. zooepidemicus Isolate

Collection

2.3.3.1 Szp typing - Samples with Multiple Isolates

All 286 isolates of the University of Waikato S. zooepidemicus collection, from the 108 horses,
were szp typed resulting in 48 szp strains. These sequences were uploaded to the National
Center for Biotechnology Information (NCBI) database with assigned accession numbers listed
in Table S2. 2. Multiple isolates (up to five isolated colonies were picked wherever possible)
were obtained and analysed from 52 of the 108 horses (Table S2. 1). Thirty-eight of the horses
with multiple isolates were classed as clinical from the respiratory disease (n = 28), respiratory
abscess (n=1) or uterus (n =9) sample groups. The nine uterine samples included both clinical
and subclinical samples. The other 14 samples with multiple isolates were classed as
respiratory apparently healthy from the Kaimanawa feral herd. The number of szp strain
types isolated from a single clinical sample ranged from one to two, as compared with one to
four strains from the respiratory healthy samples. A strain was considered to be clonally
expanded if it was the only strain type identified from multiple isolates of a single sample.
Importantly, there was a highly significant difference between clinical samples from
suspected diseased horses when compared with samples from apparently healthy horses
(p < 0.0005). Seventy-six percent (29/38) of the clinical respiratory and the uterus samples
had an expansion of a single strain compared to those samples from horses considered to be
healthy. Conversely, the apparently healthy horses were associated with the isolation of
multiple strains in 86 % (12/14) of the samples. The szp typing results of these 52 samples

with multiples isolates are further detailed below.
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In the nine uterine samples analysed, multiple isolates were obtained per sample and this
resulted in 44 isolates and six szp types (Table 2.2). Importantly, unlike the respiratory
samples, only one szp type was isolated per sample regardless of clinical status (normal,
pregnancy loss, failed pregnancy, vaginal discharge, endometritis, old infertile mare, short
cycle, or not declared). Szp-8 was clonally expanded in two healthy, subclinical, individual
horse uterine samples and was the only strain type present. Similarly, szp-11, -34 and -21
were also clonally expanded with no other strains present in horse samples that were either
clinical or had no health status declared. There was one exception, sample WK15114 which
had two szp types present and had an undeclared health status. One isolate from this horse

uterus typed as szp-39 and the other four isolates were szp-40 (Table 2.2).

Table 2.2: Szp types of uterine samples with multiple isolates

Sample - . # of # of sz szp type
IDp Date Clinical Details isolates typesp & 11 21 34 39 40
WK15092 27/08/2015 normal 5 1 5
WK15094 27/08/2015 pregnancy loss 4 1 4
WK15096 27/08/2015 normal 5 1 5
WK15111 8/09/2015 vaginal discharge, failed pregnancy last year 5 1 5
WK15114 1/10/2015 not declared 5 2 1 4
WK15117 8/10/2015 not declared 5 1 5
WK15123 8/11/2015 old infertile mare 5 1
WK15125 9/11/2015 preg loss/ short cycle 5 1
WK16004 15/01/2016  endometritis 5 1

The apparently healthy, Kaimanawa feral herd sample population, represented 15 horses
with a total of 56 S. zooepidemicus isolates which resulted in ten szp strain types (Table 2.3).
As mentioned above, where more than one isolate was obtained per sample, the isolates
were of multiple szp strain types. Of these 10 szp types, szp-1 and -15 each colonised a single
horse; szp-19 and -44 each colonised two horses; szp-21, -29 and -30 each three horses;
szp-25 colonised five horses; szp-46 colonised six horses and szp-42 colonised seven of the
healthy horses (Table 2.3). These results reflect the issue of multiple S. zooepidemicus strains

in nasopharyngeal carriage within apparently healthy horses and demonstrate the genetic
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diversity of S. zooepidemicus strain carriage within an individual animal and within a herd

(Table 2.3).

Table 2.3: Szp types of the apparently healthy, Kaimanawa samples

Sample . #of  #ofsz szp type
IDp Date Region isolates typesp

1 15 19 21 25 29 30 42 44 46
KMWO001 30/05/2014 Manawati-Whanganui 1 1 1
KMWO002 30/05/2014 Manawati-Whanganui 4 2 1 3
KMWO003  30/05/2014 Manawati-Whanganui 4 3 1 1 2
KMWO004 30/05/2014 Manawati-Whanganui 5 4 1 1 2 1
KMWO005 30/05/2014 Manawati-Whanganui 2 1 2
KMWO006  30/05/2014 Manawati-Whanganui 5 3 1 1 3
KMWO007  30/05/2014 Manawati-Whanganui 5 1 5
KMWO008 30/05/2014 Manawati-Whanganui 3 3 1 1 1
KMWO009 30/05/2014 Manawati-Whanganui 3 2 1 2
KMWO010 30/05/2014 Manawati-Whanganui 5 3 2 2 1
KMWO011 30/05/2014 Manawati-Whanganui 3 2 2 1
KMWO012 30/05/2014 Manawati-Whanganui 4 2 2 2
KMWO013  30/05/2014 Manawati-Whanganui 2 2 1 1
KMWO014 30/05/2014 Manawati-Whanganui 5 2 1 4
KMWO015 30/05/2014 Manawati-Whanganui 5 2 3 2

This genetic diversity and carriage within herds was also observed in the four properties with
respiratory outbreaks involving multiple horses. Although most clinical horses exhibited
clonal expansion of a single szp strain (Table S2. 1), genetic diversity of S. zooepidemicus
causing infection was found across animals within the herd rather than within an individual
animal. One Waikato farm outbreak, referenced as W1, had 15 yearlings affected with
mucopurulent nasal discharge. These horses were initially sampled with nasal swabs because
they were in close contact with a confirmed strangles horse. All 15 yearlings were
PCR-positive for S. zooepidemicus with cultured isolates obtained from ten of the 15 horses
with a total of 42 isolates and three szp types identified (Table 2.4). Szp-22 was isolated from

seven out of ten horses of which two horses also had szp-12 isolated. Szp-12 was further
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isolated from two more horses and szp-28 was isolated from the tenth horse. Clonal

expansion was seen with all three of these szp types (Table 2.4).

Table 2.4: Szp types of Waikato respiratory outbreak W1

ID Date Region is:I:tfes #t“’l:":zsp Szp type
12 22 28

WK14020 19/11/2014 Waikato 1 1 1
WK14027 21/11/2014 Waikato 5 1 5
WK14029 21/11/2014 Waikato 2 1 2
WK14030 21/11/2014 Waikato 4 2 3 1
WK14035 21/11/2014 Waikato 5 1 5
WK14036 21/11/2014 Waikato 5 1 5
WK14037 21/11/2014 Waikato 5 1 5
WK14038 21/11/2014 Waikato 5 1 5
WK14039 21/11/2014 Waikato 5 1 5
WK14040 21/11/2014 Waikato 5 2 1 4

One of the szp-22 isolates from the W1 respiratory outbreak was from a submandibular
abscess (WK14020) (Table 2.4). Note that the abscess sample was also PCR-positive for
S. equi however only S. zooepidemicus was able to be culture isolated. None of the other
samples from this herd were PCR-positive for S. equi. This yearling had been vaccinated for
S. equi as a weanling which may explain the detection of S. equi by PCR, as the live vaccine
PINNACLE® I.N. (Zoetis) is used in New Zealand, however this was not investigated. Szp-22
was also isolated from another respiratory associated abscess (WK15021) on a different
property in the same region three months later with no detection of S. equi (Table S2. 1).
Interestingly, szp-22 is an SNP variant from szp-23 (nt position 352, G>T) that results in a
point-nonsense mutation in the hypervariable region of the gene. This premature stop would
presumably result in a truncated protein upstream from the LPSTGE sortase-dependent

surface-anchor protein sequence (Figure 2.2).

30



Chapter 2

10 20 30 an 50 &0 70 a0 a0 160 10 20
ATGGCAAAAAAAGAAATGAAGTATTATCTTCGTAAATCAGCCTTTGGGCTAGCTTCAGTATCAGCAGCCCTCTTGGTTGGTGCGGCATCTGTATCAGCAGATTCTGTTGAGTCAGCTGGGCCTGTAG
Bl A K K HENEEE K Y Y B R K S A FIGHEIN A sV S A ANNNITWI G A A SEMIS AID SITVIEEN s A G P W0

N termini

130 140 150 160 170 180 190 200 210 220 230 240 250
CAGTTGCTGTTACAGATAGT TTAGATAGTGAAGCCGCAGCTACAAAGGCAGAAGCTGATCTAGTTGCTGCAAAGGCAGAGCTAGCAGCAGCAGAAGCAGCAATCACAGCAGCTAAGGCAGACTTTGA
A DV ADVE TIDD S MENDT S HEN A A A T K ANEE ATDEIVI A A K ANEBNN A A AN A AT A A K AIDIF D

260 270 280 280 200 30 320 330 240 50 350 370 380
CACCGCTCAAGCAGACTTAGCTACCGCTGAAGCTACTATTGCAGGGCTTGAGCAAAAAATGGCTGAGTTAGAGAAAAAAATTCAAGAAAAGGAAAAATAATTTGAGCAAGTTGTTCTTGAGCAAAAA
T AQ ADEEE A T ANEE A T HE ATG NINEEN Q K IME A BENVIEEN K K I 0 HEN K HEN K B F BEN 0 TV OV NIWmEN 9 K

hypervariable region 3

390 400 410 420 30 410 450 260 470 a80 420 500
ATGGAACAAGCAAATCCAGTTAATCGTGGTGGAGATGCTGAGGAAGATCGACTAGATGAGCTATCAGGTGAGATTAGAAGGGCAAAAGCAGCTCTTAAGGCTGAGCTTCAAAAGACTAAAGAAAGTC
OVINEN 0 A N PEMI N R G G D A NENNEND R NN D BENNIN 5 GEENTTW R R A K A AN K ABNENNOQ K T KBNS

hypervariable region

s]0 520 530 540 550 560 570 580 530 600 6]0 620 630
TAGAAGTAGCTAAAAAAGCTTATGCTGGTATCGAAGAAAGAAAACAAGTAGCAGCCGTTAAGCTAGATGCAGCTAACAAGGCCTTTGCTGGAGTTGAAGAAAAGCATGACCAAGCAATGGCTAAATT
DEEEECVE A K K A Y A GIIUEENEEN R K TQUEWT A AINI K EID A AN K A F AIGIVEENEEN K HID Q A@®NMNA K F

640 650 660 670 [ 690 790 710 720 730 740 750 760
TGCAGAAGCATTTGCAGCATACAAGGAAGCTGTCAAGGCTGAATTGAAGGCAGCAGGTGCTAGCGACTTCTACACCAAGAAGATTGACTCTGCAAACACTGTTGCTGGTGT TAAGACACTCAGAGAA
ANEN A F A A Y K HEEEAIVE K ANENNK A AIG A SEDEF Y T K KEEIDIS AN T ENE AIGEVE K T NS R NN

770 780 750 a0n 810 820 830 840 850 860 570 850
ATGATCTTAGACTCAATTGCTAAGCCAGAGGTTGAACCAGAGGCTAAGCCTGAACCTAAGCCAGAACCAAAACCTGAGCCAAAACCAGAACCTAAGCCAGAACCAAAACCTGAGCCTAAGCCTAAGE
EVEEEEETDE S W A K P NENNVINEN P EEN A K P HEN P K P EEN P K P EENP K P EENP K PEENMP K PEENMP K PIK

PEPK repeal domain

890 900 910 920 930 940 as0 950 970 980 950 1.000 1910

CAGAACCAAAACCTGAGCCTAAGCCTAAGCCAGAACCAAAACCAGAACCTAAGCCAAAACCTCAACCTAAACCAGCTCCAGETCCAAAACCTGAAGC TAAGAAGGAAGAGAAGAAAGCAGCGCCTAA
P MEN P K P EEN P K P Kk pEEmP K PEEMP K P K PLQ P K P A P A P K PENENA K KNENNENK K A A P K

PEPK repeat domain

1,020 1,030 1,040 1,050 1,060 1,070 1,080 1,090 1,100 1110 1,120 1,130 1137
GCAAGACGCCAACAAATTGCCATCAACAGGTGAAGCTACAAATCCATTCTTCACCGCGGCAGCTCTTGCAGTTATGGCAGGTGCAGGCGTGGCTGCAGTGTCAACAAGACGCAAAGAAAAC
Q DA N KB WP s T GHEENA T N P F F T A A ANNAIVEM A'G AGIMIA AIINMIS T R R K NEEN
cell wall anchor sequence

Figure 2.2: Szp-22 nucleotide and resulting amino acid sequence created in Geneious 11.1.4
(https://www.geneious.com/). Red arrow indicates position of stop codon due to single nucleotide
polymorphism (nt position 352, G>T). N-terminal, hypervariable region, PEPK repeat domain and the
cell wall anchor sequence are indicated by grey horizontal arrow under the sequence.

A second respiratory outbreak on a different Waikato property, referenced as W2, involved
five horses and consisted of high fever, cough and mild adventitious lung sounds (Table 2.5).
A total of 25 isolates were obtained from this outbreak with five isolates per horse, resulting
in three szp types. Szp-5 was isolated from three out of five horses, two of which also had
szp-28 present and szp-23 was isolated from two out of five horses. Clonal expansion was

seen with szp-5 and szp-23 (Table 2.5).

Table 2.5: Szp types of Waikato respiratory outbreak W2

Sample . # of #of sz szp type

IDp Date Region isolates typesp 5 23 28
WK15034  11/03/2015  Waikato 5 1 5
WK15036  13/03/2015  Waikato 5 1 5
WK15037  13/03/2015  Waikato 5 2 2 3
WK15038  13/03/2015  Waikato 5 1 5
WK15039  13/03/2015  Waikato 5 2 2 3
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The third and fourth respiratory herd outbreaks were on Auckland properties referenced as
Al and A2. Outbreak Al involved two six-month-old foals (Table 2.6). Sample AK15061 had
a purulent nasal and ocular discharge with an abscess at the base of its left ear. An abscess
sample was provided from this horse with the resultant five isolates of S. zooepidemicus
colonies all typing as szp-24. The second horse, AK15060, had purulent nasal discharge and

was in contact with the abscessed foal. The nasal swab from this horse resulted in five isolates

and two szp types, szp-24 and -28 (Table 2.6).

Table 2.6: Szp types of Auckland respiratory outbreak Al

Sample
ID

Date Region

# of
isolates

# of szp
types

szp type

24

28

AK15060 15/04/2015  Auckland
AK15061 15/04/2015  Auckland

5
5

2
1

2
5

3

The fourth respiratory outbreak, A2 was on a different Auckland property and involved seven
foals with nasal discharge, increased chest sounds and some coughing symptoms (Table 2.7).
Five different szp strains resulted from the 31 isolates from the seven horse nasal samples

(szp-2,-18,-21,-27,36). Szp-2,-18, -21 and -36 were involved in clonal expansion (Table 2.7).

Table 2.7: Szp types of Auckland respiratory outbreak A2

Sample . # of # of sz szp type
IDp Date Region isolates typesp 2 27 36

AK17075 5/04/2017  Auckland 5 1 5
AK17076 5/04/2017  Auckland 5 1

AK17077 5/04/2017  Auckland 2 1

AK17078 5/04/2017  Auckland 5 1 5

AK17079 5/04/2017  Auckland 5 1

AK17080 5/04/2017  Auckland 4 2 31
AK17081 5/04/2017  Auckland 5 1 5
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The final six samples, of the 52 with multiple isolates obtained, were from horses with
respiratory disease yet were not linked to a respiratory disease outbreak involving multiple
horses (Table 2.8). Clonal expansion was seen in four of the six samples with szp-28, -36, -5
and -41 involved. WK14049 was from a foal with runny eyes and nasal discharge. The mother
mare was said to have foaled away and when returned to the property 24 days later both
mother and foal had the same clinical signs. S. zooepidemicus was not isolated from the
mother mare and no details or samples were obtained of potential other horses on the
property with respiratory disease. The rest of the samples were from horses with a cough or

nasal discharge or both (Table 2.8).

Table 2.8: Szp types of respiratory disease samples with multiple isolates and not linked to an outbreak
property

Sample . # of # of szp szp type
Date Region .
ID isolates types 2 3 28 34 36 37 41 48
WG15089  12/08/2015 Masterton 5 1 5
WK14049  8/12/2014  Waikato 2 1 2
WK15143  1/12/2015  Waikato 5 2 4 1
WK15144  2/12/2015  Waikato 5 1 5
WK16002  15/01/2016 Waikato 5 1 5
WK16140  16/09/2016 Waikato 2 2 1 1

2.3.3.2 Szp typing - All Samples

As mentioned above, all 286 isolates from the 108 horses were szp typed resulting in 48 szp
strains. No single strain was solely associated with either respiratory or uterine infections,
rather multiple different szp types were found in each group (Figure 2.3). Some of the szp
strains were unique to sample groups whilst others were found across the sample groups. Of
the 48 szp strains identified, ten were represented in both the uterus and the respiratory
groups. The uterus group had 28 szp types, 18 of which were unique to the group. The
respiratory disease group had 21 szp types, ten of which were unique. Eight of the ten
respiratory apparently healthy szp types were unique to this group with the two remainder

represented in the uterus group. The three respiratory abscess szp strains were all
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represented in the respiratory disease group with one also found in the uterus group (szp-24).

(Figure 2.3).
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Figure 2.3: Heat map of the proportion of szp strains found in horses (n) for each sample group.
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The NCBI alignment search tool BLAST was used to compare the 48 szp nucleotide sequences
with those in the nucleotide collection database to give a global comparison (Table 2.9). This
showed cross over between sample types (respiratory disease, respiratory apparently healthy,
respiratory abscess, incision abscess, uterine associated). There was even some crossover
between host species with canine and human szp sequences matching New Zealand horse
isolate szp types. Forinstance, Szp-2 respiratory disease isolates had 100 % sequence identity
with H70 isolated from a nasal swab of a healthy horse in the United Kingdom in 2000 (Holden
et al., 2009). Uterus szp-6 matched a horse respiratory United States strain. Uterus isolates
of szp-35 matched a United States horse abortion isolate (Walker & Runyan, 2003) and an
isolate from horse tonsils. The uterus isolate szp-38 was identical to an isolate from a horse
secondary respiratory infection (Velineni et al., 2014a), an isolate from a human blood sample
and was also identical to the szpSe gene of a S. equi isolate. Uterus szp-43 had 100 % sequence
identity with a horse incision abscess (Walker & Runyan, 2003) and szp-48 isolated from a
horse nasal discharge sample matched that of a 1987 isolate from human blood with a fatal
case of glomerulonephritis. Two szp groups with representatives in the nucleotide database
remained within their original New Zealand sample type grouping. The uterus isolates szp-4
were a complete match to an abortion isolate (NCBI accession: AF519479) (Walker & Runyan,
2003) and szp-28 respiratory disease isolates were identical to a pleuropneumonia United

States case (Walker & Runyan, 2003) (Table 2.9).
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Table 2.9: New Zealand szp strain types compared to isolates in the NCBI database

NCBI 100 % szp sequence identity match

NZ szp NZ sample
type group Accession Host Source Country Reference
2 respiratory disease FM204884 horse healthy (sample ID H70) UK Holden et al., 2009
4 uterus AF519479 horse abortion Walker & Runyan, 2003
6 uterus KF859910 horse respiratory us
12 respiratory abscess AF519482 horse cellulitis us Walker & Runyan, 2003
respiratory disease
uterus
18 respiratory disease AF519484 horse pleuropneumonia us Walker & Runyan, 2003
uterus
21 respiratory disease AF519477 horse pleuropneumonia us Walker & Runyan, 2003
respiratory healthy KF032042 horse secondary S. zooepidemicus us Velineni et al., 2014a
uterus bronchopneumonia infection
after experimental infection
with equine herpes virus
24 respiratory abscess KF768754 dog pneumonia us
respiratory disease
28 respiratory disease AF519470 horse pleuropneumonia us Walker & Runyan, 2003
35 uterus AF519481 horse abortion us Walker & Runyan, 2003
KF803406 horse tonsils
36 respiratory disease KF214275 dog pneumonia us
uterus
38 uterus LR134273 NA blood, host status not available UK
LS483380 human blood, host status not avalible UK
KF032041 horse secondary S. zooepidemicus Velineni et al., 2014a
bronchopneumonia infection
after experimental infection
with equine herpes virus
43 uterus AF519480 horse Incision abscess Walker & Runyan, 2003
48 respiratory disease 15483328 Human blood, fatal glomerulonephritis

2.3.3.3 MLST Typing

In contrast to szp typing, MLST typing uses amplification and sequencing of seven
housekeeping genes providing more detailed typing. Therefore, MLST typing was used to
further characterise 64 isolates. It isimportant to note these isolates were chosen as a subset
of the 286 isolates and hence may lead to bias within the results and may not reflect the entire
population. The 64 isolates were chosen to ensure the majority of the single polymorphic szp
gene and all sample groups (respiratory disease, uterus, respiratory apparently healthy and
respiratory abscess) were represented. From the 64 isolates 49 MLST strains (STs) were
identified. Due to variation of one or more loci compared to the profiles in the database, 18
MLSTs (ST-193, 314, 330, 332, 336, 348, 360, 361, 362, 380, 381, 382, 383, 384, 385, 386, 387,
388) and six alleles (nrdE allele 28 and 60, spi allele 58 and 65, and yqil allele 67 and 68) were

identified as unique to these New Zealand isolates. One uterus isolate had a deletion of the
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yqiL gene, WK15111 3 (Table S2. 1). WK15111 3 is a MLST SLV to a horse tracheal isolate
from Finland (MLST ID 7723/09). As with the szp typing, some isolates from each sample
group were found in the same STs (Figure 2.4). Respiratory disease and uterus isolates were
combined in ST-193, ST-175, ST-147, and ST-380. Respiratory disease and respiratory abscess
isolates were combined in ST-388 and ST-71. ST-2 included isolates from respiratory

abscesses, respiratory disease and uterine samples.

The szp and MLST typing methods demonstrated a similar ability in differentiating strains
albeit using a smaller sampling dataset for MLST. Szp typing was able to further differentiate
three MLST STs into multiple strains (Figure 2.4). ST-24, ST-348 and ST-383 were split into
two different szp types, all from the respiratory apparently healthy group. On the other hand,
MLST typing was able to further differentiate five szp strains into multiple STs and into their
different sample groups (Figure 2.4). Szp-3, szp-36, szp-42, szp-47 were each split into two
different ST types and szp-21 isolates divided into three ST types. As such, the combination

of both typing methods results in better strain discrimination (Figure 2.4).
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Figure 2.4: Szp and MLST typing comparison of New Zealand strains. Coloured by sample group: Red
boxes = uterine isolates, green boxes = respiratory disease isolates, blue boxes = respiratory abscess
and grey boxes = respiratory none apparent. The vertical highlighting shows MLST STs that were
divided into multiple szp types and the horizontal highlighting shows szp types that were split into
multiple MLST STs.

2.3.4 Population structure

The population structure of the MLST strains was investigated using the geoBurst algorithm
in PHYLOVIZ software. STs with isolate data and all seven MLST genes were included in the
analysis (Table S2. 3). Clonal complexes (CCs) were assigned to groups of single and double
locus variants (SLV and DLV). The CCs were named after the predicted founder of the group
from the global population analysis, and in the case of multiple founders, it was named from

the ST with the most isolates (Figure 2.5 and Figure 2.6). The population structure of only the
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New Zealand strains in the database showed no formation of CCs that represented one of the
isolation source groups (Figure 2.5). CC-96 and CC-144 have isolates from New Zealand
respiratory infection and respiratory apparently healthy with horse and dog isolates
represented (Figure 2.5 and Figure 2.6). A mixture of New Zealand respiratory infection and
abscess isolates made up CC-200 and CC-71 (Figure 2.5). Respiratory abscess isolates also
group together with uterine isolates in CC-173 (Figure 2.5). CC-65 was a DLV between isolates

from the uterus and no apparent disease samples (Figure 2.5).

Sample Group
Respiratory Apparently Healthy (n = 30, 36.15%)

Uterus (n = 26, 31.33%)
Respiratory (n = 22, 26.51%)

Respiratory Abscesses (n = 5, 6.02%)

Figure 2.5: Minimum spanning tree determined by full goeBURST (global optimal eBurst;
http://www.phyloviz.net) analysis of New Zealand S. zooepidemicus MLST allelic profiles. Circular
nodes correspond to individual STs. Branch numbers indicate the number of allelic variations between
STs. The branch lengths are not to scale. Clonal complexes (CCs) were defined as groups of STs with
single and double locus variants (circled) and numbered based on the predicted founder in the global
minimum spanning tree (Figure 2.6). Circle size is dependent on the number of isolates within the ST.
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Host
(a) Horse (n = 649, 80.32%)
Dog (n =41, 51.07%)
Goat (n = 35, 4.33%)
Sheep (n = 26, 3.22%)
Human (n = 22, 2.72%)
Cow (n = 18, 2.23%)
Unknown (n =7, 0.87%)
Other (n =7, 0.87%)
Donkey (n =3, 0.37%)

Continent
(b) Europe (n = 632, 78.22%)
New Zealand (n = 83, 10.27%)
North America (n = 68, 8.42%)
Asia (n =12, 1.49%)
Australia (n =12, 1.49%)
South America (n = 6, 0.74%)

Disease
(C) Unknown (n = 286, 35.4%)
None Apparent (n = 140, 17.37%)
Abortion/Uterine Infection (n = 122, 15.1%)
Respiratory (n = 115, 14.23%)
Mastitis (n = 54, 6.68%)
Other (n = 54, 6.68%)
Abscess, Non-strangles Lymph Node (n = 19, 2.35%)
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Figure 2.6: Global minimum spanning tree determined by full goeBURST (global optimal eBurst;
http://www.phyloviz.net) analysis of S. zooepidemicus MLST allelic profiles. Circular nodes correspond
toindividual STs. STs are colored with respect to (a) host species, (b) continent with Oceania separated
into Australia and New Zealand and (c) disease status. Circle size is dependent on the number of
isolates within the ST. The branch lengths are not to scale. Clonal complexes (CCs) were defined as
groups of STs with single and double locus variants (circled).

When the New Zealand strains are compared globally, random scattering throughout the
entire population of STs was observed (Figure 2.6) with no specific grouping of the New
Zealand strains. This scattering was also apparent when looking at the global STs and
resultant CCs in association with host species or with disease (Figure 2.6). The majority of the
CCs could not be considered important due to bias in isolate submissions with 80 % of
submissions from horse hosts (Figure 2.6a), 78 % from the continent of Europe (Figure 2.6b)
and 35 % with unknown disease status (Figure 2.6c). However, the previously reported
CC-236 and CC-254 did stand out as unique (Figure 2.6). They include sheep and goat mastitis
isolates from Spain which acquired a novel sugar utilisation system (Steward et al., 2017).
CC-92 contains the ST-307 strain which matches the strain introduced via horses imported
from New Zealand that caused an outbreak of respiratory disease in the New Caledonia
horses (Figure 2.6) (Velineni et al., 2014c). None of the strains in the current study were
found within this clonal complex. Two of the apparently healthy respiratory isolates from the
current study were ST-24 of CC-24 (Figure 2.5and Figure 2.6), the same type as the upper

respiratory disease outbreak in Sweden horses (Lindahl et al., 2013).

MLST ST-388 contains only the isolates with the szp-22 truncated protein and is within CC-200
(Figure 2.6). ST-388 is a SLV to ST-200 which consists of horse isolates from abortion/uterine
infection, respiratory infection and unknown disease association, and cow mastitis isolates.
The entire CC-200 contains the following: horse isolates from Europe, New Zealand, and North
America associated with unknown disease status, abortion uterine infection, respiratory
disease, non-strangles lymph node abscess and other abscess; cow isolates from Europe with

mastitis and a human isolate from Europe with septicaemia (Figure 2.6).

To analyse this data in respect to genetic distances a maximum likelihood tree was

constructed (Figure 2.7) based on the global MLST population. The New Zealand isolates
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maintain the random scattering throughout the global population with no clustering of
disease status or host species with the exception of previously defined sheep and goat

mastitis complex, CC-326 and 254 (Figure 2.7).
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Figure 2.7: Maximum likelihood tree obtained with the concatenated nucleotide sequences of all
global S. zooepidemicus MLST STs with complete profiles using PhyML (Guindon et al., 2010) and
annotated in iTOL (Letunic & Bork, 2019). Midpoint rooted with branch aLRT SH-like support values
in the range of 0.99 - 1 indicated by pale blue triangles. Rings are defined in the legend and are based
on animal host, disease association and those from New Zealand. MLST STs are identified on the outer
ring.
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Maximum likelihood trees were then constructed to directly compare the typing methods of
the New Zealand strains (Figure 2.8). Isolates included in this dataset had both szp and MLST
typing data in order to create three different phylogenetic trees based on each method plus
a tree combining the two methods. All three trees showed clustering of isolates from across
the four groups of respiratory disease, respiratory abscess, respiratory apparently healthy and
uterus. There are notable differences with the isolate clustering inferred by the different
typing phylogenies. For instance, the combined MLST-szp tree showed a clustering of six
uterus isolates with two respiratory disease isolates that was not maintained in either the
MLST or szp tree. Both the combined MLST-szp and the szp trees had stronger branch support
compared to the MLST tree. Increasing the number of genes used to create the three typing
trees from one (szp) to seven (MLST) to the combined MLST-szp of eight genes resulted in
fewer polytomies; unresolved branches where the internal node has more than two direct

descendants (Figure 2.8).
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Figure 2.8: Maximum likelihood trees of S. zooepidemicus with both szp and MLST data using PhyML
(Guindon et al., 2010) and annotated in iTOL (Letunic & Bork, 2019). The MLST-szp tree was created
with the concatenated MLST nucleotide sequences with the szp sequence. The MLST and szp trees
are shown for comparison. Trees are midpoint rooted with aLRT SH-like branch support values in
the range of 0.99 - 1 indicated by pale blue triangles. The unresolved polytomies are shaded in
green ovals. A set of example isolates are highlighted in orange to show the change of clustering
across the trees.

2.4 Discussion

2.4.1Retrospective Study

The retrospective equine sample data from NZVP reveals S.zooepidemicus as a
highly-prevalent bacterium in the New Zealand horse population, being the second most
frequently isolated bacterium particularly associated with respiratory and urogenital samples.
This data is highly suggestive of S. zooepidemicus’ role as a causative agent of both respiratory
and uterine infections that is echoed in other studies (Lavoie et al., 1991; Clark et al., 2008;
Panchaud et al., 2010; van Spijk et al., 2016). Another New Zealand retrospective study
reported S. zooepidemicus as the most frequently isolated bacterium in respiratory samples
submitted to professional laboratories for diagnostic purposes (Toombs-Ruane et al., 2015)
which further supports the findings in this study. Globally, S. zooepidemicus is one of the
most commonly isolated bacterial species from horses with upper respiratory disease (Laus
et al., 2007; Jannatabadi et al., 2008; Ryu et al., 2011; Mir et al., 2013a) and lower respiratory
disease (Christley et al., 2001; Newton et al., 2003; Wood et al., 2005b, 2005a). It is also
associated with uterine infection (Causey, 2006) making up the majority of the isolated
[B-haemolytic streptococci from the uterus of mares with fertility problems and endometritis
(68 % to 92 %) (Albihn et al., 2003; Casagrande Proietti et al., 2011). Furthermore, the NZVP
retrospective data also shows that S. zooepidemicus is isolated, although not as frequently,
from a variety of other anatomical sites showing a diversity in its ability to infect different

anatomical regions which is reflected in other studies (Erol et al., 2012; van Spijk et al., 2016).
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2.4.2 Streptococcus zooepidemicus strain typing

Analysis of the University of Waikato isolate collection by szp and MLST typing methods were
able to show the high genetic diversity of S. zooepidemicus within the New Zealand horse
population (48 szp strains, 49 MLST STs). Both typing methods identified strains that were
not restricted anatomically or by host species, and moreover, strains that were associated
with both healthy and disease status. This crossover of strain types further highlights the
diverse nature of these strains in thriving in different niches. The expansion of a single szp
strain in both respiratory disease situations and uterus samples is consistent with other

studies (Anzai et al., 2000; Newton et al., 2008; Rasmussen et al., 2013).

The presence of multiple szp strains within healthy horses together with multiple szp strains
clonally expanded in a respiratory outbreak, as observed with the four outbreaks reported
here, is indicative of an opportunistic infection model. This observation is consistent with
multiple Szp protein phenotypes isolated from the tonsils of healthy horses but single Szp
phenotypes dominant in pneumonia cases of foals and donkeys (Anzai et al., 2000). This is
consistent with the current understanding of horse respiratory-associated S. zooepidemicus
infection, although, a single pathogenic strain introduced into a naive population can also be
the causal agent of a respiratory outbreak (Bjornsdéttir et al., 2012; Lindahl et al., 2013;
Velineni et al., 2014c). Once herd immunity is acquired to that strain it can then still persist
in a healthy horse population, for example ST-24 was recovered post resolution of the
respiratory disease outbreak in Sweden (Lindahl et al., 2013). This suggests that the multiple
strains of S. zooepidemicus found in a healthy individual will contain potentially pathogenic
strains reflecting a history of infection (Waller, 2014). The pathogenicity of any individual
strain is also influenced by host immune factors and physiological stresses together with
virulence attributes of the bacterium. It is widely accepted that the host-microbe relationship
is dynamic and includes many examples of asymptomatic carriage of potential pathogens
(group A S. pyogenes in humans (Othman et al., 2019), group B Streptococcus (Armistead et
al., 2019), and S. pneumoniae (Pinto et al., 2019)) in various host populations.
Carriage/colonisation always precedes infection and in most situations involves the clonal
expansion of a single pathogenic strain as observed in this research. Survival and carriage of

a particular strain of S. zooepidemicus within a host can involve intracellular invasion and
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persistence in uterine cells that protect the bacterium against the host immune responses

(Skive et al., 2017).

Szp and MLST typing methods were chosen in the study for the ability to compare New
Zealand strains globally. Both methods were useful in tracking an outbreak but lacked the
discriminative power to differentiate between colonising and pathogenic strains of
S. zooepidemicus. The combination of typing methods improved strain differentiation. MLST
uses seven housekeeping genes essential for basic cellular functions of a microbe and are also
part of the core genome. In contrast, the single polymorphic szp gene is considered a
virulence factor. It produces a cell surface-anchored protein which mediates the binding and
attachment of S. zooepidemicus to host cells (Fan et al., 2008). Szp is involved in the reduction
of complement C3 deposition on the bacterial surface, masking it from the
complement-mediated host defence, indicating Szp involvement in antiphagocytosis
mechanisms and perhaps maintenance of the bacterium within a host (Ma et al., 2012). Szp,
however, is not the complete answer for successful colonisation and carriage of
S. zooepidemicus as shown with szp-22. As szp-22 resulted in a premature stop codon before
the surface-anchor sequence, a truncated gene product would be produced and theoretically
would no longer play a role in phagocytosis resistance, ultimately, leading to a decrease in
colonisation and virulence. Strain szp-22, isolated from nasal swabs and abscesses, was
nevertheless able to successfully infect the horse. Its clonal expansion in these horses gives
evidence to its increased fitness over other colonising strains. Thus, the production of Szp
may not be advantageous in certain pathogenic niches such as the horse respiratory tract.
The loss of this gene function may reflect genetic redundancy meaning it does not confer a
selective advantage for this niche adaptation. Of note, none of the uterus isolates resulted in

szp type 22.

2.4.3 Conclusion

This chapter demonstrates that S. zooepidemicus is highly-prevalent and genetically diverse
in the New Zealand horse population with single strains clonally expanded during infection
and multiple strains colonising healthy horses. However, there is a further need for

S. zooepidemicus infections to be examined using more sensitive and discriminatory typing
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methods to endeavour to distinguish between commensal and pathogenicisolates. Although
MLST and szp typing are useful in outbreak and epidemiological investigations, they result in
different phylogenies and fail to represent the real phylogeny with evidence of unresolved
branches, a known issue when using only a few genes to infer phylogeny (Tsang et al., 2017).
With the advances in sequencing technology and the continually decreasing price, whole
genome sequencing and analysis of core, accessory and pan genomes will become the new
gold standard for microbial typing. The presence of accessory genes with selective niche
fitness advantages could further help elucidate those genes resulting in disease-based strains
of S. zooepidemicus. The genome of S. zooepidemicus is highly flexible with mobile genetic
elements having played a major role in shaping the genome through chromosomal inversions,
recombination, and HGT, resulting in a genetically diverse species (Beres et al., 2008; Holden
et al., 2009; Ma et al., 2013). There is strong evidence of genetic exchange between S. equi,
S. zooepidemicus and other pathogens (Beres et al., 2008; Holden et al., 2009; Waller &
Robinson, 2013). Genes involved in the uptake of sugar (phosphotransferase system) and the
metabolism of carbohydrates have been fundamental in the evolution of Streptococcus
species (Richards et al., 2014). As such, the acquisition of a novel arbutin sugar utilisation
system has been proposed as a fitness advantage in S. zooepidemicus strains infecting
ruminants, in whose diet this sugar is found (Steward et al., 2017). The acquisition of fitness
factors (genes/systems) to utilize different energy sources or successfully evade the host
immune system, will result in a competitive advantage over other strains with improved
colonisation and persistence increasing survival of the strain. As such, one would expect to
see phenotypic variation between strains with different abilities in host evasion mechanisms

such as biofilm formation and intracellular invasion.
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Biofilm Formation and Intracellular
Invasion Capabilities of New Zealand
Streptococcus zooepidemicus Isolates In
Vitro

3.1 Introduction

In order to resist the host’s mucosal clearance, a bacterium must be able to adhere to the
host’s cells. Adherence is the first step for the establishment of bacterial colonisation and
possible infection. Once adhered, the bacterium must then evade the host’s immune
defences and competition with the host’s microbiota.  Biofilm production and/or
internalisation are two mechanisms bacteria can use to survive and persist in this hostile
environment. For a commensal bacterium, biofilm formation and/or invasion will allow it to
persist asymptomatically and become an opportunistic pathogen when favourable conditions
arise, such as in immunocompromised individuals, animals under stress, or immunologically
naive populations. The ability to colonise and persist has been noted in some strains of
S. zooepidemicus associated with equine respiratory disease (Anzai et al., 2000; Anzai et al.,
2002; Bjornsdottir et al., 2012; Lindahl et al., 2013). Additionally, evidence has highlighted
the ability of S. zooepidemicus to establish dormant uterine infections in mares by forming

antibiotic resistant persister cells (Petersen et al., 2015).

Streptococcal species recognised as biofilm producers include S. dysgalactiae subspecies

equisimilis (Genteluci et al., 2015; Ma et al., 2017b), S. pyogenes (Roberts et al., 2012),
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S. agalactiae (Parker et al., 2016) and S. pneumoniae (Sanchez et al., 2011). Streptococcal
biofilms are important in asymptomatic carriage and persistence of the bacterium (Roberts
et al., 2012) and play a role in antibiotic resistance and the severity and progression of disease
(Young et al., 2016). The promotion of carriage through biofilm formation will enhance
transmission to immunological naive populations. The closely-related species, S. equi, is
known for long-term persistence and asymptomatic carriage promoting transmission of the
disease known as strangles to susceptible horses (Waller et al., 2011). Streptococci are also
recognised as intracellular pathogens with the ability to invade, survive and persist in host
cells, enabling them to escape antibiotic treatment and the host immune system (Rohde &
Cleary, 2016). Along with biofilm formation; S. suis (Benga et al., 2004), S. pyogenes
(Podbielski et al., 2003), S. agalactiae (Tenenbaum et al., 2005), S. dysgalactiae subsp.
dysgalactiae (Alves-Barroco et al., 2019), and S. pneumoniae (Novick et al., 2017) also have

the ability to invade host cells.

Evidence from several studies suggests that certain bacterial proteins involved in biofilm
production and adherence to host cells are directly related to the virulence of
S. zooepidemicus. Firstly, the S. zooepidemicus immunoreactive GroEL chaperone protein is
involved in biofilm formation (Yi et al., 2016). Immunisation with the GroEL recombinant
protein provides protection against challenge with S. zooepidemicus in a mouse model of
infection (Yi et al., 2016). Secondly, the fibronectin-binding protein, FNZ, is important in both
cell adhesion and biofilm formation (Ma et al., 2013). A genomic deletion of FNZ had a
significant reduction in its virulence in experimentally-infected mice (Ma et al., 2013). Lastly,
bacterial C5a peptidase plays a role in the adherence and invasion of S. zooepidemicus into
host cells (Wei et al., 2013). Like GroEL, C5a immunisation provides immunoprotection
against S. zooepidemicus challenge (Wei et al., 2013). These combined studies indicate that
the processes of biofilm formation and adherence/invasion of host cells are involved in the
pathogenesis of S. zooepidemicus as interference with genes involved in these processes

affect the virulence of S. zooepidemicus.

The invasion of host cells is an important persistence strategy used by S. zooepidemicus.
Evidence indicates that an intracellular phase may be one way S. zooepidemicus survives in

the host and causes recurrent or persistent infections (Skive et al., 2017). Endometritis strains
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of S. zooepidemicus were shown to adhere, invade and survive within host cells. Invasion was
associated with triggered cytoskeletal rearrangements (i.e., membrane ruffling), invagination
of the host cell membrane, and engulfment of the adherent streptococcal chain (Skive et al.,
2017). Moreover, the szp typing results from Chapter 2 demonstrate that the isolation of a
single strain-type of S. zooepidemicus from uterine samples regardless of health status may

be evidence of dormant subclinical infections in the uterus of apparently healthy horses.

3.1.1Aim

The aim of this chapter was to determine differences in biofilm and cell invasion capabilities
of New Zealand S. zooepidemicus strains identified in the previous chapter (Chapter 2).
Differences in phenotypic association were investigated from different disease status and
anatomical sites, grouped as: respiratory disease, respiratory healthy, respiratory abscess, or
uterus. In addition, the relationship between biofilm formation and cell invasion was

investigated.

3.2 Methods

3.2.1 Biofilm Formation

3.2.1.1 Strains of S. equi subspecies Used to Assess Biofilm Formation

Fifty New Zealand S. zooepidemicus strains were characterised for biofilm formation, ensuring
representation of a diverse range of szp types, MLST types and anatomical sites (respiratory
healthy, respiratory disease, respiratory abscess, and uterus isolates) (Table 3.1). Strains from
the closely-related S. equi bacterium were used for comparative purposes. These included,
wild type New Zealand isolates ED99 (sem-99), G100 (sem-100) and K100 (sem-100) along
with the PINNACLE® I.N. vaccine (Zoetis) (sem-2) (Patty & Cursons, 2014). Therefore, a total
of 54 strains were used for the biofilm formation assays. The S. zooepidemicus and S. equi
strains were grown overnight for 18 h at 37 °C with 5 % CO; on blood culture plates (Fort
Richard, 1100). Each plate was imaged with a standard phone camera and the diameters of

ten single colonies were measured using ImageJ software (v.1.51g).
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Table 3.1: S. zooepidemicus and S. equi strains used in biofilm and adhesion/invasion assays

Biofilm Invasion

Isolate Group Species szp sem MLST assay assay
AK450 Respiratory abscess  S. zooepidemicus 47 173 y Y
SLO02 respiratory abscess S. zooepidemicus 31 71 y Y
WK14020_1 Respiratory abscess  S. zooepidemicus 22a 388 y Y
AK15060_4 Respiratory disease  S. zooepidemicus 24a y Y
AK17076_1 Respiratory disease  S. zooepidemicus 18 y

AK17078_1 Respiratory disease  S. zooepidemicus 2 1 y

AK17080_1 Respiratory disease  S. zooepidemicus 27 382 y

JK Respiratory disease  S. zooepidemicus 13 362 y Y
WG15089 4 Respiratory disease  S. zooepidemicus 37 295 y Y
WKO076 Respiratory disease  S. zooepidemicus 9 292 y

WK14035_1 Respiratory disease  S. zooepidemicus 22b y

WK14036_1 Respiratory disease  S. zooepidemicus 12 y

WK14049_2 Respiratory disease  S. zooepidemicus 36 29 y

WK15036_1 Respiratory disease  S. zooepidemicus 5 62 y

WK15037_5 Respiratory disease  S. zooepidemicus 28 y

WK15038_1 Respiratory disease  S. zooepidemicus 23 200 y

WK16002_1 Respiratory disease  S. zooepidemicus 41 193 y

WK16140 2 Respiratory disease  S. zooepidemicus 48 5 y

WK17089_1 Respiratory disease  S. zooepidemicus 32 174 y

KMWO001_7a Respiratory healthy  S. zooepidemicus 25 361 y Y
KMWO002_12a Respiratory healthy  S. zooepidemicus 42 156 y Y
KMWO003_15a Respiratory healthy  S. zooepidemicus 21a y
KMWO004_20a Respiratory healthy  S. zooepidemicus 44 y
KMWO006_31a Respiratory healthy  S. zooepidemicus 30 348 y

KMWO006_32 Respiratory healthy  S. zooepidemicus 46 348 y Y
KMWO008_43a Respiratory healthy  S. zooepidemicus 15 96 y

KMWO009_50 Respiratory healthy  S. zooepidemicus 29 y

KMWO013_70 Respiratory healthy  S. zooepidemicus 1 121 y

KMWO015_77 Respiratory healthy  S. zooepidemicus 19 y

NZVPO5 Uterus S. zooepidemicus 4 211 y

NZVPO6 Uterus S. zooepidemicus 43 301 y

NZVP1 Uterus S. zooepidemicus 24b 2 y

NZVP14 Uterus S. zooepidemicus 10 63 y

NZVP15 Uterus S. zooepidemicus 7 80 y

NZVP19 Uterus S. zooepidemicus 6 7 y

NZVP22 Uterus S. zooepidemicus 26 215 y

NZVP25 Uterus S. zooepidemicus 38 132 y

NZVP30 Uterus S. zooepidemicus 16 385 y

NZVP31 Uterus S. zooepidemicus 14 288 y

NZVP33 Uterus S. zooepidemicus 45 386 y

NZVP34 Uterus S. zooepidemicus 3 189 y

SVS1 Uterus S. zooepidemicus 35 178 y

SVS8 Uterus S. zooepidemicus 20 332 y

SVS9 Uterus S. zooepidemicus 33 387 y

WK15092_1 Uterus S. zooepidemicus 8 360 y

WK15094_1 Uterus S. zooepidemicus 11 330 y Y
WK15111_3 Uterus S. zooepidemicus 34 no yqiL y Y
WK15114_1 Uterus S. zooepidemicus 40 294 y

WK15114 2 Uterus S. zooepidemicus 39 15 y Y
WK15125_1 Uterus S. zooepidemicus 21b y

PINNACLE® I.N. Vaccine 139192C S. equi 2 y Y
EDED090 Strangles S. equi 99 y Y
G22401 Strangles S. equi 100(a) % Y
KAY07 Strangles S. equi 100(b) y
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3.2.1.2 Biofilm Formation Kinetics

Biofilm formation kinetics of each strain, measured over a 72 h time frame, were tested using
a microtiter method adapted from Kwasny and Opperman (Kwasny & Opperman, 2010).
Three millilitres of Todd Hewitt Broth (THB) (DIFCO, 249240) was inoculated with a single
colony of each strain of S. zooepidemicus or S. equi and grown overnight for 18 h statically at
37 °C with 5 % CO;. The overnight culture was diluted 1:100 in THB and 200 puL transferred
into a well of a 96 well plate (surface-treated, flat bottom, JET BIOFIL TCP-010-096). Four
replicates, using different single colonies, were set up for each strain. A separate 96 well plate
was set up for each time point to be collected. Diluted cultures were grown in the 96 well
plates for 2, 12, 24, 36, 48, and 72 h at 37 °C with 5 % CO,. Negative controls on each plate
included sterile THB media with no bacterial inoculate. At the indicated time points, culture
media was aspirated and each well washed three times with 300 pL of sterile double distilled
water to remove all non-adhered bacteria. This was done in a plate washer (Thermo Scientific
Wellwash® Versa) with the following wash parameters: plate format, 3 mm aspirate height,
low speed, default dispense height start:end of 6:14.4 mm, and used a final aspirate in normal
mode. The biofilm was heat fixed by placing it in a 60 °C incubator for 1 h. The fixed biofilm
was then stained with 200 pL of 0.05 % crystal violet (in deionised water) for 10 min followed
by four washes with 400 pL of double distilled water with the plate washer using the same
parameters as before. The crystal violet stain was eluted from the biofilm by addition of 200
uL of 35 % (v/v) acetic acid (Supelco®, 100063) for 10 min and transferred to a clean 96 well
plate. The optical density (OD) at an absorbance of 590 nm of the eluted crystal violet was

measured using a microplate reader (Thermo Scientific Multiskan GO).

Biofilm production was determined using an adapted method recommended for
staphylococci (Stepanovi¢ et al., 2007). The optical density cut-off value (OD.) for biofilm
production was set as three standard deviations above the average negative OD. Any value
greater than the set OD. indicates a positive biofilm production which were then classified
into three levels: weak = OD. < OD £ 2 x OD¢, moderate = 2 x OD. < OD <4 x OD. and, strong

=OD>4XOD(;.
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3.2.2 Intracellular Invasion
3.2.2.1 Host Cells and S. equi Subspecies Strains Used to Assess Intracellular
Invasion

Equine dermal fibroblast (NBL6) (ATCC® CCL57™) (passage of P19-P21) and A548 human
alveolar epithelial (ATCC® CCL185™) (passage of P30-P34) cell lines were used as host cells for
the invasion assays. The host cells were revived from -80 °C freezer stocks into a 75 mL tissue
culture flask in 15 mL complete media (CM). The CM (RPMI 1640 medium, GlutaMAX
supplement, HEPES, 72400-047 Life Technologies; 0.5 pg/mL Amphotericin B, Gibco,
15290018 Life Technologies) contained 10 % heat-inactivated foetal bovine serum (F8067
Sigma) and was supplemented with 1 % PenStrep (Penicillin-Streptomycin, 10,000 U/mL,
15140122 Life Technologies). Once revived and confluency reached, cells were then seeded
at 1-2x10° cells/mL into 25 mL tissue culture flasks (vent cap, surface-treated, JET BIOFIL
TCF-012-025) and grown in 2 mL of CM to approximately 80 % confluency for the start of the

invasion assay. All incubations took place at 37 °Cin a 5 % CO; incubator.

Twelve S. zooepidemicus isolates were selected for the invasion assay (Table 3.1)
representing a range of both strain types and biofilm forming capabilities and trajectories.
The isolates included three respiratory healthy, three uterine, three respiratory abscess and
three respiratory disease isolates. A further three strains of S. equi were used for a
comparison (EDEDQ090, sem-99; G22401, sem-100; and the PINNACLE® I.N. vaccine, sem-2)
(Table 3.1). For the infection inoculum, a single colony of the isolate was grown overnight in
Bacto™ Brain Heart Infusion (BHI) (BD, 237500) broth then diluted 1:50 in CM- (no antibiotics).

As with the host cells, all incubations took place statically at 37 °Cin a 5 % CO; incubator.
3.2.2.2 Invasion Assay Protocol

Optimisation of these assays are described in File S3. 1.

At approximately 80 % confluence, host cells were washed two times with 2 mL
phosphate-buffered saline (PBS; 137 mM NaCl (Merck, 1.06404), 2.7 mM KCI (AJAX-Finechem
(Univar), 383-500G), 10 mM NazHPO4 (AJAX-Finechem (Univar), 621-500G), 1.8 mM KH2PO4

(BDH (AnalaR), 102034B)) to remove residual antibiotics. For each strain tested, 2 mL of the

diluted infection inoculum was added to a flask with the 80 % confluent washed host cells.
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The infection inoculum was also used to determine inoculum colony-forming units (CFU) as
later described (Table 3.2). A further 2 mL of CM- was added to another flask with 80 %
confluent washed host cells for a negative control of no bacteria. After two hours of bacteria
to cell contact, the cells were washed twice with 2 mL of PBS to remove non-adhered bacteria.
In order to kill any adhered non-internalised bacteria, the infected cells were then treated
with 2 mL CM+. CM+ contained an antibiotic mixture of 200 ug/mL gentamicin (= 590 ug/mg
potency, G3632 sigma, note a stock solution of 50 mg/mL was made up adjusted for the
potency) and 100 pg/mL penicillin (~¥1650 U/mg, PENNA sigma). Two millilitres of CM- was
added to the no bacteria control flask. After 1 h of treatment, cells were then washed twice
with 2 mL PBS to remove any remaining antibiotics and FBS. One millilitre of the last wash
from the CM+ treatment was collected for CFU counts as a control to ensure no extracellular
bacterial survival (Table 3.2). Host cells and any internalised bacteria were dissociated from
the flask with the addition of 500 pL trypsin-EDTA (0.25 %, phenol red, 25200056 Life
technologies). At this stage, 20 uL of the dissociated cells from the negative control (no
bacteria) flask were removed and put into a microfuge tube with 20 uL of CM- to neutralize
the trypsin. Twenty microliters of the dissociated cells and CM- aliquot were added to 20 uL
of 0.4 % trypan blue (Sigma-Aldrich, T0O887) (in PBS) to count live cells per flask using a
haemocytometer. To the remainder of dissociated cells, deionised water (750 plL) was added
to each flask to lyse the host cells. The host cell lysate was collected and placed ina 1.5 mL
microcentrifuge tube and centrifuged at 16,000 g for 2 min. The supernatant was removed
and the pellet resuspended in 500 uL PBS. Cellular resuspensions were used to determine
CFU of internalised bacteria (Table 3.2). The experiment was repeated four times for each
strain and the results were expressed by cfu/mL of invasive bacterium, mathematically

adjusted for a multiplicity of infection (MOI) of 5 in order to compare across strain and cell

types.

To determine CFU, an adapted version of the single plate-serial dilution spotting technique
was used (Thomas et al., 2015). Briefly, 100 pL serial dilutions of 10 to 10 were prepared
in PBS. For technical replicates, 5 uL of each dilution was pipetted in triplicate onto a BHI agar
plate. Plates were then incubated overnight at 37 °C. Dilutions produced either zero colonies,
countable colonies or colonies that were too numerous to count. The lowest dilution with a

countable range of colonies was used to determine the average CFU. The CFU for each of the
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following were determined with the noted dilutions spot plated: the infection inoculate
(dilutions of 102, 103, 104, and 10®), the no bacteria control (undiluted), the CM+ treatment
for internalised bacteria (undiluted and dilutions of 10, 102, and 10%) and the wash control

for the CM+ treatment (undiluted) (Table 3.2).

Table 3.2: Dilutions used for single plate-serial dilution spotting for colony counts of the
adhesion/invasion assay.

Step Spot Dilutions Purpose

Infection inoculate 102,103, 10%, 10° determine MOI

no bacteria control undiluted sterility control

CM+ treatment undiluted, 10%, 102, 10* internalised bacteria

wash control of CM+ undiluted ensure no survival of extracellular b