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Abstract  

Streptococcus pyogenes (Group A Streptococcus, GAS) is an important human pathogen that 

causes significant morbidity and mortality in many developing and developed countries. 

Various virulence factors (VFs) that contribute to GAS pathogenesis have been identified, and 

understanding their functions is a necessary precondition for the development of new therapies 

and vaccines. However, investigating GAS pathomechanisms are hindered by the lack of 

suitable animal infection models, because GAS is exclusively a human pathogen. Two novel 

GAS virulence factors, Streptococcus pyogenes nuclease A (SpnA) and streptococcal 5’-

nucleotidase A (S5nA) have been characterised in previous studies and aid immune escape by 

cleaving DNA and generating the immunomodulatory molecules adenosine and 

deoxyadenosine. Two genes that are similar to GAS SpnA and S5nA were recently identified 

on the genome of a major fish pathogen, Streptococcus iniae, and named SpnAi and S5nAi. In 

this study their homologous status to GAS SpnA and S5nA was confirmed, and their 

contribution to virulence was assessed using in vitro biochemical assays and in vivo analyses 

in a zebrafish larvae infection model.  

The in vitro biochemical analyses of recombinant SpnAi and S5nAi showed that rSpnAi is able 

to digest DNA as well as the DNA backbone of neutrophil extracellular traps (NETs). rS5nAi 

is able to hydrolyse adenosine monophosphate (AMP), adenosine diphosphate (ADP) and 

deoxyadenosine monophosphate (dAMP), but not adenosine triphosphate (ATP) to generate 

immunomodulatory molecules adenosine and deoxyadenosine. Both proteins have very similar 

biochemical properties to their GAS counterparts. Together with the similarity in protein 

lengths, domain structures and amino acids identities, these S. iniae proteins were confirmed 

as true orthologues of the GAS proteins.  
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Green fluorescence-labelled wild-type S. iniae (WT), spnAi gene-deletion mutant (spnAiΔ), 

s5nAi gene-deletion mutant (s5nAiΔ) and their complementation strains (spnAiΔ:spnAi and 

s5nAiΔ:s5nAi) were generated to facilitate the in vivo studies of SpnAi and S5nAi in zebrafish 

larvae. The in vitro functional investigation of these spnAiΔ and s5nAiΔ mutant strains 

demonstrated significantly lower nuclease and nucleotidase activity as compared to WT S. 

iniae, respectively, whereas the complementation strains displayed a similar level of activity 

as WT S. inaie.  

The mortality rate of larvae infected with spnAiΔ and s5nAiΔ was lower than those infected 

with WT S. iniae and complementation strains, showing that these genes contribute to virulence 

in vivo. Viable bacteria enumeration and fluorescence signals measurement showed that the 

expression of SpnAi and S5nAi led to a persistent bacterial infection in zebrafish larvae, and 

confocal live-cell imaging also revealed that the bacteria load of larvae infected with WT S. 

iniae or the complementation strains, but not spnAiΔ and s5nAiΔ strains, increases over time. 

Innate immune response studies show that SpnAi and S5nAi did not affect the recruitment of 

neutrophils and macrophages, respectively, to the infection site, while results are presented that 

show the neutrophil and macrophage phagocytic functions were affected. These suggest that 

SpnAi and S5nAi contribute to the virulence of S. iniae by suppressing innate immune cell 

function.  

This investigation of S. iniae VFs using a zebrafish infection model gives insight into the in 

vivo functions of orthologues produced by GAS in the human host, and enable the use of 

zebrafish to study other GAS VFs that are also found in S. iniae.  
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Chapter 1:  Introduction 

1.1 The Important Human Pathogen, Streptococcus pyogenes 

Streptococcus pyogenes also known as Group A Streptococcus (GAS) is a Gram-positive beta-

haemolytic bacterium that was first recognised as the causative agent of puerperal sepsis and 

erysipelas in the late 19th century. In the current millennium, this strictly human pathogen 

remains a significant cause of morbidity and mortality worldwide (Ralph & Carapetis, 2012). 

GAS commonly colonises the skin or throat without causing symptoms (Cunningham, 2000), 

and is easily spread among people due to poor hygiene, overcrowded conditions, and limited 

medical access. As summarised in Table 1.1, GAS can cause a wide range of diseases ranging 

from non-invasive superficial infections such as pharyngitis, scarlet fever and impetigo, to 

invasive diseases such as necrotising fasciitis and streptococcal toxic shock syndrome. GAS 

infection can also cause acute rheumatic fever and acute glomerulonephritis, which have 

potentially fatal outcomes. 
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Table 1.1: Major diseases associated with GAS infection. Table adapted from Walker et al. 

(2014); Ralph and Carapetis (2012); and Spellerberg and Brandt (2015). 

Disease Signs and/or symptoms 

Direct infection  

     Skin and soft tissue infection  

• Impetigo Skin pustules that mature into honey-coloured scabs 

• Cellulitis Acute, tender, erythematous, swollen area of skin 

     Throat infection  

• Pharyngitis Sore throat, malaise, fever 

• Tonsillitis Swollen tonsils, sore throat, difficulty swallowing, 

tender lymph nodes on the side of the neck 

• Pneumonia High fever, shortness of breath, cough that produce 

discoloured or bloody sputum, chest pain 

     Bone and joint infection  

• Septic Arthritis Swollen, red and warm joint, fever, difficulty moving 

• Osteomyelitis Fever, nausea, tenderness, redness, swelling and 

warmth at the infected bone area, lost range of motion 

     Invasive infection  

• Puerperal sepsis Fever, chills, abdominal pain in a pregnant or early 

postpartum women 

Nonsuppurative sequela  

     Toxin-mediated disease   

• Scarlet fever Deep red rash, “strawberry tongue”, exudative 

pharyngitis 

• Myositis Weakness, swelling and pain muscle 

• Necrotising fasciitis Fever, exquisitely tender skin lesions, vomiting, 

diarrhoea, toxaemia, tissue destruction 

• Streptococcal toxic shock 

syndrome 

High fever, rapid-onset hypotension, accelerated 

multisystem failure 

 

     Immune-mediated disease  

• Acute rheumatic fever Polyarthritis, carditis, rapid and jerky movements, rash, 

subcutaneous nodules 

• Rheumatic heart disease Mitral and/or aortic regurgitation with possible stenosis 

over time 

• Acute glomerulonephritis Edema, hypertension, urinary sediment abnormalities, 

complement deficiency 
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1.1.1 Global burden  

There are more than 18.1 million cases of serious GAS disease globally, with 1.78 million new 

cases every year (Carapetis et al., 2005). There are also an estimated 616 million cases of 

pharyngitis and 111 million cases of pyoderma worldwide per year due to GAS infection 

(Carapetis et al., 2005; Walker et al., 2014). The number of deaths due to severe GAS disease 

are more than half a million per year with the majority of deaths caused by rheumatic heart 

disease and its complications, followed by invasive GAS disease (Carapetis et al., 2005). 

According to a statistical analysis done by Watkins et al. (2017), the number of deaths caused 

by rheumatic heart disease worldwide in 2015 was 319,400, with the highest age-standardised 

rates observed in Oceania, South Asia, and central sub-Saharan Africa (Figure 1.1). Globally, 

rheumatic heart disease is estimated to affect more than 2.4 million children aged of 5 to 14. 

The calculated rheumatic heart disease prevalence in children aged 5 – 14 years is highest in 

Sub Saharan Africa at 5.7/1,000 followed by Pacific and indigenous Australia/New Zealand 

with 3.5/1,000 and South central Asia with 2.2/1,000 (Carapetis et al., 2005; WHO, 2005).  
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Figure 1.1: Age-standardised disability-adjusted life-years due to rheumatic heart disease per 

100,000 population in 2015. Figure obtained and reproduced with permission from (Watkins 

et al., 2017), Copyright Massachusetts Medical Society.  

 

1.1.2 New Zealand epidemiology  

GAS associated diseases are a particularly serious and growing health problem in New Zealand 

(Figure 1.2). New Zealand reported an increase in the incidence of invasive GAS infection 

from the rate of 7.9/100,000 in 2015 to 9/100,000 in 2016, which is approximately twice the 

rate reported in other high-income countries (Hambling et al., 2017). Māori and Pacific peoples, 

children and elderly, and socioeconomically deprived populations are at the highest risk of 

GAS infection in New Zealand (Hambling et al., 2017; Steer et al., 2007). 
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Figure 1.2: Rate of invasive GAS infections from 2002 – 2016 in New Zealand. Figure obtained 

from Institute of Environmental Science and Research Ltd (ESR) (Hambling et al., 2017) with 

permission. 

 

Similar to the global situation, acute rheumatic fever and rheumatic heart disease cause the 

highest burden of GAS disease in New Zealand and has been considered an important public 

health problem since 2002 (Ministry of Health, 2018). In 2018, there were 188 rheumatic fever 

cases reported, increased from 155 cases in 2017 (Ministry of Health, 2018; University of 

Otago, 2019). Māori and Pacific children and youth aged 4 – 19 years old constitute the 

majority of cases (Hambling et al., 2017; Ministry of Health, 2018). Rheumatic fever does not 

directly cause high mortality, but if left untreated can develop into rheumatic heart disease 

which results in permanent injuries and death. It is estimated that of 60% of all patients with 

rheumatic fever will develop rheumatic heart disease (Carapetis et al., 2000; Carapetis et al., 

2005).  
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Apart from rheumatic fever and its sequela, the incidence of necrotising fasciitis has increased 

in New Zealand, from less than 10 cases in 1990 to more than 70 cases in 2006, with an overall 

fatality rate of 21% (Das et al., 2011). Various bacteria species have been isolated from patients 

with necrotising fasciitis, though the most common bacteria culture isolated was GAS. Again, 

Māori and Pacific populations have been identified as the high risk group of this disease (Das 

et al., 2011; Kulasegaran et al., 2015).  

1.2 Human Innate Immune Defence Mechanisms 

The innate immune system is the first line of defence that gets activated immediately once a 

pathogen succeeds in breaching the host’s anatomic and physiologic barriers. It is comprised 

of several classes of soluble molecules, and a system of plasma proteins known as the 

complement system that targets pathogen lysis and phagocytosis by innate immune cells such 

as neutrophils and macrophages.  

1.2.1 Anatomical and physiological barrier defences 

Epithelial layers line the internal and external surfaces of the body to act as the physical barrier 

that provides mechanical protection against infection. The mucosal epithelium secretes mucus 

that prevents bacteria from adhering to the epithelium, and a constant outward flow of mucus 

facilitates their expulsion from the body. In addition, epithelia also produce various bactericidal 

and antimicrobial proteins and peptides, including defensins, cathelicidins, and histatins that 

target various microorganisms. Additionally, the enzyme lysozyme which cleaves the bacterial 

cell wall is also produced (Bals, 2000; Pasupuleti et al., 2012).  
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1.2.2 Complement system 

When the pathogen has successfully breached both the anatomical barrier and initial chemical 

defences, it then encounters the complement system. This is the major mechanism of innate 

immunity, and is composed of at least 30 different plasma proteins that kill invading bacteria, 

opsonise bacteria, and promote inflammation. There are three pathways of complement 

activation: the classical, alternative and lectin pathways. Although each of these pathways are 

initiated via different mechanisms, they share the final key outcome of forming the membrane 

attack complex (MAC) that causes the lysis (Murphy & Weaver, 2016) of Gram-negative 

bacteria due to its thin cell walls (Berends et al., 2014; Bloch et al., 1997). The MAC is less 

effective on Gram-positive bacteria, as they have thick peptidoglycan cell walls that are able 

to protect from killing by this mechanism (Berends et al., 2013). 

The plasma proteins that constitute the MAC are initially inactive, and can be activated either 

through direct interaction with the pathogen or indirectly by interacting with the pathogen-

bound antibody. Activation of these plasma proteins, through either the classical, alternative, 

or lectin pathways, in turn promotes activity of the C3 convertase enzyme that is covalently 

bound to the bacterial surface. It cleaves many C3 to produce large amounts of C3a and C3b. 

The C3b molecules bind to C3 convertase to form C5 convertase, which then cleaves C5 to 

C5a and C5b. C5b then binds to C6 and subsequently recruitment of C7, C8 and C9 to generate 

the MAC. C5a is a highly inflammatory peptide that plays an important function in the 

recruitment of inflammatory cells, such as neutrophils, eosinophils, monocytes (Guo & Ward, 

2005; Murphy & Weaver, 2016) and macrophages (N. J. Chen et al., 2007; Snyderman et al., 

1975). C5a also enhances phagocytic activity of neutrophils (Mollnes et al., 2002) and 

macrophages (Monk et al., 2007; Snyderman et al., 1975). 
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1.2.3 Roles of neutrophils in phagocytic killing 

Neutrophils are the most abundant cell of the immune system, and are an important first 

responder class of immune cells. They are able to migrate to the site of infection by detecting 

and moving towards the high concentration of various chemoattractants, such as C5a and 

interleukin-8 (Petri & Sanz, 2018). Neutrophils also exhibit swarming behaviour that allow 

them to accumulate and cluster at the infection site, thereby exerting a longer-lasting effect 

(Tan & Weninger, 2017). 

Neutrophils are phagocytes that are highly specialised in the killing of bacteria by phagocytosis. 

They are able to internalise the opsonised bacteria and form a phagosome, where reactive 

oxygen species (ROS) such as superoxide anion and hydrogen peroxide that act as bactericidal 

agents are produced. In addition, the enzyme NADPH oxidase in the neutrophil is also activated 

during phagocytosis, which generates a large amount of superoxide and is subsequently broken 

down to form hydrogen peroxide. All these ROS contribute to the process called respiratory 

burst, which plays an important role in degrading internalised bacteria and foreign particles. 

Besides the production of ROS and hydrolytic enzymes, neutrophils also generate neutrophil 

extracellular traps (NETs) to carry out extracellular killing of bacteria (Brinkmann et al., 2004) 

This NETs killing mechanism will be discussed in Section 1.5.1. 

1.2.4 Roles of macrophages in innate immunity 

Macrophages are another phagocytic cell that operates early in response to infection. Unlike 

neutrophils that are always present in blood circulation, macrophages are mainly located inside 

the tissues. Once these tissue-resident macrophages detect and phagocytose bacteria, they 

become activated and produce chemoattractants to recruit neutrophils and monocytes from the 

blood circulation into the infected tissue site. Monocytes that have migrated to the infected 

tissue can differentiate into macrophages and phagocytose bacteria (Sunderkötter et al., 2004). 
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During phagocytosis of bacteria, macrophages also generate more cytokines and chemokines 

to recruit additional monocytes and neutrophils. This bacteria-dependent positive feedback 

illustrates how macrophages and neutrophils cooperate to recruit monocytes/macrophages and 

neutrophils to infection sites in a reciprocal way (Silva, 2011). Once the inflammation is 

resolved, apoptotic neutrophils are cleared by macrophages and homeostasis restored at the 

infectious site (K. P. Kumar et al., 2018; Silva, 2011).  

1.3 GAS Infections 

The pathologic mechanisms of GAS can be categorised into three general stages: (i) adherence 

and colonisation, (ii) replication, and (iii) evasion of host immune defence. Similar to other 

bacteria, adhesion of GAS to the host cell is the crucial first step in order to initiate the 

pathology. The adhesion process begins with a weak, reversible hydrophobic interaction 

between GAS and the mucosa or extracellular matrix, followed by a specific and high affinity 

binding to the host tissue through specific receptors.  

Once the GAS has successfully adhered to the host cell surface, colonisation needs to be 

established to overcome the shedding force exerted by, for example, the natural motion of 

mucous and salivary fluid. Prolonged colonisation is achieved by continuous replication, 

maintaining adherence to the host cell surface, and the expression of cytolytic toxin which 

helps in acquiring nutrition for propagation (Courtney et al., 2002). GAS may become 

internalised and survive within the human epithelial cells.  

Following internalisation, the next challenge for GAS is to survive and continue propagating 

so as to colonise the site for a prolonged period. GAS infection is challenged by two main host 

innate immune responses: opsonisation and phagocytosis. In order for GAS to escape from 

these host immune response, GAS has evolved various immune evasion mechanisms. These 
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mechanisms involve the expression of certain virulence factors (VFs) known to contribute to 

the anti-phagocytic behaviour of GAS (Cole et al., 2011).  

1.3.1 Virulence factors of GAS 

Pathogens often possess a variety of VFs that contribute to pathogenicity and cause symptoms 

that non-pathogenic bacteria do not. Therefore, the understanding of each VF in relation to the 

pathogenesis is very important for the identification of therapeutic and vaccine targets. Among 

the streptococcal species, many VFs of GAS have been identified and studied (Bisno et al., 

2003; Cole et al., 2011; Courtney et al., 2002). A summary of known GAS VFs that are 

involved in the different stages of infection is listed in Table 1.2.  
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Table 1.2: GAS VFs involved in different stages of infection.  

Stages of infection  Virulence factors Key findings  References 

Adherence, 

colonisation and 

internalisation 

Lipoteichoic acid • Adherence to fibronection on 

epithelial cells 

(Courtney et al., 2002; Hasty et al., 1992) 

M Protein • Adherence to epithelial cells and 

keratinocytes 

(Okada et al., 1995; J.-R. Wang & Stinson, 1994) 

• Colonisation of 

Pharyngeal/Epithelium 

(Ashbaugh et al., 2000; Caparon et al., 1991; 

Hollingshead et al., 1993) 

• Internalisation into epithelial cells 

and cytoskeletal rearrangements 

(Dombek et al., 1999; Hagman et al., 1999) 

Fibronectin-binding 

protein 
• Adherence to respiratory epithelial 

cells and cutaneous Langerhans cells 

(Kreikemeyer et al., 2004; Terao et al., 2005) 

• Internalisation into epithelial cells (Jeris Jadoun et al., 1998; Molinari et al., 1997; 

Ozeri et al., 1998) 

Collagen-like surface 

protein 
• Adherence to respiratory epithelial 

cells   

(Bober et al., 2010; S.-M. Chen et al., 2010) 

Hyaluronic acid 

capsule 
• Colonisation of pharynx (Cywes et al., 2000; Wessels & Bronze, 1994) 

• Internalisation into epithelial cells 

and keratinocytes 

(Darmstadt et al., 2000; Jeries Jadoun et al., 2002; 

Schrager et al., 1996) 

Proliferation Maltose/Maltodextrin-

binding protein 
• Transportation of maltotriose and 

maltodextrins  

(Shelburne III et al., 2008; Samuel A. Shelburne et 

al., 2007) 

Lactose 

phosphotransferase 
• Transportation of lactose or 

galactose 

(Loughman & Caparon, 2007; Samuel A Shelburne 

et al., 2008) 

Sucrose-binding 

protein 
• Transportation of sucrose (Samuel A Shelburne et al., 2008) 
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Systemic toxicity Streptolysin S • Cytotoxic to host cells (Bryant et al., 2005; Sierig et al., 2003; Wessels, 

2005) 

Streptolysin O • Cytotoxic to host cells (Fontaine et al., 2003; M. Nilsson et al., 2006; 

Sierig et al., 2003) 

CAMP factor • Cytotoxic to host cells (Gase et al., 1999; Kurosawa et al., 2018; 

Kurosawa et al., 2016) 

Immune invasion 

and evasion 

  

Hyaluronic acid 

capsule 
• Prevention of phagocytosis (Dale et al., 1996; Dinkla et al., 2007; Wessels et 

al., 1991) 

Superantigen • Stimulate T-lymphocytes in 

uncontrolled manner resulted in 

excessive secretion of 

immunomodulators  

(Fraser & Proft, 2008; Siemens & Norrby-Teglund, 

2017; Sriskandan et al., 2007) 

M protein • Prevention of phagocytosis (Carlsson et al., 2003; Courtney et al., 2006; Dale 

et al., 1996; Ringdahl et al., 2000) 

Cysteine protease • Inhibition of antimicrobial peptides (Chiang-Ni et al., 2006; von Pawel-Rammingen & 

Björck, 2003; von Pawel-Rammingen et al., 2002) 

Inhibitor of 

complement 
• Prevention of phagocytosis and 

inhibition of antimicrobial peptides 

(Fernie‐King et al., 2004; Fernie‐King et al., 2001; 

I.-M. Frick et al., 2003; Hoe et al., 2002) 

C5a peptidase • Inhibition of neutrophil chemotaxis (Ji et al., 1996; Park & Cleary, 2005) 

Fibronectin binding 

protein 
• Prevention of phagocytosis (Courtney et al., 2006; Hyland et al., 2007; 

Ringdahl et al., 2000) 

DNases • Degradation of NETs (Buchanan et al., 2006; Chang et al., 2011; Sumby 

et al., 2005; Walker et al., 2007) 

CAMP factors • Reduction of macrophages 

phagocytic activity 

(Kurosawa et al., 2018; Kurosawa et al., 2016) 

Nucleotidase • Generation of immunomodulatory 

molecules  

(Zheng et al., 2015) 
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Since the establishment of a methodology to manipulate the GAS genome, many VFs have 

been discovered and investigated by using various in vivo models (Ferretti et al., 2016). 

However, since GAS is strictly a human pathogen, there is no comprehensive infection model 

that can accurately reproduce its authentic pathogenesis. Instead, an array of in vivo animal 

models has been developed to model different aspects of its pathomechanism (Federle & Gogos, 

2019; Ferretti et al., 2016; Loh et al., 2013; Olsen et al., 2015). An understanding of the 

relationship between these particular model biological systems and the infectious GAS is 

important for experimental design in order to provide a relevant, translatable scientific result, 

and also to ensure the most beneficial use of the animals. Among the developed animal models, 

zebrafish (Danio rerio) has been a successful infection model for analysis of GAS (Neely et 

al., 2002; Saralahti & Rämet, 2015). The use of zebrafish as infection model will be discussed 

in Section 1.9. Importantly, research has shown that many of the GAS VFs are homologous to 

those found in a major fish pathogen, Streptococcus iniae, supporting the use of zebrafish as 

the infection model. A summary of known S. iniae VFs that are homologous or clinically 

relevant to GAS VFs is listed in Table 1.3.   

1.4 The Bacterium Streptococcus iniae 

S. iniae is a Gram-positive, encapsulated, beta haemolytic coccus that was first isolated from 

subcutaneous abscesses of an Amazon freshwater dolphins (Inia geoffrensis) in 1976 (Pier & 

Madin, 1976). Since then, various species of fish have also been reported to be infected by S. 

iniae, beginning in Japan in 1981. In addition to fish infection, S. iniae is also able to cause 

infection in humans. In 1995 – 1996, 4 cases of invasive infection caused by S. iniae were 

documented in Toronto (Agnew & Barnes, 2007). Hence, S. iniae is not only an animal 

pathogen, but is also a human pathogen. Importantly, the symptoms of S. iniae infection 

resemble those of the human-specific streptococcal pathogens: S. pyogenes, S. pneumonia and 

S. agalactiae (Farley & Strasbaugh, 2001; Miller & Neely, 2005).  
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1.4.1 S. iniae infections  

Since its isolation from the subcutaneous abscesses in Amazon fresh water dolphin, S. iniae 

has emerged as a leading fish pathogen with a broad host range. To date, more than 27 different 

species have been identified as the hosts of S. iniae ranging from freshwater fish species such 

as tilapia, rainbow trout and hybrid striped bass, to saltwater red drum fish (Agnew & Barnes, 

2007). These infections cause a huge negative impact to the aquaculture industry worldwide 

with total annual losses exceeding US$100 million in 1997 (Shoemaker et al., 2001).  

S. iniae is able to colonise the outer fish surface, meaning that fish-to-fish transmission in 

affected aquaculture farms can have mortality rates of up to 75% (Perera et al., 1994). The 

mechanism of S. iniae infection has been investigated by using rainbow trout skin polarised 

epithelial monolayer cells (Figure 1.3) and the results indicate that S. iniae is able to adhere 

and invade the epithelial cell layer (Eyngor et al., 2007). Importantly, this study also 

demonstrates the ability of S. iniae to traverse across the epithelial cell without causing any 

damage to the cell and without disrupting any of the intracellular junctions (Eyngor et al., 2007). 

This translocation mechanism across the skin layer is an essential feature enabling S. iniae to 

initiate infection. After the successful translocation into the fish epithelial cell layer, S. iniae 

disseminates throughout the fish by inducing macrophage apoptosis which lets them escape 

from the host immune system (Zlotkin et al., 2003). 
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Figure 1.3: Transmission electron micrograph illustrates S. iniae are enclosed within 

membrane-bound vacuoles of fish epithelial cells. Figure obtained from Eyngor et al. (2007) 

with permission. 

 

In 1996, the first case of human infection was reported in Texas (Agnew & Barnes, 2007; 

Baiano & Barnes, 2009; Weinstein et al., 1997). Since then, cases of human infections caused 

by S. iniae have been continuously reported. Most reports come from elderly Asian populations. 

Furthermore, weakened or immunocompromised individuals are at higher risk of infection 

(Lau et al., 2006; Weinstein et al., 1997).  

To date, there is no evidence of human infection via ingestion of infected fish. Disease in 

humans presents itself as bacteremic cellulitis of the infected area that subsequently develops 

into one or more of these conditions: meningitis, endocarditis, septic arthritis, osteomyelitis 

and toxic shock (Chhatwal, 2013; Lau et al., 2006; J.-R. Sun et al., 2007). Adhesion and 

invasion of S. iniae into human epithelial and endothelial cells has been investigated by Fuller 

et al. (2001). This study indicates that S. iniae is able to adhere on human epithelial cells. It 

then invades the cells by internalisation in the form of membrane-bound vesicles (Figure 1.4), 
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which is similar to that seen with fish epithelial cells (Eyngor et al., 2007). Moreover, the 

phagocytic clearance experiments show that S. iniae strains such as strains 9116 and 9117 

isolated from human and strain 9033 isolated from fish are able to escape from phagocytosis 

(Fuller et al., 2001). This indicates the importance of escaping phagocytosis in the pathogenesis 

of S. iniae infection.  

 

Figure 1.4: Electron micrograph of HEP-2 epithelial cells illustrates S. iniae 9117 internalised 

within membrane-bound vesicle. Figure obtained from Fuller et al. (2001) with permission. 

 

1.4.2 Virulence factors of S. iniae also found in GAS 

Following the complete sequencing of the S. iniae 9117 genome (Richards et al., 2014), a 

number of VFs were discovered. While fewer VFs have been demonstrated in S. iniae than 

GAS, of those that have been documented many of them are homologous or clinically relevant 

to those expressed by GAS (Baiano & Barnes, 2009) as summarised in Table 1.3. Our group 

has identified two genes on the S. iniae genome that are similar to the GAS genes encoding 

Streptococcus pyogenes nuclease A (SpnA) and streptococcal 5’-nucleotidase A (S5nA). These 

two important VFs will be the focus of this thesis. 
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Table 1.3: VFs of S. iniae that are homologue or clinically relevant to GAS.  

Virulence factors Functions References Amino acid sequence 

identity to GAS 

S. iniae M-like 

protein 

Binds human fibrinogen to protect from phagocytosis 

Adherences to fish epithelial cells 

(Baiano et al., 2008; Locke et al., 

2008) 

28% 

Hyaluronic acid 

capsule 

Inhibits complement C3 deposition and avoids 

phagocytosis 

(Locke, Colvin, Datta, et al., 2007; 

Lowe et al., 2007; Miller & Neely, 

2005; Shutou et al., 2007) 

71% 

C5a peptidase Hydrolyses neutrophil chemoattractant complement 

factor C5a 

(Locke et al., 2008; Nguyen, 2015) 37% 

Interleukin-8 

protease 

Degrades chemokine interleukin-8 (IL-8) and increase 

neutrophil resistance 

(Zinkernagel et al., 2008) 54% 

Streptolysin S Hemolyses erythrocytes (Bolotin et al., 2007; Fuller et al., 

2002; Locke, Colvin, Varki, et al., 

2007; Molloy et al., 2011) 

73% 

CAMP factor Acts synergistically with Staphylococcus aureus to 

hemolyse erythrocytes 

(Bolotin et al., 2007) 62% 

α-Enolase Facilitates invasion to the host cells (Kim et al., 2007; Pancholi & 

Fischetti, 1998; J. Wang et al., 2015) 

97% 

Nuclease Escapes killing by digestion of NETs (Chang et al., 2011) 63% 

Nucleotidase Generates immunomodulatory molecules adenosine 

and deoxyadenosine that facilitate immune evasion 

(Zheng et al., 2015) 62% 
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1.5 Antimicrobial NETs and GAS Nucleases 

1.5.1 Antimicrobial NETs  

In addition to the well-known function of neutrophils in bacteria phagocytosis, neutrophils are 

also shown to generate NETs that are able to trap, neutralise and kill bacteria (Brinkmann et 

al., 2004), as well as fungi (Ermert et al., 2009; Urban et al., 2006). NETs are networks of 

extracellular fibers composed of chromatin and granule proteins with DNA and histones 

representing the major components (Brinkmann et al., 2004; Kaplan & Radic, 2012). NETs 

contain antimicrobial proteins from primary granules, such as neutrophil elastase, cathepsin G, 

and myeloperoxidase. In addition, NETs also contains proteins from secondary granules, such 

as lactoferrin; and tertiary granules, such as gelatinase (Brinkmann et al., 2004; Urban et al., 

2006).  

Naïve neutrophils are round and devoid of fibers. Upon stimulation by IL-8, phorbol 12-

myristate 13-acetate (PMA), or lipopolysaccharide, neutrophils became flat, form membrane 

protrusions, and make NETs (Brinkmann et al., 2004). NETs production happen primarily via 

a cell death process called NETosis (Brinkmann & Zychlinsky, 2007; Fuchs et al., 2007). The 

process begins with the nucleus losing its lobules, chromatin decondensation and the two 

membranes of the nuclear envelope progressively separating from each other. Once the nuclear 

envelope is lost, the chromatin in the nucleoplasm and cytoplasm together with the granules 

form a homogeneous mass. Finally, the cell membrane ruptures and the content of the cell is 

released into the extracellular space, forming NETs (Brinkmann & Zychlinsky, 2007, 2012; 

Fuchs et al., 2007). The release of NETs can then entrap and kill bacteria, preventing the 

bacteria from disseminating. The whole process of NET formation occurs between 45 – 240 

minutes after neutrophil activation, depending on the experimental design (Brinkmann & 

Zychlinsky, 2007; Fuchs et al., 2007).  
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NETosis is different from apoptosis (Fadeel et al., 1998; Fuchs et al., 2007). Apoptotic cells 

show classical morphology, including chromatin condensation, nuclei fragmentation without 

segregation of the nuclear envelope and organelles in the cytoplasm remained intact (Fuchs et 

al., 2007). In addition, a NET-producing neutrophil does not show the classic 

phosphatidylserine apoptotic or “eat me” signal that functions to attract phagocytes for the 

engulfment of dead neutrophils.  

Although NETs have been associated with antimicrobial killing, some bacteria have evolved 

mechanisms to counteract such entrapment and killing. Many Gram-positive bacteria, such as 

GAS (Buchanan et al., 2006; Chang et al., 2011), Staphylococcus aureus (Berends et al., 2010), 

Streptococcus suis (de Buhr et al., 2014) and Streptococcus pneumoniae (Jhelum et al., 2018) 

have been shown to produce deoxynucleases (DNases) that are able to degrade the DNA 

framework of NETs and prevent the entrapment by NETs. This results in resistance to 

neutrophil killing and promotes bacteria dissemination from the infection site.  

1.5.2 GAS DNases 

Earlier studies indicate that GAS is able to produce four different subgroups of DNases 

designated DNase A, B, C and D (Table 1.4), based on the substrate preference, optimum pH, 

and the requirement of various metal ions as the cofactor in carrying out the DNase activity 

(Wannamaker, 1958; Wannamaker et al., 1967). All GAS strains have been found to produce 

at least one type of DNase, and the majority of GAS are able to synthesise several subtypes, 

either encoded by the bacterial chromosomes or prophage (Aziz et al., 2004). With the help of 

whole genome sequencing technology, eight GAS DNase genes have been identified to date, 

including spnA, spdB, sda1, sda2, spd1, spd3, spd4 and sdn, six of which are encoded by 

integrated prophages and two chromosomally encoded (Remmington & Turner, 2018).  
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Table 1.4: Summary of four GAS DNases subtype.  

*n.d.: Not determined 

DNase 

subtype 

Gene name Gene 

location 

Protein 

location 

Optimum 

pH 

Optimum 

temperature 

Cation 

dependency 

Substrate 

specificity 

References 

DNase A spnA Chromosome Cell wall 

anchored 

pH 5.5 – 7  32 – 37ºC Ca2+ & Mg2+ DNA & RNA (Chang et al., 2011; 

Hasegawa et al., 

2010) 

DNase B spdB (mf) or 

sdaB (mf-1) 

  

sda1 

spd1 (mf-2) 

Chromosome 

 

 

Prophage 

Prophage 

Secreted 

 

 

Secreted 

Secreted 

n.d. 

 

 

pH 5.5 – 8.8 

n.d. 

n.d. 

 

 

n.d. 

n.d. 

n.d. 

 

 

Ca2+ & Mg2+ 

Ca2+ & Mg2+ 

DNA 

 

 

DNA  

DNA and/or 

RNA 

(Iwasaki et al., 1993; 

McDowell et al., 

2012; Sriskandan et 

al., 2000) 

(Aziz et al., 2004) 

(Broudy et al., 2002; 

Korczynska et al., 

2011) 

DNase C spd3 Prophage Secreted n.d. n.d. n.d. DNA (Anbalagan, 2013; 

Sumby et al., 2005) 

DNase D sda2 (sdaD2) Prophage Secreted n.d. n.d. n.d. DNA (Sumby et al., 2005) 
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Even though the importance of GAS DNases in virulence has been established, the exact 

function of these virulence proteins during pathogenesis are still unclear. An early study by 

Sherry et al. (1949) demonstrated that the GAS DNase contributes to streptococci 

dissemination in a human host via the purulent exudate that is discharged during GAS infection. 

However, the later discovery of secreted NETs provides further context. Buchanan et al. (2006) 

showed that GAS Sda1 is able to degrade NETs and promote GAS resistance to phagocytosis 

by neutrophils. The role of extracellular DNases in degrading NETs and hence protecting GAS 

from killing by neutrophils has since been corroborated (Sumby et al., 2005).  

1.6 SpnA 

The gene SpnA was first identified by a group of researchers analysing the genome sequence 

of three GAS strains, serotype M1, M3 and M18 (Reid, Green, et al., 2001). It was discovered 

as a gene encoding a putative extracellular nuclease with a LPXTG motif which covalently 

links the nucleases to the cell membrane (Reid, Green, et al., 2001; Reid et al., 2002). This VF 

is well conserved (Reid, Green, et al., 2001) and is the only cell wall anchored DNase found in 

the genome of more than 40 strains of GAS strains (Bensi et al., 2012). It is immunogenic in 

Western blot analysis of human serum from patients with non-invasive soft tissue infections, 

invasive infections, pharyngitis and rheumatic fever, suggesting this protein is produced during 

GAS infection (Bensi et al., 2012; Chang et al., 2011; Reid et al., 2002). Moreover, recent 

research has shown that SpnA has better immunokinetics for streptococcal serology than 

streptolysin-O and DNase B in diagnosis of acute rheumatic fever (Hanson-Manful et al., 2018), 

and can therefore be added into the current list of antigens used in streptococcal serologic tests 

to improve the sensitivity and accuracy of acute rheumatic fever diagnosis (Hanson-Manful et 

al., 2018).  
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In a study conducted by Chang et al. (2011), sequence analysis of the spy0747 of GAS SF370 

(M1 serotype), showed that this gene comprises of a 2733-bp open reading frame (OFR) that 

encodes a 910-amino acid protein (Figure 1.5). There is a signal peptide at position 1 – 27 at 

the N-terminus, an endonuclease/exonuclease/phosphate domain at position 549 – 851 and a 

C-terminal LPKTG cell wall anchor domain at position 877 – 908. In addition, three OB 

(oligonucleotide/oligosaccharide binding)-fold motifs were also identified with one of the OB-

fold motif at position 217 – 271 weakly resembling nucleic acid binding motif and two other 

OB-fold motifs at position 99 – 171 and 310 – 395 that resemble the YhcR-OB-fold domains. 

Studies have found that at least two of these OB-folds are required for SpnA activity. 

 

Figure 1.5: Bioinformatic analysis of SpnA shows the domain/motifs. Figure obtained from 

Chang et al. (2011) with permission. 

 

The ability of SpnA to defend against neutrophil killing was confirmed by the neutrophil killing 

assay and the significantly lower survival of spnA gene deletion mutants in whole human blood 

compared to wild-type (Chang et al., 2011; Hasegawa et al., 2010). A recombinant form of 

SpnA (rSpnA) was also expressed and used to demonstrate that rSpnA is capable of degrading 

NETs, and contributes to the survival of spnA deletion mutant in both blood and neutrophil 

bactericidal assay. Biochemical characterisation of rSpnA also carried out and the results 

showed that its DNase activity is dependent on calcium and magnesium ions (Chang et al., 

2011; Hasegawa et al., 2010). Mouse infection model experiments revealed that mice injected 

with a spnA deletion mutant survived longer as compared to the mice injected with the wild-

type strain (Hasegawa et al., 2010). In addition, the lesions of the mice injected with mutant 
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strains were significantly smaller than those injected with the wild-type GAS (Hasegawa et al., 

2010).  

1.7 The Importance of Adenosine and Deoxyadenosine in Regulation 

of the Immune Response 

Both adenosine and deoxyadenosine are usually found in biological systems at a very low 

concentration (Fox & Kelley, 1978), though their production during infection can interfere with 

the purinergic signalling pathway of the host (Junger, 2011). 

1.7.1 Adenosine and the innate immune system  

Adenosine is a purine nucleoside that plays crucial roles in cell signalling and energetic 

metabolism in every organ system in our body. Adenosine is typically produced under 

conditions of metabolic stress such as hypoxia and inflammatory tissue damage following the 

increase in the production of ATP (Sitkovsky & Ohta, 2005). First, ectonucleoside triphosphate 

diphosphohydrolase 1 (CD39) converts ATP and ADP into AMP, which is further converted 

into adenosine by ecto-5’-nucleotidase (CD37) (Eltzschig et al., 2012). Upon being released 

from cells or being formed extracellularly, it binds specifically to adenosine receptors with 

downstream effects that are determined by the type of receptor it binds to. There are four types 

of adenosine receptors (adenosine A1, A2A, A2B and A3) which belong to the G protein coupled 

receptor family (Fredholm et al., 2001). These adenosine receptors are differentially expressed 

by various cell types, and require different adenosine concentration thresholds for activation 

(Fredholm et al., 2001).  

Several genetically modified animal models with either one or more adenosine receptor gene-

knockouts have been generated to study adenosine signalling in infection (Fredholm et al., 

2001). Research using these genetically modified animal models found that the A2 receptor 

seems to have the most effect on immune cells (V. Kumar & Sharma, 2009). The binding of 
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adenosine to A2 and A3 receptors on neutrophils in activated human whole blood has been 

shown to inhibit neutrophil degranulation (Bouma et al., 1997). Adenosine is also known to 

inhibit the differentiation of monocytes into macrophages (Najar et al., 1990) by suppressing 

the macrophage colony stimulating factor (MCSF) dependent proliferation (Jordi Xaus et al., 

1999). In addition to affecting monocyte maturation, adenosine was also found to suppress the 

production of various components required for the macrophage phagocytic action, including 

superoxide (Cronstein et al., 1983; Cronstein et al., 1985), pro-inflammatory cytokines, and 

nitric oxide (Hasko et al., 1996; J. Xaus et al., 1999). This has been shown with in vitro assays 

where the binding of adenosine to the monocytes and macrophages A2A receptor suppressed 

phagocytic function (Fischer et al., 1976; Haskó et al., 2008). 

1.7.2 Deoxyadenosine and the innate immune system    

Deoxyadenosine is known to be cytotoxic and promote immunosuppression (Fox & Kelley, 

1978), though little is known about how it interacts with the innate immune system. The level 

of both adenosine and deoxyadenosine is regulated by adenosine deaminase that functions to 

deaminate them to generate inosine and deoxyadenosine, respectively (Fox & Kelley, 1978; 

Giblett et al., 1972). The deoxyadenosine level can also be regulated by the enzymatic reaction 

of adenosine kinase to form deoxynucleotide (Fox & Kelley, 1978). In vitro studies of 

staphylococcus nuclease (Nuc) and Staphylococcus aureus synthase (AdsA) showed that 

deoxyadenosine is able to activate caspase-3-mediated apoptosis of macrophage and 

monocytes (Thammavongsa et al., 2013). The inability to control the metabolism of either 

adenosine or deoxyadenosine can cause changes in the levels of other downstream metabolites, 

which will in turn disrupt cellular function, causing cell toxicity and potentially cell death (Fox 

& Kelley, 1978; Hershfield, 2005). 
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1.8 S5nA 

Like SpnA, the discovery of S5nA was reported from the same research on the bioinformatics 

analysis of three GAS strains (Reid, Green, et al., 2001). This protein was first identified as a 

2’,3’-cyclic-nucleotide 2’-phosphodiesterase with a cell wall anchored LPXTG motif (Reid, 

Green, et al., 2001; Reid et al., 2002). Later on, this gene was identified as a putative 5’-

nucleotidase, and named streptococcal 5’-nucleotidase, S5nA (Zheng et al., 2015). S5nA is 

highly reactive to serum from patients recovered from GAS infection, and antibodies against 

S5nA are able to provide protection in murine models (Fritzer et al., 2010). Due to its well 

conserved gene sequence (>98.2% amino acid sequence identity) in most GAS strains 

(including M1, M2, M3, M4, M5, M6, M12, M18, M28 and M49 serotype, and 50 clinical 

isolates), S5nA has been selected as a promising candidate for non-M protein-based vaccine 

development (Fritzer et al., 2010; Reid, Green, et al., 2001).  

As shown in Figure 1.6, S5nA in GAS SF370 (a serotype M1 strain isolated from an abscess) 

is a 670-amino acid protein encoded by a 2013-bp ORF (spy0872), with a signal peptide 

sequence at position 1 – 27 and a LPITG cell wall anchored domain at position 637 – 670 

(Zheng et al., 2015). In addition, two conserved domains were seen to include a metallo-

phosphatase-like protein domain at position 26 – 363, and a 5’-nucleotidase C-terminal domain 

at position 366 – 564 (Zheng et al., 2015). 

 

Figure 1.6: Bioinformatic analysis of S5nA shows domains and motifs. Figure obtained from 

Zheng et al. (2015) with permission. 
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Aside from preliminary research on non-M protein-based vaccine development, very little 

research had focussed on this GAS VF until the year 2015, when the in vitro studies of 

recombinant S5nA (rS5nA) were carried out by Zheng et al. (2015). rS5nA was seen to 

hydrolyse AMP and ADP to produce adenosine, but not ATP. Importantly, rS5nA also worked 

synergistically with rSpnA to produce deoxyadenosine from DNA (Zheng et al., 2015) as 

illustrated in Figure 1.7. 

 

Figure 1.7: Synergy between SpnA and S5nA. The synergistic activity between SpnA and 

S5nA begins with SpnAi degrading the DNA framework of NETs to produce deoxynucleotide 

monophosphate (dNMPs). This includes deoxyadenosine monophosphate (dAMP), which then 

serves as the substrate for S5nA to generate deoxyadenosine that is known to be cytotoxic and 

affect the phagocytic function of macrophages.  

 

These enzymatic properties were also observed in AdsA (Thammavongsa et al., 2013) and 

Group B Streptococcus ectonucleotidase (NudP) (Firon et al., 2014). SpnA first hydrolyses the 

DNA to generate dAMP which then acts as the hydrolysing substrate for S5nA to form 

deoxyadenosine as the end product. Adenosine (V. Kumar & Sharma, 2009) and 

deoxyadenosine (Thammavongsa et al., 2013) have been proven to function as 

immunomodulatory molecules in the regulation of immune responses, which have been 

discussed in the previous section (Section 1.7).  
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In addition, the role of S5nA as a GAS VF was confirmed by comparing the survival of non-

pathogenic Lactococcus lactis added with rS5nA of GAS M1 strain in dose-dependent manner 

(Zheng et al., 2015). Despite this boost to bacterial survival, however, S5nA gene deletion in 

GAS M6, M18 and M49 was recently shown to not affect its survival in human blood, in 

neutrophil phagocytosis assays, nor its virulence in Galleria melonella infection model (Dangel 

et al., 2019). This is likely due to the difference in the level of s5nA gene expression at various 

growth phases in individual GAS strains. For example, a study reported that the majority of the 

serum samples from GAS disease patients show negative reactivity with rS5nA (Reid et al., 

2002). However, all the serum samples from patients infected specifically with GAS serotype 

M1, but not M3 and M8, showed positive reactivity towards rS5nA which is consistent with its 

elevated expression in the growth cycle of the GAS M1 strain (Reid et al., 2002). S5nA plays 

an important role in modulating host-pathogen interactions at specific stages of infection, and 

is more active in certain strains. The level of gene expression may therefore vary with both the 

stage of infection and the infecting strain. 

Zheng and colleagues also observed the significant difference in S5nA levels in sera from 

patients with invasive GAS diseases or healthy donors, showing that S5nA is expressed during 

GAS infection (Zheng et al., 2015). Interestingly, the serum samples used in this experiment 

were previously used to detect the expression of SpnA (Chang et al., 2011). This suggests the 

co-expression of both SpnA and S5nA in GAS disease and again points towards the synergistic 

action of these VFs. These VFs are therefore be potential candidates in the development of a 

GAS vaccine, warranting further research into their molecular function, particularly using in 

vivo infection model.   
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1.9 The Zebrafish Infection Model 

Zebrafish (Danio rerio) have been used extensively in biological and medical research for more 

than a century. It was first used as a model for embryogenesis (Creaser, 1934), before its genetic 

potential was exploited by Dr. George Streisinger in 1970s (Grunwald & Eisen, 2002; Sullivan 

& Kim, 2008). Since then, the use of this model organism has gradually expanded into the 

fields of human disease and immunology (Dooley et al., 2000; Meeker & Trede, 2008; Yoder 

et al., 2002). The zebrafish model system has many advantages as compared to mammalian 

models, including: 1) being relatively small in size (≤ 5cm) such that a large number of fish 

can be stored in a small space; 2) being prolific breeders, able to produce up to 300 offspring 

per week; 3) their low cost and easy maintenance means that a large sample size can be used 

in an experiment; 4) the ex vivo development of embryo; 5) their rapid life cycle; 6) the 

optically transparent property of zebrafish larvae allowing visualisation and real-time analysis; 

7) the flexibility of genetic manipulation allowing the creation of transgenic zebrafish lines 

with fluorescent immune cells; and, perhaps most importantly, 9) a fully developed immune 

system with clear temporal separation between the innate and adaptive immune response 

allowing the study of innate/adaptive immune system independently or as a whole. All these 

features make zebrafish a valuable model to mammalian models, and provide an excellent tool 

to define novel VFs in host-pathogen interactions.  

The use of zebrafish as an infectious disease model to mimic human disease has been aided by 

the sequencing of the zebrafish genome by the Welcome Trust Sanger Institute. This has 

revealed that approximately 70% of human genes have more than one obvious zebrafish 

orthologue, and 69% of zebrafish genes have more than one human orthologue (Kerstin Howe 

et al., 2013; K. Howe et al., 2013). This genome database has paved the way for genotype-

phenotype correlations to be identified using targeted mutagenesis (Bradford et al., 2017; 

Howe et al., 2016).  
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1.9.1 Overview of zebrafish larvae innate immune system 

Non-mammalian disease models such as the nematode worm (Caenorhabditis elegans) and 

fruit fly (Drosophila melanogaster) have long been used as infectious disease host models for 

several pathogens, such as various species of pathogenic fungi (Muhammed et al., 2012). 

However, nematodes are unsuitable due to their primitive innate immune system and lack of 

phagocytosis activity (Ewbank, 2002). Fruit flies have a more complex immune system, but 

only the innate immune system has been found and little information is known about the 

presence of the adaptive immune system (Hoffmann, 2003). In contrast, zebrafish have a well-

developed immune system. An extra benefit as a model system comes from the clear temporal 

separation of the innate and adaptive immune systems at specific stages of its life cycle. The 

zebrafish innate immune system is present as early as day 1 of embryogenesis (Herbomel et 

al., 1999), and includes all major blood cell lineages found in vertebrates including neutrophils 

(Le Guyader et al., 2008; Lieschke et al., 2001) and macrophages (Herbomel et al., 1999). A 

morphologically and functionally mature adaptive immunity is not present until 4 – 6 weeks 

post-fertilisation (Davidson & Zon, 2004; Lam et al., 2004; Trede et al., 2004; Willett et al., 

1999). This temporal separation allows the study of the innate immune response independently 

from the adaptive immune response.  

The two main immune cells involved in the zebrafish innate immune response are neutrophils 

and macrophages. At 28 – 30 hours post-fertilisation (hpf) macrophages and neutrophils are 

fully capable of phagocytosis (Herbomel et al., 1999; Le Guyader et al., 2008) and neutrophils 

are able to produce NETs (Palić et al., 2007). Neutrophils are originally produced though the 

primitive and definitive waves of hematopoiesis in the developing zebrafish larvae. During the 

primitive wave, myeloid precursors in the anterior lateral plate mesoderm migrate to the yolk 

sac and differentiate into primitive macrophages. This process is complete by 22 hpf (Herbomel 

et al., 1999) and some of these primitive macrophages then differentiate further into neutrophils 
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by 33 hpf (Le Guyader et al., 2008). As in humans, neutrophils are the first immune cells to 

respond to injury by rapidly migrating to and accumulating at the site of infection (Renshaw et 

al., 2006).  

Other mammalian immune cells and proteins involved in immune defence have also been found 

and characterised in zebrafish, including eosinophils, basophils (Lohi et al., 2013; Renshaw & 

Trede, 2012); TLRs (Purcell et al., 2006; Stein et al., 2007); cytokines, such as interferon 

gamma (IFN- γ) and interleukin 10 (IL-10) (Aggad et al., 2010; Sieger et al., 2009); 

complement factors (C3, C4, factors B and H) (G. Sun et al., 2010); antimicrobial peptides 

(Zou et al., 2007); pattern recognition receptors (Stein et al., 2007) and peptidoglycan 

recognition proteins (Li et al., 2007).  

1.9.2 Zebrafish as a model for streptococcal pathogenesis 

The infection mechanism of various pathogenic bacteria have been studied using zebrafish as 

an infection model, including Mycobacterium marinum (Z. Chen et al., 2018; Johansen et al., 

2018), Salmonella typhimurium (Varas, Fariña, et al., 2017; Varas, Ortíz-Severín, et al., 2017), 

Staphylococcus aureus (Jiang et al., 2019; Zhang et al., 2019), and Streptococcus species (Jim 

et al., 2016; Lin et al., 2009; Membrebe et al., 2016). In addition, multiple GAS strains have 

been successfully studied in the zebrafish model, including M1 (Hollands et al., 2008), M6 

(Lin et al., 2009), M14 (Kizy & Neely, 2009; Neely et al., 2003; Phelps & Neely, 2007; Rosch 

et al., 2008) and M49 (Bates et al., 2005; Montanez et al., 2005) that involved the investigation 

of nutrient acquisition (Bates et al., 2005; Montanez et al., 2005), VF gene expression and 

protein secretion (Neely et al., 2003; Rosch et al., 2008), as well as immune evasion or 

inhibition (Lin et al., 2009; Rosch et al., 2008).  
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Kizy and Neely (2009) performed mutagenesis screening of approximately 1200 GAS mutants 

using the zebrafish model, which resulted in the identification of several novel and previously 

identified GAS virulence genes. These novel virulence genes include those that encode putative 

transporters, hypothetical cytosolic proteins and macrolide efflux pumps. Furthermore, the 

zebrafish model has been used to define and analyse the function of various virulence genes, 

such as salY that is responsible for intracellular survival from phagocytosis by macrophages 

(Phelps & Neely, 2007); siu, a transporter gene which plays an important role in iron 

acquisition (Montanez et al., 2005) and sagH of streptolysin S (Lin et al., 2009).  

Being a major fish pathogen, S. iniae has been the most extensively studied streptococcal 

species in the zebrafish infection models, because they are its natural host. S. iniae is able to 

cause localised skin infections, and systemic invasive infection in fish that resembles human 

infections caused by numerous streptococcal species (Neely et al., 2002; van der Sar et al., 

2004). Research showed that the lethal dose of S. iniae via intramuscular injection (1 × 103) of 

adult zebrafish is lower than that of GAS (3 × 104) (Neely et al., 2002). This may be due to the 

zebrafish being the natural host of the fish pathogen, suggesting GAS is less adapted to piscine 

infection and propagation. With only 10 colony-forming units (cfu) of S. iniae, a localised 

infection in zebrafish larvae is able to cause significant host mortality (Harvie & Huttenlocher, 

2015).  

Interestingly, research by Neely et al. (2002) shows that when free floating S. iniae is added to 

aquarium water, or when zebrafish are directly immersed into a S. iniae suspension, infection 

does not occur in healthy zebrafish. However, removing a few scales followed by abrasion of 

the dermis rendered these zebrafish vulnerable to infection after exposure to a S. iniae 

suspension. This suggests that S. iniae is able to cause infection in wounded fish, as would be 

experienced by aquaculture fish that become infected under conditions of environmental and 

physical stress. In both mice and adult zebrafish, local infection of S. iniae promotes leukocyte 
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recruitment to the site of infection and results in rapid host mortality due to systemic invasive 

infection (Miller & Neely, 2004; Neely et al., 2002). This suggests that S. iniae infection is 

reproducible in two different infection models.  

1.9.3 The use of transgenic zebrafish as a model for S. iniae infection 

Since the generation of the first transgenic zebrafish by Stuart et al. (1988), the generation and 

use of transgenic zebrafish that carrying exogenous pieces of DNA stably integrated into their 

genome has been widely used in modern laboratories. Transgenic zebrafish can be used for 

various experimental applications, such as stable gene overexpression, dominant-negative 

mutation gene expression and gene regulation analysis. Another important application is the 

stable expression of fluorescent proteins under the control of a cell-specific promoter to 

generate transgenic fluorescent reporter lines (Shamchuk et al., 2017). Given the transparent 

nature of zebrafish larvae and the advance in microscopic imaging tools, this allow the non-

invasive in vivo visualisation and tracking of specific cell lineages during the inflammatory 

response in real-time. 

Many tools have been developed to visualise neutrophils and macrophages in zebrafish, either 

as fixed cells or live-cells microscopy. Neutrophils can be stained in the whole, fixed zebrafish 

using Sudan Black to irreversibly stain the rod-shaped cytoplasmic granules (Le Guyader et al., 

2008; Palić et al., 2007). Alternatively, both neutrophils and macrophages can be visualised by 

immunostaining the fixed zebrafish (Le Guyader et al., 2008). In vivo observation of neutrophil 

and macrophage behaviour during bacterial infection can be achieved using live-cell imaging 

of transgenic zebrafish that express fluorescently labelled immune cells. This is able to provide 

more information regarding the dynamics of the host innate immune cells and their interaction 

with the bacteria than fixed cell microscopy (C. Hall et al., 2009). 

 



33 

 

Transgenic zebrafish expressing fluorescent proteins are commonly made by using the Tol2 

transposon system. Tol2 is the first active transposon identified from a vertebrate genome and 

it also contains DNA sequences that transposase can recognise. The Tol2 transposon system 

requires two components, the transposon-donor plasmid DNA, and transposase mRNA. The 

transposon-donor plasmid is a plasmid that contains 200-bp and 150-bp from the left and right 

terminals of the full-length Tol2 respectively. These two sequences are called cis-sequences 

that are recognised by transposase and are essential for transposition. DNA sequences of 

interest, such as promoters, can be introduced between these cis-sequences to be integrated 

following the activity of transposase. To generate cell-specific reporter lines, a cell-specific 

promoter gene sequence is identified and cloned upstream of a fluorescent reporter protein into 

a Tol2 vector backbone that contains the cis-sequences. This is injected alongside transposase 

mRNA into single cell-stage embryos. Intracellularly, the transposase mRNA is translated by 

the embryo’s metabolic machinery to generate functional transposase protein. The cell-specific 

promoter and fluorescent protein DNA sequences are excised by transposase to be integrated 

randomly into the embryonic genome. The injected embryos continue to develop and, if 

integrated, will begin to express the reporter protein under the control of the cell-specific 

promoter. Transgenes integrated into the germline will also be passed to the next generation, 

generating a stable transgenic reporter line (Abe et al., 2011; Kawakami, 2007).   

Several neutrophil- and macrophage-specific promoters have been documented in zebrafish, 

and used to generate transgenic reporter lines (C. Hall et al., 2009; Torraca et al., 2014). These 

include Tg(lyz:DsRED2)nz50 (C. Hall et al., 2007) that expresses red fluorescent neutrophils 

under the control of the lysozyme C (lyz) promoter, and Tg(mpeg1:EGFP)gl22 (Ellett et al., 2011) 

and Tg(mpeg1:NTR-mCherry) (J. M. Davison et al., 2007) that possess green, and red 

fluorescent macrophages, respectively, under the control of macrophage expressed gene 1 
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(mpeg1) promoter. The use of fluorescently labelled immune cells and bacteria enables the 

study of host-pathogen interaction in vivo (Le Guyader et al., 2008; Lin et al., 2009). 

1.10 Research Aim and Objectives 

GAS is a strict human pathogen that causes a diverse array of diseases.  However, because 

GAS is a solely human pathogen, investigations of GAS pathomechanisms are hindered by the 

lack of suitable animal infection models. Modelling orthologues of GAS VFs in a natural host 

system would therefore aid the discovery and exploration of functional relationships of VFs. 

Given that orthologues of GAS SpnA and S5nA have been identified in the related species S. 

iniae, a major fish pathogen, this project has the following aim and objectives. 

Aim 

To establish the use of a S. iniae-zebrafish infection model to analyse the function of 

orthologous VFs found in GAS. 

Objectives 

1. To confirm that SpnAi and S5nAi of S. iniae are orthologues of SpnA and S5nA of GAS 

by in vitro biochemical analysis: 

1.1. To clone, express and purify recombinant SpnAi (rSpnAi) and S5nAi (rS5nAi) of S. 

iniae  

1.2. To compare the biochemical features of rSpnAi and rS5nAi of S. iniae to those 

produced by GAS 

2. To analyse the function of SpnAi and S5nAi in vivo using a zebrafish infection model: 

2.1. To generate spnAi and s5nAi gene knock-out and complementation mutants of S. iniae 

2.2. To generate bioluminescent and fluorescent strains of S. iniae for in vivo imaging 

2.3. To establish a S. iniae-zebrafish larvae infection model 

2.4. To analyse immune cell function in response to S. iniae infection in zebrafish larvae   
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Chapter 2:  Materials and Methods 

2.1 Materials 

2.1.1 Molecular biology 

2.1.1.1 Reagents 

10 × PCR buffer  100 mM Tris-HCl pH 9.0, 500 mM KCl, 1% (v/v) Triton X-100 

TAE buffer   40 mM Tris, pH 8.0, 2 mM EDTA, 0.1% (v/v) glacial acetic acid 

6 × DNA loading dye 70% (v/v) TAE buffer, 30% (v/v) glycerol, 0.25% (w/v) 

bromophenol blue, 0.25% (w/v) xylene cyanol 

Competent cell buffer 10 mM KOAc, 80 mM CaCl2, 20 mM MnCl2, 10 mM MgCl2, 

10% (v/v) glycerol, adjusted to pH 6.4 

2.1.1.2 Plasmids 

pBS-ccdB is a modified version of pBlueScript (pBS) cloning vector (Stratagene) contains an 

additional control of cell death B (ccdB) cassette that is able to reduce background colonies by 

producing the toxic protein CcdB if not disrupted by insertion of a gene of interest. This 

plasmid also retains ampicillin and β-galactosidase gene from pBS for ampicillin resistance 

and blue/white selection, respectively. The introduction of ccdB was done by Dr. Jacelyn Loh 

of The University of Auckland. 

pPROEX-HTb is a protein expression vector (Invitrogen) that allows the production of 6 × 

Histidine (His) tagged recombinant proteins under the control of lac promoter. It also contains 

ampicillin resistance gene.  
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pFW11 is an E. coli-streptococcal shuttle vector used to generate specific gene-knockout 

mutants by allelic replacement of the target gene with spectinomycin resistance gene, aad9. 

The flanking regions of target gene need to be cloned into the two multiple cloning sites at each 

end of the aad9. This plasmid was provided by Professor Andreas Podbielski from University 

of Rostock, Germany. 

pLZ12Km2-P23R:TA:ffluc is a toxin-antitoxin stabilised bioluminescent reporter plasmid for 

expression in streptococcus (Loh & Proft, 2013, 2016). This plasmid was generated from the 

backbone plasmid pLZ12Km2 (Okada et al., 1998) inserted with P23 lactococcal promoter 

sequence from pOri23 (Que et al., 2000), a streptococcal toxin-antitoxin (TA) cassette from 

pBT286 (Zielenkiewicz & Cegłowski, 2005) and a native firefly luciferase gene (ffluc) from 

plasmid 221FFluc (a gift from Associate Professor Siouxsie Wiles) by Associate Professor 

Thomas Proft. The incorporation of toxin-antitoxin system on this plasmid is able to stabilise 

the plasmid in streptococcus by post-segregational killing of streptococcus that have lost the 

plasmid and therefore improves its utility in animal infection models.  

pLZ12Km2-P23R:TA:gfpmut2 is a toxin-antitoxin stabilised green fluorescent reporter 

plasmid for expression in streptococcus. This plasmid was generated in a similar way to the 

pLZ12Km2-P23R:TA:ffluc with ffluc replaced by gfpmut2, a mutated version of gfp with triple 

substitution of amino acids (S65A, V68L and S72A) which results in 19 × higher fluorescence 

than wild-type gfp (Cormack et al., 1996). The cloning of gfpmut2 into the pLZ12Km2-

P23R:TA was done by a student of Dr. Jason McArthur, University of Wollongong, Australia. 

Both pLZ12Km2-P23R:TA:ffluc and pLZ12Km2-P23R:TA:gfpmut2 contain a kanamycin 

resistance gene.  
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2.1.1.3 Oligonucleotides 

Primers used for the amplification of spnAi and s5nAi without the N-terminal signal peptide 

and C-terminal hydrophobic region to produce recombinant protein are listed in Table 2.1.  

Table 2.1: Oligonucleotide primer sequence for the amplification of spnAi and s5nAi. The 

restriction site in each primer is underlined and the stop codon is emboldened. 

Name Sequence 5’-3’ Restriction site 

SpnAi.fw GAAGGATCCGAAGAAATCATAGGACCC BamHI 

SpnAi.rv GCCAAGCTTTTATACTTTTCCTTTTTTTTTGAC HindIII 

S5nAi.fw CGGATCCGATCAGGTTGATGTTCAAATTC BamHI 

S5nAi.rv GGCGAATTCTTATTCTTGTTTCTTAGCCATTG EcoRI 

 

Primers used for the generation and confirmation of spnAi/s5nAi gene-knockout mutant 

through allelic replacement are listed in Table 2.2.  

Table 2.2: Oligonucleotide primer sequence for the generation and confirmation of spnAi/s5nAi 

gene-knockout mutant. The restriction site in each primer is underlined. 

Name Sequence 5’-3’ Restriction site 

SpnAi_FR1.fw GCCGGATCCGCAGGCCAATTATCTCTTAG BamHI 

SpnAi_FR1.rv CTAAGCTTATTGTAACAGAAACATCAGTC HindIII 

SpnAi_FR2.fw CATGCCATGGCACGCCGGAGAAACTTCTG NcoI 

SpnAi_FR2.rv CCCCCCGGGAACGGACCACGATGCCAC XmaI 

S5nAi_FR1.fw GCCGCTAGCGAAAACCATCAAGGCTTCAACG NheI 

S5nAi_FR1.rv GGCGAGCTCCCGTGGAAATCGTTGACACC SacI 

S5nAi_FR2.fw CATGCCATGGGCCAAAACAAGCACAATGG NcoI 

S5nAi_FR2B.rv GCTGAATTCGCTTAATGAAGAGCATGCG EcoRI 

aad9.fw CCTTATTGGTACTTACATGTTTG - 

SpnAi_DP.rv GACACTGAACAGGCCTTGGCTG - 

S5nAi_DP.rv GTCGATTAAGGCTGATTTAGCC - 
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Primers used for the generation and confirmation of complementation strains to restore the 

function of SpnAi/S5nAi are listed in Table 2.3.  

Table 2.3: Oligonucleotide primer sequence for the generation of complementation strains. The 

restriction site in each primer is underlined, the stop codon is emboldened and the ribosome 

binding site is italicised. 

Name Sequence 5’-3’ Restriction site 

SpnAi_FL_ORF.fw CAGGATCCTAAAGGAGTTTTTATGTTAAAC BamHI 

SpnAi_FL_ORF.rv CGGAATTCTTAGTTTTTTTGACCTTTACG EcoRI 

S5nAi_FL_ORF.fw CGGGATCCATTAGGAGTTTATATGAAAAAG

C 

BamHI 

S5nAi_FL_ORF.rv CGGAATTCTTAGTTTTCTTCTTTTTTCTTGC EcoRI 

 

Primers used for the generation of spnAi and s5nAi double gene-knockout mutant are listed in 

Table 2.4.  

Table 2.4: Oligonucleotide primer sequence for the generation of spnAi and s5nAi double gene-

knockout mutant. The restriction site in each primer is underlined, the stop codon is 

emboldened and the ribosome binding site is italicised. 

Name Sequence 5’-3’ Restriction site 

cat.fw GACGATCGGATAGGAAGAAACATATGGAGA

AAAAAATCACTG 

PvuI 

cat.rv GACGATCGTTACGCCCCGCCCTGCCACTCA

TC 

PvuI 

pFW11Δaad9.fw GACGATCGGAATGGACTAATGAAAATG PvuI 

pFW11Δaad9.rv GACGATCGTAACATGTATTCACGAACG PvuI 
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2.1.1.4 Restriction enzymes 

The restriction enzymes (New England BioLabs) used in this study are listed in Table 2.5. 

Table 2.5: Restriction enzymes that were used in gene cloning. 

Restriction Enzymes DNA sequence recognises and cleaves 

BamHI  GGATCC 

EcoRI GAATTC 

HindII AAGCTT 

NcoI CCATGG 

NheI GCTAGC 

PvuI CGATCG 

SacI GAGCTC 

XmaI CCCGGG 

 

2.1.1.5 Bacterial strains 

Escherichia coli DH5α    An ATCC® 53868TM strain used for cloning  

Escherichia coli BL21(DE3)pLysS A strain used for recombinant protein expression 

purchased from Novagen 

S. iniae strain 9117 A human clinical isolate from a patient with 

cellulitis. A gift from Dr. Sarah Highlander, J. 

Craig Venter Institute, La Jolla, California  

GAS SF370  An ATCC® 700294TM serotype M1 strain 

GAS SF370 spnA∆ An ATCC® 700294TM serotype M1 strain with 

deletion of the spnA gene. A mutant created by 

allelic replacement of spnAi with spectinomycin 

resistance gene (aad9) (Chang et al., 2011) 
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2.1.1.6 Bacterial culture media 

Luria-Bertani broth    1.55% (w/v) Luria-Bertani broth base low salt, 

(LB)      0.95% (w/v) NaCl 

Todd-Hewitt broth with yeast and peptone 3% (w/v) Todd Hewitt broth, 0.2% (w/v) yeast 

(THY+P)     extract, 2% (w/v) proteose peptone 

Super optimal broth     LB supplemented with 2.5 mM KCl, 10 mM 

(SOB)       MgCl2, 10 mM MgSO4  

Agar plate Liquid media added with 1.5% (w/v) agar powder 

2.1.1.7 Selective antibiotics 

Final concentration of antibiotics below were used for various bacteria: 

Ampicillin (Amp)   50 µg/mL for E. coli 

Chloramphenicol (Cm)  10 µg/mL for S. iniae, 30 µg/mL for E. coli 

Kanamycin (Kan)   50 µg/mL for E. coli, 200 µg/mL for S. iniae and GAS 

Spectinomycin (Spec)   100 µg/mL for E. coli and 50 µg/mL for S. iniae 

2.1.2 Protein expression and purification 

2.1.2.1 Reagents 

Lysis buffer 25 mM Tris-HCl, pH 7, 300 mM NaCl, 10% (v/v) 

glycerol, 10 mM imidazole, 0.1 mM PMSF and 0.1% 

(v/v) Triton X-100 

MCAC-0  25 mM Tris-HCl, pH 7, 300 mM NaCl, 10% (v/v) 

glycerol 

MCAC-1000   MCAC-0 with 1 M imidazole 
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MCAC-X    MCAC-0 with X mM imidazole 

Anion-exchange buffer A (SpnAi) 20 mM Tris-HCl, pH 8.5 

Anion-exchange buffer B (SpnAi) Buffer A (SpnAi) with 1 M NaCl 

Anion-exchange buffer A (S5nAi) 10 mM Tris-HCl, pH 7 

Anion-exchange buffer B (S5nAi) Buffer A (S5nAi) with 1 M NaCl 

2.1.3 Protein characterisation and functional assay methods  

2.1.3.1 Reagents 

SDS-PAGE solution A  30% (w/v) acrylamide, 0.8% (w/v) bisacrylamide 

SDS-PAGE solution B  1.5 M Tris-HCl, pH 8.8, 0.4% (w/v) SDS 

SDS-PAGE solution C  0.5 M Tris-HCl, pH 6.8, 0.4% (w/v) SDS  

2 × Protein loading buffer 125 mM Tris-HCl, pH 6.8, 4.1% (w/v) SDS, 20% (v/v) 

glycerol, 0.01% (w/v) bromophenol blue, 5% (v/v) β-

mercaptoethanol 

SDS-PAGE running buffer  25 mM Tris, 25 mM glycine, 0.1% (w/v) SDS 

Coomassie stain solution 0.06% (w/v) Coomassie brilliant blue R-250, 50% (v/v) 

drum ethanol, 7.5% (v/v) glacial acetic acid 

Coomassie destain solution  25% (v/v) drum ethanol, 8% (v/v) glacial acetic acid 

Cell wall extraction buffer 40% (w/v) sucrose, 10 mM MgCl2, 100 mM K2HPO4, 2 

mg/mL lysozyme, 40 U/mL mutanolysin, ¼ × EDTA-

free protease inhibitor cocktail tablet 
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Western blot transfer buffer 25 mM Tris, 192 mM glycine, 20% (v/v) methanol, 0.1% 

(w/v) SDS, adjusted to pH 8.3 

TBS 25 mM Tris, 137 mM NaCl, 2.7 mM KCl, adjusted to pH 

8.0 

TBS-T TBS with 0.1% (v/v) Tween 20 

Western blot blocking solution TBS-T with 5% (w/v) skim milk powder 

Western blot probing solution TBS-T with 2.5% (w/v) skim milk powder 

PBS 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM 

KH2PO4, adjusted to pH 7.4 

Nuclease reaction buffer   50 mM Tris-HCl, pH 7.0, 150 mM NaCl, 1 mM CaCl2, 3 

(DNA gel method)   mM MgCl2 

DNA-methyl green buffer A 25 mM HEPES, 1 mM EDTA, adjusted to pH 7.5 

DNA-methyl green buffer B 20 mM sodium acetate, adjusted to pH 4.2 

DNA-methyl green buffer C 25 mM HEPES, 0.1% (w/v) BSA (Invitrogen), 0.05% 

(v/v) Tween 20, adjusted to pH 7.5 

Nuclease reaction buffer  25 mM Tris-HCl, pH 7.0, 1 mM CaCl2, 3 mM MgCl2 

(DNA-methyl green assay) 

PFA fixing solution   4% (w/v) paraformaldehyde in PBS  

Immunostaining blocking solution 1% BSA in HBSS no phenol red    

Nucleotidase reaction buffer 50 mM Tris-HCl, pH 7.0, 10 mM MgCl2  
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2.1.3.2 Antibodies 

anti-SpnAi Polyclonal rabbit antibodies against SpnAi protein were 

made in-house by the Vernon Jansen Unit (The 

University of Auckland), approved by the University of 

Auckland Animal Ethics Committee. Antibodies were 

affinity purified using CnBr-coupled sepharose 

anti-S5nAi Polyclonal rabbit antibodies against S5nAi protein were 

made in-house by the Vernon Jansen Unit (The 

University of Auckland), approved by the University of 

Auckland Animal Ethics Committee. Antibodies were 

affinity purified using CnBr-coupled sepharose 

anti-Rabbit IgG-HRP Polyclonal goat antibodies against rabbit IgG conjugated 

to horse radish peroxidase (BD Bioscience) 

anti-Human neutrophil elastase Polyclonal rabbit antibodies against human neutrophil 

elastase (Sigma-Aldrich) 

anti-Rabbit IgG-FITC Polyclonal goat antibodies against rabbit IgG conjugated 

to fluorochrome fluorescein isothiocyanate (Abacus ALS) 

2.1.4 Zebrafish infection and confocal imaging analysis 

2.1.4.1 Reagents 

E3 5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM 

MgCl2 

100 × PTU    0.3% (w/v) phenylthiourea in E3 

Methylcellulose   3% (w/v) methylcellulose in E3 
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Phenol Red    0.25 % (w/v) phenol red, 100 mM KCl 

PBS 137 mM NaCl, 26.83 mM KCl, 101.44 mM Na2HPO4, 

17.64 mM KH2PO4 

PFA fixing solution 4% (v/v) PFA, 4% (w/v) sucrose in PBS 

Dissociation buffer PBS with 1% (v/v) Triton-X 

PBS-T PBS with 0.1% (v/v) Tween 20 

Maleic acid buffer 100 mM maleic acid, 150 mM NaCl, adjusted to pH 7.5 

Immunostaining blocking solution  10% (v/v) goat serum, 2% (w/v) blocking reagent     

(Roche) in maleic acid buffer 

2.1.4.2 Antibodies 

anti-DsRED2 Polyclonal rabbit antibodies against DsRED2   

(Clonetech) 

anti-GFP    Polyclonal chicken antibodies against GFP (abcam) 

anti-Rabbit IgG-Alexa Fluor 568 Polyclonal goat antibodies against rabbit IgG conjugated 

to Alexa Fluor 568 (Thermo Fisher Scientific) 

anti-Chicken IgG-Alexa Fluor 488 Polyclonal goat antibodies against chicken IgG 

conjugated to Alexa Fluor 488 (Thermo Fisher Scientific) 
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2.1.4.3 Zebrafish line 

Wild-type (AB line) 

Tg(lyz:DsRED2)nz50 Transgenic zebrafish line in which the neutrophil-

specific promoter, lyz (encode lysozyme C) drives 

neutrophil expression of DsRED2, rendering neutrophils 

red fluorescent (C. Hall et al., 2007)  

Tg(lyz:EGFP)nz117 Transgenic zebrafish line in which the neutrophil-

specific promoter, lyz (encode lysozyme C) drives 

neutrophil expression of EGFP, rendering neutrophils 

green fluorescent (C. Hall et al., 2007)  

Tg(mpeg1:Gal4FF)g125 Transgenic zebrafish line carrying the Gal4FF gene 

(modified transcriptional activator consisting of the 

DNA-binding domain from Gal4 fused to two 

transcription activation modules from VP16) 

downstream of macrophage-specific promoter of 

macrophage expressed gene 1 (mpeg1) (Ellett et al., 

2011) 

Tg(UAS-E1b:nfsB-mCherry)c264 Transgenic zebrafish line carrying the mCherry gene 

fused to nfsB gene (encode nitroreductase) downstream 

of Upper Activation Sequence (UAS) fused to E1b gene 

(a minimal adenovirus E1b promoter) (J. M. Davison et 

al., 2007) 
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Tg(mpeg1:NTR-mCherry) Double transgenic zebrafish line obtained by the cross of 

Tg(mpeg1:Gal4FF)g125 and Tg(UAS-E1b:nfsB-

mCherry)c264, rendering macrophages red fluorescent 

Tg(mpeg1:EGFP)gl22 Transgenic zebrafish line in which the macrophage-

specific promoter of macrophage expressed gene 1 

(mpeg1) drives macrophage expression of EGFP, 

rendering macrophages green fluorescent (Ellett et al., 

2011) 

2.2 Methods 

2.2.1 DNA purification 

2.2.1.1 Purification of genomic DNA from S. iniae  

1.5 mL THY+P in an Eppendorf tube was inoculated with S. iniae and incubated overnight at 

37°C without agitation. The bacterial cells were centrifuged at 2,300 × g for 5 min and the 

pellet was washed with 1 mL 10 mM Tris HCl pH 8.0 containing 50 mM EDTA before being 

suspended in 400 µL of the same washing buffer. 4 µL 10 U/L mutanolysin, 4 µL 10 mg/mL 

RNase A and 5 µL 100 mg/mL lysozyme were added and incubated at 37°C for 1 hr with gentle 

agitation. 80 µL 1 mg/mL proteinase K was added and incubated at 37°C for another 30 min. 

40 µL 20% (w/v) sarcosyl was added and incubated at RT for 5 min. 500 µL phenol/chloroform 

was added and incubated for 30 min with agitation followed by spinning at 13,000 × g for 5 

min. The top aqueous layer was transferred into a new tube and the genomic DNA was 

precipitated by adding 50 µL 3 M NaOAc pH 5.3 and 1 mL ultrapure ethanol. After 10 min 

incubation on ice, the DNA pellet was collected into a new tube and washed with 1 mL 70% 

(v/v) ethanol. The DNA pellet was then left to air dry and was resuspended in 30 µL 

UltraPureTM water (Invitrogen).  
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2.2.1.2 Preparation of plasmid DNA 

The plasmid DNA was purified using a Nucleospin® plasmid miniprep kit (Macherey-Nagel). 

5 – 10 mL overnight E. coli culture was collected by centrifugation at 3,488 × g for 10 min and 

plasmid DNA was isolated according to the manufacturer’s instruction. For the isolation of 

pBS-ccdB and pPROEX-HTb plasmids, a high copy protocol was used. Whereas, for pFW11, 

pLZ12Km2-P23R:TA:ffluc and pLZ12Km2-P23R:TA:gfpmut2 plasmids, a low copy protocol 

was used. Plasmid DNA was eluted by performing two elution steps with 10 µL pre-heated 

sterile water in each elution. The concentration of purified plasmid DNA was quantified using 

NanoDrop 2000 UV-Vis spectrophotometer (Thermo Fisher Scientific).  

2.2.1.3 DNA agarose gel electrophoresis 

DNA agarose gels were prepared by dissolving 1% (w/v) molecular grade agarose (Bioline) in 

TAE buffer. 1:10,000 SYBRTM Safe DNA gel stain (Invitrogen) was added to the dissolved 

agarose solution and mixed well before pouring into the gel caster. Combs with various well 

size were inserted into the gel caster before the gel was left to set for 30 min to create wells for 

DNA sample loading. TAE buffer was poured into the gel caster to fully submerge the set gel. 

DNA sample was mixed with 6 × DNA loading dye in 5:1 ratio and loaded into the well. 5 µL 

of 1 Kb plus DNA ladder (Invitrogen) was always loaded into the first well. The DNA was 

then separated by an electric field with 100 V and 400 mA for 23 min using a PowerPacTM 

basic power supply unit (Bio-Rad). The separated DNA was then visualised using a 

ChemiDocTM imaging system (Bio-Rad).  

2.2.1.4 DNA extraction from agarose gel 

Separated DNA fragments were visualised using a Dark Reader® DR46B transilluminator 

(Clare Chemical Research) and the desired DNA fragment was excised from the gel using a 

sterile scalpel. The excised gel fragment was placed into an Eppendorf tube and mashed using 

a sterile pipette tip. The mashed gel slurry with the pipette tip in the tube was placed on dry ice 
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for 30 sec. The frozen gel was transferred by holding the pipette tip to the top of a filter pipette 

tip (Axygen) sitting in a new tube and left to thaw. DNA was then eluted through the filter tip 

by centrifugation at 13,000 × g for 1 min.  

2.2.2 Molecular biology 

2.2.2.1 Polymerase chain reactions (PCRs) 

PCRs were carried out to amplify the genes or fragments of interest from either a bacterial 

colony or purified DNA template using the Applied Biosystems 2720 thermal cycler (Thermo 

Fisher Scientific) with the following reaction mixture (Table 2.6 or 2.8) under the following 

conditions (Table 2.7 or 2.9): 

Table 2.6: PCR reaction mixture for colony screening purposes. 

Component Final Concentration Volume 

10 × PCR buffer 1 × 2.5 µL 

25 mM MgCl2 2.5 mM 2.5 µL 

10 mM/each dNTPs (Bioline) 1.25 mM/each dNTPs 0.5 µL 

10 µM Forward primer 1.25 µM 0.5 µL 

10 µM Reverse primer 1.25 µM 0.5 µL 

5 U/L Taq DNA polymerase* 2.5 U 0.5 µL 

UltraPure water 25 µL total volume 18 µL 

*Taq DNA polymerase was made in-house by Professor John Fraser group, The University of 

Auckland. 
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Table 2.7: PCR condition for colony screening purposes. 

Step Temperature Time  Number of cycles 

Initial denaturation 95°C 5 min 1 

Denaturation 95°C 30 sec 
 

25 Annealing X°C* 1 min 

Extension 72°C 1 min/kb 

Final extension 72°C 10 min 1 

*Different annealing temperature based on the Tm of the primers was used in amplifying 

different genes/DNA fragments.  

Table 2.8: PCR reaction mixture for gene of interest amplification. 

Component Final Concentration Volume 

5 × iProof HF buffer (Bio-Rad) 1 × 10 µL 

10 mM/each dNTPs (Bioline) 1.25 mM/each dNTPs 1 µL 

10 µM Forward primer 12.5 µM 2.5 µL 

10 µM Reverse primer 12.5 µM 2.5 µL 

Template DNA 50 µg X µL 

iProof DNA polymerase (Bio-Rad) 1 U 0.5 µL 

UltraPure water 50 µL total volume  Up to 50 µL 

 

Table 2.9: PCR condition for gene of interest amplification. 

Step Temperature Time  Number of cycles 

Initial denaturation 98°C 1 min 1 

Denaturation 98°C 10 sec  

25 – 30  Annealing X°C* 30 sec 

Extension 72°C 30 sec/kb 

Final extension 72°C 10 min 1 

*Different annealing temperature based on the Tm of the primers was used in amplifying 

different genes/DNA fragments.  
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2.2.2.2 Restriction enzyme digestion 

Restriction enzyme digestion was carried out in a total volume of 20 µL containing 1 µg DNA, 

1 µL restriction enzymes (New England BioLabs) and 1 × CutSmart buffer. The reaction 

mixture was incubated at 37°C for 2 hours. Heat inactivation or DNA gel extraction was 

performed after digestion to remove the restriction enzymes.  

2.2.2.3 T-Tailing of plasmid  

T-tailed pBS-ccdB for ligation with A-tailed DNA insert was generated by incubating 1 µg 

pBS-ccdB plasmid with 1 µL XcmI (New England BioLabs), 1 × CutSmart buffer and in a 

total volume of 20 µL. The reaction mixture was incubated at 37°C for 1 hour and followed by 

heat inactivation of restriction enzyme at 65°C for 20 min.  

2.2.2.4 A-Tailing of insert DNA 

A-tailing of insert DNA for ligation to T-tailed pBS-ccdB plasmid was generated by adding 

dATPs to the 3’ end of the insert DNA. This was achieved in a total volume of 25 µL containing 

purified DNA insert, 1 × PCR buffer, 2.5 mM MgCl2, 0.2 mM dATP and 5 U Taq DNA 

polymerase. The reaction mixture was incubated at 72°C for 30 min. The A-tailed DNA insert 

was then purified using QIAquick PCR purification kit (QIAGEN) according to the 

manufacturer’s instruction. 

2.2.2.5 Dephosphorylation  

5’ terminal phosphate groups of restriction enzyme digested plasmid were removed by adding 

1 U rAPid alkaline phosphatase and 1 × rAPid alkaline phosphatase buffer in a total volume of 

20 µL. The reaction mixture was incubated at 37°C for 30 min and followed by heat 

inactivation at 75°C for 2 min. Dephosphorylated plasmid was then used immediately for 

ligation.  
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2.2.2.6 Ligation 

Restriction digested plasmid and insert DNA with compatible ends were mixed at an 

appropriate molecular ratio in a total volume of 20 µL containing 1 × T4 DNA ligase buffer 

and 1 µL T4 DNA ligase. The ligation mixture was incubated at RT overnight. 

2.2.2.7 Preparation of chemically competent E. coli and transformation 

A single colony of either E. coli DH5α or BL21 (DE3) was inoculated in 2 mL SOB and 

incubated at 37°C on a 200 rpm shaker incubator overnight. The overnight culture was diluted 

1:100 in fresh SOB and incubated at 28°C on a 200 rpm shaker incubator until the bacterial 

OD600nm reached between 0.2 – 0.3 measured using a Biochrom Libra S22 UV/Vis 

spectrophotometer (Biochrom). The culture was then centrifuged at 3,488 × g for 10 min at 

4°C, resuspended in 32 mL ice cold competent cell buffer and incubated on ice for 20 min. The 

culture was then centrifuged again at 3,488 × g for 10 min at 4°C, resuspended in 4 mL ice 

cold competent cell buffer and incubated on ice for 20 min. The culture was divided into 100 

µL aliquots in pre-chilled Eppendorf tubes, snap frozen in a dry ice ethanol bath and stored at 

-80°C until use.  

A tube of chemically competent E. coli was thawed on ice. 5 µL ligation mixture was added 

into the tube and incubated for 10 min on ice. The bacterial cells were then heat shocked in a 

42°C water bath for 45 sec and incubated on ice for 2 – 3 min immediately. 1 mL LB was 

added into the tube and incubated at 37°C for 30 min. The bacterial cells were centrifuged at 

2,300 × g for 5 min and resuspended in 100 µL LB. For blue/white selection when using pBS-

ccdB as the vector, 4 µL of 1 M IPTG and 40 µL 2% (w/v) X-gal were added. The resuspended 

bacterial cells were plated on agar plate containing an appropriate amount of antibiotic and 

incubated at 37°C overnight. 
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2.2.2.8 Preparation of electrocompetent S. iniae or GAS and Electroporation 

A single colony of S. iniae or GAS was inoculated in 5 mL THY+P containing 0.6% (w/v) 

filtered sterilised glycine and incubated at 37°C overnight. The overnight culture was diluted 

1:10 in 50 mL fresh THY+P containing 0.6% (w/v) filtered sterilised glycine and incubated at 

37°C until the OD600nm was between 0.3 – 0.35. The bacterial culture was kept cold from this 

step onwards. The bacterial culture was centrifuged at 6,000 × g in a chilled rotor for 10 min 

at 4°C, resuspended in 40 mL ice cold filtered sterilised ELPO medium. The bacterial culture 

was centrifuged at 8,000 × g in a chilled rotor for 10 min at 4°C, and resuspended in 10 mL ice 

cold filtered sterilised ELPO medium. The bacterial culture was centrifuged again at 10,000 × 

g in a chilled rotor for 10 min at 4°C, resuspended in 150 µL ice cold filtered sterilised ELPO 

medium and placed on ice. 

Electroporation was done straight after the electrocompetent bacterial cells were prepared. 1 – 

10 µg plasmid was mixed with 50 µL cell suspension and incubated on ice for 2 – 3 min. The 

bacterial cell suspension was then transferred into a pre-chilled MicropulserTM electroporation 

cuvette (Bio-Rad) and single pulse of 2.1 kV, capacitance at 25 µF and resistance at 200 Ω was 

applied to the cell suspension by using a Gene Pulser XcellTM (Bio-Rad). 1 mL THY+P was 

added immediately into the cuvette, transferred into an Eppendorf tube and allowed for 

recovery at 37°C for 3 hours. The bacterial cells were then centrifuged and resuspended in 100 

µL THY+P. The resuspended bacterial cells were plated on an agar plate containing an 

appropriate amount of antibiotic and incubated at 37°C overnight. 

2.2.2.9 Plasmid DNA analysis by sequencing 

Purified plasmids were sequenced using Applied Biosystems 3130XL genetic analyser 

(Thermo Fisher Scientific) at the Centre for Genomics, Proteomics and Metabolomics, School 

of Biological Sciences, The University of Auckland. 
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2.2.3 Protein expression and purification 

2.2.3.1 Recombinant protein expression in E. coli 

A single colony of transformed E. coli BL21(DE3) harbouring the expression vectors 

pPROEX-HTb containing the gene of interest was inoculated in 10 mL LB containing an 

appropriate amount of antibiotics and incubated at 37°C on a 200 rpm shaker incubator 

overnight. The overnight culture was diluted 1:100 in fresh LB and incubated at 37°C on a 200 

rpm shaker incubator until the bacterial OD600nm reached 0.6. The culture was cooled on ice for 

5 min and 0.1 mM IPTG was added to start the induction. The culture was then incubated for 

a further 4 hours at 28°C on a 200 rpm shaker incubator. The bacterial cells were harvested by 

centrifugation at 3,488 × g for 20 min in a pre-chilled centrifuge and stored at -20°C. 

2.2.3.2 Purification of 6×His-tagged recombinant protein 

The harvested bacteria were thawed on ice and resuspended at 10% (w/v) in lysis buffer. The 

resuspended bacterial cells were always kept on ice throughout the lysis process and the protein 

purification was done in the cold room to prevent protein degradation. The resuspended 

bacterial cells were lysed by sonication using a Q700 sonicator (QSonica) and the cell debris 

were removed by centrifugation at 10,000 × g for 30 min at 4°C. The lysate was filtered through 

a 0.22 µm filter (Merck), followed by gravity flow purification using a column loaded with 

nickel-charged iminodiacetic acid resin (Bio-Rad). The column was first equilibrated with 10 

column volumes (CVs) of MCAC-0 before passing the filtered lysate through the column. The 

column was then washed with 10 CVs of MCAC-10 and the protein was eluted in stepwise 

elution using 10 CVs of increasing imidazole concentration from MCAC-30, MCAC-50, 

MCAC-80 and MCAC-200. 10 µL of each collected fraction was loaded on SDS-PAGE 

(Section 2.2.4.1) to analyse the purity of the fractions. After the analysis using SDS-PAGE, the 

eluted fractions containing the protein of interest were pooled and concentrated down to 10 mL 

using a 3 kDa molecular weight cut off VivaspinTM protein concentrator (GE Healthcare) by 
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centrifugation at 3,488 × g at 4°C. The concentrated fraction was then dialysed overnight in 1 

L anion-exchange buffer A for the next purification step using an anion-exchange column. 

2.2.3.3 Anion-exchange purification of recombinant protein 

Second step purification was performed using a Mono Q 5/50 GL anion exchange column (GE 

Healthcare) connected to ÄKTA explorer protein purification system (GE Healthcare). The 

column was equilibrated with 10 mL buffer A before the protein fraction was injected into the 

system. The protein was eluted using a linear gradient of buffer B from 0 – 20% over 11 CVs 

(rSpnAi) and 0 – 100% over for 29 CVs (r5pnAi) at a flow rate of 1 mL/min. 10 µL of each 

collected fractions were loaded on SDS-PAGE (Section 2.2.4.1) to analyse the purity of the 

fractions. After the analysis using SDS-PAGE, the eluted fractions containing only the protein 

of interest were pooled and dialysed overnight in 1 L Tris buffer. The protein concentration of 

dialysed fraction was calculated using the Beer-Lambert law: 

Protein concentration (mg/mL) = 
A280nm of the protein

Protein extinction coefficient
 × Protein molecular weight 

The purified protein was stored at 4°C and used as soon as possible in all the test of protein 

characterisation and functional analysis (Sections 2.2.4 and 2.2.5).  

2.2.4 Protein characterisation 

2.2.4.1 SDS-PAGE gel electrophoresis 

Fractions collected from purification were separated for analysis by SDS-PAGE. The 10% (v/v) 

acrylamide gels were casted in a Hoefer dual gel caster (GE Healthcare) comprised of stacking 

gel on top of resolving gel. The resolving gel was prepared by mixing 1.65 mL SDS-PAGE 

solution A, 1.25 mL SDS-PAGE solution B, 2.1 mL water, 4 µL TEMED and 30 µL 10% (w/v) 

APS. This mixture was transferred into the assembled gel caster and allowed to polymerise for 

45 min. The stacking gel was prepared by mixing 0.25 mL SDS-PAGE solution A, 0.415 mL 



55 

 

SDS-PAGE solution C, 1 mL water, 1.65 mL TEMED and 20 µL 10% (w/v) APS. This mixture 

was transferred into the assembled gel caster on top of the polymerised resolving gel and a 

comb was inserted before leaving the gel to polymerise for another 30 min. The polymerised 

gel was transferred to a Hoefer SE250 electrophoresis unit (Amersham Bioscience) and 

running buffer was poured into the unit to submerge the gel.  

Protein samples were mixed with equivalent volume of 2 × protein loading buffer and boiled 

at 95°C for 5 min before loading into the well of the gel. Benchmark protein ladder (Invitrogen) 

was always loaded into the first well of each gel as a molecular weight size marker. The samples 

loaded were then separated by applying an electric field with a current of 25 mA per gel and a 

maximum voltage of 200 V for 1 hour using an EPS 301 power supply unit (Amersham 

Biosciences). After SDS-PAGE, the gel was removed from the gel caster and transferred to a 

container. The removed gel was first washed with distilled water once before staining with 

Coomassie blue solution on a shaker at RT for 1 hour. The stained gel was then destained with 

destaining solution on a shaker at RT until the blue background was removed and the protein 

band could be seen clearly. The separated proteins were then visualised using a ChemiDocTM 

imaging system (Bio-Rad). 

2.2.4.2 Coupling of protein to sepharose 

1 g CNBR-activated sepharose 4B (GE Healthcare) was resuspended in 3.5 mL 1 mM HCl. 

600 µL slurry was transfer to an Eppendorf tube and centrifuged at 2,300 × g for 1 min. The 

supernatant was completely removed and 0.5 mL of at least 2 mg/mL protein in PBS, pH 8.3 

was added. The mixture was mixed by rotating at 4°C overnight and the excess protein was 

removed by centrifugation at 2,300 × g for 1 min. 1 mL 100 mM Tris, pH 8.0 was added to the 

protein-coupled sepharose and incubated at RT for 2 hours to block the remaining uncoupled 

active sites on the sepharose. The protein-coupled sepharose beads was then loaded onto a 2 

mL PolyPrep column (Bio-Rad) for affinity purification of antibody from serum collected. 
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2.2.4.3 Affinity purification of antibody 

NZW rabbits were immunised with 100 µg rSpnAi or rS5nAi emulsified 1:1 with incomplete 

Freund’s adjuvant. Rabbits received 2 further booster immunisations at 2 week intervals. 

Antiserum was collected 2 weeks after the last immunisation.  

Protein-coupled sepharose column was washed with 10 CVs of the following buffer in order: 

10 mM Tris, pH 7.5; 100 mM glycine, pH 2.5; 10 mM Tris pH 8.8; 100 mM glycine, pH 11.5; 

and 10 mM Tris, pH 7.5. Then, 10 mL pre-diluted serum with 10 mM Tris in 1:10 ratio was 

passed through the column. Next, 10 CVs of 10 mM Tris, pH 7.5 followed by 10 mM Tris, pH 

7.5/0.5 M NaCl was used to wash the column. Antibody was eluted with 10 CVs of 100 mM 

glycine, pH 2.5 into a tube containing 1 column volume of 1 M Tris, pH 8.0. Eluted antibody 

was then dialysed in 1 L PBS, pH 8.0 and stored in aliquots and stored at -20°C.  

2.2.4.4 Cell wall protein extraction 

A single colony of S. iniae was inoculated in 5 mL THY+P containing an appropriate amount 

of antibiotic if required and incubated at 37°C overnight. The overnight culture was diluted 

1:10 in 50 mL fresh THY+P and incubated at 37°C until the bacteria reached the desired 

OD600nm. 5 mL bacterial cells were centrifuged at 4,415 × g for 10 min at 4°C and the pellet 

was transferred into a pre-weighed Eppendorf tube and washed with 1 mL ice cold PBS. The 

bacterial cells were centrifuged again and the weight of the pellet was measured. The pellet 

was then resuspended at 0.1% (w/v) in ice-cold cell wall extraction buffer and incubated at 

37°C for 3 hours with gentle rotation. The bacterial protoplasts were then separated by 

centrifugation at 15,600 × g at 4°C for 15 min and the supernatant was analysed by Western 

blotting. 
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2.2.4.5 Western blot analysis 

Protein samples were first separated by SDS-PAGE (Section 2.2.4.1) with Benchmark Pre-

stained Ladder (Invitrogen) as a molecular weight size marker and to monitor the protein 

transfer efficiency from the gel to the blotting membrane. The SDS-PAGE gel was transferred 

onto a BioTraceTM NT nitrocellulose transfer membrane (Pall) in transfer buffer by using a 

Hoefer TE77 semi-dry transfer unit (Amersham Biosciences). The proteins were transferred by 

an electric field with 250 V, 50 mA for 1 hour using an EPS 301 power supply unit (GE 

Healthcare). The membrane was then carefully transferred into a container and incubated with 

blocking solution on a shaker at 4°C overnight. The blocking solution was poured off and the 

membrane was washed with TBS-T on a shaker at RT for 5 min. The membrane was then 

incubated with 1:50 pre-diluted primary antibody (anti-SpnAi or anti-S5nAi) in probing buffer 

and incubated on a shaker at RT for 1 hour. The membrane was washed with TBS-T three times 

5 min to remove the unbound antibody. The membrane was then incubated with 1:10,000 pre-

diluted secondary antibody (anti-Rabbit IgG-HRP) in probing buffer and incubated on a shaker 

at RT for 1 hour. The unbound antibodies were washed off with TBS-T for three times 5 min. 

The protein bound with the antibodies was detected by covering the membrane with ECL 

detection reagent (Amersham Biosciences) for 1 min. The chemiluminescent signals were then 

captured using a ChemiDocTM imaging system. 

2.2.5 Functional assay methods 

2.2.5.1 DNA digestion and in-gel DNA quantification (rSpnAi) 

10 µg/mL purified rSpnAi was incubated with 30 µg/mL lambda DNA (GE Healthcare) in a 

nuclease reaction buffer in a total volume of 30 µL and incubated at 37°C for 1 hour. For pH 

titration at pH 4.0 – 6.5, Tris-HCl in the nuclease reaction buffer was replaced with 50 mM 

sodium acetate buffer. To determine the optimum temperature of rSpnAi, the reaction mixtures 

were incubated in water bath pre-adjusted to the desired temperature. For Mg2+ and Ca2+ 
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titrations, MgCl2 or CaCl2 were omitted from the nuclease reaction buffer and added separately 

at indicated concentrations. To quantify rSpnAi activity, a serial dilution of enzyme was 

incubated with final concentration of 1 µg/mL lambda DNA in nuclease reaction buffer and 

incubated at 37°C for 1 hour. All enzyme reactions were stopped by adding EDTA to a final 

concentration of 20 mM. Reaction mixtures were then loaded onto 1% agarose gels. The 

control reaction mixture without the addition of rSpnAi was prepared in each set of experiment 

and loaded as the control. DNA bands were stained with 1:10,000 SYBRTM Safe DNA gel stain 

in TAE buffer for 20 min. The stained DNA was then visualised using a ChemiDocTM imaging 

system and quantified using Image LabTM software V5.2.1 (Bio-Rad). The relative percentage 

of DNA digestion was calculated using the formula below: 

Relative percentage of DNA digestion = [1 - (
Band intensity with rSpnAi

Band intensity of control
)]  × 100% 

All samples were analysed in triplicates for each of the three independent experiments.  

2.2.5.2 DNA-methyl green assay (rSpnAi) 

The DNA-methyl green assay by Sinicropi et al. (1994) with salmon sperm DNA as the 

substrate was also used to quantify rSpnAi activity. To prepare DNA-methyl green substrate 

solution, two stock solutions were prepared. 0.2% (w/v) salmon sperm DNA stock solution 

was prepared by dissolving the salmon sperm DNA (Sigma-Aldrich) in buffer A using a 

magnetic stirrer at RT for 3 – 4 days and stored at 4°C. 0.4% (w/v) methyl green stock solution 

was prepared by dissolving methyl green powder (Sigma-Aldrich) in buffer B. Methyl green 

was repeatedly extracted in the fume hood to remove traces of crystal violet. The extraction 

was carried out by mixing the methyl green solution with at least two parts chloroform until 

the lower organic phase is completely colourless. The upper phase containing the extracted 

methyl green devoid of crystal violet was recovered and stirred using a magnetic stirrer in a 

fume hood for 2 – 3 hours to evaporate excess chloroform and stored at 4°C. DNA-methyl 
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green substrate solution was prepared by mixing 192 mL 0.2% (w/v) salmon sperm DNA stock 

solution, 11.5 mL 0.4% (w/v) methyl green stock solution and 46 mL buffer C. The mixture 

was incubated at RT overnight prior to use in the DNase assay to permit equilibration of the 

mixture. Various concentrations of rSpnAi were prepared in a clear-bottom Corning® 96-well 

plate (Sigma-Aldrich) by diluting using nuclease reaction buffer in a total volume of 50 µL. 

An equal volume of DNA-methyl green substrate solution was then added and the initial A492nm 

and A620nm were measured immediately using an EnSpireTM 2300 plate reader (Perkin Elmer) 

before incubation at 37°C for 1 hour. A492nm and A620nm of the samples were measured again 

using the same plate reader after 1 hour incubation. The corrected absorbance was calculated 

by subtracting the A620nm reading - A492nm reading. The relative percentage of DNA digestion 

was calculated using the formula below: 

Relative percentage of DNA digestion = [1 - (
Final corrected absorbance reading

Initial corrected absorbance reading
)] × 100% 

All samples were analysed in triplicates for each of the three independent experiments.  

2.2.5.3 DNA-methyl green assay (S. iniae) 

S. iniae was grown to mid-exponential phase (OD600nm of 0.6) and washed once with nuclease 

reaction buffer. 1 × 106 bacterial cells were resuspended in 50 µL of nuclease reaction buffer 

and transferred into a clear-bottom Corning® 96-well plate. An equal volume of DNA-methyl 

green substrate solution was then added and incubated at 37ºC for 20 hours before measuring 

the absorbance at A492nm and A620nm using an EnSpireTM 2300 plate reader. The corrected 

absorbance was calculated by subtracting the A492nm reading from A620nm reading. As positive 

control, DNase I in nuclease reaction buffer was added with equal volume of DNA-methyl 

green substrate solution. As negative controls, bacteria were incubated in nuclease reaction 

buffer without substrate, and reaction buffer were incubated with equal volume of DNA-methyl 



60 

 

green substrate solution. All samples were analysed in triplicates for each of the three 

independent experiments.  

2.2.5.4 NETs quantification  

A transgenic zebrafish line Tg(lyz:EGFP)nz117 was used in this experiment where the 

neutrophil-specific promoter lyz (encodeing lysozyme C), drives neutrophil expression of 

EGFP, rendering neutrophils green fluorescent (C. Hall et al., 2007). The extracted kidney 

tissue from adult zebrafish was pooled and placed in a 6-well plate that contains 2 mL Hank’s 

balanced salt solution (HBSS) with no phenol red (Thermo Fisher Scientific). The kidney tissue 

was homogenised by repeated resuspension using a 1 mL pipette tip. The homogenised solution 

was passed through a 40 µm FalconTM cell strainer (BD Bioscience) and the larger kidney tissue 

was ground using the soft rubber end of the syringe plunger. The homogenised solution was 

again passed through the strainer twice and transferred to a FalconTM round-bottom polystyrene 

tubes (BD Bioscience). The green fluorescence (EGFP) neutrophils were sorted using a 

FACSAriaTM II cell-sorting system (BD Bioscience), and a volume containing 5 × 104 

neutrophils in 100 µL HBSS with no phenol red was used in each reaction. The neutrophils 

were seeded in a solid-bottom Corning® 96-well plate (Sigma-Aldrich) and activated by the 

addition of PMA at a final concentration of 1 µg/mL at 37°C for 2 hours. rSpnAi and DNase I 

(Thermo Scientific) were added to individual wells at 0.5 µM and 2 U, respectively. For 

reaction with bacteria, S. iniae was grown to mid-exponential phase (OD600nm of 0.6) and 

washed once with HBSS with no phenol red. Cytochalasin D (Sigma-Aldrich) in a final 

concentration of 2 µg/mL was added to the activated neutrophils before adding 2.5 × 106 

bacterial cells. The reaction was incubated at 37°C for a further 1 hour. Sytox Orange (Thermo 

Scientific) was added to a final concentration of 0.1 µM and incubated at RT for 10 min before 

reading the fluorescence at excitation/emission of 530/590 nm using an EnSpireTM 2300 plate 

reader. As controls, three wells of neutrophils were incubated with HBSS with no phenol red 



61 

 

without the addition of PMA, three wells of bacteria were incubated in HBSS with no phenol 

red without neutrophils, and three wells contained only activated neutrophils without the 

addition of bacteria. All samples were analysed in triplicates for each of the two independent 

experiments. 

2.2.5.5 Visualisation of NETs 

Nunc® Lab-Tek® Eight-well chamber slide (Sigma-Aldrich) was coated with 300 µl per well 

of 0.0001% poly-L-lysine (Sigma-Aldrich) at 37°C for 1 hour. Unbound poly-L-lysine was 

removed by washing once with UltraPureTM water. Neutrophils were isolated from adult 

zebrafish using the method described in Section 2.2.5.4. Each well of the slide were seeded 

with 5 × 104 neutrophils in 200 µL HBSS-without phenol red. Neutrophils were then activated 

by the addition of PMA at a final concentration of 1 µg/mL at 37°C for 2 hours. The solution 

in the well was carefully removed. rSpnAi and DNase I were added in individual well at 0.5 

µM and 2 U, respectively. For reaction with bacterium, S. iniae was grown to mid-exponential 

phase (OD600nm of 0.6) and washed once with HBSS no phenol red. 2 µg/mL Cytochalasin D 

was added to 2.5 × 106 bacterial cells resuspended in 200 µL of HBSS no phenol red. The 

bacterial cells were then added to the activated neutrophils and incubated at 37°C for a further 

1 hour. The reaction mixture in the well was removed and washed once with HBSS no phenol 

red. The slide was fixed with 4% (w/v) PFA at 4°C for 1 hour and washed 3 times with HBSS 

no phenol red. The cells were permeabilised with 0.05% (v/v) Triton X-100 and washed 3 times 

with HBSS no phenol red. The slide was blocked with 300 µL immunostaining blocking 

solution at 4°C overnight. The blocking solution was removed on the next day and added with 

200 µL 1:1000 pre-diluted rabbit anti-human neutrophil elastase antibody in blocking solution 

at 37°C for 1 hour followed by an incubation with 200 µL 1:500 pre-diluted goat anti-rabbit 

IgG FITC in blocking solution at 37°C for 1 hour in the dark. The chamber frame was removed 

and ProLong® Gold Antifade Mountant containing DAPI (Molecular Probes) was added to the 
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slide and a coverslip was gently placed on top of the reagent. The slide was allowed to cure at 

RT for 24 hours in the dark before being analysed using a Nikon Eclipse E600 fluorescence 

microscope.  

2.2.5.6 Malachite green phosphate colorimetric assay (rS5nAi) 

0.1 µM purified rS5nAi was incubated with 1 mM substrates in a nucleotidase reaction buffer 

in a total volume of 20 µL and incubated at 37°C for 20 min. Substrates, including AMP, ADP, 

ATP, dAMP, GMP, CMP and TMP (Sigma-Aldrich), were used to determine the substrate 

preference of r5nAi. For other experiments, AMP was used as the substrate. For pH titration at 

pH 5.0 – 6.5, Tris-HCl in the nucleotidase reaction buffer was replaced with 50 mM sodium 

acetate buffer. To determine the optimum temperature of rS5nAi, the reaction mixtures were 

incubated in water bath pre-adjusted to the desired temperature. rS5nAi dependence on metal 

cations was analysed for Mg2+, Ca2+, Mn2+ and Zn2+ with three different concentrations in 

nucleotidase reaction buffer at 37°C. The enzyme kinetics were analysed by incubating 0.1 µM 

rS5nAi with increasing concentrations of AMP in a nucleotidase reaction buffer in a total 

volume of 50 µL at 37°C for 10 min. All enzyme reactions were stopped by adding EDTA to 

a final concentration of 50 mM. The release of inorganic phosphate (Pi) was then quantified 

using a malachite green phosphate colorimetric assay kit (Sigma-Aldrich) according to the 

manufacturer’s instruction. The release of Pi was measured at A650nm and the amount of Pi was 

calculated based on a standard Pi curve that was prepared in each set of the experiments. 

Michaelis-Menten curve fitting using non-linear regression was performed using GraphPad 

Prism V7.03 software (GraphPad). All samples were analysed in triplicates for each of the three 

independent experiments.  
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2.2.5.7 Malachite green phosphate colorimetric assay (S. iniae) 

S. iniae was grown to mid-exponential phase (OD600nm of 0.6) and washed once with 

nucleotidase reaction buffer. 1 × 106 bacterial cells were resuspended in 98 µL of nucleotidase 

reaction buffer and transferred into a clear-bottom Corning® 96-well plate. A final 

concentration of 1 mM AMP substrate was added and incubated at 37°C for 30 min. The 

reactions were stopped by adding EDTA to a final concentration of 50 mM and the release of 

Pi was then quantified using a malachite green phosphate colorimetric assay kit according to 

the manufacturer’s instruction. The release of Pi was measured at A650nm and the amount of Pi 

was calculated based on a standard curve of Pi that was prepared in each set of experiments. 

As a positive control, rS5nAi was incubated in nucleotidase reaction buffer with substrate. As 

a negative control, nucleotidase reaction buffer was added with substrate. All samples were 

analysed in triplicates for each of the three independent experiments. 

2.2.5.8 Synergistic activity between rSpnAi and rS5nAi 

A total volume of 200 µL reaction mixture containing 50 µg/mL of UltraPureTM salmon sperm 

DNA (Invitrogen), 10 µg/mL rSpnAi, 50 mM Tris-HCl, pH 7.0, 150 mM NaCl, 2 mM MgCl2 

and 2 mM CaCl2 was incubated at 37°C for 1 hour. 0.1 µM rS5nAi and 10 mM MgCl2 were 

added and the reaction mixture was incubated at 42°C for another 1 hour. The release of Pi was 

then quantified using a malachite green phosphate colorimetric assay kit according to the 

manufacturer’s instruction. All samples were analysed in triplicates for each of the three 

independent experiments. 
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2.2.6 Analysis of SpnAi and S5nAi virulence in zebrafish larvae 

2.2.6.1 Maintenance and breeding of zebrafish 

Adult zebrafish that were used for breeding were maintained in the commissioned zebrafish 

facility, Faculty of Medical and Health Sciences, The University of Auckland. The fish facility 

is run with approval from the University of Auckland Animal Ethics Committee, and the fish 

were maintained by the standard operating procedures (SOP691) of the facility. The facility 

has a 14 hours light and 10 hours dark automated lighting cycle and the water conditions for 

the zebrafish maintenance are set to between pH 7.2 – 7.5, temperature 25.5 – 29.5°C and 

conductivity 250 – 500 µS. The zebrafish are fed three times daily with a combination of wet 

and dry food. Wet food are live Artemia (Inve Aquaculture), whereas, dry fish food are 

comprise of 3 commercially available products including Cyclop-Eeze (Healthy Aquaculture), 

O.range (Inve Aquaculture), and NRD (Inve Aquaculture). Zebrafish are fed once with dry mix 

in the morning, and twice in the afternoon with a combination of wet and dry food. For 

zebrafish breeding, male and female zebrafish were paired in a spawning tank in the afternoon 

with a separation barrier to initially separate the male and female zebrafish. The spawning was 

triggered in the next morning by removing the separation barrier after the lights in the facility 

have turned on. The embryos produced were collected and sorted to remove those that were 

dead or unhealthy. The embryos were then incubated in E3 medium with 0.1% (v/v) methylene 

blue (PanReac AppliChem) at 28°C. At 1 day post fertilisation (dpf), embryos were treated 

with a final concentration of 1 × PTU to prevent the formation of pigment. The chorion of the 

embryos was then removed manually and the larvae were then transferred to a new Petri dish 

containing E3 medium supplemented with 1 × PTU and incubated at 28°C.  
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2.2.6.2 Preparation of S. iniae for zebrafish larvae microinjection 

A single colony of S. iniae was inoculated in 2 mL THY+P containing appropriate amount of 

antibiotic if required and incubated at 37°C overnight. The overnight culture was diluted 1:10 

in 15 mL fresh THY+P and incubated at 37°C until the bacterial growth reaches OD600nm of 

0.6. 1 mL bacterial cells were centrifuged at 2,300 × g for 10 min at 4°C and resuspended with 

1 mL PBS. The resuspended bacterial cells were transferred into a cuvette and the OD600nm 

were measured again. The bacterial cells were diluted to final OD600nm of 0.1 in 1 mL PBS, 

centrifuged at 2,300 × g for 5 min again and resuspended with phenol red to achieve the desired 

infection dose. For some experiments that used frozen bacterial stock for larvae microinjection, 

the bacterial cells were cultured were cultured as described above and a final concentration of 

sterile 20% (v/v) glycerol was added into the bacterial cells and stored at -80°C. 

2.2.6.3 Microinjection of S. iniae into zebrafish larvae 

2 days post-fertilisation (dpf) larvae in approximately 50 mL of E3 medium were anaesthetised 

by adding 2.1 mL 4% (w/v) tricaine (Sigma-Aldrich) before being mounted in 3% (w/v) 

methylcellulose (Sigma-Aldrich). 1 nL bacterial resuspension at desired concentration was 

microinjected into the hindbrain of the larvae by using microinjection needle connected to a 

Pneumatic PicoPump SYS-PV820 pressure injector (World Precision Instruments). The 

injection dose was validated by injecting one bolus into 10 µL sterile PBS, spot platting on 

THY+P agar plate containing appropriate amount of antibiotic if required and incubated at 

37°C overnight for enumeration. After injection, larvae were then transferred back to the petri 

dish containing E3 medium supplemented with 1 × PTU and incubated at 28°C. The larvae 

survival at indicated time points were monitored. The determination of live or dead larvae was 

based on the presence of a heartbeat and response to gentle touching with a sterile transfer 

pipette.  
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2.2.6.4 Enumeration, fluorescence and luminescence measurement of S. iniae from infected 

zebrafish larvae 

At the indicated times, infected larvae were anaesthetised and each larva was collected in a 

tube. 20 µL sterile dissociation buffer were used to homogenise the larva by repeatedly 

pipetting up and down. For enumeration, serial dilution of the homogenised mixture was made 

in sterile PBS, spot platting on THY+P agar plate containing appropriate amount of antibiotic 

if required and incubated at 37°C overnight. For bacterial fluorescence measurement, the 

homogenised mixture was transferred to a solid bottom Corning® 96-well plate containing 80 

µL PBS. The fluorescence of the mixture were measured at excitation/emission wavelength of 

481/507 nm using an EnSpireTM 2300 plate reader.   

2.2.6.5 Mounting and confocal imaging of infected zebrafish larvae 

Infected larvae were anaesthetised before mounting on 0.8% (w/v) UltraPureTM low melting 

point agarose (Invitrogen) in E3 medium supplemented with 1 × PTU. Z-Series time-lapse 

fluorescence images were acquired using a Fluoview FV1000 laser scanning confocal 

microscope (Olympus) with a 20 × water immersion objective lens. For live-cell imaging, the 

temperature of the incubation chamber was pre-adjusted to 28°C. Z-stacks of the hindbrain 

ventricle were taken with a total of 36 sections at 5 µm step size intervals. The confocal imaging 

was carried out with the similar acquisition setting in each set of experiments and the resulting 

images were analysed using the Volocity 3D image analysis software V6.1.1 (Quorum 

Technologies) and the images was made into movies using ImageJ V1.52k (Schneider et al., 

2012).  

2.2.6.6 Immunofluorescence detection of innate immune cells in infected zebrafish larvae 

At the indicated times, infected larvae were anaesthetised and collected in a tube. 1 mL ice cold 

fixing solution were added and incubated at 4°C overnight. Larvae were dehydrated the next 

day with increasing concentrations of methanol in PBS-T for 5 min each incubation and stored 
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at -20°C for up to a week. Dehydrated larvae were rehydrated with decreasing concentrations 

of methanol in PBS-T for 5 min each incubation and washed once with PBS-T for 5 min before 

incubating with 1 mL ice cold pure acetone on a shaker for 7 min to allow tissue 

permeabilisation. The larvae were washed with PBS-T three times 5 min, and incubated in 1 

mL immunostaining blocking solution on a shaker for 2 hours. The immunostaining blocking 

solution was replaced with 200 µL 1:500 pre-diluted primary antibody (anti-DsRED2 for 

detecting neutrophils or anti-GFP for detecting macrophages) in immunostaining blocking 

solution and incubated on a shaker at 4°C for overnight. On the next day, the larvae was washed 

with PBS-T four times 5 min to remove the unbound antibody before incubating with 100 µL 

1:500 pre-diluted secondary antibody (anti-Rabbit IgG-Alexa Fluor 568 or anti-Chicken IgG-

Alexa Fluor 488) in immunostaining blocking solution and incubated in the dark on a shaker 

at RT for 2 hours. From this point onwards, the larvae were protected from light exposure to 

avoid photo-bleaching of the fluorophores. The larvae were washed with PBS-T again for four 

times 5 min and fixed with 1 mL ice cold fixing solution and stored at 4°C overnight. The 

larvae were mounted and imaged as described in Section 2.2.6.5.  

2.2.7 Statistical analysis  

The statistical analysis throughout this project has been performed using GraphPad Prism 

V7.03 software. Statistical significance was calculated using either the unpaired two-tailed t-

test or 2way ANOVA with Tukey’s multiple comparisons test. The statistical significance 

analysis for Kaplan-Meier curves was calculated using the Gehan-Breslow-Wilcoxon test. A p 

value of < 0.05 was consider to be statistically significant difference. p value < 0.05 was 

labelled with *, p value < 0.01 was labelled with **, p value < 0.001 was labelled with ***, 

and p value < 0.0001 was labelled with ****. A p value of > 0.05 was consider as no statistically 

significant difference and was labelled with ns. 
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Chapter 3:  Production and Characterisation of SpnAi and 

S5nAi Proteins 

GAS is able to produce a plethora of VFs that assist in colonisation, dissemination and immune 

evasion. As introduced in Chapter 1, SpnA and S5nA are cell wall anchored immune evasion 

factors that have recently been functionally characterised (Chang et al., 2011; Zheng et al., 

2015). SpnA is able to digest DNA in the presence of calcium and magnesium ions, degrading 

NETs and thereby provide defence from neutrophil killing (Chang et al., 2011). S5nA is a 

nucleotidase that cleaves AMP, ADP, and dAMP to generate the immunomodulatory 

molecules adenosine and deoxyadenosine (Zheng et al., 2015). Adenosine has been shown to 

interfere with host purinergic signalling pathway by stimulating the adenosine receptors. This 

inhibits neutrophil degranulation (Bouma et al., 1997), differentiation of monocytes into 

macrophages (Najar et al., 1990), and decreases macrophage phagocytic function (Haskó et al., 

2008).   

Our group have identified two genes on the S. iniae genome that are similar to the GAS genes 

encoding SpnA and S5nA. In order to address the first objective of my study, which is to 

confirm that SpnAi and S5nAi of S. iniae are functionally similar to their GAS counterparts, 

making them true orthologues, the recombinant form of these two proteins (rSpnAi and rS5nAi) 

were cloned and expressed in E. coli BL21. Biochemical assays were conducted to investigate 

their biochemical features, and compare to those displayed by GAS rSpnA and rS5nA. This 

chapter outlines the bioinformatic analysis of GAS SpnA and S5nA, and S. iniae SpnAi and 

S5nAi, followed by the cloning, purification and biochemical characterisation of rSpnAi and 

rS5nAi.  
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3.1 Bioinformatic Analysis of SpnAi and S5nAi 

The amino acid sequences of SpnA and S5nA of GAS strain SF370 (serotype M1) were used 

as template to search for homologues in S. iniae strain 9117 using the NCBI tblastn option 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Results identified that two hypothetical ORFs that 

shared amino acid sequence identities of 63% and 62% with SpnA and S5nA, respectively. In 

addition, these protein sequences were also used to identify other cell wall anchored nucleases 

and 5’-nucleotidase in the nucleotide collection at NCBI. The identified ORFs with significant 

sequence identities were used to generate a phylogenetic tree (Figure 3.1). Results indicated 

that ORFs with significant identities to the putative SpnAi were only found in certain 

streptococcal species such as S. dysgalactiae (70%), S. suis (62%) and S. equi (68%), but not 

in any other genera. In contrast, putative S5nAi related nucleotidases were found in a wider 

range of organisms, including Gram-positive S. aureus (24%), S. sanguinis (26%), S. suis 

(26%), S. agalactiae (61%), S. dysgalactiae (68%), S. equi (68%); and Gram-negative E. coli 

(25%) as well as in humans (23%).  

 

 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Figure 3.1: Bioinformatic analysis of SpnAi and S5nAi. The rooted phylogenetic tree UPGMA 

(unweighted pair group method with arithmetic mean) of cell wall anchored nucleases (left) 

and 5’-nucleotidases (right) were generated with ClustalW using complete amino acid 

sequences of SpnAi (S. iniae), WP003050123 (S. dysgalactiae), WP012679382 (S. equi), SpnA 

(GAS), WP024395691 (S. suis), S5nAi (S. iniae), SEQ1278 (S. equi, CAW94038), UshA (S. 

dysgalactiae, ADX24386), S5nA (GAS), NudP (S. agalactiae, CDN66659), 5’-nucleotidase 

(5’NT) (E. coli, AJM76137), CD73 (Homo sapiens, AAH65937), AdsA (Staphylococcus 

aureus, ESR29110), ecto-5’-nucleotidase A (Nt5e) (S. sanguinis, AFK32764) and Ssads (S. 

suis, YP001197640). The number in parentheses show amino acid sequence identities to SpnAi 

and S5nAi. The tree is drawn to scale, with branch lengths in the same units as those of the 

evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were 

computed using the Poisson correction method and are in the units of the number of amino acid 

substitutions per site. 

 

The bioinformatic analysis of the translated 940-amino acid SpnAi from the 2,823-bp spnAi of 

S. iniae contains a predicted signal peptide sequence at amino acid (aa) position 1 – 34, an 

exo/endonuclease domain at aa position 560 – 866, and a C-terminal cell wall anchored domain 

at aa position 907 – 940 with a conserved Gram-positive cell wall-sorting recognition motif 

LPHAG (Figure 3.2). The s5nAi gene is 2,031-bp in length that encodes a 676-amino acid 

precursor protein with a predicted signal peptide sequence at aa position 1 – 27, follow by two 

distinct domains: a metallophosphatase-like protein domain between aa position 32 – 340 and 

a 5’-nucleotidase C-terminal domain between aa position 369 – 531. A cell wall anchored 

domain at aa position 642 – 676 with a cell wall-sorting recognition motif LPHTG is also 

present (Figure 3.2). 
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Figure 3.2: Schematic presentation of SpnAi and S5nAi predicted domain structure. The 

domain structure of SpnAi (top) and S5nAi (below) were generated based on the prediction 

using InterProScan software at EMBL-EBI. The numbers on top represent amino acid positions. 

The arrows above the numbers indicate the regions that were generated as recombinant proteins 

in E. coli for this study. SP, signal peptide sequence; CWA, cell wall anchor domain. 

 

3.2 Production of rSpnAi and rS5nAi 

3.2.1 Cloning and expression 

The genomic DNA of S. iniae 9117 was used as PCR template to clone the full length spnAi 

and s5nAi for the expression in E. coli BL21(DE3). In order to produce the proteins in soluble 

form, the spnAi and s5nAi ORFs were amplified without the predicted signal peptide sequences 

and C-terminal cell wall anchor domain using the primer pairs SpnAi.fw and SpnAi.rv for 

spnAi (2,619-bp), and S5nAi.fw and S5nAi.rv for s5nAi (1,845-bp). The amplified spnAi and 

s5nAi appeared as a DNA band at approximately ~2,600-bp and ~1,800-bp, respectively on a 

1% agarose gel (Figure 3.3A). The amplified DNA fragments were individually cloned into 

the pPROEX-HTb expression vector using BamHI/HindIII and BamHI/EcoRI restriction sites, 

respectively, and followed by sequence confirmation using DNA sequencing. The plasmids 

constructed were then introduced into E. coli BL21(DE3) and the colonies formed on the agar 
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plate containing ampicillin were screened using colony PCR using the primer pairs SpnAi.fw 

and SpnAi.rv for spnAi (Figure 3.3B), and S5nAi.fw and S5nAi.rv for s5nAi (Figure 3.3C). 

The insertion of a DNA fragment at the BamHI site of the expression vector allows the protein 

to be expressed as an N-terminal polyhistidine fusion protein under the control of the IPTG-

inducible trc promoter. The expressed polyhistidine-tagged recombinant proteins were then 

purified by nickel affinity chromatography.  

 

Figure 3.3: Cloning of spnAi and s5nAi into pPROEX-HTb. (A) spnAi and s5nAi ORFs without 

the predicted signal peptide sequences and C-terminal cell wall anchor domain were amplified 

from genomic DNA of S. iniae 9117. The amplified spnAi and s5nAi appeared as a DNA band 

at approximately ~2,600-bp and ~1,800-bp, respectively on a 1% agarose gel. Single colony 

PCR was performed to confirm the insertion of spnAi (B) and s5nAi (C) into pPROEX-HTb. 

The pPROEX-HTb:spnAi and pPROEX-HTb:s5nAi were used as the template for the positive 

control. L, protein ladder; +, positive control. 

 

3.2.2 Purification 

The recombinant proteins were purified using a nickel affinity column by the high-affinity 

interaction of the polyhistidine-tagged protein with the nickel ions immobilised on the 

iminodiacetic acid ligand in the column. After washing the column with 10 mM imidazole, a 
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series of imidazole titrations, each including 30 mM, 50 mM, 80 mM and 200 mM were used 

to competitively elute the polyhistidine-tagged proteins from the column. The purified rSpnAi 

and rS5nAi appeared as a protein band at approximately 100 kDa and 70 kDa, respectively on 

a 10% SDS-PAGE gel, which is in agreement with their calculated molecular weights of 

96,280.61 Da and 66,935.19 Da, respectively (Figure 3.4). Purification of both rSpnAi and 

rS5nAi using nickel affinity chromatography showed that the proteins can be eluted by 

imidazole concentrations higher than 30 mM. These eluted fractions, however, also contained 

other native E. coli proteins. In order to remove the co-eluted E. coli proteins, the eluted 

fractions of rSpnAi (30 – 200 mM) and rS5nAi (50 – 200 mM) were concentrated and subjected 

to anion-exchange chromatography. 

 

Figure 3.4: Purification of rSpnAi and rS5nAi through nickel affinity chromatography. rSpnAi 

(left) at aproximately 100 kDa and rS5nAi (right) at approximately 70 kDa on a 10% SDS-

PAGE gel were mostly found in the soluble fraction. The column was washed with 10 mM 

imidazole before the elution with 30 mM, 50 mM, 80 mM and 200 mM imidazole. L, protein 

ladder; W, wash fraction. 
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Anion-exchange chromatography was used as a second purification step to separate the rSpnAi 

or rS5nAi from other unwanted contaminating E. coli proteins. Ion-exchange chromatography 

allows the separation of proteins based on the net charge of the protein at a particular pH. 

rSpnAi and rS5nAi has a predicted isoelectric point (pI) of 5.87 and 5.15, respectively. Proteins 

can be suspended in a buffer that has a pH value higher than the pI value of the protein, 

becoming negatively charged and binding to positively charged resin beads in the anion-

exchange column. The proteins can then be eluted by increasing the ionic strength of the buffer, 

by increasing the salt concentration. Accordingly, after nickel chromatography the 

concentrated fractions of rSpnAi and rS5nAi were dialysed overnight in anion-exchange buffer 

A with a pH of 8.5 and pH 7, respectively, before being loaded into the anion-exchange column. 

rSpnAi and rS5nAi were then eluted from the column using an increasing gradient of buffer B 

containing  0 – 200 mM NaCl, over 11 CVs and 0 – 1 M NaCl over 29 CVs, respectively. The 

fractions collected based on the UV absorbance peaks detected by the chromatograph were 

analysed using 10% SDS-PAGE (Figures 3.5 and 3.6).  

During the purification process of rSpnAi, two major absorbance peaks were seen in the 

chromatogram, which were collected into two separate fractions (Figure 3.5, fractions 4 and 5). 

Fraction 4, which eluted during the gradient when exposed to approximately 150 mM NaCl, 

showed a clean purification of fraction as compared to fraction 5, which only eluted when 

flushing the column with buffer B containing 1M NaCl. Resolving the protein sizes in these 

fractions with SDS-PAGE (Figure 3.5, inset) showed that fraction 4 (Figure 3.5, lane 4) was a 

clean pure fraction of rSpnAi, while fraction 5 (Figure 3.5, lane 5) was a complex mixture of 

several proteins, similar to the initially loaded protein (Figure 3.5, lane Pre-MonoQ). Fraction 

4 was then dialysed overnight in 10 mM Tric-HCl, pH 7 to remove the salt. The dialysed 

fraction was then used in subsequent biochemical analysis. On the other hand, more major 

chromatographic peaks were apparent during the anion-exchange chromatography for 
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purifying rS5nAi. Fractions 3 – 5 eluted during the gradient when exposed to approximately 

240 – 380 mM NaCl (Figure 3.6, fractions 3 – 5), and showed clean pure fractions of rS5nAi 

(Figure 3.6, lanes 3 – 5). All these collected fractions were pooled, dialysed overnight in 10 

mM Tric-HCl, pH 7 to remove the salt. The dialysed fraction was then used in the biochemical 

analysis presented in the following sections.     

 

Figure 3.5: Purification of rSpnAi using anion-exchange chromatography. After nickel affinity 

chromatography, collected fractions that contained the rSpnAi were pooled and concentrated 

(lane Pre-MonoQ), and further purified by anion-exchange chromatography. The fractions 

collected during the elution (lanes 1 – 5, inset) were analysed by 10% SDS-PAGE. Two main 

absorbance peaks (fractions 4 and 5) and three small absorbance peaks (fractions 1 – 3) were 

seen on the chromatogram of rSpnAi. The first major peak (fraction 4) showed clean fractions 

containing only rSpnAi (lane 4, inset). The blue line indicates UV absorbance (mAU); green 

line indicates the percentage of buffer B containing 1 M of NaCl used in protein elution; red 

dotted lines indicate the approximate points across which a fraction was collected from the 

column; L, protein ladder; numbered lanes correspond to the fraction numbers in the 

chromatogram. 
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Figure 3.6: Purification of rS5nAi using anion-exchange chromatography. Collected fractions 

containing rS5nAi after nickel chromatography were pooled and concentrated (lane Pre-

MonoQ), and further purified by anion-exchange chromatography. The fractions collected 

during the elution (lane 1 – 7, inset) were analysed by 10% SDS-PAGE. There were 3 major 

absorbance peaks (fractions 3 – 5) and 4 small absorbance peaks (fractions 1, 2, 6 and 7) were 

seen on the chromatogram of rS5nAi. All the 3 major absorbance peaks showed clean fractions 

(lanes 3 – 5) that contain rS5nAi. Blue line indicates UV absorbance (mAU); green line 

indicates the percentage of buffer B containing 1 M of NaCl used in protein elution; red dotted 

lines indicate the approximate points across which a fraction was collected from the column; 

L, BenchMark protein ladder; numbered lanes correspond to the fraction numbers in the 

chromatogram. 

 

3.3 Biochemical Analysis of rSpnAi 

3.3.1 rSpnAi activity required divalent cations 

Previous work by Chang et al. (2011) showed that rSpnA is strongly dependent on Mg2+ and 

Ca2+ for its nuclease activity, and that no nuclease activity was observed if one of the cations 

was absent. In order to determine if rSpnAi exhibits a similar cation dependence, purified 
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rSpnAi was incubated with double-stranded linear lambda DNA either with or without Ca2+ (1 

mM) and Mg2+ (3 mM) as described in Section 2.2.5.1. Lambda DNA was completely digested 

by rSpnAi in the presence of both Ca2+ and Mg2+ after 1 hour incubation at 37°C (Figure 3.7). 

In the absence of either Ca2+ or Mg2+, DNase activity of rSpnAi against lambda DNA was 

completely undetectable, demonstrating a similar cation requirement as rSpnA.   

 

Figure 3.7: DNase activity of rSpnAi requires both Ca2+ and Mg2+. Lambda DNA was 

incubated with rSpnAi in the presence or absence of Ca2+ (1 mM) or Mg2+ (3 mM) at 37°C for 

1 hour and analysed on a 1% agarose gel. C, control reaction mixture without the addition of 

rSpnAi.  

 

3.3.2 Optimal conditions for rSpnAi activity 

The optimum conditions for rSpnAi activity were then determined as per the methods described 

in Section 2.2.5.1. A range of concentrations of CaCl2 (Figure 3.8A) and MgCl2 (Figure 3.8B) 

were tested using lambda DNA as the substrate. The optimum concentration of Ca2+ for rSpnAi 

(0.78 – 6.25 mM) was similar to rSpnA (0.78 mM), though while rSpnA was almost completely 

inactive at 25 mM Ca2+ (Chang et al., 2011), rSpnAi retained 72% activity at 200 mM Ca2+. 

For Mg2+, rSpnAi showed maximal activity at 0.78 – 3.125 mM, similar to rSpnA’s maximum 

activity at 1.56 – 3.125 mM. Both enzymes were completely inactive at 50 mM Mg2+ (Chang 

et al., 2011).  
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Next, the optimum pH of rSpnAi activity was determined (Figure 3.8C). Using the constant 

optimised concentrations of CaCl2 (1 mM) and MgCl2 (3 mM), rSpnAi displayed more than 

50% activity at pH 5 – 8.5 with maximum activity at pH 6.5 – 8. Reduced activity was observed 

at pH 4 (23%), and only marginal activity was observed at pH 9 (8%). The optimum pH of 

rSpnAi was slightly more alkaline than rSpnA, which showed optimal activity at a slightly 

acidic pH of 5.5 – 7 (Chang et al., 2011).  

Next, the temperature dependence on rSpnAi activity was then tested (Figure 3.8D), while 

other optimised conditions were held constant (1 mM CaCl2, 3 mM MgCl2 and pH 7). The 

maximum rSpnAi activity was seen between 32 – 37°C, and the activity was reduced to 81% 

at 27°C, 57% at 22°C, 39% at 17°C, and decreased dramatically at temperatures higher than 

37°C, reaching 44% at 42°C and 25% at 47°C. Only marginal activity (9%) was observed at 

12°C. The optimum temperature for GAS rSpnA has not previously been analysed, therefore 

rSpnA was expressed and purified, and its optimum temperature was determined using the 

previously optimised conditions (1 mM CaCl2, 3 mM MgCl2 and pH 7.4). rSpnA showed 

greater than 50% activity at 17 – 47°C with maximum activity at 32 – 42°C (Figure 3.9A), 

which was slightly higher than the optimal temperature range of rSpnAi.  
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Figure 3.8: Biochemical analysis of rSpnAi to identify the optimal reaction conditions. (A) 

Lambda DNA was digested with rSpnAi in the presence of varying concentrations of CaCl2, 

(B) varying concentrations of MgCl2, (C) at different pH, and (D) at different temperatures. 

The reaction mixtures after incubation at 37°C for 1 hour was run on a 1% agarose gel, the 

visualised DNA bands were quantified and the percentage activity was calculated for each 

reaction. The error bars show the standard deviation of three experiments performed in 

triplicates.  

 

Lastly, the rSpnAi activity rate was determined using a serial dilution of rSpnAi under optimum 

reaction conditions (1 mM CaCl2, 3 mM MgCl2, pH 7 and 37°C) as described in Section 2.2.5.1. 

The result showed that 2 µg (20 pmol) of rSpnAi is the minimum amount of enzyme required 

to completely digest 1 µg of lambda DNA in 1 hour (Figure 3.9B). This is similar to rSpnA 

activity under its optimal conditions (1 mM CaCl2, 3 mM MgCl2, pH 7.4 and 37°C), where 2.5 

µg (26 pmol) was required to perform the same activity (Chang et al., 2011). In addition, the 

rSpnAi and rSpnA activity under its optimum reaction conditions were also tested using the 
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DNA-methyl green assay described in Section 2.2.5.2, where salmon sperm DNA is the 

substrate (Figure 3.9C). Methyl green is a triphenylmethane dye that can intercalate between 

the bases of double-stranded DNA, producing a green colour which can be detected at A620nm. 

When DNA is hydrolysed, the dye dissociates and decolourises, thereby allowing the 

quantification of DNA hydrolysis by measuring the decolourisation at A620nm. The results 

indicated that 0.16 µg (1.6 pmol) was the minimum amount of enzyme required to completely 

digest 1 µg of salmon sperm DNA. For rSpnA, a slightly higher amount (0.47 µg, 4.9 pmol) 

was needed to demonstrate the same activity. The results of all biochemical properties for 

rSpnAi and rSpnA are summarised in Table 3.1.  

 

Figure 3.9: Biochemical analysis of rSpnAi and rSpnA under optimised conditions. (A) 

Lambda DNA was digested with rSpnA at different temperature under its optimum conditions 

(1 mM CaCl2, 3 mM MgCl2, pH 7.4) (B) Relationship between the amount of rSpnAi and 

activity level against lambda DNA was analysed. The results showed that 2 µg of rSpnAi was 

required for complete cleavage of 1 µg of lambda DNA under optimum condition (1 mM CaCl2, 
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3 mM MgCl2, pH 7 and 37°C). After incubation at 37°C for 1 hour, the reaction mixtures were 

run on a 1% agarose gel, intensities of the DNA bands were quantified and the percentage 

activity was calculated for each of the reaction. (C) Relationship between the amount of rSpnAi 

and rSpnA, and activity level against salmon sperm DNA was analysed. The results revealed 

that the minimum amount of rSpnAi and rSpnA required for complete cleavage of 1 µg of 

salmon sperm DNA under optimum condition using DNA-methyl green assay were 0.16 µg 

and 0.47 µg, respectively. The rSpnAi and rSpnA activity were quantified by the absorbance 

reading at 620 nm subtracting the basal reading at 492 nm, and the percentage activity was 

calculated for each reaction. The error bars show the standard deviation of three experiments 

performed in triplicates. 

 

Table 3.1: Summary of biochemical properties of rSpnAi and rSpnA. 

Biochemical properties rSpnAi rSpnA (Chang et al., 2011)  

Molecular weight
#
  96,280.61 94,068.15 

Cell wall anchor + + 

Ca
2+

 and Mg
2+

 dependency Yes Yes 

Optimum CaCl
2
 0.78 – 6.25 mM 0.78 mM 

Optimum MgCl
2
 0.78 – 3.125 mM 1.56 – 3.125 mM 

Optimum pH pH 6.5 – 7.5 pH 5.5 – 7.0 

Optimum temperature 32 – 37°C 32 – 42°C* 

Complete digestion of 1 µg 

lambda DNA 

20 pmol 26 pmol 

Complete digestion of 1 µg 

salmon sperm DNA 

1.6 pmol 4.9 pmol* 

#excluded signal peptide and cell wall anchor regions; *measured in this study 
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3.4 Biochemical Analysis of rS5nAi 

3.4.1 Substrate preference of rS5nAi 

Previous studies by Zheng et al. (2015) have shown that rS5nA is able to hydrolyse AMP and 

ADP, but not ATP, to generate the immunomodulatory product adenosine. The predicted 

nucleotidase function of rS5nAi was therefore investigated by measuring the amount of 

inorganic phosphate (Pi) released using the malachite green phosphate colorimetric assay 

described in Section 2.2.5.6. Consistent with the findings for rS5nA (Zheng et al., 2015), 

rS5nAi showed the highest activity against AMP, followed by ADP, whereas ATP was not 

hydrolysed (Figure 3.10A). In addition, rS5nAi was able to hydrolyse the nucleoside 

monophosphates GMP, CMP, and TMP with slightly lower efficiency than that of AMP. In 

contrast, rS5nA showed highest activity against CMP, followed by AMP (Zheng et al., 2015). 

The hydrolysis efficiency of rS5nA towards other substrates such as ADP, GMP and TMP was 

almost similar (Zheng et al., 2015), but lower than that of rS5nAi. Both nucleotidases 

hydrolysed dAMP with almost equal efficiency to AMP. Since the highest rS5nAi activity was 

observed against AMP, this substrate was used in subsequent biochemical assays. 
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Figure 3.10: Biochemical analysis of rS5nAi to identify substrate preference. rS5nAi was 

incubated with various substrates in the presence of 10 mM MgCl2 at 37°C for 20 min. The 

amount of Pi produced was quantified using a malachite green phosphate colorimetric assay kit 

(Sigma Aldrich). The error bars show the standard deviation of three experiments performed 

in triplicates. 

 

3.4.2 Optimal conditions for rS5nAi activity 

The optimum conditions for rS5nAi activity were determined as described in Section 2.2.5.6. 

Divalent cations are important co-factors for nucleotidase activity, therefore rS5nAi activity 

against AMP was analysed with various divalent cations, including Mg2+, Ca2+, Mn2+ and Zn2+ 

in different concentrations (Figure 3.11A). The highest rS5nAi activity was observed at lower 

concentrations of Mn2+ (0.1 mM and 1 mM), whereas activity was reduced at higher Mn2+ 

concentration. Activity of rS5nAi was slightly higher in the presence of Mg2+ than of Ca2+, 

with the highest activity seen at 10 mM. Inhibition of rS5nAi activity was seen at high 

concentration of Zn2+. This profile is very similar to that reported for rS5nA (Zheng et al., 

2015). 

The effect of pH on rS5nAi activity was then tested by incubating rS5nAi with 10 mM AMP 

at various pH (Figure 3.11B). The optimal pH range of rS5nAi (pH 5 – 7.5) was wider and 

more basic than that of rS5nA (pH 5 – 6.5) (Zheng et al., 2015). The highest rS5nAi activity 
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was seen at pH 7 and the activity gradually decreased as pH increased from pH 7 to pH 9. The 

optimum temperature range of rS5nAi and rS5nA are very similar (Zheng et al., 2015). The 

maximum activity of both nucleotidases was found at 42°C, and activity was seen at a wide 

range of temperature ranging from 21°C to 52°C (Figure 3.11C).  

 

Figure 3.11: Biochemical analysis of rS5nAi to identify optimal conditions. (A) The activity 

of rS5nAi against AMP was analysed in the presence of different divalent cations at various 

concentrations, (B) at different pH, and (C) at different temperatures. The reaction mixtures 

were incubated at 37°C for 20 min and the amount of Pi produced was quantified using a 

malachite green phosphate colorimetric assay kit. The error bars show the standard deviation 

of three experiments performed in triplicates. 

 

The reaction rate of AMP hydrolysis by rS5nAi under optimised conditions (37°C, pH 7 and 

10 mM MgCl2) was determined (Figure 3.12A). The hydrolysis of 1 mM AMP by 0.1 µM 

rS5nAi was seen to reach equilibrium after 30 minutes. This observation corresponds well with 

the 25 minutes duration previously reported for rS5nA (Zheng et al., 2015). When the 
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enzymatic kinetics were modelled with Michaelis-Menten curve fitting, these data showed a 

Michaelis constant (Km) of 121.3 ± 1.683 µM and a maximum reaction velocity (Vmax) of 7,808 

± 78.3 nmol of released Pi/mg enzyme/min (Figure 3.12B). These kinetics are comparable to 

rS5nA, of which the Km is 168.3 ± 38 µM and Vmax 7,550 ± 326 nmol of released Pi/mg 

enzyme/min (Zheng et al., 2015). All biochemical properties for rS5nAi and rS5nA are 

summarised in Table 3.2. 

 

Figure 3.12: Biochemical analysis of rS5nAi to investigate its action kinetics. (A) The time to 

reach reaction equilibrium was determined with 0.1 µM rS5nAi against 1 mM AMP in the 

presence of 10 mM MgCl2 at pH 7 and 37°C for over 60 min. (B) The kinetics of rS5nAi to 

hydrolyse AMP were determined by incubating 0.1 µM rS5nAi with various concentrations of 

AMP in the presence of 10 mM MgCl2 at pH 7 and 37°C for 10 min. The results were analysed 

using Michaelis-Menten curve fitting using non-linear regression in GraphPad Prism V7.03 

software. The amount of Pi produced in each experiment was quantified using a malachite 

green phosphate colorimetric assay kit. The error bars show the standard deviation of three 

experiments performed in triplicates. 
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Table 3.2: Summary of biochemical properties of rS5nAi and rS5nA. 

Biochemical properties rS5nAi rS5nA (Zheng et al., 2015) 

Molecular weight
#
 66,935.19 66,922.80 

Cell wall anchor + + 

Substrate preference AMP>dAMP>CMP=TMP=

GMP>ADP>>ATP 

AMP=dAMP=CMP>GMP=

TMP>ADP>ATP 

Activating cations Mg
2+

, Ca
2+

, Mn
2+

 Mg
2+

, Ca
2+

, Mn
2+

 

Inhibiting cations Zn
2+

 Zn
2+

 

Optimum pH pH 5.0 – 7.5 pH 5.0 – 6.5 

Optimum temperature 42°C 42°C 

Enzyme kinetics 

Time to reach equilibrium
$ 

V
max

 

K
m

 

 

30 min 

 

7,808 ± 78.3 nmol P
i
/mg/min 

 

121.3 ± 1.683 µM 

 

25 min 

 

7,550 ± 326 nmol P
i
/mg/min 

 

168.3 ± 38 µM 

Synergistic activity  

(rSpnAi + rS5nAi) 

+ + 

#excluded signal peptide and cell wall anchor regions; $Hydrolysis of AMP by 0.1 mM rS5nAi 

at 37°C, pH 7 and 10 mM MgCl2 

 

3.5 Synergistic Activity of rSpnAi and rS5nAi 

Previous work by Zheng et al. (2015) showed that rS5nA and rSpnA are able to act 

synergistically on DNA to generate deoxyadenosine and Pi as illustrated in Figure 1.7. In order 

to verify whether such a synergistic activity also exists between rSpnAi and rS5nAi, both 

enzymes were tested together using salmon sperm DNA as the substrate, as described in 

Section 2.2.5.8. Interestingly, production of Pi was observed when both enzymes were present 
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in the reaction mixture, whereas when either rSpnAi or rS5nAi were excluded, no Pi was 

detected (Figure 3.13). This result suggests that DNA is hydrolysed by rSpnAi to generate 

deoxynucleotide monophosphates including dAMP, which can then be hydrolysed by rS5nAi 

to generate deoxyadenosine and Pi.     

 

Figure 3.13: Synergistic activity of rSpnAi and rS5nAi. Salmon sperm DNA incubated with 

rSpnAi and rS5nAi resulted in the production of Pi, as quantified using malachite green 

phosphate colorimetric assay kit. The absence of either enzyme eliminates Pi production. This 

indicates the presence of synergy between rSpnAi and rS5nAi, suggesting rSpnAi hydrolyses 

DNA to produce deoxynucleotide monophosphate which can be used by rS5nAi as the 

substrate to generate deoxyadenosine and Pi. The error bars show the standard deviation of 

three experiments performed in triplicates. 

 

3.6 Discussion 

Two cell wall anchored VFs of GAS, SpnA and S5nA have been discovered and their virulence 

roles in immune evasion have been studied and confirmed using in vitro functional and 

biochemical assays (Chang et al., 2011; Zheng et al., 2015). In this chapter, bioinformatic and 

biochemical analyses of rSpnA and rSpnAi, and of rS5nA and rS5nAi were completed and 

their structural and biochemical properties were compared. Generally, the biochemical 

properties of S. iniae rSpnAi and rS5nAi generally resemble those of GAS SpnA and S5nA, 

with subtle differences that are discussed below.  
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Bioinformatic analysis of SpnAi and S5nAi showed that these two hypothetical ORFs shared 

more than 62% amino acid sequence identities with SpnA and S5nA (Figure 3.1) and also 

contain similar conserved domains. The results of bioinformatic analysis then lead to the 

question of whether SpnAi and S5nAi are functionally similar to their GAS counterparts. The 

spnAi and s5nAi genes without the N-terminal signal peptide and the C-terminal hydrophobic 

region were amplified from the S. iniae genome in order to express the protein in recombinant 

form in E. coli. Purification of rSpnAi or rS5nAi required a 2-step purification process using 

nickel affinity and anion-exchange chromatography. Highly purified fractions of rSpnAi or 

rS5nAi were obtained with a typical final protein yield of approximately 2 mg for rSpnAi and 

3 mg for rS5nAi from 1 L culture of E. coli. These purified proteins were then used in 

biochemical analysis.  

Results from the biochemical analyses showed that rSpnAi generally shares similar properties 

to rSpnA, as listed in Table 3.1. Their enzymatic functions are both strongly dependent on Ca2+ 

and Mg2+ ions (Figure 3.7), and require similar optimal Ca2+ and Mg2+ concentration to achieve 

maximum activity. The two enzymes also have similar enzymatic activity when tested by either 

lambda DNA or salmon sperm DNA digestion (Figure 3.9). There were slight differences 

between rSpnAi and rSpnA in terms of their optimum pH and temperature. The DNase activity 

of rSpnAi was slightly shifted to the alkaline range (Figure 3.8) as compared to rSpnA that 

showed maximum activity at slightly more acidic to neutral range (Chang et al., 2011). This is 

probably due to the adaptation to host pH. Blood pH of most fish species are ranges between 

pH 7.7 – 8.0 (Borvinskaya et al., 2017; G. Nilsson, 2016; Wurts & Durborow, 1992), whereas 

human blood pH is between 7.3 – 7.4. As for the optimal temperature, rSpnA was still active 

at 42°C, but rSpnAi could only maintain less than 50% activity at this temperature (Figure 3.8). 

This may be due to the ability of GAS to survive in diverse conditions in human hosts, such as 

high temperatures resulting from fever (Dalton & Scott, 2004; Srivastava & Srivastava, 2003). 
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The biochemical properties of rS5nAi were also found to closely mirror its GAS orthologue 

rS5nA, as described in Table 3.2. Previous studies had shown that rS5nA hydrolyses AMP and 

ADP, but not ATP, to produce immunomodulatory molecule adenosine (Zhang et al., 2019). 

A similar substrate preference was also observed in rS5nAi. This is in contrast to 

Staphylococcus aureus cell wall anchored 5’-nucleotidase AdsA and Streptococcus sanguinis 

ecto-5’-nucleotidase A Ssads that are able to cleave AMP, ADP and also ATP (Thammavongsa 

et al., 2009; Thammavongsa et al., 2011). Such an observation may be due to slight structural 

differences of its substrate binding pockets that affect its specificity to various substrates 

(Robson et al., 2006). Both S5nAi (Figure 3.10) and S5nA (Zhang et al., 2019) are able to 

hydrolyse dAMP to form deoxyadenosine, a property shared with AdsA and S. agalactiae ecto-

5′-nucleoside diphosphate phosphohydrolase NudP  (Firon et al., 2014; Thammavongsa et al., 

2011), and perhaps all pathogenic Gram-positive cocci since deoxyadenosine acts as an 

important immunomodulatory molecule in affecting macrophages activity (Thammavongsa et 

al., 2013). The optimal pH resembles what was seen for nucleases, where the optimal pH of 

rS5nAi was slightly more basic (Figure 3.11) than that of rS5nA (Zheng et al., 2015). Again, 

this may reflect an adaptation to the pH of fish blood compared to the relatively acidic human 

blood (Borvinskaya et al., 2017; G. Nilsson, 2016; Wurts & Durborow, 1992).  

The synergistic activity between rSpnA and rS5nA reported by Zheng et al. (2015) was also 

seen for rSpnAi and rS5nAi (Figure 3.13). This suggests that the two enzymes are able to 

promote bacterial evasion of the host immune system by digesting NETs, and generating 

deoxyadenosine that triggers the caspase-3-mediated apoptosis of macrophages and monocytes, 

and restricts macrophages from entering the abscess (Thammavongsa et al., 2013; 

Thammavongsa et al., 2011).  



90 

 

In summary, results of these in vitro biochemical assays demonstrated the enzymatic function 

of rSpnAi and rS5nAi, and showed the similarity of these proteins to their GAS counterparts 

in terms of biochemical properties. This evidence, together with a similar protein length, 

conserved domains and amino acid similarities, it is highly likely that these proteins are true 

orthologues and are able to act not only individually, but also synergistically as immune 

evasion factors in invading host immune system. Therefore, these results provide the basis to 

further characterise the in vivo functions of these two VFs in a S. iniae-zebrafish infection 

model.  
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Chapter 4:  Construction of spnAi and s5nAi Mutants in 

Streptococcus iniae  

The enzymatic functions of recombinant SpnAi and S5nAi have been closely investigated 

using in vitro assays in Chapter 3, and shown to be very similar to those produced by GAS. 

The in vivo role of SpnAi and S5nAi, however have yet to be confirmed. In order to further 

understand the role of SpnAi and S5nAi in contributing to S. iniae infection using zebrafish as 

the infection model, various S. iniae gene deletion strains were first generated, including spnAi-

knockout (spnAi∆) and s5nAi-knockout (s5nAi∆) mutants. The expression of SpnAi and S5nAi 

in the individual gene-knockout mutants were then restored through a plasmid-based 

expression system. The complementation strains thus generated, spnAi∆:spnAi and 

s5nAi∆:s5nAi, could then be included in the subsequent experiments to test whether observed 

differences between WT S. iniae and its gene-knockout mutants are a direct consequence of 

the particular gene deletion. The modified S. iniae strains were also transformed with green 

fluorescent and bioluminescent reporter plasmids to allow the in vivo visualisation and 

quantification of bacteria in the zebrafish infection model. This chapter documents the 

generation of bioluminescent and green fluorescent labelled gene-knockout mutants and their 

complementation strains, followed by the characterisation and functional analysis of the 

generated bacteria strains.  

4.1 Generation of S. iniae spnAi-knockout and s5nAi-knockout 

Mutants 

The individual spnAi and s5nAi gene-knockout mutants were created by allelic replacement of 

the target gene on the WT S. iniae genome with an antibiotic resistance gene on the constructed 

plasmid (Figure 4.1), allowing the selection of successful gene-knockout mutants by antibiotic 
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resistance screening. Gene-knockout mutants were generated using the E. coli–streptococcal 

shuttle vector, pFW11. The 2,568-bp pFW11 plasmid contains two multiple cloning sites (MCS 

I and MCS II) located at either end of the spectinomycin resistance gene (aad9). This plasmid 

is able to replicate only in E. coli, but not in S. iniae due to the absence of a streptococcal origin 

of replication. Hence, following the integration of aad9 into S. iniae genome, it was possible 

to identify the successful transformants by antibiotic selection. 

Segments of the WT S. iniae genome, approximately 1,000-bp upstream and downstream of 

the spnAi and s5nAi genes, were amplified using the primer pairs listed in Table 2.2. The 

upstream flanking region (FR1) and the downstream flanking region (FR2) were first cloned 

into a pBS-ccdB vector for DNA sequencing purposes before being cloned into the MCS I, and 

MCS II of the pFW11 plasmid, respectively (Figure 4.1A). The generated plasmid construct 

was then transformed into WT S. iniae by electroporation, and the successful transformants 

had the aad9 gene replaced the spnAi or s5nAi gene by homologous recombination (Figure 

4.1B) were selected using THY+P agar plate containing spectinomycin. The gene deletions 

were subsequently confirmed by PCR (Figure 4.1C and D) using various primer pairs as stated 

in Table 2.2 and shown in Figure 4.1B. The difference in size between inserted aad9 (675-bp) 

and the deleted spnAi (2,823-bp) or s5nAi (2,031-bp) was seen on the agarose gel for spnAi∆ 

(Figure 4.1C) and s5nAi∆ (Figure 4.1D) mutants, and the orientation of the integrated aad9 

gene could also be confirmed by PCR using the aad9 forward primer (aad9.fw) and a reverse 

diagnostic primer (SpnAi_DP.rv and S5nAi_DP.rv) that anneal to the region outside the FR2 

region. 
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Figure 4.1: Allelic replacement strategy for creating spnAi and s5nAi single gene-knockout 

mutants. (A) The upstream (FR1) and downstream (FR2) flanking regions of spnAi and s5nAi 

in the WT S. iniae genome were amplified and cloned into the MCS I and MCS II, flanking the 

aad9 gene of the pFW11 vector, respectively. (B) The double crossover homologous 

recombination occurred when the constructed plasmid was introduced into WT S. iniae by 

electroporation, and resulted in the replacement of spnAi or s5nAi with aad9 in the genome. 

The aad9 gene integration and its orientation were confirmed by PCR using various primer 

pairs. Agarose gel electrophoresis showed the size of PCR products amplified using different 

primer pairs to confirm the spnAi∆ (C) and s5nAi∆ (D) mutants with various template. L, 1 Kb 

plus DNA ladder; WT, WT S. iniae chromosomal DNA; spnAiΔ or s5nAiΔ, S. iniae spnAi∆ or 

s5nAi∆ mutant chromosomal DNA; P, pFW11 plasmid containing FR1 and FR2 of spnAi or 

s5nAi used for electroporation.  
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4.2 Generation of S. iniae spnAi and s5nAi Double Gene-knockout 

Mutant 

Based on the synergistic activity of rSpnAi and rS5nAi reported in the previous chapter 

(Section 3.5), these two enzymes collaborate to hydrolyse DNA substrates to produce the 

immunomodulatory molecules, adenosine and deoxyadenosine as the end product. In order to 

investigate the synergy of the SpnAi and S5nAi in vivo, a double gene-knockout mutant 

(spnAi∆:s5nAi∆) was also generated and analysed. The spnAi and s5nAi double gene-knockout 

was created by using a similar allelic replacement strategy to that described in Section 4.1. The 

aad9 from the previously constructed pFW11 plasmid containing FR1 and FR2 of spnAi was 

first replaced with a chloramphenicol resistance gene (cat). Primer pairs listed in Table 2.4 

were used in these DNA amplification steps. The amplified plasmid containing spnAi FR1 and 

FR2 was then ligated with the cat. The constructed plasmid was then sent for DNA sequencing 

to validate the FR1 and FR2 regions before being introduced into s5nAi∆ (Figure 4.2B). The 

transformants were selected based on chloramphenicol resistance, and confirmed by PCR 

(Figure 4.2C) using various primer pairs listed in Tables 2.2 and 2.4, and shown in Figure 4.2B. 

The difference in size between inserted cat (660-bp) and the deleted spnAi (2,823-bp) could be 

seen on the agarose gel (Figure 4.2C) and the orientation of the integrated cat could also be 

confirmed by PCR using the cat forward primer (cat.fw) and a reverse diagnostic primer 

(SpnAi_DP.rv) that anneals to the region outside the FR2 region.  
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Figure 4.2: Allelic replacement strategy for creating spnAi and s5nAi double gene-knockout 

mutant. (A) The pFW11 plasmid carrying FR1 and FR2 of spnAi was amplified without the 

spectinomycin gene, aad9 and replaced with chloramphenicol gene, cat amplified from the 

pBC vector. (B) The double crossover homologous recombination occurred when the 

constructed plasmid was introduced into S. iniae s5nAi∆ by electroporation, and resulted in the 

replacement of spnAi with cat gene in the s5nAi∆ genome. The transformants were first 

selected based on the ability of chloramphenicol resistance, then the cat gene integration and 

its orientation were confirmed by PCR using various primer pairs. (C) Agarose gel shown the 

PCR products amplified using each primer set to confirm the spnAi∆s5nAi∆ mutant with 

various template. L, 1 Kb plus DNA ladder; s5nAi∆, S. iniae s5nAi∆ mutant chromosomal 

DNA; DKO, spnAi∆s5nAi∆ double gene-knockout mutant chromosomal DNA; P, pFW11 

plasmid carrying FR1 and FR2 of spnAi with aad9 replaced with cat used for electroporation.  
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4.3 Bioluminescence and Green Fluorescence Labelling of S. iniae 

strains 

Bioluminescence and fluorescence have been widely used in various in vitro and in vivo 

detection and quantification assays (Choy et al., 2003; Karimi et al., 2016). A novel toxin-

antitoxin (TA) stabilised bioluminescent reporter plasmid (pLZ12Km2-P23R:TA:ffluc) has 

been generated by Loh and Proft (2013) that harbours a TA system, a native firefly luciferase 

gene (ffluc), and a strong lactococcal promoter (P23). Another similar reporter plasmid 

(pLZ12Km2-P23R:TA:gfpmut2) harbouring a green fluorescent gene (gfpmut2) was used for 

the green fluorescence labelling of S. iniae strains. The TA system allows plasmid stabilisation 

in streptococci by post-segregational killing of those bacteria that have lost the plasmid, while 

the P23 promoter drives the expression of ffluc or gfpmut2. Both pLZ12Km2-P23R:TA:ffluc 

and pLZ12Km2-P23R:TA:gfpmut2 plasmids contain a kanamycin resistance gene, therefore 

the bacteria that successfully took up the reporter plasmid can be selected based on both their 

kanamycin resistance and bioluminescence or fluorescence abilities. The bioluminescent 

reporter plasmid has been shown to generate comparable and quantifiable signals in GAS, 

group B streptococcus (GBS), group G streptococcus (GGS) as well as S. iniae (Loh & Proft, 

2013, 2016). Among the bacteria tested, GBS and S. iniae were shown to produce brighter 

signal and only S. iniae was shown to be stable carrying the reporter plasmid for at least 10 

passages (Loh & Proft, 2016).   

In order to facilitate the detection and quantification of bacteria in the subsequent in vitro and 

in vivo experiments, the reporter plasmids were introduced into S. iniae WT, spnAi∆ and 

s5nAi∆ via electroporation to create ffluc- and gfpmut2-labelled S. iniae strains. The bacteria 

that carry the plasmid were selected on kanamycin-containing THY+P agar plates and further 

confirmed by screening for the ability of the bacteria to bioluminesce or fluoresce.  
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4.3.1 Generation of bioluminescence and green fluorescence S. iniae spnAi and 

s5nAi complementation strains 

SpnAi or S5nAi expression in knockout bacterial strains, spnAi∆ or s5nAi∆, was restored by 

reintroducing the spnAi or s5nAi gene using the bioluminescent and green fluorescent reporter 

plasmid. The full length spnAi or s5nAi gene including its ribosome binding site was amplified 

from the genome of the WT S. iniae (Figure 4.3, top) using the primer pairs listed in Table 2.3 

and cloned into pBS-ccdB vector for DNA sequencing purposes before being cloned into the 

downstream of the original streptococcal promoter sequence of pLZ12Km2-P23R:TA:ffluc 

and pLZ12Km2-P23R:TA:gfpmut2 (Figure 4.3, middle). The resulting reporter plasmid 

carrying the spnAi or s5nAi gene (Figure 4.3, bottom) was then introduced into spnAi∆ or 

s5nAi∆. The complementation strains that this created simultaneously had their spnAi or s5nAi 

genes restored and were labelled with ffluc (spnAi∆:spnAi ffluc and s5nAi∆:s5nAi ffluc) or 

gfpmut2 (spnAi∆:spnAi gfpmut2 and s5nAi∆:s5nAi gfpmut2). The bacteria that successfully 

took up the plasmid were then selected on THY+P agar plates containing kanamycin, and 

screened for the ability to fluoresce or bioluminesce. All S. iniae strains used in this thesis and 

the names used to refer to them are summarised in Table 4.1. 
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Figure 4.3: Constructed plasmids for the generation of bioluminescent and green fluorescent S. 

iniae spnAi and s5nAi complementation strains. Full length spnAi or s5nAi genes amplified 

from the WT S. iniae genome (top) were cloned into pLZ12Km2-P23R:TA:ffluc and 

pLZ12Km2-P23R:TA:gfpmut2 vectors (middle). The constructed reporter plasmid (bottom) 

that carried the spnAi or s5nAi gene was introduced into spnAi∆ or s5nAi∆ to generate 

bioluminescent and green fluorescent spnAi or s5nAi complementation strain (spnAi∆:spnAi 

ffluc and spnAi∆:spnAi gfpmut2 and s5nAi∆:s5nAi ffluc and s5nAi∆:s5nAi gfpmut2). KanR, 

kanamycin resistance gene; P23, strong lactococcal promoter; ffluc, native firefly luciferase 

gene; gfpmut2, a mutated version of the original green fluorescent gene; TA, toxin-antitoxin 

system; P, original streptococcal promoter of pLZ12Km2 plasmid. 
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Table 4.1: Summary of S. iniae strains used in this thesis. 

S. iniae strains Strain code 

S. iniae wild-type WT 

S. iniae spnAi-knockout  spnAi∆ 

S. iniae s5nAi-knockout s5nAi∆ 

S. iniae spnAi and s5nAi double gene-knockout spnAi∆s5nAi∆ 

Bioluminescent S. iniae wild-type WT ffluc 

Green fluorescent S. iniae wild-type WT gfpmut2 

Bioluminescent S. iniae spnAi-knockout  spnAi∆ ffluc 

Green fluorescent S. iniae spnAi-knockout spnAi∆ gfpmut2 

Bioluminescent S. iniae s5nAi-knockout  s5nAi∆ ffluc 

Green fluorescent S. iniae s5nAi-knockout  s5nAi∆ gfpmut2 

Bioluminescent S. iniae spnAi complementation  spnAi∆:spnAi ffluc 

Green fluorescent S. iniae spnAi complementation spnAi∆:spnAi gfpmut2 

Bioluminescent S. iniae s5nAi complementation  s5nAi∆:s5nAi ffluc 

Green fluorescent S. iniae s5nAi complementation s5nAi∆:s5nAi gfpmut2 

 

4.4 Characterisation of Wild-type S. iniae and Mutant strains 

4.4.1 Growth rate of S. iniae WT, single gene- and double gene-knockout mutant 

strains 

The growth rate of S. iniae spnAi∆, s5nAi∆ and spnAi∆s5nAi∆ strains were analysed in order 

to investigate whether the knockout of spnAi or s5nAi on the WT S. iniae genome would affect 

their growth compared to their parental strain. The bacteria were grown in THY+P medium 

with appropriate antibiotics supplemented to the S. iniae spnAi∆, s5nAi∆ and spnAi∆s5nAi∆ 

strains. A sample was taken at each hour and the optical density (OD600nm) were measured. As 

shown in Figure 4.4, a slight reduction of growth rate was observed for S. iniae spnAi∆ (Figure 
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4.4 red line), s5nAi∆ (Figure 4.4, blue line) and spnAi∆s5nAi∆ (Figure 4.4, green line) strains 

in comparison to the parental strain (Figure 4.4, black line), however these differences did not 

reach significance. The slight reduction in growth rate of the modified S. iniae strains is likely 

due to the extra energy used for antibiotic resistance.  

 

Figure 4.4: Growth rate of S. iniae WT, single gene-knockout, and double gene-knockout 

strains. WT S. iniae and mutant strains were grown in THY+P medium with appropriate 

antibiotics included in medium of S. iniae spnAi∆, s5nAi∆ and spnAi∆s5nAi∆ strains. The 

modified S. iniae strains displayed slightly reduced growth rate comparing to the parental strain. 

 

4.4.2 Detection of SpnAi and S5nAi expression by wild-type S. iniae in various 

growth phases 

As explained in Section 1.8, bacterial VF expression can vary with the stage of infection. In 

order to test the expression of SpnAi and S5nAi on the surface of WT S. iniae at various growth 

phases, a Western blot analysis of the cell wall proteins was performed as described in Section 

2.2.4.5 . WT S. iniae were collected at OD600nm of 0.2 (lag phase), 0.6 (mid-exponential phase), 

0.9 (late exponential phase) and 1.2 (stationary phase), followed by the extraction of cell wall 

proteins. The cell wall protein extracts were then used in the Western blot analysis. The 

Western blot was probed with purified rabbit polyclonal antibodies specific to SpnAi (Figure 
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4.5A) or S5nAi (Figure 4.5B). The developed Western blots indicates that SpnAi (~100 kDa) 

and S5nAi (~70 kDa) were expressed by S. iniae WT throughout the bacterial growth with 

bacterial collected at lag phase (Figure 4.5A and B, lane 1) displayed minimal level of SpnAi 

and S5nAi expression.  

 

Figure 4.5: Detection of SpnAi and S5nAi in cell wall extracts of WT S. iniae at various growth 

phases by Western blot. (A) Expression of SpnAi and (B) S5nAi was observed in cell wall 

extracts of S. iniae WT collected from different growth phases. Recombinant form of SpnAi 

(rSpnAi) and S5nAi (rS5nAi) were used as the positive control. L, Pre-stained protein ladder. 

 

4.4.3 Detection of SpnAi and S5nAi expression by wild-type S. iniae and mutant 

strains 

Western blot analysis was also used to test the expression of SpnAi and S5nAi on the surface 

of WT S. iniae and other generated S. iniae mutant strains. Bacteria were grown to an OD600nm 

of 0.6, and cell wall proteins were extracted. The cell wall protein extracts were then used in 

the Western blot analysis. The Western blot was probed with purified rabbit polyclonal 

antibodies specific to SpnAi (Figure 4.6A) or S5nAi (Figure 4.6B). The developed blots 

confirmed that SpnAi and S5nAi were expressed by S. iniae WT (Figure 4.6, lane 1) and 

complementation strains, spnAi∆:spnAi ffluc and s5nAi∆:s5nAi ffluc, spnAi∆:spnAi gfpmut2 

and s5nAi∆:s5nAi gfpmut2 (Figure 4.6, lane 3 and 4), but not the single gene-knockout, spnAi∆, 
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s5nAi∆ (Figure 4.6, lane 2) or double gene-knockout strains, spnAi∆s5nAi∆ (Figure 4.6, lane 

5). These observations are summarised in Table 4.2. 

 

Figure 4.6: Detection of SpnAi and S5nAi in cell wall extracts of WT S. iniae and mutant 

strains by Western blot. (A) Expression of SpnAi and (B) S5nAi was observed in cell wall 

extracts of S. iniae WT, spnAi∆:spnAi ffluc and s5nAi∆:s5nAi ffluc, spnAi∆:spnAi gfpmut2 and 

s5nAi∆:s5nAi gfpmut2, and not detected in either spnAi∆, s5nAi∆ nor spnAi∆:s5nAi∆. 

Recombinant form of SpnAi (rSpnAi) and S5nAi (rS5nAi) were used as the positive control. 

L, Pre-stained protein ladder. 

 

Table 4.2: Summary of SpnAi and S5nAi expression by different S. iniae strains using Western 

blot. 

S. iniae strains SpnAi expression detected S5nAi expression detected 

WT ✔ ✔ 

spnAi∆ ✘ Not tested 

spnAi∆:spnAi ffluc ✔ Not tested 

spnAi∆:spnAi gfpmut2 ✔ Not tested 

s5nAi∆ Not tested ✘ 

s5nAi∆:s5nAi ffluc Not tested ✔ 

s5nAi∆:s5nAi gfpmut2 Not tested ✔ 

spnAi∆s5nAi∆ ✘ ✘ 
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4.4.4 Growth rate and bioluminescent or green fluorescent properties of labelled 

S. iniae strains 

In order to facilitate the detection and quantification of the bacteria in subsequent experiments, 

the growth rate of various ffluc- or gfpmut2-labelled S. iniae strains together with their 

bioluminescence or green fluorescence signals were characterised. The labelled S. iniae strains 

were grown in THY+P medium and a sample was taken from the culture every hour to measure 

OD600nm and bioluminescence or fluorescence. Bioluminescence was measured after the 

addition of luciferin substrate. Overall, compared to unlabelled S. iniae WT, no significant 

difference was seen between the growth rates of all ffluc- (Figure 4.7A, solid lines) or gfpmut2-

labelled (Figure 4.8A, solid lines) S. iniae strains, suggesting the deletion, complementation 

and expression of ffluc or gfpmut2 did not affect the growth or create an extra growth burden 

to the mutants.  

The bioluminescence signal (BLU) produced by each strain were almost similar, with the 

highest signal of approximately 4 × 107 BLU detected at 10 hours (Figure 4.7A, dash lines), 

when the bacterial cultures reached the end of the exponential growth phase (Figure 4.7A, solid 

lines). At 24 hours, the bioluminescence signal declined to approximately 9 × 106 BLU, and a 

further reduction to approximately 3 × 103 BLU was observed at 48 hours. These could be due 

to the reduction in the number of live bacteria and their metabolic state during different phase 

of growth. When the bacterial cultures at 6 hours were serial diluted and both OD600nm and 

bioluminescence signal were measured, a linear correlation was seen between the bacterial cell 

density and the bioluminescence signal with the R2 value being greater than 0.98 for each 

individual strain (Figure 4.7B).  
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Figure 4.7: Growth rates and bioluminescence signals of S. iniae. (A) The optical density 

(OD600nm) and bioluminescence signal (BLU) generated by various ffluc-labelled S. iniae 

strains were measured in a 48 hour time course. No significant difference between the growth 

rate of ffluc-labelled S. iniae strains and to the unlabelled parental strains (solid lines) was 

observed, indicating that the deletion of spnAi or s5nAi, complementation, and 

bioluminescence labelling did not result in a growth disadvantage. The bioluminescence 

signals produced by each strain (dashed lines) was comparable with the highest BLU observed 

at the end of the exponential growth phase. The signal decreased after the beginning of 

stationary growth phase. (B) Linear correlation was seen between OD600nm and BLU of all the 

ffluc-labelled S. iniae strains. R2 values for data obtained from ffluc-labelled S. iniae WT, 

spnAi∆, spnAi∆:spnAi, s5nAi∆ and s5nAi∆:s5nAi were 0.9899, 0.9909, 0.9895, 0.9936 and 

0.9912, respectively. 

 

 



105 

 

Similar to the ffluc-labelled S. iniae strains, no significant difference in the relative fluorescent 

signal (RFU) was observed between all the gfpmut2-labelled S. inaie strains (Figure 4.8A, dash 

lines), suggesting that the modification of the bacteria did not result in any growth burden. The 

peak fluorescence of approximately 4.5 × 104 RFU (Figure 4.8A, dash lines) was detected at 9 

hours, which is during the end of the exponential growth phase (Figure 4.8A, solid lines). A 

reduction in fluorescence signal was observed during the stationary and death phase at 24 and 

48 hours to approximately 1.8 × 104 RFU and 1 × 104 RFU, respectively. These again be due 

to the decrease in the number of live bacteria and their metabolism. Investigating the 

relationship between the OD600nm and fluorescence intensity of the serial diluted 6 hours 

bacterial cultures revealed a linear relationship for all gfpmut2-labelled S. iniae strains (Figure 

4.8B) with the R2 value being greater than 0.96.  
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Figure 4.8: Growth rates and relative green fluorescence signals of S. iniae. (A) The optical 

density (OD600nm) and fluorescence (RFU) produced by various gfpmut2-labelled S. iniae 

strains were measured over a 48 hour time course. No significant difference in growth between 

all the gfpmut-labelled S. iniae strains and to the labelled parental strains (solid lines) was seen, 

indicating the deletion of spnAi or s5nAi, complementation and green fluorescence labelling 

did not cause any impact on the bacteria growth rate (dashed lines). (B) Linear correlation was 

seen between OD600nm and RFU of all the gfpmut2-labelled S. iniae strains. R2 values for data 

obtained from gfpmut2-labelled S. iniae WT, spnAi∆, spnAi∆:spnAi, s5nAi∆ and s5nAi∆:s5nAi 

were 0.9749, 0.9789, 0.9798, 0.9866 and 0.9667, respectively. 
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4.5 Functional Analysis of SpnAi Activity of S. iniae 

4.5.1 Quantification of DNase activity 

Since it has been shown that the rSpnAi is able to digest DNA, we then decided to test whether 

the deletion of the spnAi gene of S. iniae actually leads to a loss of DNase activity. For this 

purpose, the DNase activity of S. iniae WT, spnAi∆ and spnAi complementation strains were 

tested using a DNA-methyl green assay as described in Section 2.2.5.3, which contains salmon 

sperm DNA intercalated with methyl green as the substrate in the DNase reaction. As the DNA 

is hydrolysed, methyl green is released from between the bases of double-stranded DNA, 

leading to a reduction in absorbance at A620nm.   

S. iniae WT, spnAi∆ and spnAi complementation strains were grown to exponential phase and 

incubated with methyl green conjugated salmon sperm DNA. The A620nm in each well was 

measured to detect the presence of DNA-methyl green compound at the end of the experiment 

(Figure 4.9). All the wells containing any of the bacteria showed significantly lower absorbance 

value than the wells without bacteria, indicating that WT as well as spnAi∆ and spnAi 

complementation strains are capable of digesting extracellular DNA. Approximately 80% of 

DNA was digested by either rSpnAi or DNase I positive control. No significant difference in 

DNase activity was observed between S. iniae WT and spnAi complementation strains, 

demonstrating the successful restoration of SpnAi function. The wells containing S. iniae 

spnAi∆ mutant strain showed a low level of DNA digestion as shown by the reduction in the 

amount of DNA-methyl green as compared to the wells without bacteria, indicating redundancy 

in DNase function and in turn suggesting that S. iniae is able to produce more than one DNase. 

Most importantly, when comparing the absorbance value between the wells containing S. iniae 

WT and spnAi∆ mutant strains, the spnAi∆ mutant strain displayed significantly lower DNase 

activity as compared to WT strain (p < 0.001). Altogether, this indicates that while the deletion 
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of spnAi does not totally eliminate DNase activity, it has a significance impact on the overall 

DNase activity of S. iniae. 

 

Figure 4.9: DNase activity analysis of S. iniae spnAi∆ and spnAi complementation strains in 

comparison to WT S. iniae strain. The DNase activity of S. iniae WT, spnAi∆ and spnAi 

complementation strains were quantified by measuring the absorbance value at 620 nm and 

subtracting the reference absorbance at 492 nm. Complete DNA digestion was observed when 

incubating with either rSpnAi or DNase I (positive control), and high amount of DNA-methyl 

green compound was observed in the absence of bacteria (negative control). The S. iniae spnAi 

complementation strain displayed a similar level of DNase activity to WT S. iniae, indicating 

the successful restoration of SpnAi function. S. iniae spnAi∆ mutant strains showed some 

DNase activity, but the DNase activity was significantly lower than WT S. iniae strain. This 

result showed that the spnAi deletion does not totally remove DNase activity, however a 

significant impact on the DNase activity was observed. The error bars show the standard 

deviation of three experiments performed in triplicates. **, p < 0.01; ***, p < 0.001; ****, p < 

0.0001; ns, not significant (as determined by unpaired two-tailed t-test). 
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4.5.2 Quantification and visualisation of NETs destruction 

The destruction of NETs has been demonstrated by nucleases from GAS Sda1 (Buchanan et 

al., 2006), S. suis SsnA (de Buhr et al., 2014) and S. pneumoniae TatD (Jhelum et al., 2018). 

The ability of NETs to be digested by SpnAi was therefore hypothesised, and investigated as 

described in Sections 2.2.5.4 and 2.2.5.5. To achieve this, neutrophils were isolated from the 

kidneys of adult zebrafish and stimulated with PMA for 2.5 hours to generate NETs, which are 

extracellular fibers made up of DNA and granular proteins such as neutrophils elastase and 

myeloperoxidase. Sytox Orange cell-impermeant nucleic acid stain allowed staining and 

quantification of extracellular DNA from NETs by measuring the fluorescence signals at 

excitation/emission of 530/590 nm (Figure 4.10A) and immunofluorescence microscopy was 

used to demonstrate the NETs destruction in activated zebrafish neutrophils (Figure 4.10B – 

H).  

The activation of neutrophils by PMA causes the extracellular release of NETs. This was shown 

by the high fluorescence signal at ~2,500 RFU (Figure 4.10A, white bar) compared to the low 

level of fluorescence of unstimulated neutrophils (Figure 4.10A, grey bar). The addition of 

rSpnAi and DNase I (positive control for NETs digestion) led to a significantly lower 

fluorescence signal (Figure 4.10, purple and light purple bars) as compared to the wells 

containing only PMA-stimulated neutrophils (p < 0.0001), indicating that NETs are digested. 

Various modified S. iniae strains were incubated with activated neutrophils and the amount of 

NETs in the reaction wells were quantified by measuring the fluorescence signal generated by 

Sytox Orange. Both WT S. iniae and spnAi complementation strains were able to digest NETs, 

with no significant difference in fluorescence signal seen between these wells (Figure 4.10A, 

black and green bars) indicating SpnAi function was successfully restored in the 

complementation strain. Interestingly, the wells containing stimulated neutrophils and S. iniae 

spnAi∆ mutant strains generated a higher fluorescence signal than the wells containing only 
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PMA-stimulated neutrophils (Figure 4.10A, red bar). This shows that not only does spnAi 

deletion greatly affect the ability of S. iniae to digest NETs, but also that the presence of the 

bacteria stimulates neutrophils to generate more NETs in addition to those induced by PMA 

alone. 

The destruction of NETs by rSpnAi and various S. inaie strains were also visualised using 

immunofluorescence microscopy (Figure 4.10B – H). A fluorescent DNA stain, DAPI, was 

used to stain the nuclei of neutrophils and extracellular DNA (Figure 4.10B, blue). To confirm 

the presence of NETs, an anti-neutrophil elastase primary antibody and a FITC-labelled 

secondary antibody (Figure 4.10B, green) were used to detect the presence of neutrophil 

elastase, one of the granular proteins that co-localises with the DNA fibers of NETs. No 

extracellular DNA was visible when no PMA stimulant was added (Figure 4.10B), but after 

PMA stimulation extracellular web-like structures were apparent (Figure 4.10C). After the 

addition of either rSpnAi or DNase I (positive control) to the stimulated neutrophils, the web-

like structures disappeared, demonstrating that rSpnAi is able to dismantle NETs (Figure 4.10C 

and D). The ability of various generated S. iniae strains to digest NETs were then tested. When 

the activated neutrophils were exposed to either WT S. iniae or spnAi complementation strains, 

the net-like structures disappeared (Figure 4.10E and G), similar to the result of stimulated 

neutrophils added with rSpnAi. In contrast, after adding S. iniae spnAi∆ mutant strain to 

stimulated neutrophils, the net-like structures remained visible (Figure 4.10F), showing that 

spnAi deletion impacts their DNase activity. This corroborates the observation that SpnAi is 

successfully restored in the complementation strain, and allows us to visualise NETs digestion 

by WT S. iniae and the complementation strain. 
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Figure 4.10: NETs release and destruction by S. iniae spnAi∆ and spnAi complementation 

strains in comparison to WT S. iniae strain. (A) The fluorescence signal of Sytox Orange-

stained extracellular DNA reveals NETs released by PMA-activated neutrophils (white bar), 

but not in unstimulated neutrophils (grey bar). Activated neutrophils exposed to rSpnAi (purple) 

show similar fluorescence signal to those digested by DNase I (light purple), indicating the 

digestion of NETs by rSpnAi. Addition of either WT S. iniae or spnAi complementation strain 

also digests extracellular DNA (black and green bars), thereby confirming the restoration of 

SpnAi function in the complementation strain. The S. iniae spnAi∆ mutant strain increased 

extracellular DNA (red bar), indicating that neutrophils were stimulated to secrete more NETs 

than by PMA alone, and these NETs were not digested. Error bars show the standard deviation 

of two experiments performed in triplicates. **, p < 0.01; ****, p < 0.0001; ns, not significant 

(as determined by unpaired two-tailed t-test). (B) Immunofluorescence microscopy of 
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unstimulated zebrafish neutrophils revealed no NETs were expressed, (C) while after PMA 

stimulation both DNA and elastase were seen to form strands of NETs. (D) Addition of either 

rSpnAi, (E) DNase I, (F) WT, or (H) spnAi∆:spnAi, (G) but not spnAi∆ mutant strain resulted 

in the digestion of NETs, and elastase to be restricted to intracellular regions. DNA was stained 

with DAPI (blue) and neutrophil elastase was detected with anti-human neutrophil elastase 

antibody and FITC-labelled secondary antibody (green). 

 

4.6 Functional Analysis of S5nAi Activity of S. inaie 

4.6.1 Quantification of nucleotidase activity 

The nucleotidase activity of S. iniae WT, s5nAi∆ and s5nAi complementation strains were 

tested by quantifying the amount of inorganic phosphate (Pi) released in the presence of 

substrate AMP as described in Section 2.2.5.7. S. iniae strains were grown to exponential phase, 

washed and incubated with 1 mM AMP in nucleotidase reaction buffer, the amount of Pi 

generated from AMP was measured using a malachite green phosphate colorimetric assay 

(Figure 4.11). About 60 nmole Pi was hydrolysed from AMP by rS5nAi and no Pi was detected 

in the reaction mixture containing either AMP or bacteria only. WT S. iniae and s5nAi 

complementation strains were able to hydrolyse AMP with a similar efficiency, indicating the 

restoration of S5nAi function in the complementation strain. Although AMP hydrolysis was 

also observed in S. inaie s5nAi∆ mutant strain, the amount of Pi released was significantly 

lower than that of WT S. inaie (p < 0.0001). This result shows that S. iniae is able to produce 

more than one nucleotidase, giving it some redundancy in nucleotidase activity even after the 

deletion of the s5nAi gene. However, the significantly lower nucleotidase activity level of S. 

iniae s5nAi∆ as compared to WT indicates that the s5nAi gene deletion greatly affect their 

overall nucleotidase activity. 
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Figure 4.11: Nucleotidase activity analysis of S. iniae s5nAi∆ and s5nAi complementation 

strains in comparison to WT S. iniae strain. S. iniae WT, s5nAi∆ and s5nAi complementation 

strains were incubated with AMP as substrate and the inorganic phosphate (Pi) released was 

measured using a malachite green phosphate colorimetric assay. The release of Pi was detected 

in reaction mixture containing rS5nAi, demonstrating the hydrolysis of AMP. S. inaie s5nAi 

complementation strains showed similar nucleotidase activity efficiency to WT S. iniae, 

indicating the successful restoration of S5nAi function. S. iniae s5nAi∆ mutant strains also 

showed some nucleotidase activity, but significantly lower than that of WT S. iniae strain. It 

therefore appears that s5nAi gene deletion does not totally eliminate nucleotidase activity, but 

significantly impacts the overall nucleotidase function of S. inaie. Error bars show the standard 

deviation of three experiments performed in triplicates. ****, p < 0.0001; ns, not significant 

(as determined by unpaired two-tailed t-test). 
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4.7 Discussion 

This chapter constitutes the novel application of allelic replacement to S. iniae VFs spnAi and 

s5nAi shows that knockout and complementation strains have no detrimental effect on S. iniae 

growth rate. Both the ffluc- and gfpmut2-labelled modified strains can therefore be used in the 

subsequent experiments without being confounded by an impaired growth rate, and compared 

to complementation and WT strains to elucidate the effect of these genes on virulence.  

The allelic replacement strategy through homologous recombination has been widely used to 

generate specific gene deletions in the chromosomal DNA of various bacteria species (J. 

Davison, 2002; Ruvkun & Ausubel, 1981; Schweizer, 2008). Many studies have successfully 

employed this strategy to functionally analyse VFs of S. iniae (Fuller et al., 2002; Locke, 

Colvin, Datta, et al., 2007; Milani et al., 2010; Zeng et al., 2016) and GAS (Datta et al., 2005; 

Fontaine et al., 2003; Zinkernagel et al., 2008). In this chapter, a similar strategy was used to 

generate the spnAi∆ and s5nAi∆ mutant strains.  

Complementation strains were generated by reintroducing the spnAi and s5nAi into the spnAi∆ 

and s5nAi∆, respectively, to rule out polarity or secondary site mutations as the possible cause 

of a mutant phenotype. According to the molecular Koch’s postulate, reintroducing a wild-type 

gene in this way should restore bacterial pathogenicity, in doing so proving that the reduction 

of virulence in the mutant strain is indeed due to the loss of the gene of interest (Falkow, 1988). 

The generation of complementation strains were achieved through a plasmid-base expression 

system, in which the ffluc and gfpmut2 reporter plasmids act as carriers for the full-length 

spnAi or s5nAi, and were introduced into the spnAi∆ or s5nAi∆ to restore the gene expression. 

The use of the reporter plasmid as the gene restoration vector simultaneously labelled the 

complementation strains with ffluc and gfpmut2.  
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All created S. iniae strains were labelled with ffluc and gfpmut2 using a novel reporter plasmid 

stabilised by the streptococcal TA cassette, which kills or inhibits the growth of daughter cells 

that do not carry the plasmid. Hence, segregational plasmid stability can be achieved in the 

antibiotic-free condition, such as in an in vivo study using an infection model. The introduction 

of the bioluminescence reporter plasmid into S. iniae WT has been previously shown to 

produce brighter signal, and be more stabilised as compared to other streptococcal species (Loh 

& Proft, 2016). This makes the plasmid an ideal tool to study S. inaie infection in vivo in a 

zebrafish infection model.  

Expression of SpnAi and S5nAi by S. iniae WT was confirmed through Western blot analysis. 

The results showed that SpnAi and S5nAi were expressed throughout various growth phases 

of S. iniae WT, with minimal expression level at stationary growth phase (Figure 4.5). The 

modified S. inaie strains were confirmed and verified by various methods, such as antibiotic 

selection, PCR using various primer pairs, and detection of the bioluminescence and green 

fluorescence signals. Then, the expression of SpnAi and S5nAi on the surface of various 

modified strains was confirmed by Western blot analysis of the cell wall proteins extracted at 

the bacterial OD600nm of 0.6 (Figure 4.6).  

Importantly, the growth rate of generated S. iniae strains showed no significant difference to 

the parental strains (Figure 4.4, 4.7 and 4.8). This shows that the deletion, complementation 

and expression of ffluc or gfpmut2 does not affect bacterial vitality. The bioluminescence and 

green fluorescence signals produced by the ffluc- and gfpmut2-labelled S. iniae strains, 

respectively, correlated well with the bacterial density.  

The DNase activity of S. iniae WT, spnAi∆ and complementation strains was demonstrated 

using the DNA-methyl green assay (Figure 4.9). When comparing the efficiency of DNase 

activity between the modified S. inaie strains, deletion of spnAi gene in S. iniae leads to a 
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significant reduction in the overall DNase activity as compared to WT S. iniae. The successful 

restoration of SpnAi function is shown by the similar DNase efficiency of S. iniae spnAi 

complementation strain and WT S. iniae.  

Research has shown that many bacteria species including GAS (Buchanan et al., 2006; Chang 

et al., 2011), Staphylococcus aureus (Berends et al., 2010) and Streptococcus pneumonia 

(Jhelum et al., 2018) are able to produce DNases that degrade the DNA framework of NETs, 

thereby preventing the entrapment and killing by NETs, which in turn enables the pathogen to 

disseminate in the host. For this reason, we investigate whether SpnAi also participates in the 

immune evasion process of S. iniae by destroying NETs. It was demonstrated that rSpnAi was 

indeed capable of dismantling NETs when added to PMA-stimulated zebrafish neutrophils 

(Figure 4.10). A similar observation was also seen after the addition of either S. iniae WT or 

spnAi complementation strains to the activated neutrophils, but not S. iniae spnAi∆ mutant 

strain. This indicates that the deletion of the spnAi gene removes the ability to degrade NETs, 

and the reintroduction of spnAi gene into spnAi∆ mutant strain successfully restores this 

function. These results suggest that SpnAi may play role as an immune evasion VF by NETs 

destruction, therefore able to escape the killing by neutrophils and survive in the host.      

Nucleotidase activity of S. iniae WT, s5nAi∆ and s5nAi complementation strains were tested 

by investigating the ability of the bacteria to hydrolyse AMP substrate to produce Pi (Figure 

4.11). The results showed that deletion of s5nAi gene in S. iniae greatly reduced the overall S. 

iniae nucleotidase activity in comparison to the nucleotidase activity of WT S. iniae. The 

nucleotidase activity of S5nAi was successfully restored in the complementation strains as 

demonstrated by the similar nucleotidase efficiency of S. iniae s5nAi complementation strain 

and WT S. iniae.  
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In summary, various S. iniae strains have been successfully generated and labelled with 

bioluminescent and green fluorescent markers. The characterisation of the modified S. iniae 

strains in terms of their growth rate and bioluminescence or green fluorescence signals 

indicates that no significant difference was observed between the modified S. iniae strains. 

Importantly, the in vitro functional analysis of the modified S. iniae strains clearly showed that 

spnAi and s5nAi deletion impacts the DNase and nucleotidase activity level, respectively, of S. 

iniae, and the reintroduction of the spnAi or s5nAi gene into the mutant genome was able to 

restore SpnAi or S5nAi function. The strains generated can now be used for the in vivo 

functional analysis of SpnAi and S5nAi virulence in the zebrafish infection model. 
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Chapter 5:  Analysis of SpnAi and S5nAi Virulence in a 

Zebrafish Infection Model 

Several in vitro experiments have shown that SpnA (Chang et al., 2011; Hasegawa et al., 2010) 

and S5nA (Zheng et al., 2015) play important roles in GAS immune evasion. Despite this 

wealth of information on their in vitro function, knowledge on in vivo function is limited due 

to the lack of suitable animal infection models for this solely human pathogen. In Chapter 3, 

SpnAi and S5nAi of S. iniae were shown to be orthologous to GAS SpnA and S5nA. In Chapter 

4, SpnAi was observed to cleave the DNA backbone of NETs in vitro (Figure 4.10), and S5nAi 

was shown to hydrolyse AMP to generate the immunomodulatory molecule adenosine (Figure 

4.11). Now that the in vitro functions of these VFs have been well characterised, and various 

S. iniae mutant strains required for the functional characterisation of the VFs have been 

generated, they can be used in an in vivo infection model. This chapter outlines the 

establishment of the S. iniae-zebrafish larvae infection model, followed by the visualisation 

and the investigation of the innate immune response to infection with WT S. iniae and various 

mutant strains.   

5.1 Establishing Dosage of S. iniae for Zebrafish Larvae Infection  

To determine the optimal S. iniae inoculum required to initiate moderate infection in zebrafish 

larvae, a range of WT S. iniae inocula in a 1 nL volume were injected into the hindbrain 

ventricle (Figure 5.1A, area marked by the red triangle) of 2 dpf larvae (n = 35 per group). The 

injection of bacteria into the hindbrain ventricle normally leads to a local infection. The 

hindbrain is a well-established site of injection that enable live imaging of innate immune cells 

at single-cell level (C. J. Hall et al., 2013). Furthermore, this infection site usually devoid of 

leukocytes, and hence allows for the direct observation of the host-innate immune cell 
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responses to localised S. iniae infection (Harvie & Huttenlocher, 2015). In order to monitor 

and ensure the inoculum remains almost the same over the injection process in all experiments, 

the number of bacteria injected in each experiment was quantified by injecting an equal volume 

of bacteria into PBS before, in-between and after larvae injections, and plated on agar plates. 

The survival rate of 3 combined experiments that were conducted independently showed that 

the hindbrain injection of S. iniae caused a dose-dependent mortality in zebrafish larvae (Figure 

5.1B). High doses of S. iniae (≥ ~100 cfu) resulted in the death of all infected larvae at 24 hpi 

(Figure 5.1B, red and blue lines). An inoculum of ~50 cfu resulted in moderate infections with 

~40% mortality at 24 hpi and all the remaining larvae were dead by 48 hpi (Figure 5.1B, green 

line), whereas at ~10 cfu, only ~20% of the infected larvae were dead at 24 hpi and ~70% at 

48 hpi, reaching 100% mortality by 72 hpi (Figure 5.1B, orange line). In contrast, the mock 

injection of sterile PBS to the same number of larvae per group showed 100% survival (Figure 

5.1B, black dashed line). Therefore, the dose that able to cause moderate infections in larvae 

(~50 cfu) was used for the subsequent experiments. 
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Figure 5.1: Establishment of S. iniae zebrafish larvae infection model. (A) A 2 dpf zebrafish 

larva. Black arrow indicates the site of infection at hindbrain ventricle. Scale bar, 280 µm. (B) 

Kaplan-Meier curve of 2 dpf larvae infected with various doses of WT S. iniae. S. iniae 

infection showing a dose dependent relationship, with a lethal dose of ~150 (red line) and ~100 

cfu (blue line). An inoculum of ~50 cfu WT S. iniae generated moderate infection (green line), 

and was used as the infection dose for the subsequent experiments. This data is the combined 

data from 3 independent experiments (n = 35 per group in each experiment). 

 

5.2 Analysis of SpnAi and S5nAi as Virulence Factors in a Zebrafish 

Larvae Infection Model 

In order to investigate whether SpnAi and S5nAi contribute to S. iniae survival in the host, 2 

dpf larvae were injected with ~50 cfu of either WT S. iniae, spnAi∆, s5nAi∆ or the 

spnAi∆s5nAi∆ mutant strain, and the survival of larvae was recorded every 24 hours over a 96-
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hour time course (Figure 5.2). In contrast to the larvae infected with WT S. inaie (Figure 5.2, 

grey line), greater than 60% of larvae injected with either spnAi∆ (Figure 5.2, red line), s5nAi∆ 

(Figure 5.2, blue line), or spnAi∆s5nAi∆ mutant (Figure 5.2, green line) were able to survive at 

48 hpi and more than 30% of them were still alive at 96 hpi. This indicates that SpnAi and 

S5nAi play an important role in contributing to S. iniae virulence. As expected, the larvae 

infected with spnAi and s5nAi double gene-knockout mutant showed a better survival rate than 

the larvae infected with single gene-knockout mutant, with greater than 75% survival at 96 hpi, 

suggesting that the SpnAi and S5nAi are able to work in synergy in invading the host immune 

system.  

 

Figure 5.2: Survival analysis of zebrafish larvae infected with S. iniae WT, single gene-

knockout, and double gene-knockout mutant strains. WT S. iniae, spnAi∆, s5nAi∆ and 

spnAi∆s5nAi∆ mutant strains were each injected into 2 dpf larvae. The survival of infected 

larvae was recorded over a 96-hour experimental period. Compared to larvae infected with WT 

S. iniae (grey line), larvae infected with comparable dose of spnAi∆ (red line), s5nAi∆ (blue 

line) and spnAi∆s5nAi∆ mutant strains (green line) showed a significant difference in survival. 

Compared to larvae infected with single gene-knockout, larvae infected with comparable dose 
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of spnAi∆s5nAi∆ mutant strains showed a significant difference in survival. This data is the 

combined data from 3 independent experiments (n = 35 per group in each experiment). **, p < 

0.01; ****, p < 0.0001 (as determined by the Gehan-Breslow-Wilcoxon test). 

 

5.3 Survival Analysis of Zebrafish Larvae Infected with Unlabelled 

and Labelled WT S. iniae  

The bioluminescent-labelled (ffluc) and green fluorescent-labelled (gfpmut2) S. iniae that were 

characterised in Chapter 4 (Section 4.4.4) were used in the analysis of SpnAi and S5nAi 

virulence in zebrafish larvae. Here, the virulence status of ffluc-labelled and gfpmut2-labelled 

WT S. iniae were first tested alongside the unlabelled WT strain in order to validate the labelled 

strains as equivalent to the unlabelled WT strain. The results showed no significant difference 

between the growth rate and bioluminescent or green fluorescent signals of the unlabelled and 

labelled S. iniae strains (Figure 5.3). Identical survival rates were seen between the mortality 

rates of larvae infected with the unlabelled WT, ffluc-labelled WT or gfpmut2-labelled WT S. 

iniae strains, with ~40% mortality at 24 hpi and 100% death at 48 hpi. This demonstrates that 

the expression of the reporter gene on the plasmid did not affect S. iniae virulence in the host.     
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Figure 5.3: Survival analysis of zebrafish larvae infected with unlabelled WT, bioluminescent-

labelled and green fluorescent-labelled S. iniae WT strains. Unlabelled WT, ffluc-labelled WT 

or gfpmut2-labelled WT S. iniae were each injected into 2 dpf larvae. The survival rate of the 

larvae infected with either ffluc-labelled or gfpmut2-labelled WT S. iniae did not show any 

significance difference with the larvae infected with unlabelled WT S. iniae. This data is the 

combined data from 3 independent experiments (n = 35 per group in each experiment). 

 

5.4 Analysis of SpnAi and S5nAi Virulence in Zebrafish Larvae 

using Labelled S. iniae 

The contribution of SpnAi and S5nAi to virulence was then tested again, this time by infecting 

the 2 dpf zebrafish larvae with generated ffluc-labelled and gfpmut2-labelled WT S. iniae, 

spnAi∆, s5nAi∆ and the complementation strains (Figure 5.4). Importantly, the fluorescent and 

bioluminescent reporter genes render the bacterial load visible in vivo. Overall, no significant 

difference was seen on the larvae survival rate between the two set of experiments involving 

two different reporter-labelled S. iniae strains, ffluc-labelled (Figure 5.4A) and gfpmut2-

labelled (Figure 5.4B). This supports the observation in Figure 5.3 that the reporter system does 

not affect S. iniae virulence in the host.  
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Similar to the previous survival analysis of infected larvae with unlabelled S. iniae strains 

(Figure 5.2), infection with WT S. iniae killed all larvae within 48 hours (Figures 5.2 and 5.4, 

grey line), and infection with spnAi∆ and s5nAi∆ showed survival rates of approximately 63% 

and 60%, respectively (Figures 5.2 and 5.4, red and blue lines). The ffluc- or gfpmut2-labelled 

spnAi and s5nAi complementation strains (Figure 5.4, green and orange lines) with spnAi and 

s5nAi functions restored, displayed similar mortality rate to labelled WT S. inaie (Figure 5.4, 

grey line), suggesting that the reduced virulence in the spnAi∆ and s5nAi∆ mutant strains is 

due to the loss of the spnAi and s5nAi, respectively. These results together with the previous 

result comparing the survival of larvae infected with unlabelled WT S. iniae and the gene-

knockout mutant strains (Figure 5.2), clearly show that SpnAi and S5nAi contribute to S. iniae 

virulence.  
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Figure 5.4: Survival analysis of zebrafish larvae infected with ffluc-labelled or gfpmut2-

labelled S. iniae WT, spnAi∆, s5nAi∆ and their complementation strains. (A) Ffluc-labelled or 

(B) gfpmut2-labelled WT S. iniae, spnAi∆, s5nAi∆ and their complementation strains were 

each injected into 2 dpf larvae. The survival of infected larvae was recorded over a 96-hour 

period. Compared to larvae infected with WT S. iniae (grey line), larvae infected with a 

comparable dose of spnAi∆ (red line) or s5nAi∆ (blue line), respectively, showed a significant 

difference in survival. No significant difference was observed between the survival of larvae 

infected with WT S. iniae and the spnAi or s5nAi complementation strains. This data is the 

combined data from 3 independent experiments (n = 35 per group in each experiment). ****, 

p < 0.0001; ns, not significant (as determined by the Gehan-Breslow-Wilcoxon test). 
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5.5 Disease Progression Analysis using Viable Bacteria Recovery 

and Fluorescence Signals 

As a measure of disease progression, the bacterial load in whole zebrafish larvae were 

monitored using bacteria recovery and fluorescence intensity as described in Section 2.2.6.4. 2 

dpf larvae were injected with ~50 cfu of gfpmut2-labelled S. iniae WT, spnAi∆, s5nAi∆ or 

complementation strains and monitored over 24-hour time course. At each time-point, 10 

larvae per group were sacrificed and homogenised individually. The bacterial load from 5 of 

the homogenised larvae was determined by plating the homogenate on kanamycin-containing 

THY+P agar plates for selective growth of gfpmut2-labelled S. iniae. The fluorescence 

intensity of another 5 homogenised larvae was measured using a plate reader. The overall result 

of the bacterial enumeration (Figure 5.5A) resembled the trend seen with fluorescence intensity 

measurement method (Figure 5.5B), suggesting that both methods can be used to measure the 

bacterial load of the infected larvae.  

In larvae infected with gfpmut2-labelled WT S. iniae (Figure 5.5, grey symbols), the amount 

of recoverable bacteria increased 2000-fold over a 24-hour time course from ~50 cfu at the 

initial inoculum to ~1 × 105 cfu (~5,500 RFU) at 24 hpi, which is similar to the bacterial load 

in larvae infected with spnAi and s5nAi complementation S. iniae strains (Figure 5.5, green and 

orange symbols). Single gene-knockout S. iniae showed lower bacterial counts, as the number 

of bacteria recovered from larvae infected with gfpmut2-labelled S. iniae spnAi∆ and s5nAi∆ 

mutant strains (Figure 5.5, red and blue symbols) increased 20-fold from an initial inoculum 

of ~50 cfu to a maximum of ~1,000 cfu (~900 RFU) at 9 hpi that was maintained until the end 

of the experiment. These results explained the high mortality rate of larvae infected with S. 

iniae WT and complementation strains, and higher survival rate of larvae infected with spnAi∆ 

and s5nAi∆ mutant strains at 24 hours (Figure 5.4). The significant difference in bacterial load 
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over time between larvae infected with S. iniae WT and larvae infected with gene-knockout 

mutant strains again point towards the important virulence role of both SpnAi and S5nAi.  

 

Figure 5.5: Disease progression of zebrafish larvae infected with gfpmut2-labelled S. iniae WT, 

spnAi∆, s5nAi∆ and their complementation strains. (A) Gfpmut2-labelled WT S. iniae, spnAi∆, 

s5nAi∆ and their complementation strains were each injected into 2 dpf larvae. The bacterial 

load of infected larvae (n = 5 per group in each experiment) at indicated time-points were 

quantified by plating on kanamycin-containing THY+P agar plates and also by (B) measuring 

the fluorescence intensity of the homogenised infected larvae. The bacterial load of larvae 

infected with gfpmut2-labelled S. iniae WT (grey symbols) and complementation strains (green 
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and orange symbols) were significantly higher than that of larvae infected with knockout-

mutant strains (red and blue symbols). This data is the combined data from 2 independent 

experiments (n = 5 per group in each experiment). The error bars show the standard deviation 

of two experiments. *, p < 0.05; ****, p < 0.0001; ns, not significant (as determined by 2way 

ANOVA with Tukey’s multiple comparisons test).   

 

5.6 Analysis of Innate Immune Response to S. iniae Infection in 

Zebrafish Larvae 

A major advantage of establishing a S. iniae-zebrafish larval infection model is that the 

optically transparent nature of 2 dpf zebrafish larvae enables visualisation of the host immune 

response to infection in vivo. Neutrophils and macrophages are important components of the 

innate immune system that respond early and migrate to the sites of infection. In zebrafish, 

innate immunity develops during early stages of development, with fully functional 

macrophages and neutrophils present as early as 2 dpf (Herbomel et al., 1999; Hermann et al., 

2004; Le Guyader et al., 2008). The availability of transgenic lines of zebrafish where 

macrophages and neutrophils are fluorescently labelled therefore make it possible to investigate 

the host innate immune cell responses to S. iniae infection. In addition, the stably labelled S. 

iniae with gfpmut2 enables the direct observation of the immune cell response to S. iniae in 

the presence or absence of SpnAi and S5nAi. SpnAi has been shown to degrade NETs (Figure 

4.10), and S5nAi is able to produce immunomodulatory molecules, adenosine (Figures 3.1 and 

4.1) and deoxyadenosine (Figure 3.10). Adenosine has been demonstrated to suppress 

macrophage phagocytic activity (Haskó et al., 2008; Ma et al., 2017), while deoxyadenosine 

is known to be cytotoxic to macrophages (Fox & Kelley, 1978; Thammavongsa et al., 2013). 

Therefore, the in vivo analysis focused on neutrophils and macrophages and their response to 

the virulence effect of SpnAi and S5nAi, respectively. As the injection of bacteria into the 

hindbrain ventricle leads to a local infection, which is typically devoid of leukocytes, the 
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following experiments imaged only the hindbrain ventricle using a dorsal viewpoint as shown 

in Figure 5.6.  

 

Figure 5.6: A 2 dpf zebrafish larvae in dorsal view. Subsequent confocal imaging of the area 

surrounded by the red square was performed in this orientation. Black arrow indicates the 

infection site at hindbrain ventricle. Scale bar, 280 µm. 

 

5.6.1 Host neutrophil-S. iniae interactions in zebrafish larvae 

To study the neutrophil response to S. iniae infection, a transgenic zebrafish line 

Tg(lyz:DsRED2)nz50 (C. Hall et al., 2007) expressing the red fluorescent protein DsRED2 

driven by the neutrophil-specific promoter, lysozyme (lyz) was used. This allows the 

visualisation of the host-pathogen interaction between red fluorescent neutrophils and green 

fluorescent-labelled WT S. iniae, spnAi∆ and spnAi complementation strains.  

5.6.1.1 Confocal live-cell imaging  

First, the neutrophil response to S. iniae infection was investigated using time-lapse confocal 

live-cell imaging as described in Section 2.2.6.5. Approximately 50 cfu of gfpmut2-labelled 

WT S. iniae, spnAi∆ and spnAi complementation strains were individually injected into the 

hindbrain ventricle of 2 dpf larvae that possessed red-labelled neutrophils. An additional group 

of larvae were injected with sterile PBS as a control for this experiment. Infected or control 

larvae were mounted in low melting agarose and the hindbrain ventricle of each larvae in dorsal 

view was imaged using a confocal microscope with a 20 × water immersion objective lens from 

3 hpi to 21 hpi.  
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Overall, the green fluorescence area of the WT S. iniae (Figure 5.7A, green) increased 

throughout the imaging, particularly from 11 hpi to 21 hpi. Similar observations were seen in 

larvae infected with the spnAi complementation strain (Figure 5.7C, green), but not spnAi∆ 

(Figure 5.7B, green), indicating that WT S. iniae and spnAi complementation strains, but not 

spnAi∆ were able to proliferate in the hindbrain ventricle. Furthermore, it was also observed 

that the WT S. iniae and spnAi complementation strains disseminate from the hindbrain to the 

midbrain of the larvae. These results corroborate Figure 5.5, where increased bacterial load 

was seen throughout the 21 hpi in larvae infected with WT S. iniae and spnAi complementation 

strains, but not spnAi∆.   

The number of neutrophils recruited to the site of infection varied throughout the experiment. 

Compared to control injection with sterile PBS Figure 5.7D, red), a generally higher number 

of neutrophils was observed to migrate to the hindbrain ventricle of larvae infected with all S. 

iniae strains (Figure 5.7A – C, red). This shows that neutrophils are recruited to combat a S. 

iniae infection. Neutrophils in the hindbrain ventricle appeared to engulf the green-labelled 

WT S. iniae (Figure 5.7A, inset at 3 hpi). However, only a few phagocytosis events of WT S. 

iniae were observed throughout the imaging (see Movie S1 in the supplemental materials) and 

bacteria were seen to slowly but steadily spread throughout the hindbrain ventricle (Figure 

5.7A, green). This suggests that WT S. iniae is able to escape from killing by neutrophils and 

therefore can multiply at the infection site.  

A similar observation was seen at the infection site of larvae infected with S. iniae spnAi 

complementation strain (Figure 5.7C). The neutrophils were recruited and migrated to the 

hindbrain ventricle (Figure 5.7C, red), but no phagocytosis of spnAi complementation strain 

was seen (see Movie S3 in the supplemental materials), suggesting that the expression of SpnAi 

enables the bacteria to avoid killing by neutrophils. Hence, the bacteria are able to grow within 

the hindbrain ventricle (Figure 5.7C, green).  
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In contrast, the observation of neutrophil response to S. iniae spnAi∆ (Figure 5.7B and Movie 

S2 in the supplemental materials) was significantly different to the neutrophil response to WT 

S. iniae and spnAi complementation strain (see Movie S5 in the supplemental materials). It was 

revealed that a high number of neutrophils migrated to the site of infection and phagocytosed 

S. iniae spnAi∆ (Figure 5.7B, inset at 3, 6, 8 and 16 hpi). Therefore, the amount of S. iniae 

spnAi∆ decreased over the course of imaging and not many bacteria were observed 17 hours 

later (Figure 5.7B, green). Interestingly, it was observed that the amount of recoverable spnAi∆ 

from the whole larvae was maintained at ~1000 cfu at 9 hpi to 21 hpi (Figure 5.5, red symbol), 

which is in contrast to the amount of spnAi∆ that were rapidly cleared at the hindbrain ventricle. 

This indicates that spnAi∆ were able to disseminate from the infection site to other parts of the 

larvae. Neutrophils that phagocytosed bacteria were seen to develop a rounded appearance and 

showed decreased motility. This indicates that the deletion of spnAi significantly affects the 

ability of S. iniae to escape phagocytosis, and to survive, proliferate and disseminate in the 

larvae, which also confirms the role of SpnAi as an immune evasion VF in contributing to the 

virulence of S. iniae.  
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Figure 5.7: Confocal live-cell imaging of neutrophil responses to S. iniae infection. (A) A confocal microscope was used to observe the neutrophil 

responses to infection with ~50 cfu of gfpmut2-labelled WT S. iniae, (B) spnAi∆, (C) spnAi complementation strain, and (D) sterile PBS at the 

larvae hindbrain ventricle using a 20 × objective lens. Tg(lyz:DsRED2)nz50 larvae were infected at 2 dpf and the images of the hindbrain ventricle 



136 

 

in dorsal view were taken from 3 hpi – 21 hpi. Eight frames were extracted from each of the individual movies. The increase in the amount of 

gfpmut2-labelled WT S. iniae and spnAi complementation strain, but not spnAi∆ at the larvae hindbrain ventricle indicates the ability of WT S. 

iniae and spnAi∆:spnAi to escape from neutrophil killing and proliferate within the infection site. Neutrophil phagocytic activity was mostly 

observed at the hindbrain ventricle of larvae infected with spnAi∆, causing a decrease in the gfpmut2-labelled bacteria over the course of imaging. 

The number in the lower-left corner of each frame indicates the time in hpi. The insets show an enlarged picture of red-labelled neutrophils co-

localising with gfpmut2-labelled S. iniae as indicated by the white arrowhead. Scale bar, 20 µm. In the supplemental materials, see Movies S1 – 

S4 represent panels (A) – (D), respectively. Movies S1 – S4 were combined into a single movie, Movie S5, to compare the results of neutrophils 

response to various S. iniae strains. Results are representative of 2 independent experiments. 
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5.6.1.2 Recruitment of neutrophils to the site of infection 

In order to quantify the number of neutrophils recruited to the hindbrain ventricle of larvae 

infected with WT S. iniae and other mutant strains at various time-points after infection, 

infected larvae were fixed at 1, 7, 14 and 21 hpi. Immunostaining was then used to label the 

neutrophils as described in Section 2.2.6.6. The immunostained larvae were mounted in low 

melting agarose and the hindbrain ventricle of each larvae in dorsal view was imaged using a 

confocal microscope (Figure 5.8A). A primary antibody (anti-dsRED2) and a secondary 

antibody (anti-Rabbit IgG-Alexa Fluor 568) were used to render neutrophils red for detection. 

The number of neutrophils recruited to the hindbrain ventricle was then quantified (Figure 

5.8B).  

The results showed an increase in the number of neutrophils recruited to the S. iniae infection 

site (Figure 5.8B, grey, red and green) as compared to control larvae (Figure 5.8B, black 

symbols) at 1 hpi. All WT and mutant S. iniae strains used showed a higher neutrophil count 

than PBS control after 1 hpi indicating that neutrophils respond to S. iniae infection at the 

hindbrain ventricle. As the time progresses, the number of neutrophils at the infection site 

increased in all infected larvae.  

A significant difference in the number of neutrophils at the hindbrain ventricles was seen 

between larvae infected with WT S. iniae (Figure 5.8B, grey symbols) and spnAi∆ (Figure 5.8B, 

red symbols) at 14 hpi and 21 hpi (p < 0.0001). The number of neutrophils at the hindbrain 

ventricle of larvae infected with WT S. iniae and spnAi complementation strains (Figure 5.8B, 

green symbols) was significantly lower as compared to spnAi∆ at 14 hpi and 21 hpi. This is 

probably due to the significant increase in the amount of WT S. iniae and spnAi 

complementation strains, but not spnAi∆ in the hindbrain ventricle. As shown in the previous 

results of disease progression analyses (Section 5.5) and confocal live-cell imaging (Section 

5.6.1.1), only the WT S. iniae (Figure 5.5, grey symbols and Figure 5.7A) and spnAi 
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complementation strains (Figure 5.5, green symbols and Figure 5.7C), but not the spnAi∆ 

(Figure 5.5, red symbol and Figure 5.7B) were able to escape from neutrophil killing and 

proliferate. Consequently, they may have disseminated to other parts of the larvae, causing the 

bacterial infection to be overwhelm in the larvae. At this point, the larval immune system was 

no longer able to cope with the bacterial infection.  
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Figure 5.8: Neutrophil recruitment to the site of S. iniae infection (Previous page). 

Immunofluorescence detection of neutrophils recruited to hindbrain ventricle of infected larvae 

with ~50 cfu of gfpmut2-labelled WT S. iniae (first column), spnAi∆ (second column), spnAi 

complementation strains (third column) or sterile PBS (last column) at 1 hpi (first row), 7 hpi 

(second row), 14 hpi (third row) and 21 hpi (last row). The larvae (n = 15 per group per time-

point) were infected at 2 dpf and fixed at the indicated time-points. A confocal microscope was 

used to image immunostained neutrophils at the hindbrain ventricle of each larvae in dorsal 

view. Scale bar, 20 µm. (B) Quantification of neutrophils in the hindbrain ventricle of 

individual larvae. More neutrophils were recruited to the hindbrain ventricle of infected larvae 

as compared to larvae injected with sterile PBS (black symbols), indicating the neutrophil 

response is specific to S. iniae infection. The number of recruited neutrophils at the infection 

site for all infected larvae were peaked at 7 hpi. At 14 hpi and 21 hpi, the number of neutrophils 

recruited in larvae infected with WT S. iniae (grey symbols) and spnAi complementation strains 

(green symbols) was significantly lower as compared to spnAiΔ (red symbols). ****, p < 

0.0001; ns, not significant (as determined by 2way ANOVA with Tukey’s multiple 

comparisons test).  

 

5.6.2 Host macrophage-S. iniae interactions in zebrafish larvae 

A similar approach was used to study the macrophage response against S. iniae infection. A 

transgenic line Tg(mpeg1:NTR-mCherry) (Ellett et al., 2011) expressing the red fluorescent 

protein mCherry driven by the macrophage-specific promoter of macrophage expressed gene 

1, (mpeg1) was used in the confocal live-cell imaging. This allowed the visualisation of the 

host-pathogen interaction between red fluorescent macrophages and green fluorescent-labelled 

WT S. iniae, s5nAi∆ and s5nAi complementation strains. The transgenic zebrafish line 

Tg(mpeg1:EGFP)gl22 (Ellett et al., 2011) expressing the green fluorescent protein EGFP driven 

by mpeg1 was used in the quantification of macrophage recruited to the site of infection.  

5.6.2.1 Confocal live-cell imaging 

The macrophage response to S. iniae infection was first characterised by using confocal live- 

cell imaging similar to the previous experiment conducted in Section 5.6.1.1. Approximately 

50 cfu of gfpmut2-labelled WT S. iniae, s5nAi∆ and s5nAi complementation strains were each 

injected to the hindbrain ventricle of 2 dpf larvae possessing red-labelled macrophages. 

Another group of larvae were injected with sterile PBS and used as a control in this experiment. 
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The infected or control larvae were mounted on low melting agarose and the hindbrain ventricle 

in dorsal view of each larvae were imaged from 3 hpi to 21 hpi using a confocal microscope 

with a 20 × water immersion objective lens. 

Over the course of the imaging, an increase in green fluorescence area was observed at the 

infection site of larvae infected with WT S. iniae (Figure 5.9A, green) and s5nAi 

complementation strains (Figure 5.9C, green), but not S. iniae s5nAi∆ (Figure 5.9B, green). 

This was particularly significant between 11 hpi and 21 hpi suggesting that the WT and 

complementation strains were able to successfully proliferate in the larvae. Furthermore, this 

correlates with the disease progression observed in Section 5.5 which showed an increase in 

bacterial load in larvae infected with WT S. iniae and s5nAi complementation strains, but not 

s5nAi∆ (Figure 5.5).  

Similar to the neutrophil response to S. iniae infection as seen in Section 5.6.1.1, a greater 

number of macrophages were recruited to the hindbrain ventricle in response to S. iniae 

infection as compared to larvae injected with sterile PBS (Figure 5.9D, red). It was seen that 

macrophages were able to phagocytose all of the strains used in this experiment (Figure 5.9A 

– C, inset), but the phagocytic activity in response to WT S. iniae (see Movie S6 in the 

supplemental materials) and s5nAi complementation strains (see Movie S8 in the supplemental 

materials) was different than s5nAi∆ (see Movie S7 in the supplemental materials). 

Macrophages were often observed at the infection site of larvae infected with WT S. iniae and 

s5nAi complementation strains, but did not appear to perform phagocytic activity. This result 

suggests that WT S. iniae and s5nAi complementation strains were able to suppress the 

phagocytic function of macrophages, thereby promoting bacterial survival and proliferation in 

larvae.  
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In contrast, time-lapse imaging showed that comparatively less S. iniae s5nAi∆ load was seen 

at the hindbrain ventricle of the larvae at the start of the imaging (see Movie S10 in the 

supplemental materials), suggesting that the bacteria were easily phagocytosed by innate 

immune cells, including macrophages (Figure 5.9B, inset at 3 and 6 hpi). No increase in green 

fluorescence area of S. iniae s5nAi∆ was seen throughout the imaging. This result indicates that 

the deletion of s5nAi significantly affects the ability of S. iniae to survive, proliferate and 

disseminate in the larva, which also confirms the role of S5nAi as an immune evasion VF in 

contributing to the virulence of S. iniae.  
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Figure 5.9: Confocal live-cell imaging of macrophage responses to S. iniae infection. (A) A confocal microscope was used to observe the 

macrophage responses to infection with ~50 cfu of gfpmut2-labelled WT S. iniae, (B) s5nAi∆, (C) s5nAi complementation strain, and (D) sterile 

PBS at the larvae hindbrain ventricle using a 20 × objective lens. Tg(mpeg1:NTR-mCherry) larvae were infected at 2 dpf and the images of the 
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hindbrain ventricle in dorsal view were taken from 3 hpi – 21 hpi. Eight frames were extracted from each of the individual movie. The increase in 

the amount of gfpmut2-labelled WT S. iniae and s5nAi complementation strain, but not s5nAiΔ at the larvae hindbrain ventricle indicates the 

ability of WT S. iniae and s5nAiΔ:s5nAi to escape from macrophage killing and proliferate within the infection site. Macrophages were able to 

phagocytose all the S. iniae strains. However, it was observed that majority of the macrophages did not phagocytose WT S. iniae and s5nAi 

complementation strains, suggesting the suppression of macrophage phagocytic function by these bacteria, leading to the increase of the gfpmut2-

labelled bacteria over the course of imaging. In contrast, little S. iniae s5nAiΔ was observed at the infection site at 3 hpi, and macrophages were 

able to phagocytose the bacteria, hence the decrease of the gfpmut2-labelled bacteria over the course of imaging. The number in the lower-left 

corner of each frame indicates the time in hpi. The insets show an enlarged picture of the red-labelled macrophage co-localised with gfpmut2-

labelled S. iniae as indicated by the white arrowhead. Scale bar, 20 μm. In the supplemental materials, see Movies S6 – S9 represent panels (A) – 

(D), respectively. Movie of S6 – S9 were combined into a single movie, Movie S10 to compare the results of macrophage response to various S. 

iniae strains. Results are representative of 2 independent experiments.  
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5.6.2.2 Recruitment of macrophages to the site of infection 

To quantify the number of macrophages recruited to the hindbrain ventricle of larvae infected 

with WT S. iniae and other mutant strains at various time-points post-infection, infected larvae 

were fixed at 1, 7, 14 and 21 hpi. Immunostaining was then used to stain the macrophages as 

described in Section 2.2.6.6. The immunostained larvae were mounted in low melting agarose 

and the hindbrain ventricle of each larvae in dorsal view was imaged using a confocal 

microscope (Figure 5.10A). A primary antibody (anti-GFP) and a secondary antibody (anti-

Chicken IgG-Alexa Fluor 400) were used to render macrophages green for detection. The 

number of macrophages recruited to the hindbrain ventricle was then quantified (Figure 5.10B).  

During the first hour post-infection, an increase in the number of macrophages recruited to the 

infection site of infected larvae (Figure 5.10, grey, blue and orange symbols) was observed in 

comparison to control larvae (Figure 5.10, black symbol). At this time-point, no significant 

difference was seen in all infected larvae. This indicates that macrophages respond to S. iniae 

infection at the hindbrain ventricle. As the time progresses, the number of macrophages at the 

infection site increases as seen at 7 hpi and 14 hpi for all infected larvae.  

No significant difference in the number of macrophages recruited to the hindbrain ventricle of 

all infected larvae was observed up to 14 hpi, though after 21 hpi the number of macrophages 

at the infection site of larvae infected with WT S. iniae (Figure 5.10, grey symbols) and s5nAi 

complementation strains (Figure 5.10, blue symbols), but not s5nAi∆ (Figure 5.10, orange 

symbols) decreased. This may be due to the high bacteria load of WT S. iniae and s5nAi 

complementation strains present at 21 hpi, as was reported in Figure 5.5 and confocal live-cell 

imaging (Figure 5.9A and C). The high bacterial burden could be caused by the generation of 

sufficient amount of deoxyadenosine that has a toxic effect on macrophages (Carrera et al., 

1990; Fox & Kelley, 1978).   
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Figure 5.10: Macrophage recruitment to the site of S. iniae infection (Previous page). (A) 

Immunofluorescence detection of macrophage recruited to hindbrain ventricle of larvae 

infected with ~50 cfu of gfpmut2-labelled WT S. iniae (first column), s5nAiΔ (second column), 

s5nAi complementation strains (third column) or sterile PBS (last column) at 1 hpi (first row), 

7 hpi (second row), 14 hpi (third row) and 21 hpi (last row). The larvae (n = 20 per group per 

time-point) were infected at 2 dpf and fixed at indicated time-points. A confocal microscope 

was used to image immunostained macrophages at the hindbrain ventricle of each larvae in 

dorsal view. Scale bar, 20 μm. (B) Quantification of macrophage in the hindbrain ventricle of 

individual larvae. An increase in the number of macrophages recruited to the hindbrain 

ventricle of infected larvae was seen compared to larvae injected with sterile PBS (black 

symbols), indicating the macrophages respond to S. iniae infection. The number of recruited 

macrophages at the infection site for all infected larvae were peaked at 14 hpi. At 21 hpi, the 

number of neutrophils recruited to the infection site of larvae infected with WT S. iniae (grey 

symbols) and s5nAi complementation strains (orange symbols) was significantly lower as 

compared to s5nAiΔ (blue symbols). ****, p < 0.0001; ns, not significant (as determined by 

2way ANOVA with Tukey’s multiple comparisons test). 

 

5.7 Analysis of GAS SpnA Virulence in Zebrafish Larvae 

After successfully using zebrafish larvae to analyse SpnAi and S5nAi, a similar method was 

employed to test the GAS SpnA. WT GAS SF370 (M1 strain) and spnA∆ (Chang et al., 2011) 

were introduced with the same green fluorescent reporter plasmid was previously used to label 

S. iniae (pLZ12Km2-P23R:TA:gfpmut2). GAS that successfully took up the reporter plasmid 

were selected by plating on kanamycin-containing THY+P agar plates, and further confirmed 

by screening for the ability of the bacteria to fluoresce. The generated gfpmut2-labelled WT 

GAS and spnA∆ were grown to an OD600nm of 0.6, and attempts were made to inject the 2 dpf 

zebrafish larvae. However, due to the natural morphology of GAS to produce long chains and 

form aggregates during their growth in liquid media, the bacteria tend to settle at the bottom of 

injection needle, and repeatedly caused the blockage of the injection needle. This led to 

difficulty when injecting inoculate into zebrafish larvae. Attempts to break the GAS 

aggregation using water bath sonication were performed, without success. 
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5.8 Discussion 

In this chapter, a S. iniae-zebrafish larvae infection model was established to investigate the 

contribution of SpnAi and S5nAi to virulence in vivo. The in vitro analysis of SpnAi and S5nAi 

in Chapter 4 suggested that both VFs may play a role in evading the host immune response, 

which allows the bacteria to survive and cause a lethal infection. Using larvae in the zebrafish 

infection model provides the advantage of optical clarity. Combined with the green fluorescent-

labelled S. iniae generated for this study, it was possible to study the interaction between 

zebrafish larvae and S. iniae using time-lapse in vivo confocal imaging, focussing in particular 

on cells of the innate immune system.  

Injecting WT S. iniae into the hindbrain ventricle of zebrafish larvae resulted in a dose-

dependent host mortality (Figure 5.1). Larvae were highly susceptible to WT S. iniae infection, 

given that an inoculation of only ~10 cfu could cause a lethal infection, and the bacterial burden 

was seen to clearly increase during the first 21 hpi (Figure 5.5). An identical survival rate was 

seen in larvae infected with ffluc- or gfpmut2-labelled and unlabelled WT S. iniae strains 

(Figure 5.3), indicating that expression of the reporter gene by the bacteria did not affect their 

virulence. This observation shows that the differential response seen in vivo between WT S. 

iniae and the gene-knockout strains in the subsequent experiments are indeed due to the loss 

of SpnA or S5nA. 

The zebrafish larvae infection model provided an informative tool in differentiating and 

comparing the host response to infection with WT S. iniae and isogenic gene-knockout mutant 

strains. Infection with either S. iniae spnAi∆ or s5nAi∆ resulted in attenuated virulence in the 

larvae hosts, compared to infection with WT S. iniae and their complementation strains 

(Figures 5.2 and 5.4). This confirmed the important roles of SpnAi and S5nAi in contributing 

to S. iniae virulence. Larvae infected with S. iniae spnAi∆s5nAi∆ showed even greater survival 
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than larvae infected with either single gene-knockout mutant strains (Figure 5.2). This further 

confirms the virulence role of SpnAi and S5nAi, and suggest that both these VFs have separate 

functions that work in tandem to evade the host immune system.  

It was shown that the bacterial burden of larvae infected with WT S. iniae and spnAi or s5nAi 

complementation strains increased over the first 21 hpi (Figure 5.5), correlating with a high 

mortality rate (Figures 5.2 and 5.4). Unlike the infection with WT S. iniae, infection of larvae 

with S. iniae spnAi∆ and s5nAi∆ demonstrate relatively constant bacterial burden throughout 

the first 21 hpi, indicating that larvae were able to control the infection, and displayed a better 

survival rate in comparison to larvae infected with WT S. iniae and complementation strains. 

This again points towards the important virulence role of both SpnAi and S5nAi. The in vivo 

bacterial load as quantified by the fluorescence intensity (Figure 5.5B) resembled the trend 

evident in the bacterial load seen using a cfu enumeration method (Figure 5.5A). This suggests 

that fluorescence signal measurement can be used to analyse the bacterial burden. However, 

the fluorescence method is not as sensitive as cfu count when measuring low amounts of 

bacteria. The lower limit of the fluorescence detection method was observed to be 

approximately 150 cfu.  

Zebrafish rely only on the innate immune response alone to protect against pathogen infection 

during approximately the first 30 days of development (Lam et al., 2004). This temporal 

separation of the innate and adaptive immune response provides an excellent model to study 

infectious disease, focusing on early infection. Neutrophils are among the first immune cells 

recruited to the site of infection. Any interruption on the neutrophil supply or activity is 

detrimental to the control of bacterial infection. Although the in vivo live-cell imaging 

demonstrated an increase in the number of neutrophils migrated to the hindbrain ventricle in 

response to WT S. iniae, spnAi∆ and spnAi complementation strains compared to the control 

larvae injected with sterile PBS, the neutrophil phagocytic activity in response to these strains 
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was different (Figure 5.7 and see Movies S1 – S4 or S5 in the supplemental materials). As 

reported in Chapter 4, WT S. iniae and spnAi∆ differ in terms of their level of DNase activity 

against DNA (Figure 4.9) and NETs (Figure 4.10), which offers a likely explanation for the 

relatively lower level of neutrophil phagocytosis at the infection site of larvae infected with 

WT S. iniae (Figure 5.7A and see Movie S1 in the supplemental materials). This in turn 

indicates the ability of bacteria to escape neutrophil killing is aided by SpnAi expression. The 

ability of nucleases to escape the host immune response was also demonstrated by GAS SpnA 

(Chang et al., 2011; Hasegawa et al., 2010) and Sda1 (Buchanan et al., 2006). In comparison 

to WT S. iniae, it was observed that S. iniae spnAi∆ were more susceptible to phagocytosis by 

neutrophils and not many bacteria were seen after 17 hpi (Figure 5.7B and see Movie S2 in the 

supplemental materials), resulting in a better survival compared to WT S. iniae and spnAi 

complementation strains.  

Recruitment of neutrophils to the site of infection is a key element of the host defence against 

bacterial infection. Although WT S. iniae and spnAi∆ differed in their mortality and 

proliferation rates in vivo, the initial responses of host neutrophils to both strains appeared to 

be similar (Figure 5.8), indicating that deletion of spnAi did not affect the initial recruitment of 

neutrophils to the infection site. It is possible that due to the low numbers of neutrophils being 

recruited to the infection site, the difference in the number of neutrophils recruited could not 

be clearly seen in response to WT S. iniae and spnAi∆. A previous study has shown that the 

neutrophils recruited to the site of WT S. iniae infection is dose dependent (Harvie et al., 2013). 

Therefore, an injection with a higher inoculum of more than 50 cfu could be applied to observe 

a significant difference in the number of neutrophil recruitment to the infection site between 

WT S. iniae and spnAi∆. In addition, it was also observed that the WT S. iniae and spnAi 

complementation strains, but not spnAi∆ were able to disseminate to other parts of the larvae. 
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Hence, it is also possible that some of the neutrophils were diverted to other areas in response 

to disseminated S. iniae infection.  

Another important innate immune cell that provides front line defence against infection are the 

macrophages. Live-cell imaging revealed that macrophages were recruited to the infection site 

and able to phagocytose WT S. iniae, s5nAi∆, and s5nAi complementation strains (Figure 5.9, 

and see Movies S6 – S9 or S10 in the supplemental materials), but with differential response 

to each strain. In the case of infection with WT S. iniae and s5nAi complementation strains, it 

was found that the majority of macrophages did not seem to phagocytose the bacteria, 

suggesting that these strains were able to suppress phagocytic ability of the macrophages and 

therefore able to survive in the host. Furthermore, comparatively fewer s5nAi∆ were seen at 

the infection site throughout the imaging period, suggesting that a more effective innate 

immune response against s5nAi∆ as compared to WT S. iniae. Nucleotidase expression by 

AdsA of Staphlococcus aureus (Thammavongsa et al., 2009) and ENuc and 5Nuc of 

Streptococcus equi (Ma et al., 2017) has been previously shown to promote escape from the 

host immune response, suggesting a similar function by S5nAi. Accordingly, a lower 

nucleotidase activity was seen in s5nAi∆ than WT S. iniae (Figure 4.11). The live-cell imaging 

results would suggest that WT S. iniae and s5nAi complementation strains, but not s5nAi∆ are 

able to produce adenosine which, through its immunomodulatory action, suppresses the 

production of various components required for macrophage phagocytic action such as 

superoxide (Cronstein et al., 1983; Cronstein et al., 1985), pro-inflammatory cytokines, and 

nitric oxide (Hasko et al., 1996; J. Xaus et al., 1999). The suppression of macrophage 

phagocytic function by WT S. iniae and s5nAi complementation allows the bacteria to survive 

and proliferate in the host.  
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Both live-cell imaging and immunostaining of innate immune cells recruited to the infection 

site indicated that more macrophages (Figure 5.10B) than neutrophils (Figure 5.8B) were 

recruited to the infection site of larvae infected with WT S. iniae. This was also presented in a 

previous study by Harvie et al. (2013), suggesting macrophages may play a more dominant 

role than neutrophils in defending against S. iniae infection. No significant difference in the 

number of macrophages recruited to the infection site of larvae infected with WT S. iniae, 

s5nAi∆ and s5nAi complementation strains was seen in early infection (Figure 5.10), indicating 

that S5nAi does not inhibit the recruitment of macrophages to the infection site. In vitro studies 

showed that nucleotidases including S. iniae S5nAi (Figure 3.10), GAS S5nA (Zheng et al., 

2015) and Staphylococcus aureus AdsA (Thammavongsa et al., 2013) were able to produce 

deoxyadenosine, an immunomodulatory molecule that has been shown to activate caspase-3-

mediated apoptosis of macrophage and monocytes, thereby restricting macrophage survival. It 

is possible that the low number of macrophages at the hindbrain ventricle of larvae infected 

with WT S. iniae and s5nAi complementation strain at 21 hpi was due to the production of high 

amount of deoxyadenosine that activate the macrophage caspase-3-mediated apoptosis. Again, 

it was also observed that the WT S. iniae and s5nAi complementation strains, but not s5nAi∆ 

were able to disseminate to other parts of the larvae. Therefore, it is possible that some of the 

macrophages were being recruited to other areas to which the S. iniae disseminated.  

Efforts were made to analyse GAS SpnA virulence in zebrafish larvae. However, due to the 

natural morphology of GAS to form long chains and aggregates, the injection needle was 

repeatedly blocked when delivering the inoculum. This led to the inability to inject the 

inoculum of bacteria into zebrafish larvae. Attempts to use sonication to disperse GAS 

aggregates did not help. GAS aggregation has been reported in many strains of GAS when 

grown in vitro in liquid media (I. M. Frick et al., 2000; Stollerman & Ekstedt, 1957), and has 

been reported to arise from the homophilic protein-protein interaction of protein H on the 
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surface of common GAS (I. M. Frick et al., 2000). This observation that GAS aggregation is 

incompatible with the zebrafish larvae model further supports the use of S. iniae in the zebrafish 

infection model to study GAS VFs.  

In this chapter, a zebrafish larvae infection model with fluorescence labelled-innate immune 

cells combined with fluorescence-labelled S. iniae was used to explore the virulence 

contribution of SpnAi and S5nAi in vivo. The results presented built upon the results of the 

previous chapters, which had shown that these two VFs operate in vitro (Chapter 4), and that 

they are true orthologues of GAS (Chapter 3). Importantly, these VFs aided in evading the host 

innate immune system, and promoting S. iniae survival and proliferation in vivo. In the 

following chapter, these results are discussed in-relation to those of previous chapters, along 

with the wider implications of these observations.  
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Chapter 6:  Summary and Significance 

GAS is an important and exclusively human pathogen with worldwide geographical 

distribution and high prevalence of infection. The complex interaction between GAS and its 

human hosts involve a wide variety of VFs that facilitate colonisation, dissemination and 

immune evasion. However, the investigation of these GAS VFs has been challenged by a lack 

of suitable animal infection models for this exclusively human pathogen. This thesis has 

addressed this need by modelling the orthologues of two recently characterised GAS cell wall 

anchored immune evasion factors, SpnA and S5nA in a natural host system. The orthologues 

of these GAS VFs have been identified in S. iniae, a major fish pathogen. Hence, the aim of 

this study was to establish the use of a S. iniae-zebrafish infection model to analyse the function 

of orthologous VFs found in GAS. Exploration of the mechanism of such VFs is crucial for the 

understanding of GAS pathology, and is a necessary precursor to treatments or vaccines 

targeting these proteins for combating both GAS and S. iniae infections. The following sections 

summarise the results presented in the preceding Chapters and organise them according to topic, 

before the wider significance to GAS or S. iniae pathology is discussed in Section 6.2. Lastly, 

avenues for future research to build upon these findings are described in Section 6.3. 

6.1 Summary 

6.1.1 S. iniae SpnAi and S5nAi are Orthologues of GAS SpnA and S5nA  

In this thesis, two genes on the S. iniae genome that are similar to the spnA and s5nA of GAS 

strain SF370 (serotype M1) were identified and investigated. The genes identified shared amino 

acid sequence identities of 63% and 62% with SpnA and S5nA, respectively. Domain 

prediction for the protein suggested that these two novel VFs shared similar domain structures 

to their GAS counterparts, and were accordingly named SpnAi and S5nAi. The 2,823-bp spnAi 
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encodes a 940-amino acid cell wall anchored nuclease; and the 2,031-bp s5nAi encodes a 676-

amino acid cell wall anchored 5’-nucleotidase. The recombinant form of these two virulence 

proteins, rSpnAi and rS5nAi, were expressed in a soluble form and purified by affinity and ion 

chromatography. The biochemical analysis of SpnAi and S5nAi were carried out and, as shown 

in Tables 3.1 and 3.2, the results showed that they exhibited similar biochemical properties to 

those reported for GAS SpnA by Chang et al. (2011) and S5nA by Zheng et al. (2015), 

respectively. Therefore, together with the similarity in protein lengths, domain structures and 

amino acids identities, these S. iniae proteins were confirmed as true GAS orthologues.  

6.1.2 SpnAi Digests DNA and NETs  

The DNase activity of SpnAi has been demonstrated in this study. SpnAi in both a recombinant 

form or expressed by S. inaie were able to digest DNA. The hydrolysis of DNA by SpnAi is, 

like SpnA, dependent on the presence of Ca2+ and Mg2+. Importantly, SpnAi is also capable of 

cleaving the DNA backbone of NETs. NETs are extracellular fibers released from neutrophils 

upon activation that trap, neutralise and kill bacteria (Brinkmann et al., 2004). Hence, the 

destruction of NETs would allow the bacteria to escape killing by antimicrobial proteins on the 

DNA framework. An isogenic mutant lacking spnAi was generated by allelic replacement 

method for this study (spnAi∆). Deletion of spnAi in S. iniae significantly reduced the overall 

DNase activity compared to WT S. iniae. Furthermore, significant differences were seen in the 

quantity of NETs digested between WT S. iniae and spnAi∆, and in their ability to escape from 

phagocytosis observed using confocal microscopy. This indicates that SpnAi is able to evade 

host immune defence by degrading the DNA backbone of NETs, thereby conferring resistance 

to neutrophil killing.  
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6.1.3 S5nAi Produces Immunomodulatory Molecules 

In this study, rS5nAi demonstrated the ability to hydrolyse AMP, ADP and dAMP, but not 

ATP, to produce adenosine and deoxyadenosine, and this substrate preference is similar to that 

of S5nA as reported by Zheng et al. (2015). In addition, S5nAi expressed by S. iniae 

demonstrated the ability to digest AMP to produce adenosine. Adenosine (Haskó et al., 2008) 

and deoxyadenosine (Fox & Kelley, 1978) are immunomodulatory molecules that play 

important roles in cell signalling. The inability to balance the amount of either molecule in the 

host system can disrupt immune cell function to cause cellular toxicity and potentially cell 

death (Fox & Kelley, 1978; Yegutkin, 2008). Adenosine has been shown to inhibit neutrophil 

degranulation and suppress macrophage phagocytic action (Bouma et al., 1997), while 

deoxyadenosine is known to be cytotoxic and has been demonstrated to induce caspase-3-

mediated apoptosis in macrophages (Thammavongsa et al., 2013). The significant reduction in 

overall bacterial nucleotidase activity of s5nAi∆ as compared to WT S. iniae, caused s5nAi∆ to 

be more susceptible to phagocytosis, and ultimately led to a lower bacterial load in zebrafish 

larvae infected with s5nAiΔ.  

6.1.4 Synergism of SpnAi and S5nAi  

In Chapter 3, it was shown that SpnAi and S5nAi were able to work in synergy to generate 

immunomodulatory molecules, deoxyadenosine from DNA. A similar synergism between 

nuclease and nucleotidase have also been described in GAS SpnA and S5nA (Zheng et al., 

2015). In addition, Thammavongsa et al. (2013) demonstrated that Staphylococcus aureus 

nuclease (Nuc) works in combination with nucleotidase (AdsA), which Nuc degrades the DNA 

backbone of NETs to provide the dAMP substrate for AdsA to generate deoxyadenosine that 

induced macrophage and monocyte apoptosis. Furthermore, another recent study has also 

shown that deoxyadenosine impairs the phagocytic activity of macrophages (Ma et al., 2017). 

In Chapter 4, it was confirmed that SpnAi could also degrade NETs, and in Chapter 3, the 
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ability of S5nAi to degrade dAMP into deoxyadenosine was also demonstrated. Together with 

the better survival rates observed following infection with the double gene-deletion mutant 

(spnAi∆s5nAi∆) as compared to single gene-deletion mutants (spnAi∆ and s5nAi∆), it appears 

that SpnAi and S5nAi are able to work synergistically to promote evasion from the host 

immune response. The interplay between are illustrated in Figure 1.7. 

6.1.5 Bioluminescence- and Green fluorescence-labelling of S. iniae for In Vivo 

Analysis 

This study reported the first instance of green fluorescent-labelling of S. iniae. In Chapter 4, 

WT S. iniae and its isogenic mutant strains were successfully transformed with a novel toxin-

antitoxin stabilised bioluminescent reporter plasmid (pLZ12Km2-P23R:TA:ffluc) or a green 

fluorescent reporter plasmid (pLZ12Km2-P23R:TA:gfpmut2) that enabled the visualisation 

and quantification of bacteria in the in vivo zebrafish infection model. A linear correlation was 

seen between the bacterial cell density and the bioluminescence or green fluorescence intensity. 

Furthermore, the identical mortality rates between unlabelled and bioluminescent or green 

fluorescent-labelled WT S. iniae showed that the expression of these reporter genes did not 

affect bacterial growth or create an extra growth burden to the bacteria. In addition, the 

bioluminescent- and green fluorescent-labelled WT S. iniae demonstrated no significant 

difference in virulence as compared to their unlabelled parental strains in the zebrafish larvae. 

The green fluorescent-labelled S. iniae strains generated were readily quantifiable using the 

fluorescence signal, and importantly the bacteria were also able to be visualised directly in 

zebrafish larvae using confocal microscopy.  
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6.1.6 SpnAi Nuclease Activity Contributes to S. iniae Virulence In Vivo 

A significant reduction in virulence was seen in the S. iniae spnAi∆ mutant as compared to WT 

S. iniae based on the survival of the infected larvae. The reintroduction of the spnAi gene into 

the spnAi∆ strain effectively restored SpnAi function, and resulted in a similar virulence to WT 

S. inaie. The attenuated virulence of spnAi∆ in the zebrafish larvae model was also evident in 

the relatively constant bacterial load, compared to the WT S. iniae and the spnAi 

complementation strains where an increase in abundance was seen in the first 21 hours post-

infection. Although it was observed that SpnAi did not affect neutrophil recruitment to the 

infection site, S. iniae spnAi∆ were more susceptible to phagocytosis by neutrophils in 

comparison to WT S. iniae and spnAi complementation strains. This resulted in a relatively low 

bacterial load and therefore better survival. These results confirmed that SpnAi plays a role as 

an immune evasion VF that contributes to bacterial escape from neutrophil killing.     

6.1.7 S5nAi Nucleotidase Activity Contributes to S. iniae Virulence In Vivo 

The virulence contribution of S5nAi was characterised in the zebrafish infection model, as the 

WT S. iniae but not s5nAi∆ impaired the survival of zebrafish larvae. In the complementation 

strains, restoring S5nAi similarly restored the mortality rates to equal those of WT S. iniae. 

The relatively constant bacterial loads observed in larvae across the 21 hours of infection show 

that zebrafish larvae were able to control the infection by S. iniae s5nAi∆. In contrast, 

increasing bacterial loads were observed in larvae infected by WT S. iniae and s5nAi 

complementation strains. Recruitment of macrophages to the infection site was seen in all 

larvae infected with S. iniae, however it was observed that only larvae infected with S. iniae 

s5nAi∆ were able to control the bacterial infection. Macrophages were recruited in response to 

WT S. iniae and s5nAi complementation strains infection. However, the phagocytic function 

of recruited macrophages was suppressed. This indicates a great reduction in the nucleotidase 

activity of s5nAi∆ compared to WT S. iniae, rendering s5nAi∆ more susceptible to 
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phagocytosis and resulting in a higher larval survival rate. These results confirmed that S5nAi 

is also an immune evasion VF involved in suppressing the phagocytic function of macrophages.  

6.2 Significance 

6.2.1 Identification and functional analysis of novel S. iniae virulence factors 

SpnAi and S5nAi  

The identification and the functional analysis of VFs are essential steps in understanding the 

strategies used by pathogens to bypass host defence mechanisms. In this study, two novel VFs 

of S. iniae have been identified and their immune evasion functions were demonstrated both in 

in vitro and in vivo. These results provide a better understanding of these VFs in contribution 

to S. iniae virulence in the host. S. iniae infection of marine and freshwater fish has become a 

major problem globally (Agnew & Barnes, 2007), causing significant economic losses in 

aquaculture (Shoemaker et al., 2001). A number of S. iniae VFs have been identified and 

characterised as listed in Table 3.1 and several S. iniae vaccines have been developed based on 

these VFs (Locke et al., 2008). However, subsequent reports showed that vaccines that were 

based on the well-studied M-like protein were ineffective in farmed fish (Aviles et al., 2013). 

A recent review by Mishra et al. (2018) on the current challenge for controlling streptococcal 

infection in aquaculture mentioned that S. iniae pathogenesis is still not completely understood 

as the infection involved complex process of various VFs (Zlotkin et al., 2003) and many 

vaccination programs have been unsuccessful for many reasons, including limited knowledge 

of VFs (Agnew & Barnes, 2007). Research into S. iniae SpnAi and S5nAi will not only directly 

inform the design of effective vaccines for S. iniae, but will also serve as an example for further 

investigations into identifying and characterising the in vivo molecular and cellular processes 

of other VFs in the future.  
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6.2.2 Successful fluorescence labelling of S. iniae facilitate in vivo functional 

analysis of other virulence factors 

The expression of fluorescent proteins in bacteria has been widely used in the study of 

pathogen-host cell interactions (Choy et al., 2003; Karimi et al., 2016). This thesis reported the 

stable green fluorescence labelling of S. iniae for the first time, by introducing a novel toxin-

antitoxin stabilised green fluorescent reporter plasmid. Previous work by Harvie et al. (2013) 

reported the inability to reliably track S. iniae using CellTracker Red CMPTX dye in vivo 

because the dye became diluted or disappeared as bacteria divide. In addition, the same study 

was unable to accurately measure the S. iniae burden in the host since they used non-selective 

agar plates that also allowed the grow of Gram-positive bacteria (Harvie et al., 2013) that were 

present as normal members of the zebrafish gut microbiota (Roeselers et al., 2011). The 

fluorescence labelling of S. iniae in this thesis rectifies this shortcoming, as the post-

segregational killing of those bacteria that lost the plasmid enabled the reliable and non-

invasive tracking of S. iniae in vivo. In addition, the use of this reporter plasmid in S. iniae also 

allowed the bacterial burden in the host to be tracked over time by measuring the fluorescence 

signal. The reporter plasmid also contained a kanamycin resistance gene that enabled the 

selective grow of S. iniae, and for the injection inoculum to be tracked by bacterial enumeration. 

In addition to the green fluorescence labelling S. iniae strain, bioluminescent S. iniae were also 

generated in this study that can also be used in the observation of pathogen-host cell interaction 

in vivo.   

6.2.3 Benefits of the S. iniae-zebrafish infection model   

The use of zebrafish as an infection model has many advantages over mammalian models, as 

were listed in Section 1.9. In this thesis, I found that a number of advantages of using zebrafish 

larvae as compared to mammalian models are worth emphasising, including the ease of access 
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to a large number of zebrafish larvae that enabled a large sample size in each experiment. This 

allowed a precise mean to be established, improving the accuracy of results. The optically 

transparency nature of zebrafish larvae allowed the in vivo analysis of VFs to be observed 

directly using non-invasive imaging techniques. The availability of various transgenic reporter 

zebrafish lines possessing fluorescent immune cells together with the use of fluorescent 

pathogen enabled the observation of the innate immune cell function in response to infection. 

Furthermore, in Chapter 5, it was shown that GAS aggregation hindered the injection of 

bacteria into zebrafish larvae, necessitating the use of alternative bacteria that express these 

VFs. This further supports the utility of the S. iniae-zebrafish infection model.  

6.2.4 SpnAi and S5nAi negatively affect the phagocytic function of innate 

immune cells 

Previous in vitro studies demonstrated that both GAS SpnA (Chang et al., 2011) and S5nA 

(Zheng et al., 2015) were able to promote bacterial survival in the human whole blood killing 

assay, and SpnA was also able to promote bacterial survival in the neutrophil killing assay. 

This thesis built upon those results, by performing both the in vitro and in vivo functional 

analysis of SpnAi and S5nAi. The in vitro functional analysis of SpnAi and S5nAi either in 

recombinant form or as expressed by S. iniae showed a significant decrease in nuclease and 

nucelotidase activity, respectively. In addition to in vitro analysis, the in vivo functional 

analysis of SpnAi and S5nAi was also carried out using a zebrafish larvae infection model. The 

in vivo analysis indicates that both VFs did not affect the recruitment of neutrophil and 

macrophages, but negatively affect the phagocytic function of neutrophil and macrophages, 

respectively. This thesis reported the first functional analysis of nuclease and nucleotidase in 

relation to the neutrophils and macrophages responses, respectively, using in vivo live-cell 

imaging and immunomicroscopy techniques.  



165 

 

6.3 Future Directions 

The characterisation and establishment of the S. iniae-zebrafish infection model by researching 

SpnAi and S5nAi, two S. iniae VFs that are also found in GAS, is a necessary precursor to 

analysing other GAS VFs in this model system. Such future investigations of S. iniae and GAS 

VFs will ultimately lead to treatments. In the sections below, I outline topics for further 

research that build upon the work of this thesis and aim to take the translational step towards 

treatment. 

An almost identical experimental design to this thesis could be used to investigate additional 

VFs that are homologous to both S. iniae and GAS. In addition to SpnAi and S5nAi, several 

other clinically relevant homologues to GAS were listed in Table 1.3, all of which are important 

to consider as potential targets for future vaccine development. Enzymes like C5a-peptidase 

(Locke, 2008) or interleukin-8 protease (Zinkernagel et al., 2008) are present in both S. iniae 

and GAS, and are known immune evasion VFs. These and other common VFs can have their 

contribution to virulence assessed and the neutrophil and macrophage response observed in the 

zebrafish model. The methods presented in this thesis that involved the use of isogenic mutants 

and complementation as well as the reporter gene labelling to facilitate in vivo observation can 

be readily adapted to suit these VFs, and provide a better understanding of these GAS VFs in 

S. iniae.  

The level of VF expression in both S. iniae (Allen & Neely, 2011) and GAS (Reid, Hoe, et al., 

2001) is affected by various environmental factors. Previously characterised VFs have been 

discovered primarily via in vitro techniques, though knowledge of VF expression patterns at 

the site of infection is limited and remains to be investigated in vivo. In Chapter 4, Western 

blot analysis of the S. iniae WT cell wall extract showed that SpnAi and S5nAi were expressed 

throughout various bacterial growth phases when cultured in vitro (Figure 4.5). Their 
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expression profile in the zebrafish host, however has not been examined. While it is likely to 

be similar to that seen in vitro, environmental factors that influence the VF expression pattern 

at the infection site are complex and difficult to fully replicate in vitro and may be worth 

exploring more fully. mRNA transcriptome analysis has been widely used to investigate 

bacterial gene expression profiles. This method can be employed in future experiments to 

investigate SpnAi and S5nAi expression patterns at the site of infection and provide insight 

into VF expression at various stages of infection in vivo.  

It is also possible to study GAS VFs that are not naturally present in S. iniae by introducing 

them into the immune invasion restricted S. iniae double gene-knockout. The double gene-

deletion mutant (spnAi∆s5nAi∆) was generated in this study to show how SpnAi and S5nAi 

act synergistically to generate immunomodulatory molecules. The in vivo zebrafish larvae 

survival analysis demonstrated that larvae infected with spnAi∆s5nAi∆ showed a markedly 

lower virulence than both spnAi∆ and s5nAi∆, and that these two VFs are able to work in 

synergy to evade the host immune system. Further investigation of this double-gene deletion 

mutant in response to innate immune cells is warranted. Furthermore, genes that encode for 

GAS VFs that are not found in S. iniae could be introduced to this immune invasion restricted 

S. iniae spnAi∆s5nAi∆ using an E. coli-streptococcal shuttle vector. This would allow the study 

of the introduced virulence gene function using zebrafish as the infection model.   

In Chapter 5 we saw that both SpnAi and S5nAi contribute to S. iniae virulence by promoting 

evasion of the host innate immune response. While removing SpnAi or S5nAi did not affect 

neutrophil and macrophage recruitment, it did affect their phagocytic function. Further 

exploration is required, however, in order to fully elucidate the exact mechanism of these VFs. 

In this thesis the virulence roles of SpnAi and S5nAi were only investigated in relation to the 

neutrophil and macrophage responses independently. Now that methods for the S. iniae-

zebrafish larvae model have been established, it is readily possible to test the effect of SpnAi 
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deletion on macrophage function, and of S5nAi deletion on neutrophil function. Doing so 

would further test the hypotheses outlined in this thesis, and would reveal any potentially useful 

unforeseen interactions.  

Since SpnA and S5nA are both immune evasion VFs that function synergistically in vitro 

(Zheng et al., 2015), as are SpnAi and S5nAi (Figure 3.13), future experiments may examine 

the neutrophil and macrophage responses to these VFs using the spnAi∆s5nAi∆ and a double 

transgenic zebrafish larvae where both neutrophils and macrophages are labelled fluorescently. 

Furthermore, since both neutrophils and macrophages are rapidly recruited to the infection site 

(Figure 5.8 and 5.10), the relative contribution of these two immune cells to defence against 

infection was not tested in this thesis. It would therefore be informative to test the contribution 

of neutrophils and macrophages to defence independently of each other, by replicating the in 

vivo infection experiments of Chapter 5 using transgenic zebrafish that lack either or both of 

these immune cell types. This can be achieved by either using the nitroreductase system (White 

& Mumm, 2013) or genetic strategies that use morpholino oligonucleotides (Nasevicius & 

Ekker, 2000) to deplete specific immune cells. These experiments will provide a better 

understanding of the virulence function of SpnAi and S5nAi in relation to the specific 

neutrophil and macrophage responses. 

In Chapter 4, we saw the ability of rSpnAi to degrade NETs in vitro, which leaves in vivo NET 

digestion to be investigated. This requires a zebrafish line where NETs can be directly observed 

in vivo. While such a line did not exist at the start of this thesis, a recently developed neutrophil 

specific histone H2A transgenic reporter line was used by Isles et al. (2019) to image NETs 

released in vivo. This transgenic reporter line could be used in future experiment to directly 

observe NET degradation by SpnAi in zebrafish larvae.  
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In Chapters 3 and 4, we saw the ability of rS5nAi to produce deoxyadenosine via the in vitro 

hydrolysis of dAMP. Deoxyadenosine is known to be cytotoxic to macrophages (Fox & Kelley, 

1978), though this effect was not explored in this thesis. Future in vitro experiments could use 

either isolated human or zebrafish macrophages to test the effect of adenosine on macrophages. 

Furthermore, in Chapter 5 we hypothesised that the production of deoxyadenosine by S5nAi 

reaction causes the decrease in macrophage recruitment to the infection site that was observed 

in larvae infected with S. iniae WT and s5nAi complementation strains, but not s5nAi∆ (Section 

5.6.2.2). This hypothesis can be tested by co-injecting s5nAi∆ with rS5nAi or injecting 

deoxyadenosine directly into the larvae, and measuring whether it produces a similar infection 

to WT S. iniae. Such an experiment would give a better understanding of the reaction catalysed 

by both S5nAi and S5nA, which may be targeted in treatments for GAS or S. iniae infection.  

In this thesis, zebrafish larvae at 2 dpf were used because larvae at this age lack adaptive 

immunity. This enabled the cells of the innate immune system to be observed independent from 

the adaptive immune response. In future experiments, it may be desirable to adapt these 

experiments to use an adult zebrafish model that possesses both innate and adaptive immune 

systems, in order to perform a functional analysis of VFs in a host system that has more 

resemblance to the human immune system. Using a zebrafish larvae model brought distinct 

advantages, including being able to observe labelled S. iniae in vivo and facilitating larger 

numbers of replicates to boost significance, though future experiments might be designed to 

explore the adaptive immune response in vivo by adapting the model to use adult zebrafish.  

6.4 Conclusion  

GAS is a strict human pathogen that causes a variety of diseases with serious and life-

threatening complications. Designing and developing treatments requires an understanding of 

its bacterial pathomechanism, which in turn necessitates each of its VFs to be investigated in 
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an infectious model that resembles human hosts. Previously, a lack of suitable and 

comprehensive infection models has hindered these experiments. This study presents a new 

infection model using zebrafish larvae, and uses it to analyse two S. iniae VFs that are also 

found in GAS. Future treatments for GAS infection can now build upon the work of this thesis, 

and can be tested in this zebrafish larvae model. In summary, SpnAi and S5nAi were shown to 

be true orthologues of GAS SpnA and S5nA and their virulence contributions demonstrated in 

the zebrafish larvae infection model. The direct quantification and observation of knockout and 

WT S. iniae in this model enabled the systematic characterisation of these important VFs. 

Importantly, the knockout of these VFs contributed to survival rates and suggests that inhibiting 

these VFs is a potential target for treating GAS infection. Ultimately, by benchmarking the 

zebrafish larval model in the study of GAS VFs, this thesis adds to our understanding of GAS 

pathomechanisms and introduces a new tool to help further research into GAS pathology and 

vaccine development.  
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Appendix A: Sequence Alignment of GAS SpnA and  

S. iniae SpnAi 

######################################## 

# Program: needle 

# Rundate: Sun 21 Jul 2019 00:42:19 

# Commandline: needle 

#    -auto 

#    -stdout 

#    -asequence emboss_needle-I20190721-004216-0718-98689366-p1m.asequence 

#    -bsequence emboss_needle-I20190721-004216-0718-98689366-p1m.bsequence 

#    -datafile EBLOSUM62 

#    -gapopen 10.0 

#    -gapextend 0.5 

#    -endopen 10.0 

#    -endextend 0.5 

#    -aformat3 pair 

#    -sprotein1 

#    -sprotein2 

# Align_format: pair 

# Report_file: stdout 

######################################## 

 

#======================================= 

# Aligned_sequences: 2 

# 1: SpnA 

# 2: SpnAi 

# Matrix: EBLOSUM62 

# Gap_penalty: 10.0 

# Extend_penalty: 0.5 

# 

# Length: 946 

# Identity:     596/946 (63.0%) 

# Similarity:   718/946 (75.9%) 

# Gaps:          42/946 ( 4.4%) 

# Score: 2990.5  

#======================================= 

 

SpnA         1 MINKKCIIPVSLLTLAITLTSVEEVTSRQNLTYANEIVTQRPKRESVISD     50 

               |:|||.....|||.|......:||...:.|..||.||:  .||.|.:::. 

SpnAi        1 MLNKKFFTYASLLALVAVSPVIEESFDQHNSVYAEEII--GPKTEPIVNT     48 

 

SpnA        51 KSNFPVISPY--LASVDFGERKT---PLP----------TPDKGVKVTTE     85 

               .:.  .:.|.  |.:.|..|:.:   ||.          :|:........ 

SpnAi       49 TAE--SLEPLNTLVTKDTREKNSTERPLEERAAVETLTVSPEVLADANGS     96 

 

SpnA        86 QSIAQVRKGPEERPYTVTGKITSVINGWGGYGFYIQDSEGIGLYVYPQKD    135 

               :.||:|:..|:.:.|||||||.|.::||||.|||:|||:|.|:||||.:. 

SpnAi       97 KPIAEVKASPQNQTYTVTGKIISAVDGWGGNGFYMQDSKGTGIYVYPGQS    146 

 

SpnA       136 LGYSKGDIVQLTGTLTRFKGDLQLQQVTAHKKLELSFPTSVKEAVISELE    185 

               |||..||::|:||.||.|.|:|||:.::.|.|::...||:|.|..|.:|. 

SpnAi      147 LGYVSGDLIQITGQLTNFNGELQLKTISDHHKIQGQLPTTVLEKTIPQLT    196 

 

SpnA       186 TTTPSTLVKLSHVTVGELSTDQYNNTSFLVRDDSGKSIVVHIDHRTGVKG    235 

               ..:.|||||:|.||||::::::...::|.|:|..|.:|.|.:|.|||:|. 
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SpnAi      197 DESLSTLVKVSEVTVGKITSEKSETSNFEVKDKFGNTIAVRVDSRTGIKT    246 

 

SpnA       236 ADVVTKISQGDLINLTAILSIVDGQLQLRPFSLEQLEVVKKVTSSNSDAS    285 

               :|::.||::||:||||||.||...:.||:||:|:|.|||||.. ...:|| 

SpnAi      247 SDLLLKINEGDVINLTAIHSIFKTKFQLKPFNLDQFEVVKKAI-RKEEAS    295 

 

SpnA        286 SR---NIVKIGEIQGASHTSPLLKKAVTVEQVVVTYLDDSTHFYVQDLNG    332 

                ..   .::|||:|||.||.||..||.||||||||||:||||||||||:.| 

SpnAi       296 PEPLSQLLKIGQIQGTSHQSPYDKKNVTVEQVVVTYIDDSTHFYVQDIQG    345 

 

SpnA        333 DGDLATSDGIRVFAKNAK--VQVGDVLTISGEVEEFFGRGYEERKQTDLT    380 

                |.::|||||||:|.:|.|  |:|||||||||.|||:|||||::.|:|||| 

SpnAi       346 DANIATSDGIRIFTQNLKPQVKVGDVLTISGLVEEYFGRGYQDLKKTDLT    395 

 

SpnA        381 ITQIVAKAVTKTGTAQVPSPLVLGKDRIAPANIIDNDGLRVFDPEEDAID    430 

                :|||.||::.|||...||:||||||||.||.:|||||||:.|||:||||| 

SpnAi       396 MTQIKAKSILKTGETSVPAPLVLGKDRKAPVDIIDNDGLKQFDPQEDAID    445 

 

SpnA        431 YWESMEGMLVAVDDAKILGPMKNKEIYVLPGSSTRPLNNSGGVLLPANSY    480 

                |||||||||||||:|||:||.||.|||||||.:||.|||||||.|...:| 

SpnAi       446 YWESMEGMLVAVDNAKIVGPSKNSEIYVLPGDTTRTLNNSGGVSLRPTAY    495 

 

SpnA        481 NTDVIPVLFKKGKQIIKAGDSYKGRLAGPVSYSYGNYKVFVDDSKNMPSL    530 

                |||:||:|||||||||||||.|.|||.||||||||||||.||..|.||:| 

SpnAi       496 NTDLIPILFKKGKQIIKAGDFYTGRLTGPVSYSYGNYKVVVDGIKGMPTL    545 

 

SpnA        531 MDGHLKPEKTNLQKDLSKLSIASYNIENFSANPSSTKDEKVKRIAESFIH    580 

                .||.||||||:|.||.|||||||||||||||||.|||:|||.|||||||: 

SpnAi       546 NDGQLKPEKTHLPKDPSKLSIASYNIENFSANPKSTKNEKVNRIAESFIN    595 

 

SpnA        581 DLNAPDIIGLIEVQDNNGPTDDGTTDATQSAQRLIDAIKKLGGPTYRYVD    630 

                |||:||||||||||||||||:||||||:|||||||||||.||||.||||| 

SpnAi       596 DLNSPDIIGLIEVQDNNGPTNDGTTDASQSAQRLIDAIKALGGPIYRYVD    645 

 

SpnA        631 IAPENNVDGGQPGGNIRTGFLYQPERVSLSDKPKGGARDALTWVNGELNL    680 

                ||||||.|||:|||||||||||||:|||||:|.||||.||::|.||.||. 

SpnAi       646 IAPENNADGGEPGGNIRTGFLYQPDRVSLSEKAKGGANDAVSWENGGLNF    695 

 

SpnA        681 SVGRIDPTNAAWKDVRKSLAAEFIFQGRKVVVVANHLNSKRGDNALYGCV    730 

                ||||||||||.||||||||||||||||.||||||||||||||||||||.: 

SpnAi       696 SVGRIDPTNAIWKDVRKSLAAEFIFQGNKVVVVANHLNSKRGDNALYGRI    745 

 

SpnA        731 QPVTFKSEQRRHVLANMLAQFAKEGAKHQANIVMLGDFNDFEFTKTIQLI    780 

                ||||||||:|||.||.:||||||||::.|||||||||:|||||||||||| 

SpnAi       746 QPVTFKSEERRHELAKVLAQFAKEGSRQQANIVMLGDYNDFEFTKTIQLI    795 

 

SpnA        781 EEGDMVNLVSRHDISDRYSYFHQGNNQTLDNILVSRHLLDHYEFDMVHVN    830 

                |||:|.|||||||.|||||||:|||||:|||:|||.:||..|.||||||| 

SpnAi       796 EEGEMANLVSRHDWSDRYSYFYQGNNQSLDNMLVSTNLLGRYAFDMVHVN    845 

 

SpnA        831 SPFMEAHGRASDHDPLLLQLSFSKEND----------KAESSKQSVKAKK    870 

                ||||||||||||||||||||:|.|.::          ...|..|.:|.|. 

SpnAi       846 SPFMEAHGRASDHDPLLLQLAFPKRDELPSPNKVVPGNKNSENQVIKPKA    895 

 

SpnA        871 T------SKGKLLPKTGDSLVYVITLLGTASLLVPILLLTKGKKES    910 

                .      .|||:||..|::...:::.||..||...|.|..||:|.  

SpnAi       896 ALATAVKKKGKVLPHAGETSGLMLSFLGMTSLFGFISLKRKGQKN-    940 

 

 

#--------------------------------------- 

#---------------------------------------  
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Appendix B: Sequence Alignment of GAS S5nA and  

S. iniae S5nAi 

######################################## 

# Program: needle 

# Rundate: Sun 21 Jul 2019 00:50:23 

# Commandline: needle 

#    -auto 

#    -stdout 

#    -asequence emboss_needle-I20190721-005021-0269-66827756-p1m.asequence 

#    -bsequence emboss_needle-I20190721-005021-0269-66827756-p1m.bsequence 

#    -datafile EBLOSUM62 

#    -gapopen 10.0 

#    -gapextend 0.5 

#    -endopen 10.0 

#    -endextend 0.5 

#    -aformat3 pair 

#    -sprotein1 

#    -sprotein2 

# Align_format: pair 

# Report_file: stdout 

######################################## 

 

#======================================= 

# Aligned_sequences: 2 

# 1: S5nA 

# 2: S5nAi 

# Matrix: EBLOSUM62 

# Gap_penalty: 10.0 

# Extend_penalty: 0.5 

# 

# Length: 683 

# Identity:     425/683 (62.2%) 

# Similarity:   523/683 (76.6%) 

# Gaps:          20/683 ( 2.9%) 

# Score: 2176.5 

#======================================= 

 

S5nA         1 MKKYFILKSSVLSILTSFTLLVTDVQADQVDVQFLGVNDFHGALDNTGTA     50 

               |||:.:||||:|:::...::|||.|||||||||.|||||||||||.||:| 

S5nAi        1 MKKHIVLKSSILTVMAGMSILVTSVQADQVDVQILGVNDFHGALDQTGSA     50 

 

S5nA        51 Y--TPSGKIPNAGTAAQLGAYMDDAEIDFKQANQDGTSIRVQAGDMVGAS     98 

               |  .|.||:..|||||||.||||.|..|||||:.|||||||||||||||| 

S5nAi       51 YMPAPEGKVSGAGTAAQLDAYMDKANEDFKQASPDGTSIRVQAGDMVGAS    100 

 

S5nA        99 PANSALLQDEPTVKVFNKMKFEYGTLGNHEFDEGLDEFNRIMTGQAPDPE    148 

               ||||.||||||||||||:|..||||||||||||||.|:||||||:||..: 

S5nAi      101 PANSGLLQDEPTVKVFNEMGVEYGTLGNHEFDEGLAEYNRIMTGKAPAAD    150 

 

S5nA       149 STINDITKQYEHEASHQTIVIANVIDKKTKDIPYGWKPYAIKDIAINDKI    198 

               ||||:|||.|.|..|.|||||:|||||.||:|||.|||||||:|.:|:.. 

S5nAi      151 STINEITKNYTHVPSSQTIVISNVIDKTTKEIPYNWKPYAIKNIPVNNTS    200 

 

S5nA       199 VKIGFIGVVTTEIPNLVLKQNYEHYQFLDVAETIAKYAKELQEQHVHAIV    248 

               |.||||||||||||||||::|||.|:|||.|:||.||||||:.|:|:||| 
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S5nAi      201 VNIGFIGVVTTEIPNLVLRKNYEQYEFLDEAQTIVKYAKELKNQNVNAIV    250 

 

S5nA       249 VLAHVPATSKDGVVDHEMATVMEKVNQIYPEHSIDIIFAGHNHQYTNGTI    298 

               :|||:||.|.||||..::|.:|||||::|||:|||||||||||||||||| 

S5nAi      251 ILAHIPAISTDGVVGSDVAAIMEKVNKLYPENSIDIIFAGHNHQYTNGTI    300 

 

S5nA       299 GKTRIVQALSQGKAYADVRGTLDTDTNDFIKTPSANVVAVAPGIKTENSD    348 

               |.||:|||:|||||||||||.|||.|.||::||:|.|:||||.....:.| 

S5nAi      301 GTTRVVQAVSQGKAYADVRGKLDTTTQDFVETPTAKVLAVAPKKLAGSPD    350 

 

S5nA       349 IKAIINHANDIVKTVTERKIGTATNSSTISKTENIDKESPVGNLATTAQL    398 

               |:||::.||.||.|||.::||||.||..||||.|.|.||.:|||.|:||| 

S5nAi      351 IQAIVDEANKIVATVTTKQIGTAANSEMISKTANKDNESALGNLVTSAQL    400 

 

S5nA       399 TIAKKTFPTVDFAMTNNGGIRSDLVVKNDRTITWGAAQAVQPFGNILQVI    448 

               .:|::|:|.|||||||||||||||:|....:||||||||||||||||||: 

S5nAi      401 AVARETYPDVDFAMTNNGGIRSDLIVSKGNSITWGAAQAVQPFGNILQVV    450 

 

S5nA       449 QMTGQHIYDVLNQQYDENQTYFLQMSGLTYTYTDNDPKNSDTPFKIVKVY    498 

               ::|||.||||||:||||:|.||||||||.||:|.::..:...|||:|:.: 

S5nAi      451 ELTGQDIYDVLNEQYDEDQKYFLQMSGLKYTFTTSESGDPSKPFKVVRAF    500 

 

S5nA       499 KDNGEEINLTTTYTVVVNDFLYGGGDGFSAFKKAKLIGAINTDTEAFITY    548 

               .|.|..|:...:|.|||||||:||||||:.|:|.|||||||.|||.||.| 

S5nAi      501 TDKGVAIDPKASYKVVVNDFLFGGGDGFATFRKGKLIGAINPDTEVFIKY    550 

 

S5nA       549 ITNLEASGKTVNATIKGVKNYVTSNLESSTKVNSAGKHSIISKVFRNRDG    598 

               |.:.||..:|:.|...|:|.:|||.:|||...:..|.|.|:.:|:|:||| 

S5nAi      551 IKDKEAKHETIAADFLGIKTFVTSTVESSKTSDDMGHHDIVKRVYRDRDG    600 

 

S5nA       599 NTVSSEVISDLLT-----STENT----NNSLGKKETTTNKNTISSSTLPI    639 

               :.|..|:||||:|     .|:.|    ..:|.|..|...|     ..||. 

S5nAi      601 HIVDEEIISDLVTPNPQSPTKQTALASPQALAKTSTMAKK-----QELPH    645 

 

S5nA       640 TGDNYKMSPIMTILALISLGGLNAFIKKRKS--    670 

               ||.....:.::::|.|::|  ..|.:.|:|.   

S5nAi      646 TGSKENQAGLLSMLGLVTL--FFAKVSKKKEEN    676 

 

#--------------------------------------- 

#--------------------------------------- 
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Appendix C: Copyright Permissions 

Figure 1.1: Age-standardised disability-adjusted life-years due to rheumatic heart 

disease per 100,000 population in 2015. 
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Figure 1.2: Rate of invasive GAS infections from 2002 – 2016 in New Zealand. 
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Figure 1.3: Transmission electron micrograph illustrates S. iniae are enclosed 

within membrane-bound vacuoles of fish epithelial cells. 
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Figure 1.4: Electron micrograph of HEP-2 epithelial cells illustrates S. iniae 9117 

internalised within membrane-bound vesicle. 
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Figure 1.5: Bioinformatic analysis of SpnA shows the domain/motifs. 
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Figure 1.6: Bioinformatic analysis of S5nA shows domains and motifs. 

 

 


