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Abstract 

 

One of the greatest challenges in finfish aquaculture is combating losses caused by infectious 

bacterial diseases, and a better understanding of the interactions between the host immune 

system and pathogens is essential for developing new methods to manage infections and 

outbreaks. Extracellular traps (ETs) are decondensed nuclear chromatin released by 

neutrophils into the extracellular matrix that can ensnare and kill microbes. Since the discovery 

of ETs in humans, these innate immune effectors have been characterised across the animal 

kingdom, including in some fish species, though their existence the salmonids has yet to be 

confirmed. Therefore, the aim of this thesis was to confirm and characterise the release of 

ETs in the rainbow trout (Oncorhynchus mykiss) and investigate the interaction of these 

structures with fish pathogenic bacteria. To do this, a triple-layer Percoll gradient technique 

was employed to give highly enriched cell suspensions of polymorphonuclear cells (PMNs) 

derived from head-kidney tissue preparations. Treatment of PMN-enriched cell suspensions 

with the nucleic-acid-specific stain, SYTOX Green, revealed the presence of ET-like structures 

that had been released without stimulation. These ET-like structures were confirmed by 

immunostaining techniques to contain the diagnostic proteinaceous markers of ETs: 

neutrophil elastase, myeloperoxidase and the H2A histone. Previously characterised inhibitors 

and inducers of ET release from phagocytic immune cells in other animals confirmed that 

calcium ionophore (CaI), flagellin, and cytochalasin D shared similar activities for ET-release 

by rainbow trout PMNs. However, interestingly, as the common ET-inducer phorbol-myristate 

acetate (PMA) and ET-inhibitor diphenyleneiodonium (DPI) did not exert their expected 

potency in ET release assays with the PMNs, perhaps indicating that these fish cells are less 

dependent on NADPH oxidase signalling for ET release compared to mammals and most 

invertebrate species. The PMN-derived ETs were demonstrated to bind to and trap the 

extracellular nuclease-deficient bacterial fish pathogen, Vibrio anguillarum (Vib 87) when co-

cultured. Finally, extracellular nuclease activity produced by a V. anguillarum isolate (Vib 6) 

during culture was able to degrade ETs released by rainbow trout PMNs in a dose-dependent 

manner. Moreover, viable colony counts, fluorescent and phase contrast microscopy 

demonstrated that V. anguillarum Vib 6 eluded trapping by ETs, while an extracellular 

nuclease-deficient isolate did not. These observations are consistent with the suggestion that 

nucleases are a microbial virulence factor during host infection. Confirming the existence and 

antimicrobial potential of extracellular traps released by rainbow trout PMNs may provide a 

platform towards the development of novel therapeutics to reduce mortalities in finfish 

aquaculture caused by infectious microbial pathogens.  
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1. Chapter 1: General Introduction 

 

1.1. Aquaculture and disease management 

The growing demand of seafood products has extended beyond what is sustainable from wild 

fisheries. In 2014, global aquaculture products including finish, mollusks and crustaceans 

were estimated to be 17% of global total animal protein supply, and more than 50% of total 

fish production (FAO, 2017). The same year, finfish harvested from aquaculture amounted to 

51.9 million tons, with an estimated first-sale value of US$160.2 billion (Ababouch et al., 2016). 

Within the finfish, salmonids are one of the most valued fish for consumption and holds 17% 

of the total value of internationally traded fish, and farmed salmon exceeds 2 million tonnes 

compared to 700 thousand tonnes supplied from wild-fisheries (FAO, 2017). The global 

human population is estimated to reach 9 billion by 2050, which places a critical demand for 

aquaculture products due to the unsustainable exploitation of wild fisheries. In response, the 

aquaculture industry has taken a more prominent role in providing fish and shellfish for the 

global demand, while reducing the pressure from wild fisheries (Forti, 2017). 

Transmissible diseases in aquaculture have an enormous detrimental impact on wild and 

farmed fish, resulting serious ecological and economic problems (Stentiford et al., 2017). 

Industry-wide losses due to diseases exceed US$6 billion per year, with certain sectors such 

as the shrimp industry resulting in losses greater than 40% of global production (The World 

Bank, 2014; Ababouch et al., 2016; Stentiford et al., 2017). Moreover, climate change has 

placed additional burden on the industry, as increasing global temperatures have resulted in 

the increased prevalence of diseases usually found in warmer conditions (de Silva et al., 

2009). 

Globally, salmonids such as rainbow trout (Oncorhynchus mykiss) and Atlantic salmon (Salmo 

salar) are some of the most extensively farmed and highly valued fish, with the majority of 

production in Chile, Turkey, Canada, Norway, and the United Kingdom (Arnfinn Aunsmo et 

al., 2015; FAO, 2017; Forti, 2017). While salmonids are susceptible to a range of bacterial, 

fungal, viral, and parasitological infections, research to date has led to the introduction of 

successful control measures in the form of antibiotics, vaccines, or husbandry and stock 

management practices for diseases that were once associated with severe losses (Cabello, 

2006). However, poor biosecurity and overuse of antibiotics on salmonid farms allowed 

microbial pathogens to acquire resistance to multiple classes of antibiotics (Cabello, 2006; 

Smith, 2008; Buschmann et al., 2012). Though some of these challenges were resolved 

through the introduction of efficacious vaccines, there are still several certain infectious 

diseases which do not have available effective vaccines. Some of these diseases include Red 

Mark Syndrome, Rainbow Trout Fry Syndrome, and Infectious Salmon Anemia (Sommerset 
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et al., 2005; Birkbeck et al., 2007; Metselaar et al., 2010; Hoare et al., 2017). In addition, the 

development and high prevalence of antibiotic resistance by microbial pathogens in 

aquaculture such as Vibrio spp. and Aeromonas spp., has rendered antibiotics like tetracycline 

an unsuitable long-term treatment (Kim et al., 2004; Watts et al., 2017). Thus, there remains 

the need to develop new treatments and strategies to combat infectious disease within 

aquaculture systems. A deeper insight into the immune mechanisms and immune cells that 

limit pathogen propagation is crucial for the development of new effective strategies to combat 

infectious disease. Yet, there is a lag of understanding and research within fish immunology 

compared to humans and mammals, due to the lack of resources and research tools available 

for fish research. The lack of research tools for fish is compounded by the biological diversity 

of fish species which have uniquely functioning immune systems, resulting in a greater 

challenge for the development of medical interventions to treat infectious fish diseases. 

Ultimately, a greater push towards understanding the immune strategies implemented by the 

host or pathogen infection strategies may lead to the development of novel therapeutics and 

treatments to reduce infectious, microbial disease-related mortalities in aquaculture. 

 

1.2. Fish Immune systems 

Fish are a heterogeneous group of organisms that consist three major groups: agnathans 

(lampreys and hagfish), chondrichthyes (sharks and rays), and teleosts (bony fish); these 

groups contain in excess of 30,000 species and colonise vastly different environments, from 

deep oceans to freshwater streams. Fish have evolved immune systems able to combat 

bacterial, fungal, viral, or parasitic agents that cohabit the aquatic environment, and their 

immune systems are structurally similar to the higher vertebrates such as mammals (Uribe et 

al., 2011). The immune system in fish is divided into innate and adaptive responses. More 

than 98% of multicellular organisms rely on an innate, non-specific immune system that is 

supported mainly phagocytic cells and secretion of antimicrobial molecules (Hoover et al., 

1998; Scocchi et al., 2009). The innate immune response is the first response encountered 

by pathogens once they have invaded the host, whereby the cells of the innate immune 

system responds in a non-antigen-specific fashion unlike the adaptive immune response 

(Uribe et al., 2011; Delves et al., 2017). The structure of the innate immune system can be 

divided into three components, i) anatomical barriers such as skin, mucus, mucosal barriers, 

and the acidity of the gastrointestinal (GI); ii) humoral immunity which involves the complement 

system, pro-inflammatory cytokines, naturally occurring antibodies that are produced without 

any previous infection, proteases, pentraxins, and other antimicrobial peptides (AMPs); iii) 

cellular immunity which is mediated by cells that can phagocytose microbes or degranulate 

and release cytotoxic compounds (Table 1.1). These phagocytic cells mainly consist of 

neutrophils, monocyte/macrophages and dendritic cells, while cells which degranulate consist 
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mainly of mast cells, eosinophils and basophils. The structure of the adaptive immune system 

is divided into T-cell or B-cell mediated immunity, whereby these cells require presented 

antigens and costimulatory factors to prime a highly specific immune response. 

Upon successful bypass of the first part of the innate system, the invading microbial pathogens 

encounters the innate immune system which acts as a first line of defence to manage the 

invasion, whereby white blood cells (leukocytes) of the innate system called phagocytes, 

engulf and kills the pathogens non-specifically through phagocytosis (Delves et al., 2017). 

Phagocytosis is an active process, dependent on actin polymerisation, that allows the 

cytoskeletal to change and permit internalisation of the pathogen into the cell. The internalised 

pathogen is contained in a phagosome, whereby reactive oxygen species (ROS) produced by 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, are fused with the 

phagosomes to directly kill the pathogen in a process called respiratory burst (Aldieri et al., 

2008). Upon recognition of pathogens by phagocytes, pro-inflammatory cytokines such as 

interleukin 1 beta (IL-1β) and tumour necrosis factor alpha (TNF-α), and chemotactic cytokines 

called chemokines such as interleukin-8 (IL-8) which control the migratory patterns of immune 

cells are produced by phagocytic cells such as neutrophils and macrophages, acting as 

signals to further promote recruitment of these phagocytes and primes a protective response 

within the host (Griffith et al., 2014). These chemokines also control the homeostatic trafficking 

of a larger group of immune cells including B-cells, dendritic cell precursors, granulocytes and 

mast cells between the hematopoietic tissues, circulation, and peripheral tissues (Griffith et 

al., 2014). The digested material is processed by the phagocyte and presented with co-

stimulatory molecules to cells of the adaptive immune system, initiating the adaptive response 

(Delves et al., 2017). Here, the host begins to develop an adaptive immune response that is 

coordinated by the crosstalk of cells and humoral mediators between innate and adaptive 

immune systems (Secombes et al., 2011; Wangkahart et al., 2016; Zou et al., 2016; 

Thompson, 2017). The adaptive immune response is slowly developed to ensure high 

specificity to the pathogen. As a result, the adaptive response is slow-responding which take 

days to fully establish in comparison to the non-specific innate response that activates within 

minutes of infection (Delves et al., 2017). The receptors responsible for recognising microbial 

pathogens are called pathogen recognition receptors (PRRs), and the proteins which are 

secreted and act in an endocrine and paracrine fashion between different immune 

components are called cytokines (Griffith et al., 2014; Delves et al., 2017). Different cells of 

the immune response can be characterised by their specific subset of cell surface markers 

called cluster of differentiation (CD), which usually act as receptors or ligands on leukocytes 

(Delves et al., 2017). The PRRs, cytokines, and CD markers on of fish cells often share similar 

function and structure to that of higher vertebrates; however, mammalian immune systems 
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are better characterised than fish systems (Richards et al., 2001; Fernándes et al., 2002; Tort 

et al., 2003; Elson et al., 2007; Zou et al., 2007; Secombes et al., 2011; Thompson, 2017). 

 

1.2.1. Innate immune system 

The innate immune system in fish is first performed by the physical barriers on the exterior of 

the fish, serving to protect tissues that are directly exposed to the aquatic environment, and 

preventing pathogen entry into the host. These barriers include skin, scales, epithelial cells of 

the gills, the gut, and the mucus that covers the surface of the fish. Fish skin mucus acts as a 

natural, physical, semi-permeable barrier that allows the exchange of gases, nutrients, water, 

and biological compounds. Mucus contains an abundance of mucin, which is a group of highly 

glycosylated proteins with strongly adhesive properties that serve to immobilise pathogens 

(Fast et al., 2002). Furthermore, mucus contains various enzymes that contribute microbial 

defence, such as lysozyme (possessing bacteriolytic activity), acid-alkaline phosphatases, 

lectins, various secreted immunoglobulins, proteases, and AMPs including the alpha-helical 

amphipathic peptides, defensins, cysteine-rich AMPs, and histone fragments (Fast et al., 

2002; Fernándes et al., 2002; Ángeles Esteban, 2012). Several phagocytic leukocytes 

including mast cells, eosinophils and neutrophils have been found on fish skin and in skin 

mucus which can contribute to immune defence though phagocytosis, release of antimicrobial 

compounds, and stimulating nearby adaptive immune cells (Murray et al., 2003; Rakers et al., 

2013; Parra et al., 2015).  

 

1.2.1.1. Cells of the innate immune system 

Phagocytic cells such as monocytes/macrophages (mononuclear cells), mast cells, and 

granulocytes that include neutrophils, basophils, and eosinophils (often referred to as 

polymorphonuclear cells, i.e. PMNs) are important at recognising and killing invasive microbial 

pathogens (Kaattari, 1992; Martin et al., 2010). If a pathogen has succeded in bypassing 

penetrating the physical barriers, phagocytic cells can help to clear the invasive 

microorganisms whereby phagocytosis is initiated by cell recognising foreign structures called 

pathogen-associated molecular patterns (PAMPs). These PAMPs are small molecular motifs 

which are conserved within classes of microbes, such as microbial polysaccharides, 

lipopolysaccharides (LPS), peptidoglycans, bacterial and viral DNA or RNA (Jyonouchi et al., 

1993; Elson et al., 2007; Sepulcre et al., 2009; Pietretti et al., 2014). Toll-like receptors (TLRs), 

which are a type of PRR, are responsible for recognising specific types of PAMPs. So far, 21 

TLRs have been reported in teleosts (TLR1-5, 5S, TLR7-9, TLR13, 14, TLR18-23 and TLR25-

28), and many are mammalian TLR orthologs that share the same function; though there are 

also teleost-specific TLRs (Pietretti et al., 2014; Nie et al., 2018). Among these, the structure 
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and function of teleost TLR1-3, 5, and 7-9 are similar to their mammalian counterparts, though 

teleost TLR4 is structurally conserved but may not recognise LPS unlike in mammals 

(Sepulcre et al., 2009; Nie et al., 2018). The recognition of TLRs to PAMPs coated leads to 

the activation of pathogen-specific immune responses that are coordinated and dependent on 

which type of TLR is activated. Different immune cells respond by initiating distinct 

transcriptomic programmes which regulate the response of the cell or tissue, these normally 

include the production of several cytokines to elicit additional immune responses, such as 

further recruitment of phagocytic cells to the site of infection by chemokines (Pietretti et al., 

2014). The efficacy of the innate response functions in the absence of memory, i.e. does not 

rely on previous recognition of PAMPs and is inducible within minutes (Tort et al., 2003). 

Mast cells, granulocytes, and natural killer cells can also release toxic intracellular granules 

into the external milieu by a process called degranulation (Carlson et al., 1993; Kato et al., 

1998; Alter et al., 2004; Reite et al., 2006; Havixbeck et al., 2015). These granules are 

bioactive compounds and proteins which vary depending on cell type (Table 1.1). Granules 

from granulocytes and natural killer cells consist of proteins which form pores in microbial 

membranes, break up bacterial membrane structures through proteolytic activity, or promote 

generation of cytotoxic chemical such as hypochlorous acid; while granules of mast cells 

contain greater proportions of histamine. Natural killer cells are known to mediate antiviral 

clearance by lysing virus-infected cells (Delves et al., 2017), though antiviral immunity is 

beyond the scope of this thesis. 

The cells of the innate immune response are directly involved with a process called 

inflammation. Inflammation is a biological response to infection and injury which acts as to 

eliminate the initial cause of infection and damage (Reite et al., 2006). Circulating phagocytes 

such as monocytes, macrophages, and neutrophils recognise pathogens and respond by 

phagocytosing the pathogens and secreting several cytokines and compounds classified as 

inflammatory mediators (Reite et al., 2006; Collet, 2014). These cytokines promote leukocyte 

recruitment by increasing the local levels of leukocyte adhesion molecule on endothelial cells, 

or act as a chemotactic agent for phagocytes to assist in clearance of the infection. Other 

compounds secreted from the leukocytes include histamine, nitric oxide and prostaglandins 

which serve to induce vascular alterations which promote blood flow by vasodilation. Overall, 

this response is regarded as the first cell-mediated action against infection and injury, but 

usually requires constant stimulation by pathogens to be sustained. 

1.2.1.2. Humoral components of the innate response 

Humoral innate immunity relates to the antimicrobial action of secreted molecules, which 

include AMPs, naturally occurring antibodies, complement, proteases, and pentraxins. These 

proteins are constantly produced by a variety of leukocytes and serve to directly or indirectly 
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kill and/or inhibit the growth of pathogens (Delves et al., 2017). AMPs act to kill pathogens 

through different modes of action such as inhibition of DNA synthesis, forming pores in the 

microbial membrane, interfering with protein folding or cell wall synthesis (Smith et al., 2015). 

Some of these AMPs include proteases which can cleave membrane proteins on microbial 

membranes, which may interfere with the lifecycle of the organism (Firth et al., 2000; Perera 

et al., 2012). Circulating complement factors can bind to bacterial membranes and initiate the 

formation of membrane attack complexes which form pores in microbial membranes, or 

alternatively act as signals to promote phagocytosis in a process called opsonisation (Boshra 

et al., 2006; Delves et al., 2017). Pentraxins are also multifunctional antimicrobial proteins 

which can assist in promoting complement binding to microbial surfaces and opsonise 

microbes for phagocytosis (Noursadeghi et al., 2000; Lee et al., 2017). 

 

1.2.2. Teleost hematopoiesis 

In mammals, the multipotent haematopoietic stem cells (HSC) of the bone marrow are 

responsible for the production of the majority of blood cells. HSCs differentiate into lymphoid 

or myeloid progenitor cells, whereby the lymphoid progenitors can further differentiate into 

natural killer cells, lymphoid dendritic cells, and lymphocytes; while myeloid progenitors 

develop into all other cell types including erythrocytes, megakaryocytes, granulocytes 

(monocyte/macrophage and neutrophils), and macrophages (Delves et al., 2017). The 

combination of specific circulating transcription factors and cytokines recognised by the 

specific receptors on HSCs result in the development and differentiation of specific blood cell 

types (Doulatov et al., 2012; Zou et al., 2016). Different blood cell types express unique 

proportions of CD cell surface molecules which can be used for immunophenotyping the cells. 

Despite the extensive evolutionary divergence between teleost fish and mammals, 

haematopoietic organisation and blood cell functions are largely conserved (Fänge et al., 

1985; Hamdani et al., 1998; Zou et al., 2007, 2016; Thompson, 2017). Although most of the 

primary and secondary lymphoid organs are present in both mammals and fish, the distribution 

of organ function is dissimilar (Press et al., 1999). Unlike in mammals, the primary 

haematopoietic organ in fish is the head kidney (also called the anterior kidney or pronephros) 

which is located posterior to the cranium (Figure 1.1), and is responsible for the production of 

most erythrocytes, macrophages and granulocytes (Ainsworth, 1992; Press et al., 1999; 

Willett et al., 1999; Sasaki et al., 2002; Tort et al., 2003; Kobayashi et al., 2006; Zapata et al., 

2006; Havixbeck et al., 2015). Other organs such as the thymus, spleen, gut-associated 

lymphoid tissue (GALT), mucosa-associated lymphoid tissue (MALT), and intertubular tissue 

of trunk kidney (mesonephros) also possess haematopoietic activity. These tissues have a 

role in production of T and B lymphocytes, the storage and recycling of blood cells, and 
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activation of phagocytic cells (Fänge et al., 1985; Tort et al., 2003; Kobayashi et al., 2006; 

Zapata et al., 2006). Like most teleosts, salmonid fish also have the head kidney as their 

primary haematopoietic tissue (Sorensen et al., 1997; Pettersen et al., 2000; Sasaki et al., 

2002; Rombout et al., 2005). Like mammals, fish also possess specialised professional 

phagocytic cells, including macrophages and monocytes, granulocytes and dendritic cells 

(Lieschke et al., 2001; Katzenback et al., 2009; Flerova et al., 2013). Various fish cytokines 

are also homologous in function and structure with mammalian counterparts, such as IL-10, 

IL-1β and TNF-α (Zou et al., 2016). The ancestor of all teleost fish and salmonids have 

undergone whole-genome duplication events around 320-350 mya, and 50-80 mya, 

respectively, compared to mammals which have implications on gene functions, as this 

generates new genes which can acquire novel function (Glasauer et al., 2014). This has been 

theorised to result in the diverse characteristics of fishes observed today, which include 

teleost-specific TLRs and cytokine function (Glasauer et al., 2014; Zou et al., 2016). 

The classical dichotomy of leukocyte lineages is conserved between fish and mammals, 

whereby maturing cells develop down a myeloid or lymphoid pathway (Rombout et al., 2005). 

In comparison to mammals, the mechanisms governing haematopoiesis in fish have been less 

studied, though the tools developed and pioneered in human and mammalian immunology 

research have aided the characterisation of fish haematology, as many of the reagents and 

research techniques have been adapted to fish (Secombes et al., 2011; Zou et al., 2016). The 

classification of fish leukocytes is based on morphological, functional, cytometric, and staining 

characteristics compared with mammalian counterparts (Katzenback et al., 2009). 

 

1.2.3. Polymorphonuclear cells 

Polymorphonuclear cells (PMNs) consist of granulocytes with lobed nuclei which consist 

mainly of neutrophils, eosinophils and basophils in fish, and these cells possess many 

morphological and functional similarities to mammals (Lamas et al., 1991; Ainsworth, 1992; 

Tort et al., 2003; Palić et al., 2011; Havixbeck et al., 2015). PMNs in fish also develop through 

a myeloid cell differentiation pathway (myelopoiesis) similar to human neutrophils (Figure 1.2). 

In fish, common myeloid progenitor cells derived from HSC reservoirs in the head kidney 

differentiate into neutrophils when exposed to specific transcription factors and cytokines such 

as granulocyte-colony stimulating factor (GCSF) (Figure 1.2) (Ainsworth, 1992; Reite et al., 

2006). As PMNs mature in fish, the nucleus becomes more distinct and the PMN develops 

more granules similarly to human neutrophils (Ainsworth, 1992; Katzenback et al., 2012). 

Once fully matured, the PMNs migrate out of the head kidney across the sinusoidal 

endothelium, and into the circulation, whereby they will be recruited to sites of infection by 

chemotaxis towards interleukins such as IL-8, IL-1β, and TNF-α (Havixbeck et al., 2015; 
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Thompson, 2017). The presence of granule types depends on the stage in maturity, though 

mature PMNs possess high concentrations of neutrophil elastase (NE), myeloperoxidase 

(MPO), cathepsin G, proteinase 3, defensins, and lysozyme within the cytoplasm (Gullberg et 

al., 1997). 

Neutrophils are the most abundant granulocytes in fish and mammals and are responsible for 

mounting rapid and potent antimicrobial responses towards invading pathogens (Hamdani et 

al., 1998; Katzenback et al., 2009; Flerova et al., 2013). The primary function of a neutrophil 

is to phagocytose microbial pathogens (Theilgaard-Mönch et al., 2006) Like mammalian 

neutrophils, fish neutrophils also degranulate in response to pathogen recognition (Reite et 

al., 2006; Uribe et al., 2011; Havixbeck et al., 2015). Neutrophils are also intimately linked with 

inflammation and are found in great abundance at inflammatory sites (Elson et al., 2007). Pro-

inflammatory cytokines released by phagocytic cells in response to pathogens stimulate the 

further recruitment of neutrophils by attracting them via the release of chemokines and 

cytokines, to bolster phagocytosis and degranulation responses (Baggiolini et al., 1992; Xing 

et al., 1998). 

Importantly, not all neutrophils in fish have the same distinct polymorphic, lobed nucleus as in 

humans, leading to confusion in the nomenclature surrounding fish neutrophils (Ainsworth, 

1992; Sorensen et al., 1997; Hamdani et al., 1998; Pettersen et al., 2000; Rombout et al., 

2005); for example, cyprinids such as goldfish (Carassius auratus) and June suckers 

(Chasmistes liorus) have neutrophils with kidney-shaped nuclei, while salmonids such as 

Atlantic salmon (Salmo salar), Arctic grayling (Thymallus arcticus) and cutthroat and rainbow 

trout (Oncorhynchys clarki lewisi, or Oncorhynchus mykiss) have lobed nuclei like in 

mammals. These neuptrophils in both the cyprinids and salmonids both share similar function 

with their human counterparts (Hamdani et al., 1998; Modrá et al., 1998; Pettersen et al., 

2000; Rombout et al., 2005; Katzenback et al., 2009; Palić et al., 2011). Due to the dissimilarity 

between cells of different species, it is worth noting that the term ‘neutrophil’ is frequently used 

interchangeably with neutrophil-like cells, polymorphonuclear (PMN) cells, or heterophils 

(Ainsworth, 1992; Kemenade et al., 1994; Dekker et al., 2000; Chuammitri et al., 2009; 

Behrendt et al., 2010; Palić et al., 2011; Pijanowski et al., 2013). Further complication stems 

from the lack of monoclonal antibodies (mAb) available for fish CD markers, leaving cell 

identification very elusive compared to humans. To avoid confusion, from here on the term 

‘PMN’ will be used when referring to non-human neutrophils or neutrophil-like cells which have 

neutrophil function and staining characteristics. In addition, Chapter 2 makes clear the cells 

considered to be PMNs in the material used throughout this thesis.  
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Figure 1.1. Figure showing the anatomy of a rainbow trout, highlighting the location of the anterior/head 

kidney in red, responsible for haematopoiesis. Photo used with permission from the artist ©Dave 

Carlson. 

  

Head kidney 
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Rainbow trout is a member of the Pacific Salmonidae (Kendall, 1988) and species within this 

family share almost indistinguishable immune systems regarding structure and cell functions. 

PMNs in rainbow trout and Atlantic salmon are morphologically similar, with a lobed nucleus 

and these cells share similar functional roles to human neutrophils in non-specific 

phagocytosis and inflammation (Afonso et al., 1998; Hamdani et al., 1998; Pettersen et al., 

2000; Sasaki et al., 2002; Øverland et al., 2010; Chalmers et al., 2017). In addition, the 

methods established to isolate and enrich for PMNs from Atlantic salmon can be applied 

successfully to rainbow trout (Hamdani et al., 1998; Sasaki et al., 2002; Øverland et al., 2010). 

In contrast to salmon, rainbow trout are less affected by seasonal modification, as salmon 

undergo many physiological and immunological changes during smoltification, a process 

influenced by season (Johansson et al., 2016); thus, rainbow trout are often a favoured 

candidate to study immune system and structure to represent the Salmonidae. 
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Figure 1.2. Figure representing human PMN, lymphocyte, thrombocyte, and erythrocyte differentiation from haematopoietic stem cells showing specific cell 

surface cluster of differentiation (CD) markers. Long-term haematopoietic stem cell (LT-HSC), short-term haematopoietic stem cell (ST-HSC), multipotent 

progenitor cell (MPP), common lymphoid progenitor cell (CLP), common myeloid progenitor cell (CMP), granulocyte-macrophage progenitor (GMP), 

promyelocyte (PM), myelocyte (MC), metamyelocyte (MM), polymorphonuclear cell (PMN), megakaryocyte-erythroid progenitor cell (MEP). The terminally 

differentiated cells are also found in trout (Quinn, 2013).
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1.2.4. Enrichment and culture of leukocytes from fish tissues 

In salmonids, PMNs are the most abundant granulocyte in the head kidney and these cells 

develop in this tissue before migrating to secondary lymphoid sites such as the spleen 

(Pettersen et al., 2000; Sasaki et al., 2002; Øverland et al., 2010; Thompson, 2017). The 

abundance of PMNs, macrophages, and other granulocytes in fish head kidney tissue means 

that this tissue is often dissected to enrich for these cells for in vitro studies (Sasaki et al., 

2002; Thompson, 2017). 

Rate-zonal centrifugation is a type of density gradient centrifugation that is used routinely to 

separate particles including cells by relative size and mass due to differential sedimentation 

rates. Different gradient media such as Histodenz, Histopaque, Percoll, sucrose, and glycerol 

allow separation of particles from viruses, cellular organelles, to whole cells (Frei, 2011). 

Percoll is a non-toxic colloidal silica medium used to separate cells, organelles and, 

occasionally, membrane vesicles by rate-zonal centrifugation. Percoll is used frequently to 

separate different blood cell types depending on the specific relative densities between cell 

types (Frei, 2011). In fish, the enrichment of PMNs often involves rate-zonal centrifugation of 

cell suspensions prepared from dissected head kidney tissue on Percoll or Histopaque 

gradients (Sorensen et al., 1997; Pettersen et al., 2000; Øverland et al., 2010; Chi et al., 2015; 

Pijanowski et al., 2015; Masterman, 2016; Wangkahart et al., 2016). 

Different cell media types can significantly affect the viability, adhesion, density, and 

productivity of cultured cells, as they possess unique profiles of nutrients, vitamins, salts, 

serum proteins, carbohydrates or cofactors that are required to maintain cell viability (Moore 

et al., 1967). Furthermore, selection of appropriate medium depends largely on the 

requirements of the specific cell type under investigation. With primary leukocyte suspensions, 

Roswell Park Memorial Institute medium (RPMI) is often used and this medium does not 

contain any proteins, lipids or growth factors and it is often supplemented with heat-inactivated 

10% foetal calf serum (FCS) to provide cells with the growth factors, hormones, and nutrients 

required to maintain viability. However, the constituents within FCS are not well defined and 

can interfere with PMN chemotaxis and activation and so can hinder experimental 

observations (Macanovic et al., 1997; Ottonello et al., 2004; Zhiyun Wei et al., 2016). 

 

1.3. Extracellular traps 

The discovery of neutrophil extracellular traps (ETs) by Brinkmann et al. (2004) demonstrated 

that human neutrophils released nuclear DNA into the extracellular milieu in response to 

stimulation with chemical and natural compounds such as phorbol myristate acetate (PMA) or 

LPS (Brinkmann et al., 2004). When stained with fluorescent nucleic acid intercalating dyes, 
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this released DNA was observed to be degraded by the nucleic-acid-degrading nuclease 

enzyme, deoxyribonuclease-I (DNase-I). Neutrophil ETs are defined as decondensed 

extracellular chromatin released by neutrophils and that is associated with the granule 

proteins, neutrophil elastase (NE) and myeloperoxidase (MPO) (Brinkmann et al., 2004; 

Fuchs et al., 2007).  

Within three hours of exposure to PMA, human neutrophils display a morphological loss of the 

lobed nuclei, and the cytoplasm and contents within the nucleus mix before the chromatin is 

released into the extracellular milieu (Brinkmann et al., 2004; Fuchs et al., 2007). The 

neutrophils releasing their DNA die by this process (called ETosis) and undergo events that 

are distinct from apoptosis or necrosis. ETosis is characterised by the wide spreading of 

extracellular DNA from the cell and the lack of DNA-fragmentation or nuclear blebbing 

(Deschesnes et al., 2001; Fuchs et al., 2007). One distinct cellular event occurring during 

apoptosis is the flipping of phosphatidylserine (PS) from the inner cell membrane to the outer 

membrane cell membrane before cell lysis. During ETosis, the flipping of PS was not found to 

occur before cell lysis, further indicating that the cell death mechanisms are distinct (Fuchs et 

al., 2007). In additional support of ETosis being distinct from other cell death mechanisms, 

inhibitors of apoptosis and necrosis do not prevent cells releasing ET DNA (Fuchs et al., 

2007). However, recent studies have demonstrated that mouse PMNs displaying chemotactic 

and phagocytic capacity after the release of nuclear DNA indicating their viability despite 

releasing ETs; thus, the term, ETosis may not always be appropriate as the cells do not always 

have a lysed fate (Yipp et al., 2012). 

The molecular mechanism underlying neutrophil ET release is still under debate, though 

studies in humans confirm that chemical and biological inducers, such as PMA and LPS, result 

in protein kinase C (PKC) activation which plays an early role in initiating neutrophil ET 

release. PMA is a potent activator of PKC by mimicking the activating ligand diacylglycerol 

(Brandes et al., 2005). Activated PKC can phosphorylate subunits of NADPH oxidase 

(p47phox) such that they form a functional complex at the cell membrane that generates 

intracellular ROS that is required for respiratory burst and neutrophil ET release (Figure 1.3) 

(Brandes et al., 2005; Kaplan et al., 2012; Parker, Dragunow, et al., 2012; Gray et al., 2013). 

Biological compounds such as bacterial LPS, or fungal β-glucan are also dependent on 

inducing ET release through the activity of NADPH oxidase (Fuchs et al., 2007; 

Papayannopoulos, 2017). Alternatively, intracellular calcium influx is known to have a 

prominent role in inducing mitochondrial-generated ROS through the activation of calcium-

activated potassium channel of small conductance (SK channel) (Douda et al., 2015). Calcium 

ionophore (CaI, or A23187) which binds extracellular Ca2+ to form stable divalent cations, 

allows the ions to cross cell membranes which opens the SK channels on the mitochondria 

(Guyot et al., 1993). Rapid influx of Ca2+ into the mitochondrial matrix is well known to generate 
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ROS independently of NADPH oxidase (Brookes et al., 2004), and ultimately, ET release 

(Figure 1.3) (Douda et al., 2015). However, exactly how ROS induces ET release remains 

unclear, though it seems to act as a signalling molecule (Fuchs et al., 2007; Van Der Linden 

et al., 2017). 

Following intracellular ROS generation, NE localises in the nucleus by an unknown 

mechanism to degrade linker histones (H1), and processing core histones, resulting in the 

characteristic decondensation (Papayannopoulos et al., 2010). MPO subsequently migrates 

to the nucleus to seemingly enhance chromatin condensation with NE, though the exact 

contribution of MPO is not clear (Papayannopoulos et al., 2010). After chromatin 

decondensing, the neutrophils release their DNA in the form of ETs (Figure 1.4). The 

importance of these granule proteins for ET release has been confirmed in experiments with 

mice knocked out for NE and human patients with neutrophil that lack MPO activity, as in 

neither case do the neutrophils release ETs (Papayannopoulos et al., 2010; Metzler et al., 

2011). Various granule proteins present in granulocytes are also associated with neutrophil 

ETs (Table 1.1), though not all associated proteins are thought to contribute to the processing 

the chromatin like NE or MPO. In mammals, citrullination of H3 histones by arginine deiminase 

4 (PAD4) is sometimes detected before neutrophil ET release and this protein has been 

hypothesised to contribute to the process of chromatin decondensation (Kaplan et al., 2012). 

This is evident from mice knocked out for PAD4, as these animals fail to produce neutrophil 

ETs and are more susceptible to infections by S. aureus as the bacteria can disseminate more 

widely around the host (Li et al., 2010).  

Importantly, neutrophil ETs have been demonstrated by microscopic analysis and assays 

measuring bacterial abundance, i.e. colony forming units, to trap and possibly kill pathogens 

such as Staphylococcus aureus and Shigella flexneri (Brinkmann et al., 2004). The 

immunological significance of neutrophil ETs is also indicated by the reoccurring and 

persistent bacterial and fungal infections in patients that suffer from chronic granulomatous 

disease (CGD) (Winkelstein et al., 2000), as CGD is a hereditary condition characterised by 

a lack of functional NADPH oxidase that is required to produce ROS to kill ingested pathogens 

in phagosomes. Neutrophils isolated from these patients could not produce neutrophil ETs 

(Bianchi et al., 2009). Importantly, gene therapy of patients to rescue NADPH oxidase function 

can result in restoration of neutrophil ET release and significantly reduce the number of 

patients acquiring a fungal infection (Bianchi et al., 2009). 

Since the discovery of ETs release by human neutrophils, other studies have shown that 

extracellular DNA release in a manner resembling ETosis is performed by other human cell 

types including eosinophils (Yousefi et al., 2008; Ueki et al., 2016), macrophages (Chow et 

al., 2010; Liu et al., 2014), and mast cells (Von Köckritz-Blickwede et al., 2008) (Table 1.1). 
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The DNA released by these macrophages and mast cells stain positively with antibodies 

against histones and granule proteins, while eosinophils may also release mitochondrial DNA 

during the ET response (Yousefi et al., 2008). Extracellular mitochondrial DNA has also been 

reported to be released by human neutrophils during ET release and this was distinguished 

from nuclear DNA by the lack of histone detection by immunocytochemical staining (Yousefi 

et al., 2008). Even so, the consensus is that neutrophil ET release is primarily performed by 

neutrophils and the trap is formed from DNA of nuclear origin (Papayannopoulos, 2017). 

ET release by immune cells has also been characterised in various non-human species, 

including mice (Yipp et al., 2012), dogs (Jeffery et al., 2015), cats (Wardini et al., 2010), 

monkeys (Fuchs et al., 2010), cattle (Lippolis et al., 2006), seals (Reichel et al., 2015), birds 

(Chuammitri et al., 2009), crabs (Robb et al., 2014), oysters (Poirier et al., 2014), shrimp (Ng 

et al., 2013). Plants may also release chromatin in a manner resembling ET release, as a way 

to reduce exposure of the root tip cells to soil pathogens (Tran et al., 2016). The ETs of 

different species have been confirmed typically by their morphological similarity (fibres 

appearing to extrude out from cells which stain positively with fluorescent nucleic acid dyes) 

and positive immunocytochemical detection of NE, MPO, and/or histones (or homologues). 

It is noteworthy that the cells responsible for releasing ET in vertebrates and invertebrates 

have phagocytic capacity, and these cell types include neutrophil PMNs (Brinkmann et al., 

2004), haemocytes (Ng et al., 2013; Robb et al., 2014), heterophils (Chuammitri et al., 2009), 

macrophages (Boe et al., 2015), mast cells (Von Köckritz-Blickwede et al., 2008), and 

eosinophils (Yousefi et al., 2008). Furthermore, the ETs released from these phagocytic cells 

from crabs and shrimp demonstrate function to trap microbes, in addition to sharing 

morphological and structural features with human neutrophil ETs (Patat et al., 2004; Robb et 

al., 2014; Zhang et al., 2016). Taken together, the release of ETs and phagocytosis are 

primitive and evolutionarily conserved strategies to combat microbial infection. 
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Table 1.1. Table showing the components of ETs from neutrophil / PMNs, macrophages, mast cells, and eosinophils, and basophils.  #Indicates components which collectively 

satisfy the definition of ETs. 

ET constituents Cell type Function Notes Reference 

Azurocidin Neutrophils Antimicrobial Heparin binding protein (Urban et al., 2009) 

Bacterial Permeability Increasing Protein 

(BPI) 

Neutrophils Antimicrobial Pore-forming (Urban et al., 2009) 

Basogranulin Basophils Unknown  (Morshed et al., 2014) 

Calprotectin Neutrophils Chelates divalent metal ions. 

Restricts intercellular ions 

Binds and restricts free iron (Urban et al., 2009) 

Calprotectin Neutrophils Antimicrobial Binds and restricts free iron (Urban et al., 2009) 

Catalase Neutrophils Antimicrobial Catalysis of H2O2 to H20 + O2 (Urban et al., 2009) 

Cathelicidin (LL-37) Neutrophils, Macrophage, Mast 

cells 

Antimicrobial, Nuclease resistance Pore-forming (Von Köckritz-Blickwede et al., 2008; Neumann et al., 

2014) 

Cathepsin Neutrophils Antimicrobial Protease (Urban, et al. 2009; Papayannopoulos, et al. 2010) 

Chromatin# All eukaryotes Genetic information 
 

(Brinkmann et al., 2004)  

Defensin Neutrophils Antimicrobial Pore-forming  (Urban et al., 2009; Saitoh et al., 2012)  

Eosinophil Cationic Protein (ECP) Eosinophils Antiparasitic Toxin (Yousefi et al., 2008) 

Gelatinase Neutrophils Antimicrobial Protease (Brinkmann, et al. 2004) 

Histones* Eukaryotes Antimicrobial, DNA packaging Destabilises bacterial membranes (Brinkmann et al., 2004) 

Lactoferrin Neutrophils Antimicrobial Binds and restricts free iron (Brinkmann, et al. 2004) 

Lysozyme Neutrophils, Macrophages Antimicrobial Protease (Urban et al., 2009) 

Major Basic Protein (MBP) Eosinophils Antiparasitic Toxin (Yousefi et al., 2008) 

MPO# Neutrophils, Macrophages  Antimicrobial Produces HOCl from H2O2 and Cl- (Papayannopoulos et al., 2010; Liu et al., 2014) 

Neutrophil elastase# Neutrophils Antimicrobial Protease (Papayannopoulos, et al. 2010) 

Proteinase3 (PR3) Neutrophils Antimicrobial Proteinase (Papayannopoulos et al., 2010) 

Tryptase/ MCP (Mast Cell Protease) Mast cell Antimicrobial Protease (Von Köckritz-Blickwede et al., 2008) 
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Figure 1.3. Figure representing the distinct cell signalling events induced by PMA or CaI which lead to 

ET release. PMA is one of the most characterised inducers of ET release, which mimics diacylglycerol 

to activate protein kinase C (PKC). Activated PKC can phosphorylate the p47phox subunit of NADPH 

oxidase, promoting the formation of a functional NADPH oxidase complex on cell membranes. This 

enzyme is responsible for the generation of ROS, leading to release of ETs. Alternatively, CaI is 

understood to bind and form stable divalent cations with extracellular Ca2+, allowing cell membrane 

permeability. Ca2+ can open SK3 channels on the mitochondrial membranes causing a rapid influx of 

mitochondrial Ca2+, leading to the generation of ROS and ultimately, ET release (Figure 1.4). 
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Figure 1.4. Figure representing fundamental events in neutrophils/PMNs that lead to ET release though 

NADPH oxidase-dependent and independent pathways. Exposure of neutrophils/PMNs to ET-inducing 

chemical and biological compounds induces extracellular calcium entry or activation of PKC, and this 

leads to initiation of ET release cascade (Figure 1.3). The increase of intracellular ROS is followed by 

nuclear and granule membrane rupture and processing of chromatin by granule proteins, leading to the 

chromatin decondensation and ultimately ET release. 
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1.3.1. Extracellular traps in fish 

With respect to fish, ETs were first described in PMN-enriched cell suspensions isolated from 

the head kidney of fathead minnows (Pimephales promelas) and zebrafish (Danio rerio) with 

the use of fluorescence microscopy and immunocytochemical staining of ET markers (Palić, 

Andreasen, et al., 2007; Palić, Ostojić, et al., 2007). However, neither study identified a reliable 

inhibitor of ET release, or confirmed immunocytochemical co-localisation of histones 

fragments, or both MPO and NE that are characteristic of ETs (Table 1.2). These initial studies 

sparked a cascade of research in the European carp (Cyprinus carpio), whereby two groups 

separately confirmed the production of ETs from carp PMNs. One group focused primarily on 

the antimicrobial activity of the carp ETs (Brogden et al., 2012, 2014), while the other group 

focused more on characterising the response and investigating the signalling mechanisms 

(Pijanowski et al., 2013, 2015). Indeed, carp PMNs are dependent NADPH-oxidase for ET 

release, though the studies in minnows and zebrafish found CaI to be more potent than PMA 

at similar concentrations towards inducing ET release, indicating less dependency on NADPH 

oxidase. 

In addition to PMNs, macrophages isolated from the carp head kidney have also been 

observed to release ETs after incubation with LPS (Pijanowski et al., 2015). This was 

confirmed after observing ET-like DNA structures coming from cell-remnants that stained 

positively with an antibody against WCL15 – a monocyte and macrophage specific marker 

(Pijanowski et al., 2015). More recent studies have demonstrated that flatfish such as turbot 

(Scophthalmus maximus) and sole (Cynoglossus semilaevis) and barramundi (Lates 

calcarifer) to also release ETs from PMN-enriched cell suspensions (Chi et al., 2015; 

Masterman, 2016; Zhao et al., 2017). However, the ETs released by flatfish and barramundi 

remain to be confirmed for ET-associated markers such as NE and MPO, thus, the ETs await 

diagnostic confirmation (Table 1.2). Immunostaining of ET specific markers is required to 

confirm that the extracellular DNA observed originates from PMNs, though the availability of 

specific antibodies for fish PMN granules presents an ongoing challenge for studying ETs in 

these species. To date, there has yet to be a study to confirm ETs in the salmonid family, 

which are an economically and commercially important species. 
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Table 1.2. Table of confirmed diagnostic ET markers in fish species. 

Antibody target Fish species Reference 

Histone Carp (Cyprinus carpio), Turbot 

(Scophthalmus maximus) 

(Brogden et al., 2012; Chi et al., 2015) 

Neutrophil elastase Carp (Cyprinus carpio), Zebrafish 

(Danio rerio) 

(Palić, Andreasen, et al., 2007; Pijanowski et 

al., 2013) 

Myeloperoxidase Fathead minnow (Pimephales 

promelas) 

(Palić, Ostojić, et al., 2007) 
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1.3.2. Visualising and quantifying extracellular trap release in vitro 

Fluorescent nucleic acid dyes are fluorophores which have a high affinity for nucleic acids. 

This means they can absorb electromagnetic energy at specific wavelengths and 

subsequently re-emit the energy at a lower wavelength in the form of light, i.e. fluorescence 

(Thermo Fisher Scientific, 2010). Some of these dyes such as SYTOX Green cannot diffuse 

through cell membranes and show little selectivity for intercalating between base pairs; while 

others such as DAPI can permeate through cell membranes and specifically bind nucleic acid 

A-T base pairs (Thermo Fisher Scientific, 2010). These dyes are often used to visualise the 

presence of extracellular nucleic acids (like chromatin) and indicate the presence ETs. 

Scanning electron microscopy (SEM) may also be used to visualise the ETs in vitro, though 

this requires several steps involving dehydrating and coating the ETs that can disrupt the 

delicate ET fibres (von Köckritz-Blickwede et al., 2010). 

A significant challenge when studying ETs is selecting the method to quantify ET release in 

cell suspensions. These methods can be grouped into three main categories: i) fluorimetry of 

ETs dyed by nucleic acid dyes such as SYTOX Green, PicoGreen, or 4',6-diamidino-2-

phenylindole (DAPI); ii) fluorimetry of immunocytochemically stained markers of ETs such as 

α-NE and α-MPO; iii) counting number of cells releasing ETs or area of ETs per field of view 

on a microscope. The various techniques have advantages and disadvantages, which can 

lead to challenges when comparing observations between laboratories. 

Measuring the fluorescence emitted from fluorescent DNA-intercalating dyes is a popular 

approach to measure the abundance of ETs released in a suspension of PMNs in vitro, and 

this method allows for high-throughput processing of samples. Often, membrane-

impermeable dyes such as SYTOX Green or PicoGreen are used to dye total ETs as this 

approach therefore excludes the DNA contributed by live cells that have intact membranes 

that prevent the dye from entering living cells and binding to intracellular nucleic acids. 

However, not all extracellular nucleic acids form the intrinsic structure of an ET, as cells 

undergoing apoptosis or necrosis may also release DNA and RNA during cell membrane 

rupture (de Buhr et al., 2016; Maini et al., 2016). Thus, immunocytochemical analysis is 

required to determine if extracellular DNA is found with the ET-associated proteins such as 

histones, NE, and MPO (Jorch et al., 2017) that characterise and distinguish an ET. 

SYTOX green assays are sometimes favoured over PicoGreen counterparts as the latter is 

not sensitive enough to detect relatively small amounts of chromatin that may be released in 

low density PMN suspensions when releasing ETs (de Buhr et al., 2016). However, these 

methods do not distinguish between different modes of cell death, and so fluorescence emitted 

from membrane-compromised, non-viable cells contribute to the overall fluorescence. To 

allow comparison between plates, fold-change fluorescence can be used which also accounts 
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for the variation of ET release between individuals (Jeffery et al., 2015, 2016). Some 

compounds such as LPS that is used to induce ET release may also contain nucleic acid 

contaminants that may skew results when using a fluorimetry-based assay (Tan et al., 2009; 

Rezania et al., 2011). PAMPs, such as zymosan, β-glucan and LPS, are commonly acquired 

through phenol-based extraction methods and this may lead to the final product containing 

contaminants, including those that dye positively with nucleic acid dyes and affect ET data 

readings (Tan et al., 2009; Rezania et al., 2011). Whole bacteria used to induce ETs may also 

skew the overall fluorescence of a sample in the same manner; thus, the subtraction of 

fluorescence from control wells containing these compounds from treatment wells with cells 

is vital to reduce the effect of DNA contamination on fluorescence readings aiming to quantify 

ETs. Due to these limitations, human observation by fluorescence microscopy is highly 

advised to confirm the presence of ETs and the absence of considerable fluorescence signals 

from contaminants and cells dying by necrosis and apoptosis (von Köckritz-Blickwede et al., 

2010). 

Immunocytochemical analysis can be used to quantify ET release in cell suspensions, as co-

localisation of antibodies against NE and histone fragments diagnostically confirm the 

detection of ETs. Measuring the fluorescence of fluorophore-conjugated antibodies against 

NE and histones (specific to extracellular proteins unless cell membranes were permeabilised) 

gives a more specific measurement than measuring solely fluorescence of nucleic acid-

binding dyes. However, during the processing of samples, cells adhere to glass coverslips 

prior to ET release, and frequent wash steps must be performed to ensure the binding 

specificity of antibodies (de Buhr et al., 2016). This processing can disrupt the ETs, which are 

relatively delicate structures that can be removed during these washes, and lead to 

underestimates of ET abundance (von Köckritz-Blickwede et al., 2010). Furthermore, the 

availability of teleost species-specific mAbs may be problematic, as using polyclonal 

antibodies may reduce specificity and result in weaker detection. 

Another way to quantify ETs is the enumeration of ETs in fields of view under the microscope 

(von Köckritz-Blickwede et al., 2010; Robb et al., 2014; Maini et al., 2016). For this, 

photographs of the same field of view of cell suspensions labelled with fluorescent antibody 

or nucleic acid dyes are acquired in phase contrast and suitable fluorescence conditions, and 

these fluorescent images are overlaid and quantified by image analysis to allow enumeration 

of ETs (von Köckritz-Blickwede et al., 2010; Robb et al., 2014; Maini et al., 2016). A similar 

quantification method is to perform ET counts from electron microscopy images (von Köckritz-

Blickwede et al., 2010; Manzenreiter et al., 2012). However, due to the relatively low 

throughput and subjective nature of such counting methods due to the variability of ET shapes, 

the results are difficult to compare between laboratories. For example, released ETs in vitro 

appear as ‘comet’-like structures, or instead produce a ‘diffuse’-like structure, which can be 
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easily interpreted as more than one ET (Hakkim et al., 2011). Furthermore, when large 

numbers of ETs are clumped together, it becomes even more difficult to distinguish between 

individual ETs (Hakkim et al., 2011). 

More recently, flow cytometry methods have been developed to quantify ETs (Zhao et al., 

2015). One method measures co-localisation of fluorescent DNA stains with ET-associated 

granule proteins such as MPO and NE in cell suspensions after inducing the cells to release 

ETs (Zhao et al., 2015). Although this ‘Multispectral Imaging Flow Cytometry’ method can 

greatly increase objectivity, this technique can only detect cells undergoing ETosis, or having 

recently undergone ETosis, as lysed cells are not detected with the flow cytometer (Zhao et 

al., 2015). Furthermore, there are pitfalls with the use of antibodies to quantify ET release in 

vitro, such as the loss of ETs through wash steps required to ensure antibody specificity. 

Regardless, improved methods are being developed to gradually improve the techniques used 

to quantify ET release, though a more standardised approach would be desirable moving 

forward to allow for more consistency and reproducibility in observations, allowing for more 

reliable comparisons between studies. 

 

1.3.3. Antimicrobial activity of extracellular traps 

ETs have been shown to exert antimicrobial effects, including the ability to physically adhere 

to and ‘trap’ microbes (Brinkmann et al., 2004). Observations of microbial trapping have been 

supported with fluorescent and electron microscopy in vitro and has demonstrated the binding 

of E. coli to ETs in vivo in the liver during murine sepsis, and trapping of Klebsiella pneumoniae 

in lungs of infected mice (Papayannopoulos et al., 2010; Yipp et al., 2013). The immobilisation 

of microbial pathogens by ETs likely prevents further dissemination within the host, thus 

allowing immune cells time to be recruited to the infected region to assist with the clearance 

of the entangled microbes (Stephan et al., 2015). Some studies have exposed microbial 

pathogens to ETs in vitro and have shown a reduction in colony forming units (CFU) after co-

incubation, therefore indicating that the microbes have been trapped (and therefore 

aggregated) or killed (Brinkmann et al., 2004; Urban et al., 2009). Typically, these 

observations are supported by visualising the microbe entangled within the ETs using 

fluorescence or SEM (Table 1.3) (Brinkmann et al., 2004; de Buhr et al., 2016). Another 

method to quantify microbial trapping involves measuring the co-localisation of fluorescently-

labelled microbes with fluorescently stained ETs (von Köckritz-Blickwede et al., 2010; 

Brogden, 2013). 
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Table 1.3. Examples of the different methods used to visualise and quantify ETs. 

Dye Method Measurement parameter Pros Cons References 

SYTOX Green/PicoGreen; 

Antibody against histone-DNA 

complex 

Fluorescence microscopy 

ET counts 
ET counts 

Able to distinguish between cell 

death modes 

Can be affected by selection of 

fields of view 

(Robb et al., 2014; 

Maini et al., 2016) 

Antibody against elastase and 

histone-DNA complexes + 

membrane permeable dye 

Fluorescence microscopy + 

image analysis 

ET counts or degree of ET 

degradation 

Objective and high-throughput 

quantification 

Can be less objective by the 

images used for analysis. Clumps 

of ETs derived from multiple cells 

can affect the data 

(Brinkmann, 

Goosmann, et al., 

2012; de Buhr et al., 

2015) 

SYTOX/PicoGreen Fluorimetry Extracellular DNA  Objective and fast quantification 

No differentiation between modes 

of cell death; requires images to 

confirm 

(Palić, Ostojić, et al., 

2007; Gray et al., 

2013; Jeffery et al., 

2016) 

SYTOX/PicoGreen after 

nuclease digestion 
Fluorimetry Extracellular DNA Objective and fast quantification 

Less sensitive compared to 

antibody-mediated ET 

quantification 

(Pilsczek et al., 2010; 

Menees et al., 2015) 

Antibody against NE/MPO with 

cell-permeable dye 
Flow cytometry Percentage of ET formation 

Objective, automated, enables 

differentiation between suicidal vital 

ET release 

Imaging of cells only currently 

undergoing ETosis and thus may 

miss cells that have already lysed 

(de Buhr et al., 2015; 

Zhao et al., 2015) 

Antibody against H3cit with 

cell-permeable dye 
Flow cytometry Percentage of ET formation 

Objective, automated, can be 

combined with sorting 

Does not detect H3cit-independent 

events; Imaging of cells only 

currently undergoing ETosis and 

thus may miss cells that have 

already lysed 

(Gavillet et al., 2015) 
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Uranyl-acetate, osmium 

tetroxide, ruthenium red-

osmium tetroxide, Cuprolinic 

blue 

TEM 
Morphology of NET-

releasing cells 

Visible differentiation between 

necrosis and ET release, can be 

used in combination with 

immunostaining of ET-associated 

granule proteins 

May be subjective by selection of 

field of view 

(Krautgartner et al., 

2008; von Köckritz-

Blickwede et al., 

2010) 

Osmium tetroxide/gold SEM 
Amount and structure of 

NETs-releasing cells 

Visible differentiation between 

necrosis and ET release; can be 

used in combination with 

immunostaining of ET-associated 

granule proteins 

May be subjective by selection of 

field of view, fibrin mimics ET 

structures 

(Krautgartner et al., 

2008; von Köckritz-

Blickwede et al., 

2010) 

ET: extracellular trap; SYTOX: fluorescent DNA-binding cell-impermeable dye; TEM: transmission electron microscopy; SEM: scanning electron microscopy; H3cit: citrullinated histone H3 
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Trapping or killing by ETs is difficult to distinguish, though inhibiting the phagocytic capacity 

of PMNs with actin polymerisation inhibitors can reduce the number of bacteria that are killed 

by phagocytic action (Stephan et al., 2015). If a reduction in CFU is still observed after 

inhibiting phagocytosis, the microbes are likely trapped within the ETs and not lost through 

phagocytic processes. Failure to recover fully the microbes after degrading the ETs with 

DNases indicates that the bacteria were likely killed by intact ETs (Fuchs et al., 2007; 

Brinkmann and Zychlinsky, 2012). Whether or not ETs can trap or kill microbes will depend 

on the species and strain of the microorganism, as some bacterial strains display innate 

resistance towards ETs (Storisteanu et al., 2017). 

The interaction between microbes and ETs is likely promoted by the electrostatic charge of 

the DNA composing the core of the ET structure and the presence of pathogen-binding 

surfactant protein D, which promotes contact with negatively-charged bacterial membranes 

(Brinkmann et al., 2007; Epand et al., 2009; Douda et al., 2011). ETs are hypothesised to 

exert bactericidal activity due to the actions of numerous bactericidal proteins decorating the 

ETs (Table 1.1) because many of the granule proteins found in association with ETs are lethal 

to bacteria (Perera et al., 2012; Stapels et al., 2015). For example, histones are known to be 

antimicrobial, as their cationic properties means they can physically interact with and disrupt 

bacterial membranes (Fernándes et al., 2002; Patat et al., 2004; Smith et al., 2010, 2015; 

Halverson et al., 2015). The bactericidal effect of histones can be reduced by incubating with 

exogenous phosphatases or excess Mg2+ ions, as these effectively eliminate the cationic 

charge of histones (Halverson et al., 2015). With respect to fish, histone H1 (Richards et al., 

2001) and H2A (Fernándes et al., 2002) proteins isolated from Atlantic salmon and rainbow 

trout, respectively, exert dose-dependent antimicrobial activity. H2A is effective at sub-

micromolar concentrations against Gram-positive bacteria such as Staphylococcus aureus 

and Renibacterium salmoninarum and against the yeast Saccharomyces cerevisiae, though 

at these concentrations there was no bactericidal activity against Gram-negative bacteria 

including Aeromonas salmonicida (Fernándes et al., 2002).  

Granule proteins decorating ETs, such as MPO, produce hyperchlorous acid (HOCl) from 

H2O2 and Cl- which are themselves bactericidal (Palmer et al., 2012; Muñoz Caro et al., 2014), 

while NE can hydrolyse various virulence factors on the outer membrane of bacteria, rendering 

them ineffective (Weinrauch et al., 2002; Hahn et al., 2011; Perera et al., 2012). Inhibitors of 

MPO (e.g., 4-aminobenzoic acid hydrazide [ABAH] and NE inhibitors, e.g., Suc-Ala-Ala-Pro-

Val chloromethyl ketone [CMK]) result in significant reductions of ET release by bovine PMNs, 

thus demonstrating their importance for ET release (Metzler et al., 2011; Munoz-Caro et al., 

2015). NE is bactericidal against Gram-negative bacteria such as Klebsiella pneumoniae and 

E. coli, and it can also act in a complex with other granule protein cofactors like proteinase 3 

and cathelicidin-related protein LL-37 (Standish et al., 2009; Gupta et al., 2010). Other granule 
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proteins such as calprotectin can inhibit fungal growth by limiting the availability of essential 

free zinc ions that are required for Aspergillus infection (Bianchi et al., 2009; Urban et al., 

2009).  

Beyond directly killing microbes, the granule proteins that decorate the ETs can also serve to 

protect the structural integrity of ETs. For instance, LL-37, kills microbes directly by forming 

pores in the bacterial membrane (Mojsoska et al., 2015), but a cationic moiety of LL-37 can 

also protect ET structures and calf thymus DNA against degradation by S. aureus nucleases, 

but the mechanism underlying this remains unknown (Neumann et al., 2014). 

Trapping of bacteria in ETs released from fish PMNs has been shown for carp, turbot and 

tongue sole (summarised in Table 1.4). The studies in the flatfish species demonstrated 

trapping by inducing ET release in a PMN-enriched cell suspension with a potent inducer and 

then adding the bacteria to the suspension. Then, the number of bacterial CFUs recovered 

after exposure to ETs were compared to controls with DNase-digested ETs, whereby 

differences in CFUs may be attributed to the antimicrobial effect of ETs (Chi et al., 2015; Zhao 

et al., 2017). With the tongue sole, the fish pathogens Pseudomonas fluorescens and Vibrio 

harveyi, but not Edwardsiella tarda, showed a reduction in CFU compared to the control, thus 

indicating trapping in ETs, while further confirmation was provided by SEM observations (Zhao 

et al., 2017). In carp, Aeromonas hydrophila was also found to be entangled in ETs released 

by PMNs when observed by fluorescence microscopy and enumerating CFU after co-

incubation (Brogden et al., 2014). 
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Table 1.4. Current evidence for bacterial trapping in ETs released by fish species, showing the inducer 

used to stimulate ET release, species of bacteria studied, and how the bacterial interaction was 

detected and measured. Interaction of bacteria with ETs were not investigated in studies involving 

Pimephales promelas, Danio rerio, and Lates calcarifer.  

Fish species Inducer of ET 

release 

Bacterial species Evidence for 

trapping 

Method Reference 

Cyprinus  

carpio 

Β-glucan 

Aeromonas 

hydrophila 

Aeromonas hydrophila + CFU recovery 

Fluorescence 

microscopy 

(Brogden et 

al., 2014) 

Scophthalmus 

maximus 

LPS Edwardsiella tarda 

Pseudomonas fluorescens 

Vibrio harveyi 

- 

+ 

+ 

CFU recovery (Chi et al., 

2015) 

Cynoglossus 

semilaevis 

LPS Escherichia coli 

Pseudomonas fluorescens 

+ 

+ 

CFU recovery (Zhao et al., 

2017) 
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1.3.4. Inducers and inhibitors of extracellular trap release 

ET release can be induced by various chemical and biological compounds (Table 1.5), and 

many potent inducers of ET release from human neutrophils have been characterised, and 

often elicit similar responses in PMNs from other organisms (Chuammitri et al., 2009; Yipp et 

al., 2012; Muñoz Caro et al., 2014; Robb et al., 2014; Jeffery et al., 2015; Reichel et al., 2015). 

Chemical inducers such as PMA potently induce ET release from PMNs in many organisms 

and is regularly used as a positive control when assessing the potency of unknown 

compounds (Hoppenbrouwers et al., 2017). Biological inducers include whole microbial 

organisms, bacteria, fungi, protozoa and unicellular parasites (Urban et al., 2006; Baker et al., 

2008; Guimaraes-Costa et al., 2009; Pilsczek et al., 2010; Juneau et al., 2011; Abdallah et al., 

2012), and microbial-derived PAMPs such as LPS, flagellin, β-glucan, 

polyinosinic:polycytidylic acid (Poly IC) and hyphae (Brinkmann et al., 2004; Urban et al., 

2006; Brogden et al., 2012; Floyd et al., 2016), and host-derived cytokines and inflammatory 

mediators such as IL-β, IL-8, and TNFα (Clark et al., 2007; Baker et al., 2008; Keshari et al., 

2012). 

The cell signalling pathways which these inducers act through to trigger ET release from 

PMNs remains to be completely deciphered, as PMA, or the majority of PAMP and bacterial-

induced ET release tends to result in NADPH oxidase-dependent ET release, while CaI 

induces ET released through mechanisms independent of NADPH oxidase activity as 

mentioned above (Figure 1.4) (Pilsczek et al., 2010; Parker, Dragunow, et al., 2012; Arai et 

al., 2014; Douda et al., 2015; Papayannopoulos, 2017). Pre-exposing PMNs, macrophages 

and haemocytes isolated from humans, mice, cows, dogs, crabs or oysters to PKC/NADPH 

oxidase inhibitors, such as diphenyleneiodonium (DPI), apocynin or Ro-31-8220, result in 

abolishment of ET release, indicating that the NADPH oxidase-dependent mechanism for ET 

release is conserved across the animal kingdom (Fuchs et al., 2007; Neeli et al., 2009; Hakkim 

et al., 2011; Parker, Dragunow, et al., 2012; Gray et al., 2013; Robb et al., 2014). 

In the absence of inducers, ET release was observed to occur spontaneously from PMNs in 

humans and dogs (Fuchs et al., 2007; Maini et al., 2016; Kamoshida et al., 2017). Increasing 

the concentration of human serum used to nourish human neutrophils correlates with greater 

ET release in the absence of other stimuli, indicating that spontaneous release does occur 

(Kamoshida et al., 2017). However, there is no clear explanation for spontaneous ET release 

and this phenomenon is seldom reported in non-human species (Kamoshida et al., 2017). As 

neutrophils from human donors display significant spontaneous ET release between 

individuals, this is an additional factor to consider when studying ET release (Fuchs et al., 

2007). 
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ET release from both vertebrate PMNs and invertebrate haemocytes can also be inhibited by 

cytoskeleton polymerisation inhibitors such as cytochalasin D or nocodazole (Neeli et al., 

2009; Ng et al., 2013; Robb et al., 2014), demonstrating that cytoskeleton remodelling is 

important for the release of ETs. Both actin and microtubule filaments were observed to 

regulate the position of the nucleus and facilitate the breakdown of nuclear envelope which 

occurs prior to ET release, though it is unclear how this exactly (Neeli et al., 2009). However, 

some studies have found cytochalasin unsuccessful in inhibiting ET release by human 

neutrophils (Riyapa et al., 2012). Nevertheless, it is believed that some forms of ET release 

in humans are mediated by actin-mediated cytoskeleton remodelling. 

Potent inducers and inhibitors of ET release in mammals have inconsistency in inducing ET 

release from fish PMNs. For example, PMA is a potent inducer of ET release in many animals 

(Table 1.7), including some fish such as carp and tongue sole (Pijanowski et al., 2013; Zhao 

et al., 2017). Conversely, PMA exerts only a weak effect on ET release in zebrafish and 

fathead minnows (Table 1.7) (Palić, Andreasen, et al., 2007; Palić, Ostojić, et al., 2007; Chi et 

al., 2015).  

PMA and poly IC-induced ET release in carp was inhibited by DPI, but DPI failed to block LPS 

or zymosan-induced ET release, indicating that carp PMNs can undergo both NADPH 

oxidase-dependent and independent ET release (Pijanowski et al., 2013). Further similarities 

of the cellular mechanisms mediating ET release between mammals and fish is demonstrated 

as the MPO-inhibitor, ABAH and ROS-scavenger, Trolox, inhibited ET release by tongue sole 

PMNs; collectively indicating that fish PMNs also require ROS signalling and chromatin 

processing by MPO to release ETs (Zhao et al., 2017). Conversely, CaI is also a very potent 

inducer of ET release in PMN-enriched cell suspensions of minnows and zebrafish compared 

to PMA and other PAMPs (β-glucan and LPS) (Palić, Andreasen, et al., 2007; Palić, Ostojić, 

et al., 2007), which provides evidence for an NADPH oxidase-independent mechanism of ET 

release in fish PMNs. ET release was also inhibited in zebrafish and fathead minnow PMNs 

by actin polymerisation inhibitors cytochalasin B, indicating that fish PMNs may also rely on 

cytoskeleton remodelling for ET release (Palić, Andreasen, et al., 2007; Palić, Ostojić, et al., 

2007).  
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Table 1.5. Known chemical and biological inducers of ET release in different animal species. 

Inducer Type / Species Animal species 

Chemical compounds 

Calcium ionophore (CaI) / 

ionomycin 

Chemical Human (Barrientos et al., 2013), Cow (Lippolis et al., 2006), Fish (Palić, Ostojić, et al., 2007) 

Hydrogen peroxide (H2O2) Chemical Chicken (Chuammitri et al., 2009)] 

Monosodium urate Chemical Human (Schorn et al., 2012; Yousefi et al., 2015) 

Phorbol 12-myristate 13-

acetate (PMA) 

Chemical Human (Brinkmann et al., 2004), Cow (Lippolis et al., 2006), Dog (Jeffery et al., 2015), Chicken (Chuammitri et al., 

2009), Fish (Pijanowski et al., 2013; Chi et al., 2015; Zhao et al., 2017), Shrimp (Ng et al., 2013), Crab (Robb et al., 

2014), Mussel (Robb et al., 2014) 

Biological compound 

Cytokines Biological signal Human (Brinkmann et al., 2004), Mouse (Cheng et al., 2013), Fish (Pijanowski et al., 2015) 

β-glucan Yeast Human (Nani et al., 2015), Fish (Palić, Andreasen, et al., 2007; Brogden et al., 2012) 

Flagellin Bacteria Human (Floyd et al., 2016) 

Lipopolysaccharide (LPS) Bacteria Fish (Palić, Ostojić, et al., 2007), Shrimp (Ng et al., 2013), Crab (Robb et al., 2014), Amoebae (Zhang et al., 2016) 

Peptidoglycan Bacteria Shrimp (Koiwai et al., 2016) 

Zymosan Yeast Seal (Reichel et al., 2015), Dog (Zhengkai Wei et al., 2016), Oyster (Poirier et al., 2014) 

Microbial  

Bacteria Brevibacterium stationis Oyster (Poirier et al., 2014) 

 Escherichia coli Baboons (Xu et al., 2010), Cow (Lippolis, et al. 2006), Shrimp (Ng et al., 2013)  

 Edwardsiella tarda Fish (Zhao et al., 2017) 

 Enterococcus faecalis Cow (Lippolis et al., 2006) 

 Helicobacter pylori Human (Hakkim et al., 2011) 

 Klebsiella pneumoniae Human (Papayannopoulos et al., 2010; Wang et al., 2017), Amoebae (Zhang et al., 2016) 

 Mycobacterium tuberculosis Human (Ramos-Kichik, et al. 2009) 

 Neisseria meningitidis Human (Lappann et al., 2013) 

 Pseudomonas aeruginosa Human (Yoo et al., 2014),  

 Pseudomonas fluorescens Fish (Zhao et al., 2017) 

 Shigella flexneri  Human (Brinkmann et al., 2004), Mouse (Beiter et al., 2006) 

 Staphylococcus aureus Human (Brinkmann et al., 2004; Fuchs et al., 2007; Von Köckritz-Blickwede et al., 2008), Cow (Lippolis et al., 2006) 

 Vibrio tasmaniensis Oyster (Poirier et al., 2014) 

 Vibrio harveyi Fish (Zhao et al., 2017) 
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Protozoa Besnoitia besnoiti Cow (Muñoz Caro et al., 2014) 

 Eimeria bovis Cow (Behrendt et al., 2010) 

 Leishmania amazonensis Human (Guimarães-Costa, et al. 2009) Cat (Wardini et al., 2010) 

 Neospora caninum Dog (Zhengkai Wei et al., 2016) 

 Plasmodium falciparum Human (Abi Abdallah et al., 2012) 

 Toxoplasma gondii Human (Abdallah et al., 2012), Seal (Reichel et al., 2015), Mouse (Abi Abdallah et al., 2012) 

Fungi Asergillus fumigatus Human (Bruns et al., 2010) 

 Candida albicans Human (Urban et al., 2006) 

Virus Human immunodeficiency virus Human (Saitoh et al., 2012) 

 Influenza A virus Human (Tripathi et al., 2014) 

 Respiratory syncytial virus Human (Funchal et al., 2015) 
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Table 1.6. Known chemical and biological inhibitors of ET release in different animal species. 

Inhibitor Type Animal species 

Diphenyleneiodonium (DPI) NADPH oxidase inhibitor Human (Ostafin et al., 2016), Seal (Reichel et al., 2015), Mussel (Robb et al., 2014), 

Crab (Robb et al., 2014), Oyster (Poirier et al., 2014) 

Cytochalasin Cytoskeleton inhibitor Human (Brinkmann et al., 2004; Neeli et al., 2009), Crab (Robb et al., 2014), Shrimp 

(Ng et al., 2015), Mussel (Robb et al., 2014) 

N-acetyl cysteine (NAC) ROS scavenger Human (Funchal et al., 2015) 

4-aminobenzoic acid hydrazide 

(ABAH) 

MPO inhibitor Human (Kaplan et al., 2012), Fish (Zhao et al., 2017) 
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Table 1.7. Current list of chemical and biological inducers and inhibitors of ET release used in different fish species showing effect of compound, minimum 

concentration which elicited a response, and earliest time point where a response was reportedly statistically significant 

. 

Inducer Fish species Lowest effective concentration Earliest effect Reference 

β-glucan Pimephales. promelas 50 µg mL-1 60 min (Palić, Ostojić, et al., 2007) 

Danio rerio Unclear, presumably 50 µg mL-1 90 min (Palić, Andreasen, et al., 2007) 

Cyprinus carpio 200 µg mL-1 30 min (Brogden et al., 2014) 

CaI Pimephales. promelas 5 µg mL-1 10 min (Palić, Ostojić, et al., 2007) 

Danio rerio 5 µg mL-1 90 min (Palić, Andreasen, et al., 2007) 

Lates calcarifer Unclear 30 min (Masterman, 2016) 

LPS Pimephales. promelas 0.5 µg mL-1 20 min (Palić, Ostojić, et al., 2007) 

Cyprinus carpio 50 µg mL-1 30 min (Pijanowski et al., 2013) 

Scophthalmus maximus 1 µg mL-1 120 min (Chi et al., 2015) 

PMA 

 

Pimephales. promelas 0.25 µg mL-1 50 min (Palić, Ostojić, et al., 2007) 

Danio rerio Unclear presumably 0.25 µg mL-1 90 min (Palić, Andreasen, et al., 2007) 

Cyprinus carpio 1 µg mL-1 60 min (Pijanowski et al., 2013) 

Lates calcarifer Unclear 30 min (Masterman, 2016) 

Cynoglossus semilaevis 1 µg mL-1 60 min (Zhao et al., 2017) 

Polyinosinic:polycytidylic acid 

(Poly IC) 

Cyprinus carpio 25 µg mL-1 30 min (Pijanowski et al., 2013) 

Zymosan Cyprinus carpio 500 µg mL-1 30 min (Pijanowski et al., 2013) 

Inhibitor     

ABAH (MPO inhibitor) Cynoglossus semilaevis 100 µM - (Zhao et al., 2017) 

NADPH oxidase inhibitor Cyprinus carpio 50 µM (DPI) 60 min (Pijanowski et al., 2013) 

Cytochalasin Pimephales. promelas 2.5 or 5 µg mL-1 60 min (Palić, Ostojić, et al., 2007) 

Danio rerio 5 µg mL-1 90 min (Palić, Andreasen, et al., 2007) 

L-NAME (Nitric oxide inhibitor) Cynoglossus semilaevis 1 mM Unclear (Zhao et al., 2017) 

Trolox (ROS scavenger) Cynoglossus semilaevis 100 µM Unclear (Zhao et al., 2017) 
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1.3.5. Extracellular trap-associated pathogenesis 

Despite the advantageous properties of ETs towards eliminating or reducing microbial 

infection, the ineffective clearance or regulation of ET release is strongly associated with 

inflammatory disorders and the pathogenesis of several human diseases (Kaplan et al., 2012; 

Schorn et al., 2012; Zawrotniak et al., 2013; Papayannopoulos, 2017). The inflammatory 

mediators released during infections can induce the adhesion, degranulation, respiratory burst 

and ET release from PMNs, while tumour necrosis factor alpha induces differentiation and 

activation of several leukocytes, which further promotes the inflammatory state (Keshari et al., 

2012). Additionally, the antimicrobial peptides that decorate ETs can also exert cytotoxic 

effects against host cells, and this may lead to progressive host tissue damage if the ETs are 

not cleared quickly enough (Kaplan et al., 2012). The clearance of ETs within host tissue is 

performed, in part, by DNases present in host serum (Hakkim et al., 2010) and also by 

macrophages (Farrera et al., 2013).  

In mice, histones can cause epithelial and endothelial death in lung tissue in vitro, and 

administration of histones in vivo results in alveolar haemorrhage and microvascular 

thrombosis (Xu et al., 2010, 2011). Furthermore, the proteases found associated with ETs, 

such as NE, MPO and LL-37, are also capable of hydrolysing different tissues (Zawrotniak et 

al., 2013), thus also demonstrating another mechanism underlying the detrimental effects of 

prolonged exposure to ETs. In addition to direct tissue damage, ETs can promote blood 

clotting (i.e., thrombosis) within vasculature by acting as a scaffold for the adherence of 

platelets and other blood cells (Fuchs et al., 2010). Inflammatory cytokines such as IL-8 can 

promote neutrophil activity and ET release in humans, thus providing a link between 

inflammation, infection and the detrimental effects of ETs (Brinkmann et al., 2004; Fuchs et 

al., 2010).  

The build-up of DNA and mucus in the sputum is distinctive of cystic fibrosis patients that have 

impaired ion transport across the epithelium, and the large densities of free DNA found within 

the sputum contributes to its high viscoelasticity and leads to the accumulation of mucus in 

the airways (Shah et al., 1996; Henke et al., 2007). The DNA in cystic fibrosis sputum 

originates mostly from neutrophils and, though it has initially been thought to be derived from 

necrotic neutrophils, the discovery of ETs has challenged this idea and provides an alternative 

explanation for the source of the DNA (Manzenreiter et al., 2012). The use of nucleic acid-

degrading enzymes such as recombinant human DNase-I promotes the clearance of sputum 

by degrading the DNA polymers, and this can eliminate or reduce the debilitating symptoms 

related to this (Shah et al., 1996). 

ETs are also implicated in a myriad of autoimmune diseases, as the presence of citrullinated 

histones in host tissue, which are characteristic of ETs, is highly immunogenic and promotes 
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the production of autoantibodies (Kaplan et al., 2012). These autoantibodies facilitate immune 

reactions against the ET aggregates that build up in various diseases such as rheumatoid 

arthritis, atherosclerosis, small vessel vasculitis, systemic lupus erythematosus, and Felty’s 

syndrome (Xu et al., 2010; Liu et al., 2012; Cheng et al., 2013; Sur Chowdhury et al., 2014). 

Overall, several inflammatory and autoimmune diseases are associated with ETs that persist 

in the host tissue for too long and may contribute to host damage, promote inflammation 

through macrophage activation and neutrophil recruitment, and lead to impaired wound 

healing (Fadini et al., 2016). 

Like mammals, inflammation-induced tissue damage is frequently observed in various 

salmonid diseases such as vibriosis, red mark syndrome (RMS), bacterial cold water disease, 

and furunculosis, (Metselaar et al., 2010; Falco et al., 2012; Hickey et al., 2017; Hoare et al., 

2017). PMA or LPS-induced ET release in carp also results in the upregulation of the pro-

inflammatory cytokines IL-10, IL-1β and TNF-α (Pijanowski et al., 2015). To what extent ETs 

released by fish cells contributes towards an inflammatory state is uncertain, though it is 

possible that ETs contribute to the pathogenesis of inflammatory diseases is not limited to 

mammals. 

 

1.4. Microbial evasion strategies against extracellular traps 

Microbial pathogens demonstrate a breadth of strategies to evade ETs, and these can be 

broken down to three categories: inhibition of ET release, degradation of ETs, or resistance 

to killing by ETs (Storisteanu et al., 2017). Group A Streptococcus (GAS) is a well-studied 

example that exhibits ET evasion strategies within all three of these categories. The 

haemolytic endotoxin, streptolysin, released by GAS can reduce neutrophil ROS generation, 

which is required for generation of ETs (Uchiyama et al., 2015). Further downregulation of 

ROS production in neutrophils is attributed to the hyaluronic acid capsule on GAS, which 

mimics immunoregulatory proteins and binds to inhibitory neutrophil receptors, Siglec-9, 

thereby reducing ET formation (Secundino et al., 2016). Also, pro-inflammatory cytokines 

such as IL-8 can be targeted and cleaved by GAS-produced SpyCEP, which acts to prevent 

the recruitment of further neutrophils (Zinkernagel et al., 2009). Moreover, the production of 

extracellular nucleases by GAS, such as streptodornase 1 (Sda 1), is a virulence strategy and 

these enzymes help to liberate bacterial cells from ETs (Walker et al., 2007). In addition, S. 

aureus evades ETs by producing adenosine synthase A (Ads A), an enzyme that modifies 

degraded ET products into compounds with apoptosis-inducing activities against 

macrophages (Thammavongsa et al., 2013). 

P. aeruginosa resists the antimicrobial actions of ETs by reducing the net negative charge at 

its cell surface using the aminoarabinose (arn) operon. The products of the arn operon are 
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responsible for the covalent addition of aminoarabinose to phosphates of lipid A of the 

bacterial membranes to mask their negative surface charge, thereby reducing the binding of 

ETs (Halverson et al., 2015). P. aeruginosa also upregulates the surface expression of the 

cationic protein, spermidine, which contributes to resistance against the activity of 

antimicrobial peptides and increases bacterial membrane stability (Halverson et al., 2015). A 

similar method of resistance is reported with Neisseria meningitides, whereby they are not 

killed completely by ETs, but can still replicate after exposure to ETs. N. meningitides modifies 

the lipid A of the LPS to protect against the proteolytic activity of cathepsin G, an antimicrobial 

protein that decorates the ETs (Lappann et al., 2013). Furthermore, calprotectin in ETs bind 

zinc or other trace metals, thereby limiting an essential nutrient required for the replication of 

Candida albicans (Urban et al., 2009; Achouiti et al., 2012). However, N. meningitides Zinc 

neisserial outer-membrane transporter (ZnuD) is a high affinity zinc uptake receptor is 

essential to survival against ETs (Lappann et al., 2013), indicating that there exists a bacterial 

strategy to combat ET that directly challenges the ion sequestering capability of granules 

within ETs. 

 

1.4.1. Extracellular nuclease 

In particular, different pathogens can harbour multiple strategies to reduce the antimicrobial 

effects or trapping by ETs which share similar mechanisms such as surface charge alteration 

or reducing inflammatory signals. For decades, pathogenic benefit of the production of 

extracellular nuclease(s) was not clear; although extracellular nucleases were found to have 

a role in degrading extracellular DNA polymers in the environment to generate nucleotide and 

phosphate pools that can be used by bacteria as a source of nutrients (Mitchell et al., 1977; 

Pinchuk et al., 2008; Mcdonough et al., 2016). However, in light of recent evidence 

surrounding ETs and bacterial trapping showing the association of pathogenesis and infection 

with extracellular nuclease production, it is clear that extracellular nucleases play a role in ET 

degradation and evasion to promote pathogenesis (Storisteanu et al., 2017). This simple, yet 

effective method, is ubiquitously observed in reported ET-resistant pathogens to contribute to 

ET resistance (Storisteanu et al., 2017), and the direct degradation of ETs observed by 

extracellular nucleases alone can be a successful strategy to resist trapping (Seper et al., 

2011; Brogden et al., 2012; de Buhr et al., 2015; Juneau et al., 2015).  

With fish ETs, nuclease production to evade trapping by carp ETs was observed for A. 

salmonicida, (Brogden et al., 2012). Another fish pathogen known to produce nucleases is 

Vibrio anguillarum, the etiological agent of vibriosis, which is a potentially serious disease of 

salmonid and perciformes finfish and shellfish, and the disease presents as internal and 

external inflammation and ulceration, flesh rot, dark skin colouration, pale gills, swollen 
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haemorrhages at the base of the fins, and haemorrhagic septicaemia, while the fish also 

behave lethargically and show a loss of appetite (Austin et al., 1995; Ackerman et al., 2001; 

Frans et al., 2011; Novriadi, 2016; Hickey et al., 2017). The extracellular nucleases of V. 

angullarum are not well characterised, and their role in bacterial fitness is not clear; however, 

the inflmamatory phenotype following V. anguillarum infection and their characterised 

nuclease expression (Austin et al., 1995) eludes to the possibility of the bacteria encountering 

ETs during its lifecycle and utilising nucleases to resist trapping by ETs. 

 

1.5. Aims and Objectives 

The overall aim of this thesis was to confirm and characterise the release of extracellular traps 

in rainbow trout and to investigate their antimicrobial properties.  

This aim was achieved by fulfilling the following objectives: 

1. Obtaining enriched cell suspensions of trout PMNs.  

2. Validating methods to quantify ET release from PMNs. 

3. Confirming the DNA structure and the presence of diagnostic protein markers of ETs  

4. Investigating the effect of chemical and biological stimulants on ET release.  

5. Characterising and evaluate the roles of extracellular nuclease produced by V. anguillarum 

to mitigate against the ETs 

6. Investigating the antimicrobial action of ETs against V. anguillarum and determining if their 

nuclease production may provide resistance against trout ETs. 
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2. Chapter 2: Isolation of polymorphonuclear cells and 

quantification of extracellular traps 

 

2.1. Introduction 

Isolation and separation of different blood cell types requires tailored protocols for each fish 

species due to dissimilarities between species with respect to leukocyte morphologies, relative 

cell densities and granularities. For example, cyprinids such as goldfish (Carassius auratus) 

and zebrafish (Danio rerio) produce polymorphonuclear cells (PMN), which differ 

morphologically to those of mammals and other fish species (Katzenback et al., 2009), as 

cyprinid PMNs lack the characteristic lobed nuclei of mammalian or salmonid counterparts 

(Pettersen et al., 2000; Lieschke et al., 2001; Øverland et al., 2010; Zhu et al., 2012; Collet, 

2014). Thus, the unique leukocyte characteristics of different fish species require optimised 

isolation methods according to species and desired cell type. There are established methods 

for enriching trout PMNs using antibodies and cell sorting, however, these procedures have a 

lower throughput and are therefore much slower than separating cells by density gradient 

centrifugation (Hamdani et al., 1998). Discontinuous Percoll gradients are often used to isolate 

leukocytes of similar granularity and density, and the use of a specific double-layer 

discontinuous Percoll gradient has reported proportions of up to 68% pure PMNs from Atlantic 

salmon head kidney tissue (Øverland et al., 2010); however, protocols for the use of Percoll 

gradients for isolation of rainbow trout PMNs remain to be well defined. 

The proportion of leukocyte types produced by haematopoietic tissue of an organism may be 

influenced by the organism’s weight, and environmental factors, such as diet, light exposure, 

pH, temperature, and season (Bridges et al., 1976; Lie et al., 1990; Modrá et al., 1998; Ruchin, 

2006; Tavares-Dias et al., 2011; Alijagic et al., 2017). This variable proportion has sometimes 

been termed the leukocyte index, or haematopoietic index (Zhu et al., 2013). Regarding fish, 

environmental temperature or season can influence the hematopoietic index of the animal. 

Winter flounder (Pseudopleuronectes americanus) have been shown to peak in erythrocyte 

production during April and May, while their circulating leukocytes reach a peak during the 

summer months (Bridges et al., 1976). In rainbow trout, season and fish weight have also 

been shown to influence haematological parameters (Denton et al., 1975). As well as 

proportions of leukocytes produced, a number of factors can influence immunological 

responsiveness of leukocytes from rainbow trout, such as altering respiratory burst activity of 

macrophages (Morgan et al., 2008). Positive correlations with overall leukocyte counts and 

increased immune function in rainbow trout have, for example, been reported when 

environmental temperatures were 5 – 10°C above ambient (Bly et al., 1992; Le Morvan et al., 

1998). Moreover, macrophage respiratory burst activity, a process regulated by NADPH 
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oxidase, is affected significantly by temperature (Hardie et al., 1994), and is potentially also 

affected by fish size (Morgan et al., 2008). Thus, the weight of hatchery trout or rearing 

temperatures may affect the enrichment methods of PMNs. 

Optimal cell culture conditions depend heavily upon the specific demands of different cell 

types. Studies on extracellular traps (ET) require fresh blood and conditions which yield 

maximum viability of PMNs during their short (~12 h) lifespan in vitro (Payne et al., 1994). In 

general cell culture practice, serum is often added as a supplement between 10 – 20% of total 

medium volume to maintain cell viability. The presence of nutrients in the form of vitamins, 

minerals, carbohydrates, fatty acids, and other survival factors in serum, serve to help inhibit 

apoptosis and promote cell survival (Brunner et al., 2010). However, heat-resistant nucleases 

found in foetal calf serum (FCS) can degrade ETs released from human PMNs in vitro (Sur 

Chowdhury et al., 2014). As a result, a fine balance is required when culturing PMNs for 

studying ETosis and researchers must use minimum serum concentration to maintain high 

cell viability, at the expense of minimising the potential degradation of ETs by nucleases 

present in serum (von Köckritz-Blickwede et al., 2010). With respect to rainbow trout, a clear 

minimum concentration of FCS for maintaining a viable trout PMN-enriched suspension 

remains to be established. Furthermore, the type of media used to culture cells and their 

supplementation with pH buffers plays a significant role in determining cell viability, due to 

different salinities or pH buffer profiles in cell culture (Iscove et al., 1978; Martinelle et al., 

2010). For example, the Roswell Park Memorial Institute cell medium (RPMI) preserves 

human PMN viability significantly better than balanced salt solutions due to their specific 

formulation (Payne et al., 1994). Bicarbonate buffers such as 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) are often used in cell culture in the absence of CO2 

incubators to balance pH (Ferguson et al., 1980), as they may assist in balancing pH despite 

of changes in CO2 levels, indicated by trout epithelial gill cell recovering from acidosis in the 

presence of HEPES (Wood et al., 2000). It is not clear whether pH balance is essential for the 

culture of short-term primary PMN-enriched suspensions in trout, as different cell types require 

different conditions for maximum viability. 

With regards to studying the release of ETs in vitro, multiple assays have been established to 

manipulate and quantify ET release in response to assumed ET-mediating compounds; 

though currently there is no standardised method. The techniques used to manipulate ET 

release in vitro largely depend on the method used to quantify the ETotic response. The two 

broad categories of methods used to quantify ET release comprise the measurement of 

fluorescence from extracellular DNA via fluorescent dyes or antibodies, or the enumeration of 

the number of physical ET structures, and each method has balanced advantages with 

disadvantages as summarised in Section 1.3.2 (von Köckritz-Blickwede et al., 2010; Gray et 

al., 2013; Robb et al., 2014; de Buhr et al., 2016; Jeffery et al., 2016). Careful attention is 
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required when selecting a method to quantify ET release, and often the limitations of each 

method are overlooked without further information, or evidence of consideration. A popular 

method used to quantify ET release in vitro includes a fluorimetry-based assay involving the 

measurement of extracellular DNA fluorescence from fluorescent nucleic acid intercalating 

dyes, which is used as a proxy for ET release (Gray et al., 2013; Jeffery et al., 2015, 2016). 

However, fluorescent signals resulting from DNA staining within membrane-compromised 

cells are not distinguished from ET staining, and thus it is not clear how much impact the 

stained, membrane-compromised cells have on the overall fluorescence reading. 

Furthermore, properties of fluorescent readings can depend on the concentration or spread of 

fluorescent signal which may affect the reliability of the measurement. To circumnavigate this 

limitation, other methods to quantify ET release in vitro include manually counting the ET-like 

structures after staining with fluorescent dyes. However, these structures are only presumed 

to be ETs without further confirmation, and the different ET morphologies may lead to 

inaccuracy in the overall quantification. Validation of the methods used to quantify ETs is 

required to ensure that appropriate ways to measure ET release are employed. In addition, 

there is little evidence in the literature as to how fluorescence data behaves at different 

extremes of data values. For example, how strong is the relationship between fluorescence 

and ET counts, and is any such relationship directly linear. 

The overall aims of the work described in this chapter were to identify a technique that gives 

enriched populations of viable PMNs from head kidney preparations and to evaluate a method 

to quantify presumed-ET-like structures in vitro. These aims were met by achievement of the 

following objectives: Comparison of two discontinuous Percoll gradient protocols for enriching 

PMNs from fish head kidney tissue; evaluation of PMN viability over 24 h in the presence or 

absence or FCS, or HEPES buffer and in different artificial cell culture media; determination 

of whether a correlation exists between DNA abundance and SYTOX Green fluorescence; 

lastly, determination of whether a correlation exists between the abundance of ET-like 

structures and SYTOX Green fluorescence. 

 

 

2.2. Materials and Methods 

 

2.2.1. Reagents  

The following reagents were purchased from Sigma-Aldrich (Dorset, UK): benzocaine, 10 

Hank’s balanced salt solution (HBSS) without calcium chloride or magnesium sulphate and 

sodium bicarbonate, heparin, HEPES, Leibovitz's L-15 media (with L-glutamine and phenol 
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red, without sodium bicarbonate), penicillin-streptomycin antibiotic (Pen-Strep) 10,000 U 

penicillin and 10 mg mL-1 streptomycin (sterile-filtered), Percoll® pH 8.5-9.5 (20°C), phorbol 

12-myristate 13-acetate (PMA), trypan blue supplied at 0.4%. The following reagents were 

purchased from Thermofisher Scientific (Loughborough, UK): Calcium ionophore (CaI) 

A23187, 4',6-Diamidino-2-Phenylindole, dihydrochloride (DAPI) dilactate, heat-inactivated 

foetal bovine/calf serum (FCS), Hoechst 33342 trihydrochloride trihydrate, RPMI (different 

supplementation of RPMI with FCS and antibiotics is defined as RPMI1, 2, or 31 [Appendix 

Table 2], and SYTOX Green. Phosphate buffered saline (PBS) was prepared with 8 g NaCl, 

0.2 g KCl, 1.78g Na2HPO4
.H2O and 0.24 g KH2PO4 per litre, corrected to pH 7.4 with 1M HCl. 

All reagents were prepared as per manufacturer’s instructions, and aliquots of the reagents 

were prepared under sterile conditions to reduce contamination, and were discarded after 

indications of contamination. Self-supplied dH2O and PBS were sterilised by autoclaving at 

121°C at 15 PSI for 20 minutes. 

 

2.2.2. Source of fish and husbandry 

Healthy rainbow trout (O. mykiss) from Frandy fish farm were either collected freshly killed or 

transported live for housing in the flow-through cold-water aquarium at the Institute of 

Aquaculture (IoA) during June 2014 to September 2017. Water temperature was recorded 

from tanks on days when fish were sampled, and mean water temperature during the year 

was 9.76°C (5.7–12.8°C). The fish were fed by hand three to four times daily on a commercial 

feed (Appendix Table 1). All fish used for experiments weighed between 50–500 g, and were 

sacrificed according to a Schedule 1 technique (overdose of benzocaine and destruction of 

the brain) as described in the 1986 Animals Scientific Procedures Act (ASPA). All experiments 

were approved by the IoA Ethics Committee or the Animal Welfare Ethical Review Board 

(AWERB). 

 

2.2.3. Separation of PMNs rainbow trout head kidney cell suspensions 

Enriched rainbow trout PMN suspensions were prepared by separating head kidney cell 

(HKC) suspensions by discontinuous Percoll gradient isolation. Two discontinuous Percoll 

gradient methods were compared with respect to level of purification of populations of PMNs 

and minimisation of contamination with other leukocyte types. The first method was a double-

layer gradient protocol used for enriching PMNs in Atlantic salmon and comprised layers of 

                                                

1Roswell Park Memorial Institute-1640 medium: RPMI1 (no FCS, no antibiotics); RPMI2 (1% FCS, 

0.5% Penicillin 10,000 U and Streptomycin 10 mg mL-1); RPMI3 (1% FCS, no antibiotics) 
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1.060, and 1.075 g mL-1 Percoll (Øverland et al., 2010). This was compared to a triple-layer 

gradient protocol able to enrich PMNs from carp head kidney consisting of 1.060, 1.072, and 

1.084 g mL-1 Percoll (Kemenade et al., 1994). Percoll solutions were prepared aseptically in 

stock batches (Table 2.1), and were used immediately to form discontinuous gradients in a 

universal tube, or stored at 4°C for later use for up to three weeks. A discontinuous gradient 

was formed by layering 5 mL of denser Percoll solutions underneath 5 mL of lesser density 

Percoll solutions with the aid of an electronic Pipet-Aid XP2 (Drummond, Broomall, USA) to 

make up a total volume of 10 mL (double-layer) or 15 mL (triple-layer). 

 

Table 2.1. Volumes of Percoll, HBSS (10×) and dH2O required to make up 10 or 15 mL Percoll solutions 

as discontinuous double or triple layer gradients in a universal tube. 

Target cell; 

Gradient type 

Percoll density (g mL-1 ) 10× HBSS (mL) dH2O (mL) Percoll (mL) 

PMN 

(Double layer) 

1.060 1 4.83 4.17 

1.075 1 3.86 5.32 

PMN 

(Triple layer) 

1.06 1 4.83 4.17 

1.072 1 3.91 5.09 

1.084 1 3 6 

 

 

Each fish was weighed before being bled through caudal venepuncture using a 2.5 mL syringe 

and 25G × 5/8 needle (Terumo, Surrey, UK). Then the entire head kidney was removed by 

dissection using 70% isopropanol-disinfected scalpel and tweezers in a Class II flow hood 

(BS5726; Gelaire, Sydney, Australia). The head kidney was then transferred into a 100-µm 

mesh cell strainer (Falcon, Fisher Scientific, Loughborough, UK) in a 6-cm Petri dish 

containing 5 mL of RPMI3 containing an added 5 µL of heparin (final well concentration of 10 

U mL-1) to prevent clotting, and the tissue was broken up by gently pressing it through the cell 

strainer with the plunger tip of a 5 mL syringe. Head kidney cells in suspension were overlaid 

onto the prepared discontinuous Percoll gradient using a sterile Pasteur pipette, and 

centrifuged at 400 ×g, 35 minutes, 4°C (acceleration: 1, brake: 1) to separate the PMNs from 

the other leukocytes. A band of enriched PMNs should occur at the interface between 1.060 

and 1.072 g mL-1, and cells from this band were collected using a sterile Pasteur pipette and 

transferred into a 50-mL Falcon tube. The PMNs were washed once to remove debris and 

remaining Percoll solution by adding 20 mL of ice-cooled RPMI3, and centrifuging (800×g, 7 

minutes, 4°C, acceleration 8, brake 4), before resuspending the cell pellet in 2 mL of RPMI2. 

The cells in the nominally PMN-enriched suspension were counted with the aid of a light 
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microscope and a Neubauer haemocytometer, and adjusted to approximately 4 × 105 cells 

mL-1 with RPMI2. 

 

2.2.4. Cytospin preparation and RapiDiff staining 

To observe and determine the cell types present in the cell suspension obtained after Percoll 

enrichment, cytospin slides were prepared from the cell suspension and stained with a 

commercial Romanowsky histology stain kit (Appendix Section 1.4); TCS Biosciences, 

Buckingham, UK). The cytospin slides were prepared by placing a glass microscope slide in 

a cytospin chamber (GMI Inc, Ramsey, MN, USA), and adding the cell collection bucket. To 

each bucket was added 100 µL of FCS to cushion the cells, and then 100 µL of enriched PMN 

cell suspension (4 × 105 cells mL-1). The chamber was then centrifuged in a Cytospin 3 

centrifuge (1000 revolutions per minute, 5 minutes, room temperature; GMI Inc, Ramsey, MN, 

USA) and the glass slides were removed and air dried at room temperature for 15 minutes. 

Three glass Coplin staining jars were filled sufficiently to immerse each slide (excluding the 

label) with the A, B, and C RapiDiff solutions. The slides were immersed in each jar for 30 s, 

rinsed gently with tap water, allowed to dry at room temperature for 1 h, and then visualising 

under a light microscope. Cytospin slides were observed at 20× magnification or greater with 

a compound light microscope (Olympus CH-2 and BX-51; Olympus CH-2, Essex, UK). The 

BX-51 microscope had an Axiocam MRC camera (Zeiss, Cambridge, UK) attached for 

imaging, and images were collected with the Axiovision software (v.4.8, Zeiss, Cambridge, 

UK). 

The staining kit employed for cell differentiation consisted of a methanol-based fixative 

(solution A), an acidic dye (solution B) and a basic dye (solution C). Acidic (or anionic) dyes, 

such as eosin Y or eosin B, bind to cationic sites on proteins and give an orange-red colour 

to haemoglobin or eosinophil granules. Basic (or cationic) dyes, such as methylene blue can 

bind to anionic sites on proteins to give them a dark blue or purple appearance such as 

chromatin, nucleoproteins, ribosome-rich cytoplasm basophilic granules, as well as a lighter 

blue appearance for more weakly stained neutrophilic granules (Bain, 2016). Using this kit, 

the specific staining characteristics of different leukocyte cell types allowed for their 

differentiation by light microscopy. 

 

2.2.5. Comparing cell proportions from cytospin slide preparations 

Quantification of cell types after enrichment from double and triple-layer Percoll gradient 

protocols was performed by counting the proportion of cells from at least three randomly-

selected fields of view (FOV) from images taken of cytospin slides prepared as in Section 
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2.2.4. Random FOV were generated by dividing the area of the cells on the slide, and 

assigning sections as whole integers from 1. A random whole integer generator was used to 

select FOV from the area. The proportion of PMNs and monocyte/macrophage (Mo/M) cells 

were calculated as a percentage of the total cells counted in each FOV. Means counts from 

at least three FOV sections from one cytospin preparation per fish were calculated. In cytospin 

preparations, rainbow trout PMNs (neutrophils) were identified by cells having a lobed, dark 

purple-stained nucleus, a pink-blue cytoplasm, few purple granules, with a cell diameter of 10 

– 20 µm; appearing similar to trout PMNs (Pettersen et al., 2000; Øverland et al., 2010; Bain, 

2016). Macrophages/monocytes were classified as cells containing a kidney-shaped, purple-

stained nucleus, grey-blue cytoplasm, no stained granules, and approximately 10 – 15 µm in 

diameter (Sorensen et al., 1997). 

 

2.2.6. Relationship between PMN proportions, fish weight, and water temperature 

To assess the effect of fish mass on the proportion of trout PMNs enriched from head kidney 

tissue by the triple layer Percoll gradient approach as above, 6 trout were weighed and PMN 

proportion determined. PMNs were enriched according to Section 2.2.3 with trout weighing 

from 168 – 373 g. The PMN proportion from each fish was enumerated by counting the 

percentage of PMNs from total sampled cells as in Section 2.2.5, and the mass of each fish 

was correlated with the mean PMN proportions enumerated from the same fish. The tank 

water temperature was recorded on the morning that each fish was collected for the 

experiment. 

 

2.2.7. Assessing cell viability with trypan blue exclusion in different culture conditions 

over time 

To determine the viability of the cells in enriched PMN cell suspensions obtained by triple-

layer discontinuous Percoll gradient preparations at a single time point, cells in suspension 

were examined at 1 × 106 cells mL-1 in RPMI. To 100 µL of cell suspension in a sterile 

Eppendorf tube, 10 µl trypan blue solution (0.4%) was added and mixed by gentle pipetting. 

A 10 µL sample of the trypan blue-stained cells were loaded into chambers of a Neubauer 

haemocytometer and examined immediately under 20× magnification on a light microscope. 

Trypan blue has a negatively-charged chromophore that penetrates and stains the cell only 

when the membrane is damaged, so cells are considered non-viable if they stain blue. 

Therefore, the number of trypan blue-stained cells and total cells in the four large 

haemocytometer quadrants were enumerated and the proportion of viable cells in the cell 

suspension was then calculated. Counts were performed immediately after staining with 
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trypan blue, as leaving for >10 minutes can result in false staining of live-cells (Strober, 2015). 

The percentage of viable cells was calculated as follows: 

 

Percentage of viable cells = [1.00 – (Number of blue cells ÷ Number of total cells)] × 100 

 

To determine if FCS concentration affects the viability of trout PMNs, an enriched suspension 

of PMN cells (isolated, separated and prepared with the triple-layer Percoll gradient according 

to Section 2.2.3) was adjusted to 1 × 106 cells mL-1 with RPMI1. Five millilitres of this cell 

suspension was seeded into a sterile 50-mL Falcon tube before 100 µL of FCS in RPMI1 was 

added to give final concentrations of 0.5, 1, 5, and 10% FCS. A negative control group was 

prepared by making up the final volume of the suspension with RPMI1 only. Then each cell 

suspension was incubated at 13°C and cell viability in each suspension assessed in triplicate 

at 0, 24, 48, and 72 h by the trypan blue exclusion method as described above. This 

experiment was repeated for four individual animals. 

In addition, the effect of cell culture media (RPMI or L-15) on viability in PMN-enriched cell 

suspensions was examined over 0, 24, 48, and 74 h. PMN-enriched cell suspension (isolated, 

separated, and prepared with the triple-layer Percoll gradient as in Section 2.2.3) were 

adjusted to 1 × 106 cells mL-1 using RPMI3 or L-15 (supplemented with FCS to 0.5% final 

concentration) after wash step (as in Section 2.2.3), then pipetted into 50-mL Falcon tubes, 

and then cell viability determined in quadruplicate readings with trypan blue as above. 

As pH control may improve PMN cell viability, the effect of HEPES buffer on viability in PMN-

enriched cell suspensions over 0, 24, 48, and 74 h was determined (Olmsted et al., 2005). 

HEPES is a bicarbonate buffer, it acts to maintain physiological pH without the requirement of 

a CO2 incubator. RPMI2 with HEPES buffer (supplied as 25 mM) was used to re-suspend the 

PMN-enriched suspensions to 1 ×106 cells mL-1 (isolated, separated, and prepared with the 

triple-layer Percoll gradient) after the wash step, and viability was determined in quadruplicate 

readings with trypan blue as above. The results were compared to cell viability in RPMI2, 

without HEPES.  

 

 

2.2.8. Evaluation of a fluorescence microtiter plate assay for high-throughput 

quantification of ETs 

2.2.8.1. Confirmation of correlation between DNA concentration and fluorescence 
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To confirm that there was a correlation between DNA concentration in RPMI and SYTOX 

Green fluorescence, we measured the fluorescence of salmon sperm DNA (0.1, 0.5, 1, 2.5, 5, 

and 10 ng mL-1 diluted in dH2O) in a 96-well culture plate (Cell+; Sarstedt, Nümbrecht, 

Germany) after staining with 10 µL of SYTOX Green (final well concentration of 5 µM) for 5 

minutes. The concentration and purity of stock salmon sperm DNA was confirmed using the 

nanodrop reader (ThermoFisher Scientific, Loughborough, UK), and dilutions of DNA were 

performed in microcentrifuge tubes before adding to wells. To wells containing 50 µL of 

RPMI2, 10 µL of salmon sperm DNA was added to give final concentrations as stated. The 

fluorescence from each well was recorded using a spectrofluorimeter (excitation 485 nm, 

emission 528 nm). Mean fluorescence from five replicate wells represented each treatment 

group. 

 

2.2.8.2. Assaying in vitro ET formation by fluorimetry and fluorescence microscopy  

A 96-well plate assay was used to examine manipulation of ET release, and then the relative 

amount of ETs released by enriched PMN cell suspensions (obtained by triple-layer 

discontinuous Percoll gradient preparations) in vitro was quantified by spectrofluorimetry 

according to Section 2.2.8.1. To each well of a flat-bottomed 96-well culture plate, 50 µL of 

trout PMNs in RPMI2 was transferred at 4 × 105 cells mL-1 under sterile conditions. The plate 

was incubated (30 min, 15°C) to allow the cells to adhere to the bottom of the wells. The PMNs 

were subsequently incubated with 10 µL of CaI (final well concentration of 5 µg mL-1), a 

characterised inducer derived from studies of other fish (Palić, Andreasen, et al., 2007; Palić, 

Ostojić, et al., 2007), or left untreated with 10 µL of RPMI1 as a negative unstimulated control. 

Plates were wrapped in foil to protect the cells from light and incubated for 1, 3, 6, 9, or 12 h 

at 15°C, before observation and/or quantification of ET release. Well contents were stained 

with 10 µL of SYTOX Green (final well concentration of 5 µM), a cell membrane-impermeable 

dye, for 5 min at room temperature with plates wrapped in foil to protect samples from light 

exposure. Then, the fluorescence emitted from stained extracellular DNA was measured with 

a microplate spectrofluorimeter (shaking for 10 s at medium intensity setting, excitation 485 

nm, emission 528 nm; BioTek Synergy HT, Swindon, UK). Mean fluorescence was calculated 

from triplicate wells for each treatment group with wells laid out in a column and avoiding wells 

at the edge of the plates. Separate plates were loaded for measuring fluorescence at each 

time point to prevent contamination. Background fluorescence of individual treatment wells 

was subtracted from a mean fluorescence of triplicate wells at the same time point containing 

50 µL of supplemented RPMI2, 10 µL of treatment solution (CaI or RPMI1), stained with 10 

µL of SYTOX Green. The stained cells were also observed directly under the Olympus IX-70 

(Olympus, Essex, UK) inverted fluorescent microscope through the LUCPlanFLN 20× 

objective (PH2 Phase Plan Achromat), and images using phase contrast and fluorescent filters 
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were taken using the Axiovision v.4.8 software paired with the Axiocam MRC camera. Phase 

contrast and fluorescent images were overlaid and processed using ImageJ v1.50i. 

 

2.2.8.3. Relationship between extracellular DNA fluorescence and ET abundance  

The intensity of fluorescent cell membrane-impermeable DNA-intercalating dyes is related to 

levels of membrane-compromised in cells (Jeffery et al., 2015, 2016; de Buhr et al., 2016), 

The fluorimetry assay used to quantify in vitro abundance of ETs was validated by examining 

the relationship between in vitro fluorometric measurements with representative counts of 

presumptive ETs from 54 matched samples as another means to quantify ET release. To 

validate that the SYTOX Green fluorescence recorded in the well of the 96-well plate after 

staining PMNs (both untreated and induced to release ETs) was representative of the number 

of ETs present in a well, the mean fluorescence of three replicate wells was compared with 

the mean number of counted numbers of ETs of total cells from matched fluorescent images; 

54 in total. Presumed-ET counts were performed by enumerating the number of ET-like 

structures in at least three representative images of the well, using a FOV taken at 20× 

magnification. ET count data were expressed as percentages of ET-forming cells of the total 

number of cells in a matched phase contrast image. The presumed-ET structures were 

defined as comet or mesh-like structures which were stained positively with SYTOX Green 

(Figure 2.7). 

To ensure a representative range of ETs were accounted for, we used images and wells which 

showed both abundant, and very few ET counts. Low ET counts were achieved by counting 

ETs from incubated unstimulated PMNs while high ET counts were achieved by incubating 

PMNs using CaI as used in Section 2.2.8.2. Into wells containing 50 µL of PMNs in RPMI2, 

10 µL of CaI (final well concentration of 5 µg mL-1) was added and wells incubated for 1, 3, 6, 

9, or 12 h at 15°C. Unstimulated control cells were treated with RPMI1 cell media, which was 

used to dilute the CaI for the same duration and temperature 

 

2.2.9. Statistical analyses 

Statistical analyses were carried out using Prism v.5.1 (GraphPad, La Jolla, USA), and p<0.05 

was considered to indicate a significant difference between groups. The following data were 

tested for normality by the Shapiro-Wilk test: the comparison of PMN proportions to fish weight 

or temperature of fish rearing, the relationship between SYTOX fluorescence and salmon 

sperm DNA concentration, and the relationship between SYTOX fluorescence and ET counts. 

The Pearson’s correlation coefficient was used to determine the statistical significance of 

these correlation data. 
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The Kolmogorov-Smirnov test was used to test for normality of data when comparing cell 

viability in different FCS concentrations, different media, and supplementation with or without 

HEPES buffer. Two-way ANOVA with Bonferroni’s post-hoc test was used to compare 

differences in mean cell viability in different concentrations of FCS or different media. In all 

data when applicable, standard error of the mean (s.e.m.) was calculated. 

 

 

2.3. Results 

 

2.3.1. Comparing cell proportions after discontinuous Percoll gradient isolation 

Rapid Romanowsky staining of cytospin preparations with head kidney cell suspensions after 

Percoll gradient enrichment allowed for the morphological distinction between leukocyte types 

and erythrocytes (Figure 2.1). The proportions of PMN and Mo/M cells were compared after 

enrichment by double or triple-layer Percoll gradient protocols used for isolating fish PMN from 

head kidney preparations. The double-layer discontinuous gradient approach gave a 

suspension containing 34.28 ± 3.25% (± SEM) PMNs, with 23.90 ± 4.97% 

monocyte/macrophage (Mo/M) observed as a proportion of total cells in the isolated fraction; 

while the triple-layer approach gave a suspension containing 57.99 ± 4.84% PMNs, with 9.52 

± 1.71% Mo/M (Table 2.2). The triple-layer gradient resulted in a 1.69-fold improvement in 

PMN enrichment, and reduced Mo/M contamination compared to the double layer gradient 

method. Furthermore, erythrocytes and some granulocytes looked similar in appearance to 

eosinophils (lobed nucleus with darker granules) were found at the Percoll interface of 1.072 

and 1.084 g mL-1 layers in trout (data not shown), suggesting that the triple-layer Percoll 

gradient method was more successful at filtering out cells of closely-matched densities. These 

experiments were repeated in diploid Atlantic salmon (with 17 fish) and similar results were 

obtained (Appendix Table 1).  
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Figure 2.1. Representative images showing cytospin preparations from rainbow trout leukocyte cell 

solutions after rapid Romanowsky staining to show specific cell types based on morphology and 

staining characteristics. (a,b) Polymorphonuclear cells (PMN) with a dark-purple lobed nucleus; (c,d) 

Monocyte/macrophages (Mo/M) with a kidney-shaped nucleus, indicated by black arrows, 

approximately the same size as a PMN; (e.f) Lymphocytes (L) are labelled with black arrows; (g,h) 

Erythrocytes (E). Scale bar = 10 µm. 

  

a b 

c 

e 

d 

f 

h g 



52 
 

 

 

 

 

 

 

 

 

Table 2.2 Comparison of proportions of polymorphonuclear cell (PMN) and monocyte/macrophage 

(Mo/M) cells obtained from double and triple-layer Percoll gradient separation methods in rainbow trout. 

Cytospin preparations of enriched cell populations were stained with rapid Romanowsky stains to allow 

classification by microscopic observation of cell morphologies. A minimum count from 5 fields of view 

(FOV) per fish was made to enumerate cell proportions. 

 

Percoll gradient Fish type PMN (%)  Mo/M (%) No. of fish 

Double layer Rainbow trout 34.28 ± 3.25 

 

23.9 ± 4.97 10 

Triple layer Rainbow trout 57.99 ± 4.84 9.52 ± 1.71 5 
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2.3.2. Relationship between PMN proportions, fish mass and tank temperature  

The proportions of blood types, such as the proportions of different leukocytes, within a fish 

may be influenced by the mass of the animal and environmental growth conditions (Lie et al., 

1990; Tavares-Dias et al., 2011), suggesting that variables such as temperature or maturity 

can influence PMN proportions. A significant positive correlation between the PMN 

proportions after triple-layer Percoll gradient enrichment and fish mass was found for 6 

rainbow trout between 180–373 g (R2 = 0.8814; p<0.01). The trout were siblings of the same 

age. The data suggests that a greater proportion of PMNs are produced with mass (Figure 

2.2). A significantly negative correlation was observed with PMN proportions attained after 

triple-layer Percoll gradient enrichment when increasing tank temperature in trout (R2 = 

0.8469; p<0.01) (Figure 2.3). These experiments were repeated in diploid Atlantic salmon 

(with 32 fish) and similar results were obtained (Appendix Figure 1 and Appendix Figure 2). 

 

2.3.3. Comparing trout PMN viability in low FCS doses and media supplementation 

The presence of nucleases in FCS can degrade ET structures hence it is important to minimise 

the concentration of serum in culture medium while not affecting cell viability (von Köckritz-

Blickwede et al., 2009, 2010). Supplementation of RPMI cell media with 1% FCS resulted in 

89.09 ± 3.95% viability of trout PMNs at 24 h, which was not significantly different (p>0.05) 

compared to a cell culture maintained in the standard 10% FCS supplementation (92.25 ± 

1.48% viability; Figure 2.4). However, 0.5% FCS (47.48 ± 7.39%) and complete absence of 

FCS (56.10 ± 5.58%) resulted in significantly lower cell viability (p<0.05) at 24 h compared to 

1% FCS (Figure 2.4). Enriched PMN cell suspension viability did not significantly differ at any 

time point during 48 h in the presence or absence of HEPES buffer (25 mM) (p<0.05). 

Furthermore, there was no significant difference in cell viability in the enriched PMN cell 

suspension when culturing the PMNs in L-15 or RPMI up to 24 h (p<0.05) (Figure 2.5). 
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Figure 2.2. Scatter plot showing the relationship between rainbow trout mass against the proportion of 

PMNs attained after isolation with triple-layer Percoll gradients. Each point consists of the mean number 

of PMNs calculated from three fields of view from cytospin preparations after enriching trout head kidney 

tissue for PMNs. There was significant correlation between fish mass and PMN proportion (F1,4 = 29.73; 

p<0.05). Error bars represent the s.e.m. n = 6 trout. 
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Figure 2.3. Scatter plot showing the relationship between tank temperature (°C) at time of sampling 

and PMN proportions obtained from triple-layer Percoll preparations from rainbow trout. (F1,4 = 22.13; 

p<0.05). Error bars represent s.e.m. n = 6 trout. 
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Figure 2.4. Viability of cells in PMN-enriched suspensions (1 × 106 cells mL-1) in the absence or 

presence of 0.5 – 10% FCS supplementation in RPMI cell medium over 72 h at 13°C, as measured by 

trypan blue exclusion. Error bars represent s.e.m. n = 4. 

  

0

20

40

60

80

100

0 20 40 60 80

C
e

ll
 v

ia
b

il
it

y
 %

Time (h)

10% FCS

5% FCS

1% FCS

0.5% FCS

0% FCS



57 
 

 

 

 

 

 

 

Figure 2.5. Viability of cells in PMN-enriched suspensions (1 × 106 cells mL-1) during 72 h in the 

presence of (a) RPMI3 with and without HEPES buffer (25 mM), which shows no significant 

difference in cell viability at 0 and 24 h (p<0.05); (b) The use of L-15 or RPMI3 did not show 

significant differences in cell viability at 0 and 24 h (p<0.05). For both graphs, a significant difference 

in cell viability was detected between each treatment at 48 and 72 h (p>0.05). Error bars represent 

s.e.m. (are not visible in all cases). n = 4. 
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2.3.4. Confirming DNA concentration is proportional to SYTOX-DNA fluorescence read 

in a plate reader 

A significant positive correlation was found between SS-DNA concentration and SYTOX 

Green fluorescence (R2 = 0.9761, p<0.001), indicating fluorescence is proportional to DNA 

concentration. The greatest fluorescence recorded in arbitrary fluorescence units (AFU) as an 

indicator of SYTOX-DNA fluorescence was 5690 ± 433 AFU (10 ng mL-1 SS-DNA), and the 

least fluorescence measured was 141 ± 1 AFU (0.1 ng mL-1 SS-DNA), giving a large range of 

expected fluorescence values (Figure 2.6). The SS-DNA stock concentration and purity was 

confirmed by reading the absorbance of a 1 µL sample (final well concentration of 0.1, 0.5, 1, 

2.5, 5, and 10 ng mL-1 diluted in dH2O) using a nanodrop reader. 

 

2.3.5. Use of fluorescence to quantify ETs  

Observing the PMN suspensions in 96-well culture plates with fluorescence microscopy 

showed that some cells spontaneously released comet-like strand structures that stained 

positive with SYTOX Green, and these resemble ETs depicted in the literature (Figure 2.7a). 

Moreover, these presumed-ETs were found in greater densities after incubation of enriched 

PMNs suspensions with 5 µg mL-1 CaI, a known stimulant of ET release in zebrafish and 

fathead minnow PMN-enriched cell suspensions (Figure 2.7b). Examining the relationship 

between mean fluorescence and mean presumed-ET counts from 54 matched samples 

revealed a significant positive linear correlation between extracellular DNA fluorescence and 

presumed-ET counts, R2 = 0.88, p<0.001 (Figure 2.8). The fluorescence emitted from 

extracellular DNA from PMN-enriched cell suspensions ranged from 505 to 5224 AFU, while 

presumed-ET counts ranged from 0.26 to 31.55% of total cells (Figure 2.8). The presumed-

ETs were enumerated from cells treated with and without CaI-treatment, thereby giving a wide 

range of representative ET abundances (Figure 2.7). Thus, fluorescence is an appropriate 

method to measure abundance of extracellular DNA and presumptive ET-like structures. 
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Figure 2.6. Scatterplot showing the relationship between salmon sperm DNA (SS-DNA in ng mL-1) with 

SYTOX-stained arbitrary fluorescence (AFU). SYTOX-DNA fluorescence is linearly proportional to SS-

DNA concentration in a 96-well plate. Error bars represent s.e.m. but not all are visible. (F1,16 = 348.7; 

p<0.05); n = 5 
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Figure 2.7. Representative fluorescence microscopy images of selected presumed trout ETs (white 

arrows) released by PMN-enriched cell suspensions by triple-layer Percoll gradients (4 × 105 cells mL-

1 in a 96-well plate; 20× magnification). (a) Unstimulated controls treated with RPMI1 for 6 h (b) 

Incubated with CaI (5 µg mL-1) for 6 h. Cells were stained with SYTOX Green (5 µM) before observing 

with fluorescence microscopy. The mean count of presumed ETs out of total cells from an image as 

above was well was compared to the mean fluorescence of triplicate wells containing PMNs enriched 

cell suspensions. Error bars = 100 µm.  

a 

b 
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Figure 2.8. Scatterplot showing the relationship between mean arbitrary fluorescence units from 

SYTOX-stained extracellular DNA from enriched PMN cell suspensions in vitro (both unstimulated 

controls and CaI-stimulated), and the mean presumed-ET counts by percentage of total cells in fields 

of view of matched samples. (F1,52 = 409.8; p<0.001) n = 54. 
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2.4. Discussion 

In this chapter, methods were evaluated for preparing enriched populations of PMNs from 

trout head kidney tissues and for measuring extracellular DNA release from enriched-PMN 

cell suspensions. A triple-layer Percoll gradient gave greater PMN enrichment from trout head 

kidney tissue samples was compared to the two-layer method. There was evidence that larger 

fish gave greater proportions of PMNs in cell suspensions prepared from head kidney tissue, 

while lower PMNs proportions were attained on days where the tank water was warmer 

(Figure 2.3). Trout PMNs in culture with 1% FCS supplementation did not have reduced cell 

viability compared to more typical cell culture conditions of 10% FCS during the day that the 

cells were obtained (Figure 2.4) and, as FCS contains nucleases that may degrade ETs (von 

Köckritz-Blickwede et al., 2009), 1% FCS was used in further experiments. Furthermore, the 

use of L-15 or RPMI culture media addition of HEPES buffer to control medium pH did not 

significantly reduce the viability of trout PMNs during culture for 24 h (Figure 2.5). Importantly, 

spontaneous release of ET-like structures was detected from suspensions of trout PMNs in 

vitro that stained with SYTOX Green, indicating these were of nucleic acid composition. The 

structures were presumed to be ETs and a fluorimetry-based assay for quantifying these 

structures was developed. This was achieved by first confirming that a linear relationship 

existed between SYTOX Green fluorescence and DNA concentration, and then fluorescence 

was found to correlate significantly with count of presumed-ETs in cell suspensions enriched 

for PMNs (Figure 2.8). This indicates that measuring the fluorescence of extracellular DNA 

stained by SYTOX Green can be used to reliably estimate and quantify the presumed-ET 

structures in suspension, and so was used routinely for this purpose hereon. 

The improved enrichment of trout PMNs by switching to a triple-layer Percoll gradient may be 

explained by slight differences in Percoll density, as the double-layer method used slightly 

denser solutions (1.075 g mL-1) rather than the more successful triple-layer gradients (1.072 

g mL-1) (Øverland et al., 2010). It is possible that the triple-layer Percoll gradient allows further 

separation of cells of similar densities as some granulocytes and erythrocytes were collected 

at the interface below where the PMNs were found to be enriched. The robustness of the 

method was tested by comparing double and triple-layer Percoll protocols for enriching PMNs 

from head kidney preparations of another salmonid species, Atlantic salmon. The results for 

salmon were similar to trout, with a significant improvement of PMN enrichment from head 

kidney preparations also being obtained (Appendix Table 3). Therefore, in subsequent 

chapters, the more successful triple-layer will be used routinely to enrich for PMNs from trout 

head kidney cell suspensions. Cell sorting was not used for the enrichment of PMNs as these 

cells are short-lived and require alternative, high throughput methods for immediate isolation 

and experimentation. For this reason, antibodies were also not used to further enrich the PMN 

populations after Percoll separation as demonstrated in some studies (Hamdani et al., 1998). 
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The present study could be refined by additional flow cytometry data to confirm the results 

indicating populations of cell types after enrichment by discontinuous Percoll gradients. 

Furthermore, flow cytometry can be used to distinguish cell viability, which may back up the 

results from the trypan blue viability assay. 

The data examining the relationship between fish mass, tank temperature, and PMN 

proportion, identified a significant positive correlation for more enriched PMN preparations 

from larger trout and these observations were also confirmed subsequently in Atlantic salmon 

(Appendix Figure 1). In addition, temperature correlated negatively with PMN enrichment by 

triple-layer Percoll gradient isolation. Temperature is known to affect humoral immune 

functions and influence events during the maturation and immunocompetence of immune cells 

(Avtalion et al., 1973; Le Morvan et al., 1998), which may give some insight to why temperature 

was observed to influence amount of ET-like structures released by PMN-enriched cell 

suspensions. These variations in the release of ET-like structures were unexpected and 

remain unexplained as there is little available evidence in the current literature. 

PMNs from mammals and fish are known to remain viable in vitro for approximately 12 to 24 

h in ideal culture conditions (Hamdani et al., 1998; Oh et al., 2008), but inappropriate medium 

salinity, and pH can reduce overall viability. The use of serum is also necessary to maintain 

viability of cells in culture, including short-lived PMNs; however, the minimum concentration 

necessary to maintain the viability trout PMN-enriched cell suspensions has yet to be defined 

(Iscove et al., 1978; Brunner et al., 2010). Maintaining cell viability of the PMN-enriched cell 

suspension within 24 h is critical, as the release of ETs is dependent on the PMNs being viable 

(Yipp et al., 2013). Often, studies of ETs are compromised by using minimal concentrations 

of serum to minimise the negative impact of degradative nucleases on ETs (von Köckritz-

Blickwede et al., 2010; Zhao et al., 2017). The current data shows that 1% FCS of total culture 

volume is required to prevent significant losses of viability in trout PMN-enriched suspensions 

during 24 h (Figure 2.4). Unexpectedly, the use of different cell media (L-15 or RPMI) did not 

result in significant differences in viability of PMN-enriched suspensions, although L-15 is 

understood to be formulated for use in CO2-free systems, while RPMI usually requires 

bicarbonate buffering such as with HEPES. Furthermore, the use HEPES buffer in RPMI did 

not result in any significant differences in cell suspension viability of PMN-enriched 

suspensions during 24 h compared to RPMI without HEPES supplementation, indicating that 

there may be no requirement to manage medium pH under these conditions. As pH in cell 

cultures changes gradually, it is likely that the effect of pH buffering may be more important 

when used in denser cell suspensions or extended cell culture durations (Skirvin et al., 1986; 

Kim et al., 2007), explaining the lack of a difference in viability of enriched PMN cultures in the 

presence of absence of HEPES within 24 h, as these cell suspensions were in relatively low 

concentrations. 
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Studies in human and fish PMNs have demonstrated that CaI is a potent inducer of ET release 

(Palić, Andreasen, et al., 2007; Barrientos et al., 2013). Exposing the enriched PMN cultures 

to CaI resulted in greater amounts of fibrous ET-like structures that stained positive with 

SYTOX Green. SYTOX Green intercalates between nucleic acid base pairs, suggesting a 

nucleic acid content for observed structures.  

These structures were presumed to be ETs due to their morphological similarity to ETs 

described in mammalian and invertebrate studies (Brinkmann et al., 2004; Fuchs et al., 2007; 

Poirier et al., 2014; Robb et al., 2014; Jeffery et al., 2015). Spontaneous release of these 

structures was also observed in the unstimulated control enriched PMN suspensions, though 

to a much lesser extent than when induced by CaI. A significant positive correlation between 

presumed ET counts and SYTOX Green DNA fluorescence was found, indicating that 

fluorescence can be used to quantify ET-like structures and therefore release in vitro. 

However, the ability to accurately estimate the amount of ET-like structures was weaker when 

using fluorimetry to measure ET release. ET-clumping may increase fluorescence readings 

such that the detection of fluorescence begins to plateau with higher intensity, causing 

inaccurate measurements of ETs released. As a result, microscopy remains important to 

confirm the fluorescence readings. In wells containing CaI-induced enriched PMN cultures 

with large densities of ET-like structures, the greatest measured emitted fluorescence never 

exceeded 5224 AFU. Expectedly, there was a significant, positive correlation between SS-

DNA and fluorescence up to 6000 AFU, therefore fluorescence may be used to reliably 

determine the relative abundance of ETs released in vitro. However, if fluorescence emitted 

from the wells exceeds 6000 AFU, a reduction in cell density may be required to give accurate 

measurements. Quantifying the presumed ETs by manual counts also had the disadvantage 

of not able to clearly distinguish individual ETs, as a cluster or ETs in close proximity may 

appear as one large ET. The physical appearance of ETs in vitro can vary depending on the 

surrounding media into which it is released, which can result in ‘diffuse’ or ‘comet-like’ ETs 

which may sometimes appear as more than one ET (Fuchs et al., 2007; Hakkim et al., 2011; 

Yipp et al., 2012). Regardless, the use of different assays to measure ET release depend on 

the objectives of the experiment. Ultimately, fluorimetry was able to measure the abundance 

of ET-like structures with high throughput, outweighing the disadvantages of other methods, 

thus, this method was used to measure the abundance of ET-like structures in later chapters. 

In conclusion, the ET-like structures that stained positively with SYTOX Green reported in this 

Chapter are highly similar to ETs reported in PMN-enriched cell suspensions from mammals 

and fish; though whether or not these structures are decorated with the granule that is 

characteristic of ETs remains to be confirmed. Thus, diagnostic confirmation of whether these 

structures are ETs is still required and was the focus of the next Chapter. Furthermore, there 
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remains no positive confirmation for which cells within the PMN-enriched cell suspension are 

responsible for producing these presumed ETs. 

.  
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3. Chapter 3: Confirming release of extracellular traps by 

polymorphonuclear cells isolated from head kidney of rainbow 

trout 

 

3.1. Introduction 

In Chapter 2, extracellular nucleic acids resembling the comet-like fibres of extracellular traps 

(ETs) were observed in cell suspensions enriched for polymorphonuclear (PMN) cells isolated 

from head kidney tissue by triple-layer Percoll gradients (PMN-enriched cell suspensions). 

Some of these ET-like structures were released spontaneously from cell suspensions during 

cell culture and observed at a greater abundance after exposure to calcium ionophore A23187 

(CaI), a known potent inducer of ET release in mammals and in other fish species, (Palić, 

Andreasen, et al., 2007; Palić, Ostojić, et al., 2007; Douda et al., 2015). However, it is unclear 

which cell types within the suspension are responsible for releasing the ET-like structures. 

Fluorescence microscopy revealed that these structures appeared to share the ET-like 

morphology reported by Brinkmann et al. (2004) after staining with the membrane 

impermeable fluorescent nucleic acid stain, SYTOX Green (Brinkmann et al., 2004). 

Nevertheless, a suite of diagnostic tests needs to be performed to confirm whether these 

structures do indeed share the features characteristic of ETs released by phagocytes of other 

cell types (Brinkmann et al., 2004; Fuchs et al., 2007; Robb et al., 2014; Jeffery et al., 2015). 

Thus, to determine whether the ET-like structures are indeed ETs, it is necessary to confirm 

that: i) the ET-like structures are not an artefact of the cell isolation methods, or released 

spontaneously by other cell types isolated from the same tissue; ii) the structures contain 

nucleic acid (i.e., DNA), confirmed by degradation with deoxyribonuclease-I (DNase-I); iii) 

histones (e.g., H2A) are present in the structure, confirmed by immunocytochemical labelling 

with appropriate antibodies; iv) extracellular chromatin co-localises with neutrophil-associated 

granules such as neutrophil elastase (NE) and myeloperoxidase (MPO), confirmed by 

immunocytochemical labelling with appropriate antibodies, since the decoration and 

processing of intracellular chromatin by these granule proteins has been defined as a key 

process occurring before ET release (Brinkmann et al., 2004; Fuchs et al., 2007; 

Papayannopoulos et al., 2010; Metzler et al., 2011; Brinkmann and Zychlinsky, 2012; 

Menegazzi et al., 2012). 

The origin of the ET-like structures observed in Chapter 2 can be narrowed down by 

determining whether these structures are artefacts present within the tissue (head kidney) or 

caused by the stress associated with cell isolation and culture methods. Erythrocytes are not 

known to release their DNA in the form of ETs; therefore, erythrocyte suspensions prepared 

from the same tissue and using the same cell isolation method may be a suitable control for 
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an exposure to hormones, growth factors or cytokines, which are known to regulate 

phagocytosis, respiratory burst, and mitogenesis of cells present in the fish head kidney 

(Harris et al., 2000; Clauss et al., 2008). 

In the vertebrates studied, ETs have been reported to be released from neutrophils, other 

granulocytes, mast cells and macrophages (Wernersson et al., 2006; Von Köckritz-Blickwede 

et al., 2008; Yousefi et al., 2008; Papayannopoulos et al., 2010; Metzler et al., 2011; 

Brinkmann and Zychlinsky, 2012; Havixbeck et al., 2015; Pijanowski et al., 2015; Okada, 

2017). Regarding the decoration of ETs released by fish PMN-enriched cell suspensions, 

immunocytochemical staining showed that NE was only detected in carp and turbot, while 

MPO was only detected in fathead minnows (Table 1.2). Furthermore, the studies in fish 

suggest use of PMN-enriched cell suspensions rather than pure populations, giving limited 

evidence as to which specific cell type is responsible for releasing ETs (Palić, Andreasen, et 

al., 2007; Palić, Ostojić, et al., 2007; Brogden et al., 2012; Pijanowski et al., 2013; Chi et al., 

2015). As is the case for humans, the greatest expression of NE in fish is found in PMN cells 

which was detected at the protein level (Wernersson et al., 2006; Papayannopoulos et al., 

2010; Metzler et al., 2011; Brinkmann and Zychlinsky, 2012; Havixbeck et al., 2015; Okada, 

2017), and thus the detection of NE and / or MPO in fish ETs may suggest a PMN (i.e. 

neutrophil) origin. It is important to consider that the antibodies used to detect ET-associated 

proteins such as histone complexes, NE or MPO in the current fish studies were mAbs against 

mammalian targets. These proteins may have been subject to significant molecular changes 

throughout evolution that can reduce the effectiveness of mammalian mAbs in detecting the 

orthologues in fish species. However, due to the lack of available specific mAbs in fish, 

research groups often compromise by using mammalian antibodies. 

Various potent chemical and biological inducers and inhibitors of ET release have been 

identified from studies conducted mainly on mammalian neutrophils, and many of these have 

similar effects on ET release from fish and invertebrate PMNs (or cells with PMN function in 

invertebrates), suggesting that the mechanisms underlying ET release are evolutionarily 

conserved across the animal kingdom (Palić, Ostojić, et al., 2007; Robb et al., 2014; Lange et 

al., 2017) (Table 1.5). For example, compounds inducing ET release from zebrafish, fathead 

minnows, carp, and flatfish PMN-enriched cell suspensions included calcium ionophore (CaI), 

phorbol 12-myristate 13-acetate (PMA), lipopolysaccharide (LPS), and bacterial suspension 

(Palić, Ostojić, et al., 2007; Pijanowski et al., 2013; Chi et al., 2015). By contrast, 

diphenyliodonium (DPI) and cytochalasin inhibited ET release from these cells (Table 1.6) 

(Palić, Andreasen, et al., 2007; Palić, Ostojić, et al., 2007; Pijanowski et al., 2013; Chi et al., 

2015; Zhao et al., 2017). 
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NADPH oxidase is an enzyme complex commonly found in phagocytic cell membranes which 

has a role in producing reactive oxygen species (ROS) required for oxidative burst. The 

requirement for NADPH oxidase in the process of ET release is demonstrated by the fact that 

the use of inhibitors of NADPH oxidase, such as DPI, results in a reduction of the ROS 

generation that is required for PMA or pathogen-associated molecular pattern (PAMP)-

induced ET release, both in vertebrates and invertebrates (Fuchs et al., 2007; Parker, 

Dragunow, et al., 2012; Gray et al., 2013; Robb et al., 2014). Exposure of human neutrophils 

to chemicals such as PMA, or PAMPs such as LPS or flagellin elicits NADPH oxidase-

dependent ET release (Gray et al., 2013; Douda et al., 2015; Floyd et al., 2016). Although 

most compounds (chemical or biological) are known to rely on NADPH oxidase to induce ET 

release, CaI elicits ET release through an NADPH oxidase-independent mechanism (Parker, 

Dragunow, et al., 2012; Douda et al., 2015). Conversely, cytochalasin can inhibit ET release 

independently of NADPH oxidase by inhibiting remodelling of the cytoskeleton (Brinkmann et 

al., 2004; Neeli et al., 2009; Robb et al., 2014). These studies indicate that there are broadly 

two conserved systems driving ET release in mammals and invertebrate systems: one 

dependent upon and one independent of NADPH oxidase activity. However, in contrast with 

the case for humans, there has not been many published studies surrounding fish ETs, and 

there is little consistency between the potency of inducers and inhibitors on fish ET release, 

therefore the signalling mechanism mediating ET release in fish is unclear. For instance, PMA 

(after correcting for dose) induces poor ET release from fathead minnows and zebrafish, while 

conversely eliciting higher ET release with carp and tongue sole, even though carp, minnows 

and zebrafish are all classified within the Cyprinidae (Palić, Ostojić, et al., 2007; Pijanowski et 

al., 2013; Zhao et al., 2017). In zebrafish and fathead minnows, CaI was the most potent 

inducer of ET release, indicating an NADPH oxidase-independent mechanism for ET release 

in these fish. However, the use of CaI to induce ET release was not followed up in other fish 

species (Palić, Andreasen, et al., 2007; Palić, Ostojić, et al., 2007). Exposure of tongue sole 

PMN-enriched cell suspensions to NADPH oxidase inhibitors resulted in inhibition of PMA-

associated, and Vibrio harveryi, Pseudomonas fluorescens, and Edwardsiella tarda bacterial-

induced ET release (Zhao et al., 2017). Furthermore, DPI inhibited PMA-induced ET release 

in carp (Pijanowski et al., 2013), indicating that PMA or bacteria can stimulate ET release in 

different fish species through an NADPH oxidase-dependent system. To date, there are no 

studies which test these potential inducers or inhibitors of ET release in the rainbow trout 

system, and it would be interesting to determine how similarly trout cells respond in 

comparison to those of other fish species. 

Spontaneous ET release and so-called ‘background ET release’ (Fuchs et al., 2007; 

Kamoshida et al., 2017), can be highly variable, as has been observed for human neutrophils 

from healthy donors (Pilsczek et al., 2010; Maini et al., 2016) and dog PMNs (Jeffery et al., 
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2015). In addition to the spontaneous ET release from human neutrophils, blood collected 

from different individuals showed that some individuals released significantly more ETs in 

response to the same PMA induction than others (Fuchs et al., 2007; Maini et al., 2016). In 

contrast to the case for humans and dogs, this variation in individual response has not often 

been investigated in fish or smaller animals, due to difficulty of collecting adequate blood 

samples for sufficient replicates from individual fish, often leading to pooling of samples (Palić, 

Andreasen, et al., 2007; Palić, Ostojić, et al., 2007; Chi et al., 2015; Zhao et al., 2017). Since 

individual variability is a key property of immune systems in many organisms, which has 

ramifications for protection of both the individual and the wider population, the extent of inter-

individual variability in ET release in response to treatments is potentially important. 

Thus, the aim of the work described in this chapter was to confirm that the SYTOX-stained 

structures observed to be released from trout PMN-enriched cell suspensions in Chapter 2 

were indeed ETs. To achieve this, erythrocytes enriched from the same head kidney tissue 

were examined for ET-like structures to confirm that the structures were not artefacts of the 

tissue or cell isolation process. DNase-I was used to determine if the ET-like structures were 

composed of chromatin. Antibodies against MPO, NE, and histone H2A were used to confirm 

the presence of these proteinaceous components in association with the extracellular DNA, 

which is a characteristic of ETs. The association of these components can also confirm if the 

ETs are released by PMNs, as these cells are known to collectively express MPO and NE. 

Additionally, scanning laser confocal microscopy was employed to provide images of greater 

resolution of the ET-like structures. Moreover, a range of chemical and biological compounds 

known to induce or inhibit ET release in other species, including other fish, was be assessed 

by fluorometric assay for their ability to mediate the release of ET-like structures from trout 

PMNs in vitro over a defined incubation period. Finally, the spontaneous ET release from 

individual fish was examined by looking at the individual responses to inferred inducers of ET 

release. 

 

 

3.2. Materials and Methods 

 

3.2.1. Confirming spontaneous release of ET-like structures are specific to PMN-

enriched cell suspensions 

To determine that other cell types from the trout head kidney tissue (besides cells within the 

PMN-enriched cell suspensions) do not spontaneously produce ET-like structures after 

isolation using a similar Percoll enrichment, a trout erythrocyte-enriched cell suspension was 

prepared using two-layer discontinuous Percoll (at pH 8.5-9.5 [20°C], Sigma-Aldrich, Dorset, 
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UK) gradient consisting of 5 mL of 1.085 g mL-1 Percoll solution overlaid onto 5 mL of 1.108 g 

mL-1 Percoll solution (both diluted in dH2O). The discontinuous Percoll gradient was prepared 

in a universal tube and used to enrich for erythrocytes from dissected head kidney tissue 

collected from trout and processed according to Section 2.2.3. For the 1.085 g mL-1 Percoll 

solution: 0.5 mL of 10× Hank’s balanced salt solution (HBSS; Sigma-Aldrich, Dorset, UK) and 

1.46 mL of sterile dH2O was added to 3.04 mL Percoll. While for the 1.108 g mL-1 Percoll 

solution: 0.5 mL 10× HBSS and 0.57 mL of sterile dH2O was added to 3.93 mL Percoll. Each 

solution was mixed in a separate 50 mL Falcon tube by gently inverting the tube three times 

before layering onto each other in the universal tube. The protocol for erythrocyte separation 

with this gradient was performed as for PMN-enrichment described in Section 2.2.3. The 

erythrocyte cell suspension (isolated according to Section 2.2.3) was prepared in RPMI2 

(Appendix Table 2).Then, 50 µL of erythrocyte suspension (1 × 106 cells mL-1) was seeded to 

wells of a 96-well plate (Cell+, Sarstedt, Nümbrecht, Germany), and then incubated for 30 min 

at 15°C to allow the cells to adhere to the bottom of the well. The Cell+ flat-bottom 96-well 

culture plates were used throughout this chapter, unless otherwise stated. An additional 10 

µL of RPMI1 was added to each well and incubated for 24 h at 15°C. 

Chinook salmon embryo cells (CHSE-214) ATCC CRL-1681 (European Collection of 

Authenticated Cell Cultures, Salisbury, UK) were included as a control for cells that were not 

isolated from the trout head kidney, and were derived from a different salmonid species. To 

determine if CHSE-214 can release ET-like structures spontaneously, CHSE-214 cells (1 × 

106 cells mL-1) were prepared in RPMI2, treated the same as the erythrocyte suspension 

above. Following the 6 and 24 h incubation of trout the erythrocyte suspension or CHSE-214 

cells with RPMI2, nucleic acids within the well were fluorescently stained by adding 10 µL of 

membrane-permeable SYTOX Green (to give final a concentration of 5 µM; Thermofisher 

Scientific, Loughborough, UK) and membrane-impermeable 4',6-diamidino-2-phenylindole 

(DAPI; to give final a concentration of 2.5 µM; Thermofisher Scientific, Loughborough, UK) for 

5 min at room temperature. The cells were observed for ET release (from the same 96-well 

plate) at 6 and 24 h, and ET-like structures were counted (as described in Section 2.2.8.3) 

under fluorescence microscopy (Section 2.2.8.2). 

 

3.2.2. Confirming the DNA composition of presumed ETs by digestion with DNase-I 

To further confirm that the SYTOX-positive extracellular structures observed in trout PMN-

enriched cell suspensions in Chapter 2 (Section 1.3.6) are composed of nucleic acid, a PMN-

enriched cell suspension was induced to form ET-like structures that then could be degraded 

by DNase-I, an enzyme that cleaves without sequence specificity (Herrera et al., 1994). For 

this, a PMN-enriched cell suspension (isolated according to Section 2.2.3) was prepared in 
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RPMI2, then 50 µL of cell suspension was seeded into wells of a 96-well plate at 4 × 105 cells 

mL-1, and incubated for 30 min at 15°C, allowing the cells to settle onto the well surface. 

Thereafter, to induce the formation of ET-like structures 10 µL of calcium ionophore (Ca; 

A23187, Thermofisher Scientific, Loughborough, UK) solution diluted in dH2O was added to 

give a final well concentration of 5 µg mL-1 and the plate was incubated for 3 h at 15°C. To 

degrade the presumed ETs that were released, the CaI-exposed (‘stimulated’) PMN-enriched 

cell suspensions were treated with 10 µL solutions of DNase-I enzyme (to give final well 

concentrations of 0.01, 0.1, 1, 10, and 100 U mL-1; Thermofisher Scientific, Loughborough, 

UK) and incubated for a further 3 h at 15°C. The stock DNase-I solution had been prepared 

in DNase buffer (10 mM Tris-HCl [pH 7.5 at 25°C], 2.5 mM MgCl2, 0.1 mM CaCl2) and diluted 

to desired final concentrations with dH2O. Control wells were exposed to respective 

concentrations of buffer diluted in water without DNase-I. After the incubation, the effects of 

the different concentrations of DNase-I on the digestion of the ET-like structures were 

measured in each well by adding 10 µL SYTOX Green to each well (final well concentration 

of 5 µM, 5 min, room temperature) to stain any extracellular DNA and membrane-

compromised cells. The fluorescence (excitation 485 nm, emission 528 nm) of each well was 

recorded (according to Section 2.2.8.2) with a spectrofluorimeter (BioTek Synergy HT, 

Swindon, UK). Fluorescence values emitted from DNase-I-exposed wells were normalised to 

the unexposed control (not exposed to DNase-I), giving fold-change fluorescence. This was 

performed by dividing fluorescence value from each well exposed to the treatment by the 

mean fluorescence from five wells of non-exposed control treatment.  

 

3.2.3. Determining the presence of myeloperoxidase, neutrophil elastase, and histone 

H2A in ET-like structures by immunocytochemistry  

Immunocytochemical analyses were performed to determine the presence of MPO, NE and 

H2A proteins in the ET-like structures released from trout PMN-enriched cell suspensions. 

The primary antibodies used were polyclonal rabbit-anti-MPO IgG1 (final well concentration 

of 1:20, ab9535, Abcam, Bristol, UK), polyclonal rabbit anti-NE IgG1 (final well concentration 

of 1:20, ab21595, Abcam, Bristol, UK), and mouse anti-H2A (final well concentration of 1:200) 

diluted in PBS (without Ca2+ or Mg2+ ions), while the secondary antibodies were polyclonal 

Alexa Fluor 488 goat anti-rabbit IgG (final well concentration of 1:300, A32723) and polyclonal 

goat anti-mouse IgG (final well concentration of 1:300, A11001), also diluted in PBS 

(secondary antibodies supplied by Thermofisher Scientific, Loughborough, UK). A PMN-

enriched cell suspension was prepared to 4 × 105 cells mL-1 in RPMI2 according to Section 

2.2.3. To each well of a 96-well plate was added 50 µL of cell suspension. Then, 10 µL CaI 

was added to each well to give 5 µg mL-1) and then the plate was incubated for 3 h at 15°C. 

After incubation, the contents of each well were fixed by removing the liquid with a pipette, 
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then adding 100 µL of 4% paraformaldehyde (Sigma-Aldrich, Dorset, UK), incubating for 20 

min at room temperature, before washing PBS (without Ca2+ or Mg2+ ions). The wash step 

was performed by removing the culture medium with a pipette, adding 100 µL of PBS, and 

incubating for 5 min at room temperature. After the three consecutive wash steps, blocking 

was performed to reduce non-specific binding by removing the PBS and adding 100 µL of 

blocking buffer, consisting of 2% goat serum, 2% FCS, and 0.2% Triton X-100 (Sigma Aldrich, 

Dorset, UK) made up to volume with PBS. The plate was incubated for 30 min at room 

temperature before the blocking buffer was removed with a pipette, and cells were incubated 

with 100 µL of primary antibody, either α-MPO, α-NE, or α-H2A (90 min, room temperature). 

After, the cells were washed three more times with PBS as before, and then 100 µL of 

secondary antibodies (Alexa Fluor® 488 goat anti-rabbit IgG, or Alexa Fluor® 488 goat anti-

mouse IgG) were added and the plate was incubated (45 min, room temperature). The wash 

step was repeated a total of three times before nuclei were stained with DAPI by adding 100 

µL of DAPI (final well concentration of 1 nM, made up in dH2O) and incubated for 5 min at 

room temperature. Fluorescent photos were taken of each well in FITC (excitation 488 nm, 

emission 523 nm) and DAPI (excitation 360 nm, emission 460 nm) channels, allowing 

detection of both Alexa Fluor 488 IgG secondary antibodies using an Olympus IX-73 or 70 

microscope (Olympus LUCPlanFLN 40x Objective, PH2 Phase Plan Achromat). Separate 

channel images were overlaid using ImageJ v1.50i. 

 

3.2.4. Investigating the three-dimensional structure of the ETs 

Confocal microscopy was used to observe the presumed ETs released by PMN-enriched cell 

suspensions in order to better understand their three-dimensional structure. To prepare 

samples for confocal microscopy, 100 µL of PMN-enriched cell suspension (isolated according 

to Section 2.2.3, supplemented with 1% FCS and 0.5% Pen-Strep) was seeded into wells of 

a 4-chamber Ibidi µ-slide (Ibidi, Martinsried, Germany) at 4 × 105 cells mL-1, then incubated 

for 6 h at 15°C to allow attachment of cells and the spontaneous release of ETs. The µ-slide 

is a chambered coverslip with 4 independent wells which can be removed from the slide after 

cells are fixed. Contents of each well were fixed by incubating with paraformaldehyde (4% 

final well concentration, 20 min, room temperature) and washed in the wells by gently 

removing the media and adding 100 µL of PBS, then incubating for 5 min at room temperature. 

The wash step was repeated a total of three times before the slide chambers on the Ibidi µ-

slide were removed, and glass coverslips were mounted onto the slide with VECTASHIELD 

with DAPI (Vector Laboratories, Peterborough, UK) according to the manufacturer’s 

instructions. Samples were observed with a TCS SP2 AOBS Laser Scanning Confocal 

Microscope (Leica Microsystems, Wetzlar, Germany). 
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3.2.5. Investigating the effect of known ET release inhibitors on ET release from trout 

PMN-enriched cell suspensions 

Known inhibitors of ET release in other species were assessed for their ability to inhibit ET 

release from trout enriched-PMN cell suspensions. Specifically, diphenyliodonium chloride 

(DPI; Sigma-Aldrich, Dorset, UK), which can inhibit the release of reactive oxygen species, 

and cytochalasin D from Zygosporium mansonii (Cyto D; Sigma-Aldrich, Dorset, UK), which 

is a mycotoxin inhibitor of actin polymerisation. To test this, 50 µL of trout PMN-enriched cell 

suspension (isolated according to Section 2.2.3) in RPMI2 (4 × 105 cells mL-1) was seeded 

into each well of a 96-well plate and the plate was incubated for 30 min at 15°C to allow the 

cells to adhere to the surface. To each well was added 10 µL of DPI (0.1, 1, 5, 10, and 25 µM) 

or Cyto D (0.1, 1, 5, 10, and 20 µM) solution, with both DPI and Cyto D was diluted using 

RPMI1 after initial solubilisation as per manufacturer’s instructions. Then, the plate was 

incubated for a further 30 min at 15°C to allow DPI and Cyto D to take effect on the cells, and 

to see if this inhibited spontaneous release of ETs. After the 30-min incubation, 10 µL of CaI 

(final well concentration of 5 µg mL-1) was added to each well containing the PMN-enriched 

cell suspension (as CaI is also a known inducer of ET release in other species of fish), then 

incubated for 1, 3, 6, 9, and 12 h. A different plate was prepared for each time point (i.e. non- 

repeated measures). Extracellular DNA was stained with 10 µL SYTOX Green (final well 

concentration of 5 µM) for 5 min, at room temperature. ET release by PMN-enriched cell 

suspensions in 96-well plates was measured by the fluorimetry according to Section 2.2.8. 

Fluorescence from three replicate wells were normalised to the mean fluorescence of control 

groups exposed to RPMI1 instead of DPI or Cyto D to give fold-change fluorescence according 

to Section 3.2.2. The experiment was repeated four fish in total. 

To detect and account for potential nucleic acid contamination present in DPI or Cyto D, 10 

µL of each compound (at the same concentrations used as above) was incubated with 50 µL 

of RPMI2 in wells of a 96-well plate. The well contents were stained with 10 µL SYTOX Green 

(final well concentration of 5 µM) for 5 min, at room temperature, and the fluorescence in the 

well was measured by the fluorimetry assay according to Section 2.2.8. Triplicate wells of 

each treatment (and of each concentration) was prepared, and the mean fluorescence emitted 

from the wells without cells (indicating fluorescence of compound alone) was subtracted from 

fluorescence measured from individual wells containing PMN-enriched cell suspension. 

 

3.2.6. Culture and heat-inactivation of Vibrio anguillarum  

V. anguillarum isolates Vib 6 (ATCC 43310, wild type isolated from Gadus morhua) and Vib 

87 (NCMB 1873l, wild type isolated from Salmo salar), were stored in 15:85 glycerol to PBS 
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at 1×109 CFU mL-1 at -70°C (Table 3.1). Tryptone soy agar and broth (TSA/TSB, Thermofisher 

Scientific, Loughborough, UK) were made up according to manufacturer’s instructions and 

made up to a final concentration of 2% NaCl when culturing V. anguillarum before sterilization 

by autoclaving. Before experimental use, bacteria were recovered onto TSA 2% NaCl plates 

by spreading thawed isolates with a sterile plastic 10-µL inoculation loop (Thermofisher 

Scientific, Loughborough, UK) and sealed with Parafilm tape (Bemis, Neenah, USA) before 

incubation (24 h, 22°C, until single colonies have been cultured to a visible size). Vibrio 

anguillarum isolates were confirmed by latex agglutination test, and 16S ribosomal 

sequencing previously used (McMillan et al., 2015). 

Bacteria were cultured in liquid culture (inoculation) by swabbing a single bacterial colony 

using a sterile inoculation loop and mixing into a universal tube containing 5 mL of TSB 2% 

NaCl and cultured in a shaking incubator (150 RPM, 16 h, 22°C) to achieve late-exponential 

phase (derived from experimental growth curves, data not shown). After incubation, bacterial 

cells were washed by transferring the culture into a 50 mL Falcon tube and pelleted by 

centrifugation (2600 × g, 15 min, 4°C). The supernatant was discarded, and the pellet of 

bacteria was washed by pipetting 5 mL of PBS to the pellet, and vortexing vigorously before 

another centrifugation step (2600 × g, 15 min, 4°C). The wash step was repeated a total of 

three times before the pellet was re-suspended in 5 mL of PBS. Bacterial concentration was 

measured with a spectrophotometer (CE 2041, Cecil Instruments Ltd, Cambridge, UK) by 

absorbance at 600 nm wavelength (A600), using PBS as a blank reference. Bacterial 

suspensions were diluted with PBS to desired concentrations in CFU mL-1 derived from 

bacterial standard curve data (Appendix Figure 9). Before experimental use, the bacterial 

concentration was confirmed by plating onto appropriate agar in quadruplicate after serial 

dilution in a round-bottom 96-well plate (Sarstedt, Nümbrecht, Germany). 

The bacterial cell suspension was corrected with sterile PBS to 1 × 107 CFU mL-1, and then 

was heat-inactivated by incubating the bacterial suspension in a glass universal tube in a 

water bath for 25 min at 60°C, and the suspension was subsequently diluted to give three 

different concentrations of bacteria (1 × 103, 1 × 105, and 1 × 107 CFU mL-1) Heat inactivation 

was confirmed by absence of colonies forming on tryptone soy agar after incubation for 48 h 

at 22°C. 
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Table 3.1. Bacterial isolates used in this Chapter. All isolates were stored at -70°C before isolating for 

experiments as described in Section 3.2.6. 

Isolate/Strain Characteristic Culture 

mediaa 

Culture 

temperature 

Pathogenicityb Nuclease 

production 

Reference 

Vibrio anguillarum 

Vib 6 (ATCC 

43310) 

Wild type 

isolated from 

Gadus morhua 

TSA/TSB 

2% NaCl 

22°C + + (Austin et 

al., 1995) 

Vib 87 (NCIMB 

1873) 

Wild type 

isolated from 

Salmo salar, UK 

TSA/TSB 

2% NaCl 

22°C + (weak) - (Austin et 

al., 1995) 

aTSA (Tryptone soy agar), TSB (Tryptone soy broth), both supplemented with 2% NaCl. 

bPathogenicity was suggested by (Austin et al., 1995). 
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3.2.7. Investigating the effect of known ET release inducers on ET release from trout 

PMN-enriched cell suspensions 

To investigate the ability of known inducers of ET release in fish and other systems, 50 µL of 

PMN-enriched cell suspension (isolated according to Section 2.2.3) in RPMI2 were seeded in 

a 96-well culture plate (4 × 105 cells mL-1), and allowed the cells to adhere to the bottom of 

the wells for 30 min at 15°C. After adherence, 10 µL of CaI (final well concentrations of 0.1, 1, 

5, 10, and 25 µg mL-1), flagellin from Yersinia ruckeri (final well concentration of 100 ng mL-1, 

flagellin was kindly gifted by Chris Secombes, University of Aberdeen, UK), ultra-pure LPS 

(pLPS, final well concentrations 0.1, 1, 10, 25, and 50 µg mL-1, Sigma-Aldrich, Dorset, UK), or 

PMA (final well concentrations 1, 10, 20, 40, and 60 nM , Sigma-Aldrich, Dorset, UK) was 

incubated with PMN-enriched cell suspensions for up to 12 h (1, 3, 6, 9, and 12 h; and in for 

CaI at 5 µg mL-1, also 10, 20, 30, 40, 50, and 60 min) at 15°C. To control cell suspensions, 

equal volumes of RPMI1, was added to dilute all inducers after solubilising by manufacturer’s 

instructions. Heat-inactivated V. anguillarum bacteria (isolates Vib 6 and Vib 87, as described 

in Section 3.2.6), were also tested for capacity to induce ET release as above, by adding 10 

µL Vib 6 or Vib 87 (×103, ×105, or ×107 CFU mL-1 final well concentration, diluted in sterile 

PBS) to the seeded cells, and incubating for up to 12 h (1, 3, 6, 9, or 12 h, as above). For all 

compounds, a different plate was prepared for each time point (i.e. non- repeated measures). 

To measure the amount of extracellular DNA released in response to each of the inducers, 

the DNA in each well was stained by adding 10 µL SYTOX Green (final well concentration of 

5 µM, 5 min, room temperature) before measuring relative fluorescence as described in 

Section 2.2.8. Fluorescence from triplicate wells were normalised to the mean fluorescence 

of the control wells to give fold-change fluorescence according to Section 3.2.2, and this was 

repeated for four fish in total. In another experiment, two additional fish had their PMN-

enriched cell suspensions exposed to DPI (final well concentration of 25 µM) or PMA (final 

well concentration of 40 and 60 nM) for up to 12 h as above. To account for potential nucleic 

acid contamination present in the nucleic acid contamination present in CaI, flagellin, pLPS, 

PMA and/or whole bacteria, these compounds were incubated with RPMI2 and stained with 

SYTOX Green as described in Section 3.2.5. Triplicate wells of each treatment (and of each 

concentration) was prepared, and the mean fluorescence emitted from the wells without cells 

(indicating fluorescence of compound alone) was subtracted from fluorescence measured 

from individual wells containing PMN-enriched cell suspension. 

 

3.2.8. Examining individual ET release variation between fish 

To examine the relationship between fish mass and spontaneous ET release, PMN-enriched 

cell suspensions (isolated according to Section 2.2.3) were obtained from 19 trout (wet mass 

measured: 43.8 to 373.0 g), which were hatched from the same batch of eggs and were 



77 
 

genetically siblings (to minimise genetic variation between individuals). The cells were 

suspended in RPMI2 and seeded in a 96-well culture plate (4 × 105 cells mL-1), and cells were 

allowed to adhere to the bottom of the wells for 30 min at 15°C. An additional 10 µL was added 

to the seeded cell suspension, and incubated for 1 h at 15°C, to allow the cells to 

spontaneously release ETs. To measure the amount of spontaneous extracellular DNA 

released, the DNA in each well was stained by adding 10 µL SYTOX Green (final well 

concentration of 5 µM, 5 min, room temperature) before measuring relative fluorescence as 

described in Section 2.2.8. 

 

3.2.9. Statistical analyses 

Statistical analyses were performed using Prism v.5.1 (GraphPad, La Jolla, USA). For 

comparisons of data from multiple groups of mean fold-change fluorescence, normality and 

equality of variances were assessed by Kolmogorov–Smirnov and Bartlett’s tests, 

respectively. When data were normal, one-way ANOVA was performed to compare mean 

fluorescence against unexposed controls at each time point, and Bonferroni’s post-hoc test 

was applied to allow multiple comparisons between means. Student’s t-test was used when 

comparing two means of normally distributed data, and Wilcox-Mann-Whitney (WMW) test 

was used if the data were non-normally distributed. For all analyses, p<0.05 was considered 

statistically significant. The Pearson’s correlation coefficient was used to determine the 

statistical significance of these correlation data. 

 

 

3.3. Results 

 

3.3.1. Confirming spontaneous release of ET-like structures are specific to PMN-

enriched cell suspensions 

PMN-enriched cell suspensions isolated from trout head kidney tissue using Percoll gradients 

were observed to spontaneously release ET-like structures when incubated at 15°C. In some 

cases, the spontaneous release was observed at a high frequency from individual fish within 

6 h of incubation at 15°C (Section 2.3.6). Trout erythrocyte suspensions were also isolated 

from head kidney tissue using a modified Percoll gradient (with different relative densities from 

that used to obtain PMN-enriched cell suspensions) and were examined for spontaneous 

release of ET-like structures at 6 and 24 h. Over 24 h incubation, there were no observable 

ET-like structures released from trout erythrocyte suspensions under fluorescence 

microscopy, but there were SYTOX-stained erythrocytes indicating residual cell death within 
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the culture (Figure 3.1). Chinook salmon embryo cells (CHSE-214) was also examined for 

spontaneous release of ET-like structures as a negative control, and did not produce 

observable ET-like structures over the 24 h incubation (results not shown). Collectively, the 

results indicate that the ET-like structures are spontaneously released by PMN-enriched cell 

suspensions and are not an artefact of the cell culture methods (e.g., media contamination), 

or processes occurring within the head kidney tissue. 

 

3.3.2. Confirming the DNA composition of presumed ETs by digestion with DNase-I 

To determine if the ET-like structures observed by fluorescence microscopy in Chapter 2 were 

made of chromatin, the ET-like structures released by PMN-enriched cell suspensions were 

treated with increasing concentrations of DNase-I, which is an endonuclease that degrades 

nucleic acids. DNase-I was added to PMN-enriched cell suspensions that had been induced 

to release ET-like structures through exposure to CaI (final well concentration of 5 µg ml-1, 3 

h, 15°C), a known inducer of ETs from fish PMNs. SYTOX Green is a cell-impermeable nucleic 

acid stain that emits fluorescence (excitation: 504 nm, emission: 523 nm) when it binds to 

DNA and it can be used reliably to quantify extracellular DNA (Section 2.2.8). There was a 

significant reduction in fluorescence emitted from wells treated with DNase-I at 10 U mL-1 and 

which displayed a 0.72 ± 0.04-fold fluorescence of the non-exposed control. Treatment with 

100 U mL-1 DNase-I resulted in 0.79 ± 0.01-fold fluorescence compared to controls lacking 

DNase-I (both p<0.001), thus indicating a significant reduction in undegraded extracellular 

DNA (Figure 3.2 and Figure 3.3). No significant reductions in fluorescence were observed 

after exposure of the ET-like structures to 0.01, 0.1, and 1 U mL-1 DNase-I compared to non-

exposed controls, suggesting that these concentrations were insufficient to digest the nucleic 

acid effectively (Figure 3.2 and Figure 3.3). Treatment with DNase-I at 10 and 100 U mL-1 

removed almost all fluorescence, indicating that much of the fluorescent signal detected in 

these wells was most likely attributable to the presence of ET-like fibres, rather than SYTOX 

Green-stained nuclei of membrane-compromised (i.e. dead) cells.  
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Figure 3.1. Representative phase contrast and fluorescence microscopy images showing trout 

erythrocyte suspensions (1 × 105 cells mL-1) incubated for 24 h at 15°C exposed to RPMI1, and stained 

with SYTOX green (5 µM, 5 min, room temperature) and DAPI (1 µM, 5 min, room temperature). (a) 

Phase contrast image showing the morphology of cells within the suspension; (b) DAPI-filter channel 

showing both intracellular and extracellular nucleic acids stained with DAPI (blue), as DAPI is a 

membrane-permeable dye; (c) FITC filter channel shows SYTOX Green-stained nucleic acid which only 

stains extracellular nucleic acids, or membrane compromised cells; (d) Overlay of all three filters. These 

images show that trout erythrocyte suspensions do not spontaneously release the ET-like structures 

observed in PMN-enriched cell suspensions. Scale bar = 50 µm.  

a b 

c d 
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Figure 3.2. Bar chart showing the mean fold-change in fluorescence of wells containing trout PMN-

enriched cell suspensions (4 × 105 cells mL-1) after initial exposure to CaI (5 µg mL-1, 3 h, 15°C) to 

stimulate release of ET-like structures, and then to DNase-I (0.01 – 100 U mL-1) for 3 h at 15°C. 

Exposure of ET-like structures to 10 and 100 U mL-1 DNase-I significantly reduced fluorescence 

attributed to ET-like structures compared to controls not treated with DNase, indicating ET-like 

structures are digested by DNA. *p<0.05 compared to a control not exposed to DNase-I at each time 

point. Error bars represent s.e.m. n = 5 wells.  

0 0.01 0.1 1 10 100
0.0

0.5

1.0

1.5

DNase-I concentration (U/mL)

F
o

ld
-c

h
a

n
g

e
 f

lu
o

re
s

c
e

n
c

e
  

(A
F

U
)

* * 



81 
 

 

 

 

 

 

 

 

 

Figure 3.3. Representative fluorescence microscopy images of stained ET-like structures released 

from trout PMN-enriched cell suspensions (4 × 105 cells mL-1) exposed to CaI (5 µg mL-1, 3h, 15°C), 

treated with (a) dH2O in DNase buffer, as a negative control for DNase treatment; (b) treated with 

DNase-I (100 U mL-1, 3 h, 15°C), stained with SYTOX Green (5 µM, 5 min, room temperature). This 

figure confirms that the ET-like structures in the PMN-enriched cell suspensions were composed of 

nucleic acids, as they were susceptible to degradation by DNase-I. Scale bars = 100 µm. 

  

a b 
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3.3.3. Determining the presence of myeloperoxidase, neutrophil elastase, and histone 

H2A in ET-like structures by immunocytochemistry 

The decoration of ET-like structures was probed through the immunocytochemical detection 

of three diagnostic markers of extracellular traps by using: anti-MPO, anti-NE, and anti-H2A. 

There was positive detection of MPO (1:20), NE (1:20) and histone H2A proteins (1:200), and 

each of these respective signals was observed to co-localise with DAPI-stained nucleic acid 

(Figure 3.4), thus providing further evidence that the ET-like structures released from trout 

PMN enriched cell suspensions were indeed ETs. Triton X-100 was used to permeabilise the 

cells during the blocking step before staining with anti-MPO and anti-NE antibodies, and some 

surrounding cells also staining positive for MPO and NE (observed as concentrated green 

spots rather than dispersed fibres; Figure 3.4d and Figure 3.4e), indicating the presence of 

non-ETotic PMNs in the cell suspension. No positive staining was observed in controls lacking 

primary antibody, indicating that the secondary FITC-conjugated antibodies were specific to 

the primary markers, and were not cross-reacting with any other non-specific targets within 

the well. 

 

3.3.4. Investigating the three-dimensional structure of the ETs 

Confocal microscopy of fixed, SYTOX-stained trout PMN-enriched cell suspensions exposed 

to RPMI1 cell media revealed fibrous extracellular nucleic acid strands protruding from a 

cluster of cells after 6 h incubation (Figure 3.5). The z-stack images taken by confocal 

microscopy allowed a three-dimensional representation of trout ETs in vitro, giving better 

lateral and axial resolution. A video showing the three-dimensional representation of the ETs 

released by trout PMNs can be found online in the figure legend (Figure 3.5). 
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Figure 3.4. Representative fluorescence microscopy images of immunocytochemically stained ET-like 

structures released from trout PMN-enriched cell suspensions (4 × 105 cells mL-1) exposed to CaI (5 

µg mL-1, 3h, 15°C), confirming the presence of proteins characteristic for extracellular traps (ETs) in 

association with extracellular DNA. (a-c) DAPI filter showing the staining of ET-like structures (white 

arrows) with membrane-permeable nucleic acid-specific DAPI. (d-f) FITC-conjugated anti-

myeloperoxidase (MPO, 1:20), neutrophil elastase (NE, 1:20), and histone H2A antibodies (1:2000) 

demonstrate positive staining which co-localises with the ET-like structures. (g-i) Merged DAPI and 

FITC channels confirming the co-localisation of ET-like fibres with MPO, NE, and H2A with DAPI-

stained DNA fibres, respectively (white arrows).  
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Figure 3.5. Confocal microscopy re-constructed 3-dimensional image of SYTOX Green-stained cell 

suspension (5 µM, 5 min, room temperature). Cells within the PMN-enriched cell suspension (incubated 

for 24 h at 15°C) are shown at the top of the image with DNA, most probably an ET, as indicated by 

white arrows. A large ET fibre can be observed extending below from the cluster of cells observed 

above. The full video is found at https://goo.gl/4RQg2Z.  

https://goo.gl/4RQg2Z
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3.3.5. Investigating the effect of known ET release inhibitors on ET release from trout 

PMN-enriched cell suspensions 

The effect of Cyto D and DPI on ET release from rainbow trout PMN enriched cell suspensions 

in response to both Cyto D and DPI was determined by measuring fold-changes in SYTOX 

Green fluorescence (attributable to ET release) compared to non-exposed control cells. 

Nucleic acid contamination of Cyto D and DPI was checked, and there was no significant 

difference in fluorescence signal compared to negative controls (data not shown). Incubation 

of PMN-enriched cell suspensions with Cyto D at all concentrations for 30 min before inducing 

ET release by incubating with 5 µg mL-1 CaI for 1 h did not result in a significant difference in 

fluorescence from PMN-enriched cell suspensions. At 3 h exposure to CaI, 10 and 20 µM 

before inducing ET release with 5 µg mL-1 CaI for 3 h resulted in a significant, 0.33 ± 0.03 and 

0.37 ± 0.03- fold decrease in fluorescence attributable to ET release from PMN-enriched cell 

suspensions, respectively (both p<0.05), compared to negative controls not exposed to Cyto 

D (Figure 3.6). At 3 h, 5 µM Cyto D resulted in a 0.18 ± 0.05-fold decrease in fluorescence 

compared to negative controls; however, this did not reach statistical significance (Figure 3.6). 

At 6 h exposure to 5, 10, and 20 µM Cyto D, the fluorescence was decreased by 0.28 ± 0.02, 

0.34 ± 0.06, and 0.39 ± 0.04-fold compared to negative controls, all reaching statistical 

significance (p<0.05) (Figure 3.6).  

Moreover, observations by fluorescence microscopy confirmed the presence of fewer ETs in 

Cyto D-treated (5, 10 and 25 µM, 3 h and 6 h, 15°C) PMN-enriched cell suspensions compared 

to negative controls not exposed to Cyto D (Figure 3.7). Notably, nuclear fragmentation 

characteristic of apoptotic cells was observed at a greater frequency when treated with 10 or 

25 µM Cyto D for 3 h (Figure 3.7b) or longer. This indicates that Cyto D may be causing 

apoptosis of cell in PMN-enriched cell suspensions, or that the cytoskeleton is preventing ETs 

from being released.  

Unexpectedly, DPI alone was found to increase the number of ETs rather than inhibit ET 

release. At 3 h exposure, 25 µM DPI resulted in a 2.29 ± 0.16-fold increase in fluorescence 

attributable to ETs compared to negative controls not exposed to DPI at 3 h (p<0.05) (Figure 

3.8). At 6 h exposure, DPI at 10 and 25 µM resulted in a 2.09 ± 0.44, and 2.18 ± 0.40-fold 

increase in fluorescence, respectively, compared to non-exposed controls (both, p<0.05). At 

9 h, DPI at 10 and 25 µM resulted in a 2.70 ± 0.55, and 3.10 ± 0.58-fold increase in 

fluorescence, respectively, compared to non-exposed controls (both, p<0.05). At 12 h, DPI at 

5, 10, and 25 µM resulted in a 2.08 ± 0.41, 2.43 ± 0.44, and 1.90 ± 0.38-fold increase in 

fluorescence, respectively, compared to non-exposed controls (all, p<0.05). These results 

were confirmed with fluorescence microscopy (Figure 3.9). Collectively, these results that 

Cyto D has the ability to dose and time-dependently inhibit ET release from trout PMN-

enriched cell suspensions, while DPI can induce ET release from these cells.  
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Figure 3.6. Bar chart showing the mean fold-change in fluorescence from wells containing trout PMN-

enriched cell suspensions (4 × 105 cells mL-1) after initial exposure to Cyto D (0 – 20 µM, 30 min, 15°C), 

and then induced to form ETs with CaI (5 µg mL-1) for up to 6 h at 15°C. Exposure of PMN-enriched 

cell suspensions to 5, 10, or 20 µM Cyto D resulted significantly less fluorescence (attributable to ETs) 

compared to controls not exposed to Cyto D at 6 h, indicating that Cyto D is causing the reduction in 

ET release. *p<0.05 compared to a control not exposed to CaI at each time point. Error bars represent 

s.e.m. n = 4 fish. 
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Figure 3.7. Representative fluorescence microscopy images of trout PMN-enriched cell suspensions 

(4 × 105 cells mL-1) stained with SYTOX Green (5 µM, 5 min, room temperature) after initial 30 min 

exposure to: (a) RPMI1 negative control (b) Cyto D (10 µM, 30 min, 15°C), followed by exposure to CaI 

(5 µg mL-1, 3h, 15°C). Exposure to Cyto D before CaI resulted in less ETs released from the PMN-

enriched cell suspension compared to cells that were not exposed to Cyto D. Within the cells treated 

with Cyto D, some membrane-compromised cells with fragmented nuclei resembling apoptotic bodies 

were observed (white arrows), indicating Cyto D may be inducing apoptosis. Scale bar = 100 µm. 

  

a 
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Figure 3.8. Bar chart showing the mean fold-change in fluorescence from wells containing trout PMN-

enriched cell suspensions (4 × 105 cells mL-1) after exposure to DPI (0.1 – 25 µM) for up to 12 h at 

15°C. Exposure of PMN-enriched cell suspensions to 5, 10, and 25 µM DPI alone resulted significantly 

greater fluorescence (attributable to ETs) at 12 h compared to controls not exposed to DPI, indicating 

that DPI can induce ET release. *p<0.05 compared to a control not exposed to DPI at each time point. 

Error bars represent s.e.m. n = 4 fish.  
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Figure 3.9. Representative fluorescence microscopy images of trout PMN-enriched cell suspensions 

(4 × 105 cells mL-1) stained with 5 µM SYTOX Green (5 µM, 5 min, room temperature) after exposure 

to (a) RPMI1 negative control (b) DPI 10 µM, both for 3 h, 15°C. Exposure to DPI resulted in more 

visible ETs compared to non-exposed controls. Exposure of cells to DPI resulted in visibly more ET 

release compared to negative controls. Scale bar = 100 µm.  

a 

b 
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3.3.6. Investigating the effect of known ET release inducers on ET release from trout 

PMN-enriched cell suspensions 

Rainbow trout PMN-enriched cell suspensions were induced to release ETs through exposure 

to known ET release stimulants: CaI, flagellin, pLPS, and PMA for up to 12 h, and the kinetics 

of ET release determined by measuring fold-changes in SYTOX Green fluorescence 

(attributable to ETs) compared to non-exposed control cells. Nucleic acid contamination of 

CaI, flagellin, pLPS, or PMA was checked, and there was no significant differences in 

fluorescence signal compared to negative controls (data not shown).  

CaI at 0.1, 1, 5, 10, and 25 µg mL-1 was tested to induce ET release for up to 12 h exposure. 

At 1 h exposure, CaI at 1, 5, 10, and 25 µg mL-1 resulted in a 2.38 ± 0.26, 3.16 ± 0.30, 3.35 ± 

0.21, and 3.33 ± 0.27-fold increase in fluorescence, respectively, compared to negative 

controls not exposed to CaI at 1 h (all p<0.05, Figure 3.10). At 3 h exposure, CaI at 1, 5, 10, 

and 25 µg mL-1 resulted in a 3.17 ± 0.32, 3.19 ± 0.27, 3.20 ± 0.37, and 3.47 ± 0.27-fold increase 

in fluorescence, respectively, compared to non-exposed controls (all, p<0.05). At 6 h, CaI at 

1, 5, 10, and 25 µg mL-1, resulted in a 3.73 ± 0.44, 3.30 ± 0.25, 3.12 ± 0.37, and 3.48 ± 0.40-

fold increase in fluorescence, respectively, compared to non-exposed controls (all, p<0.05). 

At 9 h, CaI at 1, 5, 10, and 25 µg mL-1 resulted in a 3.30 ± 0.33, 3.32 ± 0.35, 3.46 ± 0.40, and 

3.88 ± 0.65-fold increase in fluorescence, respectively, compared to non-exposed controls 

(all, p<0.05). At 12 h, CaI at 1, 5, 10, and 25 µg mL-1 resulted in a 3.02 ± 0.19, 2.60 ± 0.13, 

2.75 ± 0.23, and 3.03 ± 0.14-fold increase in fluorescence, respectively, compared to non-

exposed controls (all, p<0.05). These results were confirmed for the presence (or absence) of 

ETs with fluorescence microscopy (Figure 3.11). CaI at 0.1 µg mL-1 did not result in any 

significant differences in fold-change fluorescence compared to untreated controls at any time 

point. There was no significant difference in fold-change fluorescence between 5 to 25 µg mL-

1 CaI (p>0.05), indicating 5 µg mL-1 possibly resulted in saturation of ET release by cells 

capable of releasing ETs by 1 h (Figure 3.10a). Moreover, longer incubation of the PMN-

enriched cell suspensions with 5 µg mL-1 CaI for 3, 6, and 9 h did not result in significant 

increases in fold-change fluorescence compared to 1 h (p>0.05), suggesting that all the cells 

capable of releasing ETs had already done so. Collectively, these results suggest that CaI is 

a fast and potent inducer of ET release from trout PMN-enriched cell suspensions. Importantly, 

the ETs appeared to collect at the bottom of the well where the cells have settled (Figure 

3.11). 

Due to limited availability, recombinant flagellin (kindly donated by Chris Secombes) was only 

tested to induce ET release at 100 ng mL-1 at 1 h intervals up to 6 h. Flagellin is shown to 

induce the greatest pro-inflammatory response at 100 ng mL-1 from head-kidney derived 

macrophages of rainbow trout (Wangkahart et al., 2016). At 1, 2, 3, 4, 5, and 6 h exposure, 

flagellin at 100 ng mL-1 resulted in a 3.34 ± 0.81, 3.31 ± 0.311, 3.56 ± 0.49, 3.80 ± 0.36, 4.12 
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± 0.55, and 2.57 ± 0.45-fold increase in fluorescence, respectively, compared to negative 

controls not exposed to flagellin at respective times (all p<0.05, Figure 3.10). These results 

were confirmed for the presence (or absence) of ETs with fluorescence microscopy (Figure 

3.11); however, flagellin caused the ETs and cells within the suspension to clump together. 

Therefore, the images taken of cells do have enough resolution to clearly show the ETs 

present, and are not representative of the ETs released in culture. This indicates that flagellin 

may be an inducer of ETs in trout PMN-enriched cell suspensions. 

Sterile filtered LPS (purified by phenol extraction) was found to possess abundant nucleic acid 

contamination, while pLPS (purified by ion exchange chromatography) did not have a 

significantly greater fluorescence compared to the RPMI1 used for dilution (Appendix Figure 

3). Thus, pLPS instead of LPS was tested to induce ET release from trout PMN-enriched cell 

suspensions for up to 12 h exposure. At 1, 3, 6, 9, and 12 h, exposure of cells to pLPS did not 

result in a significant difference in fluorescence compared to negative controls not exposed to 

pLPS (p>0.05, Figure 3.10).  

PMA at 1, 10, 20, 40, and 60 nM was tested to induce ET release for up to 12 h exposure. At 

9 h exposure, PMA at 40, and 60 nM PMA resulted in a 2.26 ± 0.72 and 2.54 ± 0.88-fold 

increase in fluorescence, respectively, compared to negative controls not exposed to CaI at 9 

h (all p<0.05, Figure 3.10). At all other PMA concentrations (1, 10, and 20 nM), PMA did not 

result in an increase in fluorescence compared to non-exposed controls at all time points. 

These results were confirmed for the presence (or absence) of ETs with fluorescence 

microscopy (Figure 3.11). Collectively, these results suggest that PMA is a relatively weaker 

inducer of ETs in trout compared to that reported in carp, or mammalian counterparts. PMA 

at 100 nM was also exposed to PMN-enriched cell suspensions for up to 12 h, but no 

significant increase in fluorescence was observed compared to negative controls, though 

some ETs were observed to be released spontaneously (Appendix Figure 6). Furthermore, 

some acute cytotoxicity was noted at 100 nM due to an apparent increased number of SYTOX-

stained cells and cell membranes within the cell suspension, suggesting the cells were killed 

before they could release ETs. However, this cytotoxicity was not represented in the data, as 

the membrane-compromised cells do not contribute to fluorescence compared to ETs 

(Appendix Figure 5, and Section 2.3.5). Another morphological distinction are the cell 

membranes, which appear more irregular compared to the negative controls at 24 h exposure 

(Appendix Figure 6b, c). Taken together these data suggest that PMA is a weak inducer of ET 

release in rainbow trout compared to its activity in mammals. 

Two isolates of heat-inactivated whole V. anguillarum (Vib 6 and Vib 87) bacteria at × 103, × 

105, and × 107 CFU mL-1 was tested to induce ET release for up to 12 h exposure. Each of the 

bacterial suspensions was confirmed to be heat-inactivated as no growth was observed on 
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TSA 2% NaCl plates during a 48 h incubation at 22°C. Interestingly, no significant increase of 

ET release was from trout PMNs was detected after incubation with both isolates over the 12 

h compared to untreated controls (all p>0.05) (Figure 3.12). 

One of the potent inducers of ET release (CaI at 5 µg mL-1) was followed up to understand 

the kinetics of ET release within shorter, 10 min intervals over a 60 min incubation. A 

significant increase in fluorescence was recorded immediately after exposure (1.32 ± 0.04-

fold change fluorescence compared to negative controls), with a gradual increase in 

fluorescence thereafter (all p<0.05, Figure 3.13). Collectively, CaI at 5 µg mL-1 demonstrates 

a potent capacity to significantly induce ET release from trout PMN-enriched cell suspensions 

A closer inspection of the data revealed that the PMN-enriched cell suspensions prepared 

from four fish had different individual responses to PMA and DPI, with two of the four fish 

responding to PMA or DPI showing significantly greater fluorescence (responding to 

treatment) compared to negative controls (Figure 3.14 and Figure 3.15). PMA at 40 and 60 

nM, and DPI 25 µM was tested again on two additional fish to induce ET release for up to 12 

h exposure, and the fold-change fluorescence at 1, 3, 6, 9, and 12 h was recorded and 

presented to follow the response of the fish. PMA exposure resulted in significant increases 

of ET release from just two of the six individual fish, while DPI induced ET release in four of 

the six fish (Figure 3.14). In contrast, ET release was observed from every individual fish when 

treated with CaI or recombinant flagellin (Appendix Figure 7). The PMN-enriched cell 

suspension isolated from the same fish (trout 4, in Figure 3.14b) resulted in ET release after 

exposure or 40 and 60 nM PMA, while cells from trout 1 were not responsive to the same 

concentrations of PMA (Figure 3.15). This suggests that some fish are consistent responders 

to the chemicals PMA and DPI. 
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Figure 3.10. Bar chart showing the mean fold-change in fluorescence from wells containing trout PMN-

enriched cell suspensions (4 × 105 cells mL-1) after exposure to: (a) CaI, (b) flagellin, (c) pLPS, (d) PMA 

for up to 12 h at 15°C, and stained with SYTOX Green (5 µM, 5 min, room temperature). Exposure of 

PMN-enriched cell suspensions to 1 µg mL-1 CaI or greater at 1 h; 100 ng mL-1 flagellin at 1 h, or 40 

nM of PMA or greater at 9 h resulted in significantly greater fluorescence (attributable to ETs) compared 

to negative controls, indicating that CaI, flagellin, and PMA can induce ET release. *p<0.05 compared 

to a control not exposed to CaI, flagellin, pLPS, or PMA at each time point. Error bars represent s.e.m. 

n = 4 fish. 
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Figure 3.11. (a-e) Representative phase contrast images of representative trout PMN-enriched cell 

suspensions (4 × 105 cells mL-1) exposed to: (a) unexposed control; (b) CaI 5 µg mL-1; (c) flagellin 100 

ng mL-1; (d) pLPS 50 µg mL-1; (e) PMA 40 nM; (f-j) for 6 h at 15°C. Paired SYTOX Green-stained cells 

(5 µM, 5 min, room temperature) under a FITC filter, showing extracellular DNA and membrane-

compromised, non-viable cells. ETs are indicated by white arrows which are absent in unstimulated 

controls and pLPS-treated PMNs (k-o) Merged overlay of phase contrast images and fluorescence 

images. Scale bar = 100 µm. 
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Figure 3.12. Bar chart showing the mean fold-change in fluorescence from wells containing trout PMN-

enriched cell suspensions (4 × 105 cells mL-1) to heat-inactivated V. anguillarum (Vib 6 and Vib 87) for 

up to 12 h at 15°C, then staining with SYTOX Green (5 µM, 5 min, room temperature). Exposure of 

PMN-enriched cell suspensions to heat-inactivated V. anguillarum (both Vib 6 and Vib 87) did not result 

in a significant difference in fluorescence (attributable to ETs) at any time point compared to negative 

controls, indicating that heat-inactivated V. anguillarum does not induce ET release. *p<0.05 compared 

to a control not exposed to V. anguillarum at each time point. Error bars represent s.e.m. n = 4 fish.  
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3.3.7. Investigating individual variation in spontaneous ET release 

Examination of ET release from 19 trout at a range of sizes (wet mass) after incubating PMN-

enriched cell suspension with RPM I for 1 h at 15°C showed larger trout (measured in raw wet 

mass) resulting in significantly less spontaneous unstimulated ET release compared to 

smaller trout (R2 = 0.4388; F1,17 = 13.29; p<0.05; Figure 3.16). When removing the 5 large fish 

weighing 247.6 g – 373.0 g from the dataset, no significant correlation was observed between 

fish mass and spontaneous ET release (R2 = 0.001; F1,12 = 0.021; p>0.05; data not shown). 

The trout used for this study were hatched from the same batch of eggs and are genetically 

siblings, minimising the genetic variation between individuals. This individual variation of 

spontaneous ET release by RPMI1-treated PMNs was also detected in a small trial examining 

diploid and triploid Atlantic salmon. Similar observations were made for the 10 diploid and 10 

triploid salmon (Appendix Figure 8).  
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Figure 3.13. Bar chart showing the mean fold-change in fluorescence from wells containing trout PMN-

enriched cell suspensions (4 × 105 cells mL-1) to CaI (5 µg mL-1) at 10 min intervals over 60 min at 15°C, 

then staining with SYTOX Green (5 µM, 5 min, room temperature). Exposure of PMN-enriched cell 

suspensions to CaI resulted in a significant difference in fluorescence (attributable to ETs) compared 

to negative controls at every time point, indicating that CaI induces ET release immediately upon 

exposure to cells within the PMN-enriched cell suspension. *p<0.05 compared to a control not exposed 

to CaI at each time point. Error bars represent s.e.m. n = 4 fish. 
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Figure 3.14. Scatterplot showing the mean fold-change in fluorescence from wells containing trout 

PMN-enriched cell suspensions (4 × 105 cells mL-1) from individual fish (labelled 1 to 6) to DPI (25 µM) 

or PMA (40 nM) for up to 12 h at 15°C, then staining with SYTOX Green (5 µM, 5 min, room 

temperature). Each line represents the fluorescence compared to negative controls (being 1-fold) 

associated with cells from an individual fish. Data from experiment (Figure 3.10) represent labelled fish 

1 to 4, and the two additional fish is labelled 5 and 6, (a) DPI (25 µM) resulted in four out of the six fish 

(1, 2, 3, and 4) releasing ETs upon stimulation throughout 12 h. (b) Out of six fish tested per treatment, 

two fish (1 and 2) resulted in a significant response when stimulated with PMA (40 nM) throughout 12 

h. Error bars represent s.e.m. n = 6 fish, 3 wells..  
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Figure 3.15. Representative fluorescence microscopy images of trout PMN-enriched cell suspensions 

(4 × 105 cells mL-1) isolated from trout numbered in Figure 3.14b, stained with 5 µM SYTOX Green (5 

µM, 5 min, room temperature) after exposure to PMA at 40 or 60 nM for 9 h at 15°C. These images 

demonstrate that different fish have a different ET release response when exposed to the same 

concentration of PMA. (a) Trout number 4 exposed to 40 nM PMA or (b) 60 nM PMA resulting in ET 

release; (c) Trout number 1 (in relation to Figure 3.14b) exposed to 40 nM PMA (d) 60 nM PMA. Scale 

bar = 100 µm 
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Figure 3.16. Scatterplot showing the relationship between trout mass against spontaneous ET release 

from trout PMN-enriched cell suspensions (4 × 105 cells mL-1) incubated for 1 h at 15°C, then stained 

with SYTOX Green (5 µM, 5 min, room temperature). These data show a significant negative correlation 

of fluorescence (attributable to ETs), with fish of greater wet mass having lower spontaneous ET release 

(R2 = 0.4388; F1,17 = 13.29; p<0.01). n = 19 trout, weighing 43.8 – 373.0 g.  
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3.4. Discussion 

This chapter describes for the first time the release of ETs from rainbow trout PMNs in vitro. 

The ET-like structures released spontaneously from PMN-enriched cell suspensions, which 

stained positively with SYTOX Green in Chapter 2 (Section 2.3.5), were confirmed to be 

extracellular nucleic acid as these were digested successfully with DNase-I. Crucially, co-

localisation of DAPI-stained DNA in the ET-like structures with probes designed to detect three 

proteins known to be characteristic and diagnostic of ETs, specifically α-MPO, α-NE, and α-

H2A, confirmed the presence of ETs in the trout PMN-enriched cell suspensions, also 

indicating that PMN (neutrophils) are responsible for releasing the ETs. The release of ETs 

was induced by CaI, flagellin, and PMA, and inhibited by Cyto D, which are known to stimulate 

and inhibit this process in a similar way in fish and mammals. Unexpectedly, DPI appeared to 

induce ET release rather than inhibit it. 

ET-like structures were observed to be spontaneously released by PMN-enriched cell 

suspensions, while these were not observed from erythrocyte suspensions isolated from the 

same tissue (head kidney) using the same method (Percoll gradient), indicating that the ET-

like structures are not artefacts of the tissue or the cell isolation and culture methods. Then 

the ET-like structures were confirmed to be composed of nucleic acids, as they were 

susceptible to degradation by DNase-I and staining by DNA-intercalating dyes. Additionally, 

the co-localisation of histones with MPO and NE (PMN-specific granule proteins), satisfies the 

diagnostic definition of an ET (Brinkmann et al., 2004; Fuchs et al., 2007; Brinkmann and 

Zychlinsky, 2012; Brinkmann, Goosmann, et al., 2012). All three primary antibodies used in 

this present study were raised against human immunogens and showed cross-reactivity with 

rainbow trout MPO, NE, and histone H2A. However, unexpectedly high concentrations of 

primary antibodies against MPO and NE were required to detect these markers in trout (both 

used at 1:20 dilution) in comparison to histone H2A (used at 1:200), suggesting that there is 

greater structural conservation between fish and human histones than between fish and 

human MPO and NE. More than any other cell type in fish, NE is most heavily expressed in 

PMNs, and the collective localisation of NE and MPO with extracellular DNA suggests PMNs 

to the cell type from where the DNA was most likely released (Wernersson et al., 2006; 

Papayannopoulos et al., 2010; Metzler et al., 2011; Brinkmann and Zychlinsky, 2012; 

Havixbeck et al., 2015; Okada, 2017). Furthermore, this is the first time MPO, NE and histone 

antibody markers of ETs have been used collectively to diagnostically confirm the ETs in a 

fish species (Table 1.2). 

Earlier studies of ETosis in fish did not report the testing of DPI as an ET inhibitor and instead 

used actin polymerisation inhibitors such as cytochalasin B (Palić, Ostojić, et al., 2007). The 

use of cytochalasins has been successful for inhibiting induced-ET release in many vertebrate 

and invertebrate species, and are understood to work by inhibiting the cytoskeleton 
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remodelling which is a prerequisite to ET release (Palić, Andreasen, et al., 2007; Neeli et al., 

2009; Robb et al., 2014; Uchiyama et al., 2015). In human neutrophils, there is contradictive 

evidence regarding the ability of cytochalasins to inhibit ET release from PMNs (Neeli et al., 

2009; Riyapa et al., 2012). While cytochalasin B and D were shown to reduce ET release at 

10 µM (Neeli et al., 2009; Palmer et al., 2012), conflicting studies in humans have described 

similar concentrations of cytochalasin D (10 – 20 µM / 5.26 – 10.52 µg mL-1) that failed to 

block PMA-induced ETosis (Riyapa et al., 2012). It is likely that inhibition of ET release with 

cytochalasin D in trout was successful as it targets one of the final steps of ET release, 

cytoskeleton remodelling, which leads to release of an ET. Conversely, the effect of DPI on 

inhibiting NADPH oxidase activity to inhibit ET release lies upstream of the cytoskeletal 

changes required to release ETs.  

PMA is understood to induce ET release by activating protein kinase C (PKC), which then 

promotes formation of an active NADPH oxidase complex responsible for generating 

intracellular ROS, leading to ET release (Doussiere et al., 1992; Gray et al., 2013). DPI is able 

to inhibit ET release by binding to NADPH oxidase subunits and preventing electron flow 

leading to ROS production (Doussiere et al., 1992). It is uncertain why DPI induced ET release 

in only four of the six trout examined, and why PMA shows such subtle ET inducing capacity 

in two of the six trout examined. The use of DPI to inhibit ET release in fish species was only 

described in one study with carp (Pijanowski et al., 2013), while DPI is a potent inhibitor of 

NADPH-oxidase-dependent ET release in both mammals and invertebrates (Poirier et al., 

2014; Robb et al., 2014; Reichel et al., 2015; Ostafin et al., 2016). This is inconsistent with the 

results from trout, as DPI alone resulted in a positive effect on ET release (Figure 3.8). One 

explanation as to why DPI was unable to inhibit ET release in trout could be that the 

mechanism controlling ET release is less dependent on NADPH-oxidase activity and ROS 

signalling. In support of this notion, PMA (a potent inducer in mammalian systems) was also 

only a weak inducer of ET release, while CaI resulted in a strong and rapid ET release 

response in all trout tested (Appendix Figure 7). Furthermore, CaI successfully induced ET 

release in all trout and is known to induce ET release by generating ROS through an NADPH 

oxidase-independent system (Parker, Dragunow, et al., 2012; Arai et al., 2014; Douda et al., 

2015). Furthermore, studies of vertebrate PMNs and invertebrate haemocytes found PMA to 

be a potent inducer of ET release, with the exception of oysters (Poirier et al., 2014; Robb et 

al., 2014), and therefore it was surprising to find PMA showing little activity against trout PMNs. 

The current data suggest that the mechanism mediating ET release in trout may be less 

dependent on NADPH-oxidase activity. 

The unexpected DPI-induced ET release remains unexplained, but it could be due to DPI 

exerting stress on the cell. To support this, there was an indication of weak cytotoxic activity 

by DPI at 10 µM or greater (data not shown). DPI at 10 µM is known to target several 
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flavoenzymes in humans in addition to NADPH oxidase, and impairs the activity of NADP-

dependent enzymes. One consequence of this is the inhibition of the pentose phosphate 

pathway, which is one of the main antioxidant pathways operating in most cells (Riganti et al., 

2004; Aldieri et al., 2008). Reduced intracellular antioxidant activity can lead to an overall 

increase in oxidative stress, which may explain a source for the stress that may lead to ET 

release in trout PMN-enriched cell suspensions. Further research is required to confirm 

whether DPI is successful in inhibiting NADPH oxidase in trout, or instead produces a greater 

overall oxidative stress on the trout cell that leads to the induction of ET release. 

The use of biological inducers of ET release in fish (such as LPS in carp and flatfish) have 

been demonstrated to be more potent at inducing ET release compared to chemicals inducers 

(Pijanowski et al., 2013, 2015; Chi et al., 2015; Zhao et al., 2017). However, biological 

compounds were used with caution in this present study as many studies have used SYTOX 

Green fluorescence as a measurement of ET release, but have not openly addressed or 

reported mitigation for the potential of additional fluorescence signals deriving from abundant 

nucleic acid contamination in some biological compound preparations (Jeffery et al., 2016). In 

instance, LPS was shown to induce ET release in carp at 50 µg mL-1; however, there was a 

signal from the nucleic acid contaminants within LPS that may have indicated greater ET 

release (Pijanowski et al., 2015). A strong positive correlation was found with LPS 

concentration and SYTOX Green fluorescence (Appendix Figure 4); thus, a purer form of LPS 

was tested (pLPS, purified by ion exchange chromatography) for its capability to induce ET 

release from trout PMNs. pLPS was demonstrated to not fluorescence after exposure to 

SYTOX Green (Appendix Figure 3), though ETs were not observed to be released upon 

exposure and incubation with trout (present study) or carp PMNs, suggesting pLPS is unable 

to induce a response in carp and trout (Pijanowski et al., 2015). The lack of ET release in 

response to pLPS could be due to the lack of TLR4 respose, the receptor that recognises LPS 

as a PAMP in trout (Sepulcre et al., 2009). 

Recombinant flagellin from Yersinia ruckeri was a potent inducer of ET release from trout 

PMNs. Flagellin is a TLR-5 activator in humans and can induce the expression of many pro-

inflammatory genes in the rainbow trout, including IL-6, IL-8 and TNF-α isoform (Wangkahart 

et al., 2016), and therefore known to be an immunostimulatory compound. Additionally, the 

trout PMN-enriched cell suspensions released ETs which appeared to clump significantly due 

to the flagellin. Thus, a flagellin dose response may clarify if flagellin truly induces an ET-

release response from these cells. Using whole heat-inactivated V. anguillarum (a Gram-

negative fish pathogen) failed to induce ET release from trout PMN-enriched cell suspensions. 

Perhaps the heat-inactivation process (albeit only for 25 min at 60°C) denatures the epitopes 

to an extent dulls recognition by TLRs on trout PMNs, which are then unable to induce ET 

release. Thus, inactivation by other methods such as UV-radiation may be a more suitable 
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option to inactivate bacteria before testing as an ET inducer. However, live V. anguillarum (Vib 

87) was unable to induce ET release from trout PMN-enriched cell suspensions (data not 

shown). 

The level of ET release by PMNs isolated from individual trout upon exposure to PMA (40 nM 

or greater) and DPI (25 µM) remained the same over time per individual despite non-repeated 

measures, indicating individual responders and non-responders (Figure 3.14). Conversely, 

exposure to CaI (1 µg mL-1 or greater) resulted in the most reproducible ET release response, 

as PMN-enriched cell suspensions was observed from all individuals (Appendix Figure 7). 

This is an interesting finding because it suggests that some individual trout have a 

predisposition to release ETs in response to PMA or DPI. Individual responses have been 

previously suspected and observed in humans (Fuchs et al., 2007; Maini et al., 2016) and 

dogs (Jeffery et al., 2015), though all the individuals (humans and dogs) were shown to 

release ETs at different levels and did not find any individuals which did not respond to 

inducers of ET release. Conversely, there have been no previous reports with respect to a fish 

species. The challenge of collecting adequate cells (such as PMNs) from small animals often 

results in pooling of samples, thus limiting the possibility to study individual responses (Palić, 

Ostojić, et al., 2007; Chi et al., 2015; Masterman, 2016; Zhao et al., 2017). One explanation 

for the unexpected response to PMA or DPI is that the cell culture conditions were not 

adequate to elicit a response to PMA or DPI-induced ET release (or inhibition). In instance, 

studies in humans have found that neutrophils can be primed with cytokines to be more 

responsive to compounds which induce ET release (Clark et al., 2007), indicating that co-

stimulatory factors may be important to enhance the ET release response. This co-stimulation 

of ET release by PMNs in fish with cytokines has not been identified and warrants further 

research. 

The variation of spontaneous ET release observed from the 19 trout (siblings) suggests that 

PMNs isolated from fish with lower mass are more likely to release ETs spontaneously, and 

these results were also reflected in 10 diploid and 10 triploid Atlantic salmon that were 

examined. Indeed, Atlantic salmon also showed strikingly large variation in spontaneous ET 

release, with respect to diploid and triploid fish (Appendix 1.4). The cause of such variation in 

spontaneous ET release observed from trout and salmon remains unclear. The genetic 

contribution to this variation may be limited as these trout and salmon sourced suppliers were 

hatched in the same batch of eggs and are therefore genetically siblings. Collectively, the 

reported spontaneous release of ETs from individual fish within this Chapter needs to be 

considered for future research. 

In summary, this chapter presented evidence that trout PMNs release ETs that resemble ETs 

released by other organisms. Additionally, compounds were identified that induce and inhibit 
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ETs release by trout PMN-enriched cell suspensions, and some of these compounds showed 

a similar effect on ET release in other vertebrate and invertebrate organisms. As ETs are 

antimicrobial defences, it will be intriguing to see whether bacterial pathogens of trout have 

virulence mechanisms that enable them to counteract the effect of ETs, and this subject was 

the focus of Chapter 4.  
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4. Chapter 4: Extracellular nuclease activity of Vibrio anguillarum 

 

4.1. Introduction 

Nucleases are a diverse group of enzymes and catalytic RNA (ribozymes) which cleave 

phosphodiester bonds of nucleic acids. They are involved in various biological processes, 

including genome maintenance and repair, recombination, regulating genetic transformation, 

regulating apoptosis (Minion et al., 1986; Nishino et al., 2002; Ambur et al., 2009; Lenhart et 

al., 2012). Different roles of the nuclease leads to unique structure, properties, and distribution 

of the enzyme (Pohl et al., 1982). Depending on their roles, nucleases such as the intracellular 

zinc-finger nucleases may have 5’-3’ exo- and endonuclease activity in the case of removing 

RNA primers during DNA replication, or 3’-5’ exonuclease activity in the case of genomic 

proofreading (Yang, 2011). Some nucleases show substrate specificity which can be divided 

into DNase or RNase, yet there are many nucleases which are sugar non-specific which 

cleave both DNA and RNA, such as Vibrio cholerae periplasmic nuclease Vvn (Hsia et al., 

2005). Furthermore, most nucleases can cleave nucleic acid whether single- or double-

stranded (Li et al., 2003; Yang, 2011; Dang et al., 2016), though there are some nucleases in 

the S1 nuclease of Aspergillus oryzae which prefer single-stranded substrates (Desai et al., 

2003). Membrane-bound nucleases of Streptococcus pneumoniae are known to regulate their 

ability to uptake DNA from outside the cell for transformation (Puyet et al., 1990). Some 

extracellular nucleases from Vibrio cholerae (dns and xds) are over or under expressed to 

switch between states of high and low transformation frequency in response to different 

bacterial cell densities (Blokesch et al., 2008).  

The advantage of extracellular nucleases in bacteria has remained unclear for decades 

(Sumby et al., 2005). One hypothesis is that these nucleases played a role in freeing up 

nucleotides from extracellular DNA to be utilised as a nutrient source, or recycling DNA from 

necrotic cells (Mitchell et al., 1977). This feature is demonstrated by Mycoplasma spp. which 

can degrade DNA polymers and absorb free nucleotides and nucleosides from the 

environment as a nutrient, as they lack the biosynthetic capacity for de novo synthesis of 

nitrogenous bases (McIvor et al., 1978; Minion et al., 1986). In marine and freshwater 

environments where dissolved DNA is ubiquitous (ranging from 4.03 µg mL-1 to 871 µg mL-1), 

it is likely that it is utilised by many microbes (Karl et al., 1989). However, given the recent 

research within the microbial interactions with ETs, the role of microbial extracellular 

nucleases has been linked to combating trapping by ETs (Ferrieri et al., 1980; Singer et al., 

1992; Pinchuk et al., 2008; Wang et al., 2009; Seper et al., 2011). 

Several respiratory pathogens such as S. pneumoniae and Staphylococcus aureus require 

extracellular nuclease activity to establish successful infections and evade ETs (Sumby et al., 
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2005; Buchanan et al., 2006; Thammavongsa et al., 2013). Within the Vibrio spp., nuclease 

inactivity of V. cholerae, and the two extracellular nucleases dns and xds, can degrade ETs 

released by human neutrophils, and regulate bacterial transformation (Blokesch et al., 2008; 

Seper et al., 2013). 

One of the most prevalent diseases in finfish aquaculture, vibriosis, is caused by Vibrio 

anguillarum, and these bacteria are detected abundantly in the fish skin mucus (Carda-

Diéguez et al., 2017). The life cycle of V. anguillarum can be divided into the free-living non-

obligate stage (i.e. on surfaces, sediment, or in water), and a pathogenic or infectious stage 

(Frans et al., 2011). Whole genome sequencing and preliminary phenotype studies have 

revealed V. anguillarum to possess at least one extracellular nuclease and one membrane-

associated nuclease (Austin et al., 1995; Naka et al., 2011; Hickey et al., 2017). However, 

there is relatively little understanding of the roles and enzyme activities of these V. anguillarum 

nucleases (Maeda et al., 1976). Furthermore, most isolates of V. anguillarum express 

extracellular nucleases, and some are inferred by their DNA sequence to be membrane-bound 

or associated (Muroga, 1985; Focareta, 1989; Austin et al., 1995; Li et al., 2003; Blokesch et 

al., 2008; Frans et al., 2011; Seper et al., 2013; Hickey et al., 2017). Though the role of 

extracellular nuclease in V. anguillarum remains unclear, some studies of closely related 

species suggest that V. anguillarum may also utilise the enzyme to generate nucleotide or 

phosphate pools from extracellular DNA during its free-living stage for nutrients (Blokesch et 

al., 2008; Mcdonough et al., 2016). During the infectious stage of the lifecycle, V. anguillarum 

upregulates expression of genes which promote survival within the host. For example, 

extracellular metalloproteases and mucinase activity are known to be upregulated which 

promotes mucus degradation, and infection through mucosal surfaces (Norqvist et al., 1990).  

The primary point of entry of V. anguillarum during the infection stage is still debated, but there 

is evidence suggesting that the bacteria can enter directly through the skin (Norqvist et al., 

1990; Hickey et al., 2017). Skin mucus serves as a protective barrier to infections; however, 

V. anguillarum nucleases may assist in the thinning of mucus viscosity by digestion of DNA. 

Proteases, exopolysaccharides and flagellin expressed by V. anguillarum collectively promote 

the binding of this bacterium to fish skin mucus (Croxatto et al., 2007; Frans et al., 2011; 

Benhamed et al., 2014). As a result, infection of the fish may occur through damaged or 

weakened skin, whereby these virulence factors assist in attachment, and tunnelling through 

the mucus barrier and skin to infect the host (Norqvist et al., 1990; Milton et al., 1996; Hickey 

et al., 2017). Still, other researchers suggest that V. anguillarum infects the host through the 

mucosal surfaces of the gastrointestinal tract and gills (Lumsden et al., 1994; Frans et al., 

2011). Mucus harbours a collection of glycoproteins (such as mucin), as well as DNA 

polymers, and studies of human cystic fibrosis patients have indicated that the integrity of the 

DNA present in mucus in the lungs contributes to its rheology (Shak et al., 1990; Shah et al., 
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1996), suggesting that nucleases produced by bacteria could reduce the viscosity of the 

mucus through degradation of the DNA polymers. Thus, this could be an important mechanism 

that compromises mucosal barriers, such as on fish skin and in the gastrointestinal tract, 

allowing easier access of pathogens to the skin to initiate an infection. 

Bacteria can escape ETs released by human neutrophils by degrading the DNA polymers with 

extracellular nucleases (Sumby et al., 2005; Beiter et al., 2006; Juneau et al., 2015). Evidence 

that nuclease-producing strains or isolates of V. anguillarum grow better in the presence of 

DNA, and the presence of DNA-uptake machinery such as type IV pili and membrane ATPase 

(Frans et al., 2011, 2013; Seitz et al., 2013), support the possibility that V. anguillarum may 

also use nucleases to assist in infection, growth, or survival following successful infection of 

the host (Mcdonough et al., 2016). Nevertheless, few studies have implicated a role for 

bacterial nucleases in establishing infection within fish, though it is likely that nucleases might 

contribute to degrading chromatin ETs (Seper et al., 2013; de Buhr et al., 2015; Storisteanu 

et al., 2017). 

There are limited studies surrounding V. anguillarum extracellular nucleases, and their roles 

are poorly understood. Additionally, few studies have investigated the physicochemical 

conditions under which nuclease activity is greatest, or if these enzymes may play a role in 

virulence (Maeda et al., 1976). The thermostability of nucleases is typically less than 41°C 

(Lodish et al., 2000); however, some nucleases present in foetal calf serum, or bacterial 

species adapted to extreme conditions have thermostable secondary structures which allow 

their catalytic activity to persist in greater temperatures (Kauzmann, 1959; Napirei et al., 2009; 

von Köckritz-Blickwede et al., 2009; Kiedrowski et al., 2014; Juneau et al., 2015). As well as 

exposure to absolute temperature, enzymes in solution lose activity after undergoing freeze-

thaw cycles, due to ice-induced partial unfolding of proteins (Cao et al., 2003). Additionally, 

enzymatic function is influenced by the pH and salinity of the solution it is suspended in, as 

these physicochemical parameters also disrupt the bonds responsible for the secondary 

structure of the protein (Lodish et al., 2000). Specifically to nucleases (including DNase-I), 

catalytic activity is limited by the availability of cations such as Ca2+ and Mg2+ (Cuatrecasas et 

al., 1967; Frank et al., 1975; Moore, 1981; Yang, 2011). Ion-chelating agents, like the 

aminopolycarboxylic acids such as ethylenediaminetetraacetic acid (EDTA) can limit the free 

divalent cations required for the catalytic activity of some nucleases (Moore, 1981). As the 

environmental conditions that result in greatest nuclease activity can vary depending on the 

enzyme (Pohl et al., 1982), testing the nuclease activity of a range of environmental conditions 

(i.e. different temperature, pH, NaCl concentration, and cation availability) may provide a 

better understanding of V. anguillarum nucleases and the conditions under which they exhibit 

greatest activity. In turn, this may give insight into the conditions where the bacterium is 
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utilising the nucleases. Testing the activity of nucleases in different environmental conditions 

requires a reliable method to measure nuclease activity. 

Different methods have been established to measure the nuclease activity within solutions, 

including spectrophotometry and fluorimetry which measures the fluorescence emitted from 

intact DNA content after degradation with nuclease; electrophoresis, which compares DNA 

fragment size after degradation with nuclease; or a semi-quantitative method which examines 

digestion of deoxyribonuclease (DNase) agar (Kunitz, 1950). In the latter, DNase agar 

contains DNA that can be hydrolysed by nuclease in a test solution, and this is indicated by 

clear zones forming in the otherwise opaque agar after addition of hydrochloric acid. The size 

of the clear zones correlates directly with nuclease activity, thus providing a useful metric for 

nuclease activity (Ferrieri et al., 1980; Macanovic et al., 1997). Prior to using the DNase agar 

assay to screen solutions or bacteria colonies for nuclease activity, it is necessary to 

determine sensitivity (i.e., the lowest detectable activity) and the reproducibility of the assay 

(i.e., variation between repeated assays), and confirm the range of activities for which a linear 

relationship exists between nuclease activity and clear zone area.  

The aim of this Chapter is to investigate if the extracellular nuclease activity produced by the 

fish pathogen V. anguillarum has a potential role as an infection or virulence factor through 

DNA degradation. To achieve this, a simple quantitative assay that measures the clear zone 

areas of DNase agar was used to screen for relative nuclease activity from a collection of V. 

anguillarum isolates. A comparison of clear zone area with known concentrations of 

recombinant human DNase-I enzyme was performed to confirm if this method was suitable 

for assessing the relative nuclease activity of unknown solutions (i.e., nucleases present in 

culture filtrates of V. anguillarum). V. anguillarum cells were separated from the culture filtrate 

and nuclease activity within this filtrate was measured to determine if extracellular nucleases 

were produced. Then, extracellular nuclease activity detected in the V. anguillarum culture 

filtrate was examined under a range of environmental conditions, and to see if nuclease 

activity was conserved after numerous freeze-thaw cycles. Finally, the functional activity of 

the bacterial culture filtrate was examined for the ability to degrade DNA from trout PMNs in 

the form of ETs, or DNA within the skin mucus. Collectively, these data may provide a better 

understanding of V. anguillarum, and if they can utilise extracellular nucleases to assist in 

establishing infection in fish. 
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4.2. Materials and Methods 

 

4.2.1. Bacterial culture and confirmation of nuclease activity of Vibrio anguillarum 

isolates 

V. anguillarum (Vib 6 and Vib 87) and Yersinia ruckeri (YR 1) isolates (Table 4.1) were stored 

and cultured according to Section 3.2.6. Tryptone soy agar and broth (TSA/TSB; Thermofisher 

Scientific, Loughborough, UK) were made up according to manufacturer’s instructions, and 

supplemented with 1.5% NaCl to make a final concentration of 2% NaCl when culturing V. 

anguillarum. Bacterial CFU mL-1 was estimated with a spectrophotometer (CE 2041, Cecil 

Instruments Ltd, Cambridge, UK) by absorbance at 600 nm wavelength (A600), using PBS as 

a blank reference. Bacterial suspensions were diluted with PBS to desired concentrations in 

CFU mL-1 derived from a standard curve (Appendix Figure 9) and CFU mL-1 confirmed by 

plating onto appropriate agar in quadruplicate after serial dilution in a round-bottomed 96-well 

plate (Sarstedt, Nümbrecht, Germany). 

A collection of V. anguillarum isolates (Appendix Figure 1) have been previously screened for 

relative nuclease activity from using a similar quantitative DNase agar digestion method 

according to Section 4.2.2 below (Appendix Figure 10). Most of the V. anguillarum isolates 

gave detectable clearance zones on DNase agar, isolate V. anguillarum Vib 87 showed no 

detectable nuclease activity, while Vib 6 was as a strong nuclease producer (Appendix Figure 

10). The measurement of relative nuclease activity from V. anguillarum Vib 87 and Vib 6 was 

again repeated to confirmation the previous observation from the larger screen. Cultures of 

Vib 87 and Vib 6 were freshly isolated and cultured to late-exponential phase, then corrected 

with PBS to A600: 0.7. Five microliters of the Vib 87 and Vib 6 suspension (isolated as described 

above) was assayed for nuclease activity in triplicate at 24 h at 22°C according to Section 

4.2.2. As a negative control for a flagellated strain of bacteria known not to show nuclease 

activity, and a non-V anguillarum bacterial species, the fish pathogen.Y. ruckeri (YR 1) was 

used in addition to V. anguillarum.  
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Table 4.1. Table showing the bacterial isolates/strains used in this Chapter. All isolates/strains were 

stored at -70°C before isolating for experiments as described in Section 4.2.1. 

Isolate/Strain Characteristic Culture 

mediaa 

Culture 

temperature 

Pathogenicityb Nuclease 

production 

Reference 

Vibrio anguillarum 

Vib 6 (ATCC 

43310) 

Wild type 

isolated from 

Gadus mouhua 

TSA/TSB 

2% NaCl 

22°C + + (Austin et 

al., 1995) 

Vib 87 (NCIMB 

1873) 

Wild type 

isolated from 

Salmo salar, UK 

TSA/TSB 

2% NaCl 

22°C + (weak) - (Austin et 

al., 1995) 

NB 10 Wild type 

Sweden 

TSA/TSB 

2% NaCl 

22°C + + (Norqvist, 

1989) 

Yersinia ruckeri 

YR 1 Wild type 

isolated from O. 

mykiss, UK 

TSA/TSB 22°C + - (Tinsley et 

al., 2011) 

aTSA (Tryptone soy agar), TSB (Tryptone soy broth). 

bPathogenicity was suggested by (Austin et al., 1995). 
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4.2.2. Quantification of nuclease activity by DNase agar 

In the DNase agar digestion assay, the relationship between clear zone area and nuclease 

activity needed to be described to confirm that the clear zone area was proportional to the 

quantity of nuclease activity. To determine the relationship between the clear zone area on 

the DNase agar to give an indication of relative nuclease activity, 15 mL of DNase agar 

(prepared according to manufacturer’s instructions) was poured into each 9-cm diameter petri 

dish. The DNase agar formulation, volume, and thickness were kept as uniform as possible to 

minimise the variability in the agar hydrolysis, then allowed to dry overnight at room 

temperature. DNase agar plates were always used within four days to minimise any variations 

in zone size caused by alterations in agar moisture content. Solutions of DNase-I 

(Thermofisher Scientific, Loughborough, UK) were prepared in DNase buffer (final well 

concentration of 10 mM Tris-HCl, 2.5 mM MgCl2, 0.1 mM CaCl2, Thermofisher Scientific, 

Loughborough, UK) and sterile dH2O to 5, 10, 25, 50, 100, 200, 300, 400, 500, and 600 units 

(U) mL-1 in sterile Eppendorf tubes. Then, 5 µL of each DNase-I solution was added to 2-mm 

diameter wells that had been punched into the surface of the agar using a biopsy punch 

(Stiefel, Brentford, UK). This was repeated on individual wells across three separate DNase 

agar plates. DNase plates were sealed with Parafilm tape (Bemis, Neenah, USA) to limit 

evaporation and the plates were incubated upright at room temperature for 24 h before use. 

To visualise the area of DNase agar that had been digested by nucleases (clear zone area), 

5 mL of 1 M hydrochloric acid (HCL; VWR, Radnor, USA) was poured onto the agar surface 

and incubated for 1 min at room temperature. Relative nuclease activity was quantified by 

measuring the diameter (d) of each clear zone area to the nearest half of a millimetre, such 

that the clear zone area could be calculated from the mean of the perpendicular diameters (d1 

and d2, Figure 4.1). The formula to calculate ‘Clear zone’: 𝐶𝑙𝑒𝑎𝑟 𝑧𝑜𝑛𝑒 = 𝜋𝑟2. The radius (𝑟) is 

calculated from a mean of the two perpendicular diameters, as shown: 𝑟 =
(𝑑1+𝑑2)

4
. The area 

of the 2-mm diameter well (3.14 mm2) was not included in the total clear zone area, and thus 

subtracted from the ‘Total clear zone area’, giving the formula: 

 

 

 𝑇𝑜𝑡𝑎𝑙 𝑐𝑙𝑒𝑎𝑟 𝑧𝑜𝑛𝑒 𝑎𝑟𝑒𝑎 =  𝜋 (
(𝑑1 + 𝑑2)

4
)

2

− 3.14 
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Figure 4.1. The total clear zone area after incubation (with the agent being examined for nuclease 

activity) was calculated from the mean of perpendicular diameters (d1 and d2) measured after 24 h 

incubation with at 22°C. The area (3.14 mm2) from the 2-mm diameter holes punched in the DNase 

agar was subtracted from the total clear zone area. 
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4.2.3. Detection of nuclease activity in cell-free Vibrio anguillarum supernatant 

To confirm that V. anguillarum Vib 6 showed extracellular nuclease activity, a single colony 

was cultured to late-exponential phase in TSB 2% NaCl according to Section 4.2.1. Then 5 

mL of bacterial suspension was centrifuged (2600 × g, 15 min, 4°C) and the supernatant 

passed through a 0.22-µm syringe filter (NML syringe filter; Sartorius, Gottingen, Germany) to 

remove any bacterial cells and debris, before this culture filtrate was collected in a sterile 

bijoux bottle, collecting approximately 1.2 mL. The sterility of the culture filtrate was confirmed 

by plating 10 µm across TSA and TSA 2% NaCl and incubating at 22°C for 48 h, and then 

checking for the absence of bacterial colonies. The nuclease activity present in 

unconcentrated filtrate may be too weak to form visible clear zones within the DNase agar 

digestion assay; thus, the culture was concentrated with a rotating vacuum condenser (DNA 

SpeedVac, Model no: DNA110-240, Savant instruments, Farmingdale, USA). One millilitre of 

culture filtrate was divided equally between sets of five sterile Eppendorf tubes (per time point), 

and all the tubes were placed into the rotating vacuum condenser and concentrated for 10, 

20, 30, 40, 50, and 60 min, and the rotating vacuum condenser was set to ‘medium’ (~35°C). 

After 10 min has elapsed, a group of five tubes were removed from the condenser kept on ice. 

This was repeated every 10 min until the remaining tubes completed condensing. Each group 

of culture filtrate was combined back into a single Eppendorf tube, resulting in a single tube 

per time point. The splitting culture filtrate into smaller volumes was necessary for the rotating 

vacuum condenser to perform as designed. From here, the nuclease activity of 5 µL of culture 

filtrate at each time point was measured by the DNase agar assay according to Section 4.2.2, 

performed in triplicate across three different DNase agar plates 

 

4.2.4. Standardisation of culture filtrate by concentration 

To increase nuclease activity of the culture filtrate, the suspension was concentrated by rotary 

evaporation. Measuring the relative mass of the culture filtrates before and after evaporation 

gives an estimation of how much the filtrate was concentrated. V. anguillarum culture filtrate 

was isolated and concentrated with rotary evaporation according to Section 4.2.3, and the 

differences in mass measured in grams (g) was recorded before and after rotary evaporation 

(to four decimal places), then used to calculate the ‘concentration factor’ (Cf) shown in 

(Equation 4.1). Cf is a fraction that represents how much the filtrate was concentrated; for 

example, a Cf of 0.2 indicates that the filtrate was concentrated to 20% of its original mass. In 

simple terms, Cf is the concentrated filtrate weight divided by the original filtrate weight before 

condensing. The Cf can be used to dilute/adjust a solution of concentrated filtrate to a new, 

desired Cf value using sterile dH2O (Equation 4.3).  
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C𝑓 =
(𝑏 − 𝑦)

(𝑎 − 𝑦)
 

Equation 4.1. Concentration factor ( 𝐂𝒇 ) us determined using the equation above. Weight of 

unconcentrated filtrate in Eppendorf tube (𝒂); Weight of concentrated filtrate in Eppendorf tube (𝒃); 

Weight of empty Eppendorf tube (𝒚). 

 

The following formula (Equation 4.3) is used to calculate the volume of µL to add to the sample 

for dilution to 0.2 concentration factor: 

 

𝑣 = (𝟎. 𝟐 × 𝐵 −  𝐴) × 1000 

Equation 4.2. Calculation for the volume required (𝑻) to adjust concentration factor of nuclease filtrate 

to 0.2 using sterile dH2O. Volume of dH2O in µL to add to achieve a desired 0.2 concentration factor 

(𝒗): mass of unconcentrated filtrate without Eppendorf:  𝑨 = (𝒂 − 𝒚); mass of concentrated filtrate 

without Eppendorf: 𝑩 = (𝒃 − 𝒚). In this case, a Cf of 0.2 would mean the mass is 20% of the original 

mass. This formula assumes the mass of water is equivalent to the mass of filtrate. 

 

 

𝑣 = (𝟎. 𝟐 × 𝐵 −  𝐴) × 1000 

Equation 4.3. Calculation for the volume required (𝑻) to adjust concentration factor of nuclease filtrate 

to 0.2 using sterile dH2O. Volume of dH2O in µL to add to achieve a desired 0.2 concentration factor 

(𝒗): mass of unconcentrated filtrate without Eppendorf:  𝑨 = (𝒂 − 𝒚); mass of concentrated filtrate 

without Eppendorf: 𝑩 = (𝒃 − 𝒚). In this case, a Cf of 0.2 would mean the mass is 20% of the original 

mass. This formula assumes the mass of water is equivalent to the mass of filtrate. 

 

4.2.5. Inhibition of Vibrio anguillarum Vib 6 culture filtrate nuclease activity 

To determine if ion-chelating agents that sequester free divalent cations can inhibit the 

nuclease activity of V. anguillarum Vib 6 culture filtrate, the isolate was cultured in broth 

according to Section 4.2.1., and the filtrate was filtered, condensed, and adjusted to a Cf of 

0.1 according to Sections 4.2.3 and 4.2.4. The V. anguillarum Vib 6 filtrate was mixed 1:1 with 

EDTA solution (at 2, 20, or 50 mM; Thermofisher Scientific, Loughborough, UK) in an 

Eppendorf tube (giving final well concentrations of 1, 10, or 25 mM EDTA), resulting in Cf of 

0.2 final concentration factor before assaying for nuclease activity by DNase agar digestion 

assay according to Section 4.2.2 for 24 h at 22°C. EDTA was diluted with sterile dH2O, and a 

negative control was incubated with sterile dH2O as a substitute for EDTA. The mixture was 
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vortexed, centrifuged, and incubated for five min at room temperature before being measured 

for nuclease activity by the DNase agar digestion assay (Section 4.2.2). This was performed 

in triplicate across three separate DNase agar plates. 

This was repeated in a separate experiment, except a range of DNase-I concentrations was 

also included to determine the relative nuclease activity of concentrated V. anguillarum Vib 6 

filtrate (incubated with and without EDTA) in relation to known concentrations of DNase-I. 

Here, V. anguillarum Vib 6 filtrate (Cf: 0.2) was collected and examined for nuclease activity 

with and without exposure to 25 mM EDTA as above, and DNase-I was prepared according 

to Section 4.2.2. 

 

4.2.6. Freeze-thaw stability of Vibrio anguillarum Vib 6 culture filtrate nuclease activity 

To assess the freeze-thaw activity stability of the extracellular nuclease activity present in the 

concentrated V. anguillarum Vib 6 filtrate (adjusted to Cf: 0.2, and isolated according to 

Section 4.2.3 and 4.2.4), was split into four Eppendorf tubes (100 µL per tube) representing 

different treatment groups: negative control (not subjected to freezing, kept on ice during the 

experiment after isolation), 1×, 2×, and 3× freeze-thaw cycles. The 1×, 2×, and 3× tubes were 

frozen (-20°C) simultaneously. For the first freeze-thaw cycle, the 3× tube was removed and 

completely thawed at room temperature. This was repeated two more times to complete the 

three cycles. All three tubes were removed simultaneously from -20°C, and the nuclease 

activity was assessed by the DNase agar digestion assay according to Section 4.2.2. Triplicate 

tubes were prepared per group, and each tube was assayed for nuclease activity three times. 

Replicates were performed in different DNase agar plates to reduce the effect of plate 

variation. 

 

4.2.7. Assaying stability of Vibrio anguillarum Vib 6 culture filtrate nuclease activity in 

different temperature, pH and NaCl concentration 

To assess the stability of nuclease activity in V. anguillarum Vib 6 culture filtrates in a range 

of temperatures over 60 min, condensed V. anguillarum Vib 6 filtrate (isolated and 

concentrated to Cf: 0.2 according to Section 4.2.3 and 4.2.4), were divided into six treatment 

groups (incubation at 4, 15, 28, 37, 50, and 60°C) into Eppendorf tubes (100 µL per tube) for 

each time point (10, 20, 30, 40, 50, and 60 min). All tubes of V. anguillarum Vib 6 filtrate were 

simultaneously incubated in heat blocks for 60 min, removing one set every 10 min, and kept 

on ice until all were removed after 60 min. The relative nuclease activity was determined 

according to Section 4.2.2. Each time point, and temperature were performed in triplicate 

across different DNase agar plates.  
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The effect of pH and NaCl concentration on V. anguillarum Vib 6 nuclease activity present in 

the filtrate or from the whole bacteria was assayed by supplementing the DNase agar with 

acid (HCl), base (NaOH), or salt (NaCl) before sterilisation by autoclaving. Nuclease activity 

from the bacteria (V. anguillarum Vib 6) was also assessed in addition to the filtrate, to 

determine the difference of activity between the filtrate and the whole bacteria. V. anguillarum 

Vib 6 cultures were cultured, washed, and adjusted to A600: 1.6 according to Section 3.2.6. To 

adjust the pH of DNase agar, a magnetic bead was placed in the dissolved agar to stir the 

agar while titrating with 1 M NaOH or 1 M HCl to achieve the desired pH (6.5, 7, 7.5, 8, 8.5, 9, 

9.5, 10, 10.5, and 11). The pH of the DNase agar was measured with a pH probe. NaCl was 

used to adjust the salinity of the DNase agar to 0.5 (negative control), 1, 1.5, 2, 2.5, 3, 3.5, 

and 4% final well concentration (stock DNase agar is formulated with 0.5% NaCl). The agar 

was prepared according to Section 4.2.2, and V. anguillarum Vib 6 was cultured according to 

Section 3.2.5., and culture filtrate was isolated and condensed to Cf: 0.2 according to Section 

4.2.3 and 4.2.4. Five microliters of the V. anguillarum Vib 6 filtrate, or bacterial solution (A600: 

0.7), was assayed for clear zones by the DNase agar digestion assay using the modified 

DNase agar (for pH or NaCl concentration), incubating for 24 h at 22°C. Each treatment was 

replicated in single wells across three different DNase agar plates for the pH experiment, while 

the NaCl concentration experiment was replicated in single wells across six plates, and the 

clear zone area representing nuclease activity of the filtrate or the bacteria was measured 

according to Section 4.2.2. 

 

4.2.8. Investigating the production of extracellular nuclease during Vibrio anguillarum 

Vib 6 growth 

To determine if V. anguillarum Vib 6 is constitutively expressing extracellular nuclease, the 

nuclease activity of the filtrate was measured during the culture of V. anguillarum Vib 6. V. 

anguillarum Vib 6 was inoculated and cultured overnight in a universal tube containing 5 mL 

of TSB 2% NaCl at 22oC shaking at 150 RPM. The culture was washed by transferring to a 

15-mL Falcon tube and pelleting the bacteria (2600 × g, 10 min, 4oC), then discarding the 

supernatant and resuspending the pellet in 5 mL of PBS, repeating the wash for a total of 

three times. The washed culture was corrected to the A600: 0.8 with PBS, equating to 

approximately 109 CFU mL-1 according to V. anguillarum Vib 6 standard curve formula (y = 

2.83 × 109x – 6.64 × 108; Appendix Figure 4.2). TSB 2% NaCl was fully dissolved in dH2O 

before separating into a sterile 500-mL conical flask. Non-absorbent cotton wool was placed 

in the top of the flask and covered with aluminium foil before autoclaving for sterilisation. One 

millilitre of the culture of V. anguillarum Vib 6 was inoculated into a 500-mL conical flask 

containing 200 mL TSB 2% NaCl aliquot, and cotton wool was placed back on. A single 

negative control flask containing 200 mL of TSB 2% NaCl was inoculated with 1 mL of PBS 
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(that was also used to correct the V. anguillarum Vib 6 suspension), while the V. anguillarum 

Vib 6-inoculated flasks were performed in quadruplicate. The flasks were mixed thoroughly by 

swirling. The bacterial culture was sampled from the flask at 60 min intervals as above and 

continued until optical density plateaued (indicating that culture has reached stationary phase 

of growth). The culture was sampled using a sterile 10-mL pipette, whereby 5 mL of culture 

was taken and transferred into a sterile Bijoux bottle. The cotton wool was placed straight back 

into flask as soon as culture was removed and returned to the orbital shaker at 150 RPM, 

22oC.  

From the 5 mL sampled culture, 1 mL was used to record the growth of the culture by 

measuring A600 against TSB 2% NaCl as the blank. The remaining 4 mL of the V. anguillarum 

Vib 6 suspension was transferred into a 15-mL Falcon tube, and centrifuged (2600 × g, 10 

min, 4°C). Approximately 500 – 700 µL was filtered through 0.22-µm syringe filter into a pre-

weighed (to nearest 1/10000 of a gram) sterile Eppendorf tube. The bacterial filtrate in 

Eppendorf tubes was weighed before freezing at -20°C for storage. The filtrates were thawed 

at room temperature before condensing by rotary evaporation and corrected to Cf: 0.2 

according to Section 4.2.4, then the nuclease activity was measured by clear zone area in 

triplicate as described in Section 4.2.2. The mean nuclease activity present in the filtrate was 

expressed on a scatter graph to demonstrate the relationship with the mean A600 of V. 

anguillarum Vib 6 (indicating bacterial growth). To demonstrate the clear zone area (i.e., 

nuclease activity) per A600, the mean clear zone area from the 4 biological replicates was 

divided by the mean A600 of the bacterial culture. 

 

4.2.9. Investigating if Vibrio anguillarum Vib 6 culture filtrate can degrade ETs released 

by rainbow trout PMNs 

To determine if the extracellular nuclease produced by V. anguillarum Vib 6 exhibits a dose-

dependent ability to degrade ETs produced from trout polymorphonuclear (PMN) cells, 

rainbow trout PMN-enriched cell suspensions isolated by the triple-layer discontinuous Percoll 

gradient method (Section 2.2.3), were stimulated to release ETs in vitro with 10 µL of calcium 

ionophore A23187 (CaI; Thermofisher Scientific, Loughborough, UK; 5 µg mL-1, 3 h, 22°C) in 

a well of a 96-well plate (50 µL of PMNs per wells at 4 × 105 cells mL-1) as described in Section 

2.2.8.2. As a negative control (i.e., without ETs), the generated ETs were degraded with 10 

µL DNase-I (final well concentration of 10 U mL-1) in DNase buffer (final well concentration of 

10 mM Tris-HCl, 2.5 mM MgCl2, 0.1 mM CaCl2) diluted in dH2O, while positive controls were 

incubated with dH2O in DNase buffer. Five replicate wells were made per treatment. 

V. anguillarum Vib 6 and Vib 87 culture filtrates were prepared to a Cf of 0.2 according to 

Section 4.2.4. To the wells containing ETs, 40 µL of V. anguillarum Vib 6 culture filtrate (Cf 
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0.2, 0.4, or undiluted) was added to determine if various concentrations of Vib 6 culture filtrate 

could degrade ETs. As a control, an isolate known not to produce extracellular nucleases, V. 

anguillarum Vib 87, was used in this study. The V. anguillarum Vib 87 culture filtrate (Cf 0.2) 

was prepared according to Section 4.2.4, and was included as a separate treatment. The 

positive control (with ETs) was incubated with 40 µL of dH2O instead of culture filtrate, while 

the negative control (without ETs) was incubated with DNase (10 U mL-1). The 96-well plate 

was incubated for 30 min at 22°C before staining all wells with 10 µL of SYTOX Green (final 

5 µM final well concentration, 5 min, room temperature; Thermofisher Scientific, 

Loughborough, UK). The fluorescence emitted from SYTOX Green was used as a proxy of 

presence of ETs and was measured using the plate reader (Synergy HT; BioTek, Swindon, 

UK) according to Section 2.2.8. To account for background fluorescence, wells without cells 

containing 60 µL RPMI3 (Appendix Table 2), 10 µL dH2O, and 40 µL of V. anguillarum Vib 6 

filtrates (at each concentration) were stained with 10 µL SYTOX Green (as above), and the 

fluorescence was recorded. To control for background fluorescence emitted from SYTOX-

stained culture filtrate (as this contains nucleic acids which can be stained by SYTOX), the 

mean fluorescence of the 5 replicate wells from one treatment containing the culture filtrate 

without cells was subtracted from the values obtained from wells containing the culture with 

cells (i.e., matched treatment groups). The remaining fluorescence after this correction will be 

due to cells or extracellular DNA (i.e., ETs), rather than the nucleic acids present in the culture 

filtrate. 

 

4.2.10. Investigating if nucleic acids within Atlantic salmon skin mucus are susceptible 

to degradation by Vibrio anguillarum Vib 6 culture filtrate 

To determine if the nucleic acids present in fish skin mucus is susceptible to degradation by 

V. anguillarum Vib 6 extracellular nuclease, Atlantic salmon Salmo salar skin mucus was 

collected from freshly killed fish (housed at Buckieburn fish farm) by a Schedule 1 technique 

(overdose of benzocaine (Sigma-Aldrich, Dorset, UK) and destruction of the brain) as 

described in the 1986 Animals Scientific Procedures Act (ASPA). Atlantic salmon were used 

in this experiment due to limitations in availability. All animal experiments were approved by 

the IoA Ethics Committee or the Animal Welfare Ethical Review Board (AWERB). Fish 

weighing between 300 – 500 g, were placed in polyurethane bag containing 5 mL of PBS and 

gently massaged around the body and fins to liberate the mucus from the skin. Mucus in PBS 

was collected into 15-mL Falcon tubes as a crude sample and centrifuged to remove debris 

such as scales and faecal matter (2800 × g, 20 min, 4°C), and then the supernatant was 

collected in Bijoux bottles and stored in -20°C. Before use, the mucus was thawed at room 

temperature (~22°C), collected in a 5-mL syringe, and filtered through a 0.22-µm syringe filter. 

Fifty microliters of filtered mucus was seeded into a well of a 96-well plate, and 10 µL of V. 
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anguillarum Vib 6 or Vib 87 culture filtrate (Cf: 0.2; collected by methods according to 

Section4.2.3 and 4.2.4) or DNase-I (10 U mL-1 final well concentration) was added to wells 

and incubated (30 min, room temperature). Negative controls were incubated with sterile PBS, 

and triplicate wells were made per treatment. The nucleic acid in each well was stained with 

10 µL SYTOX Green (5 µM final well concentration) and fluorescence was recorded by a plate 

reader. Data were represented as mean fluorescence from triplicate wells per treatment. To 

account for background fluorescence, triplicate wells containing 50 µL PBS (instead of mucus) 

and 10 µL of V. anguillarum Vib 6 or Vib 87 culture filtrate (Cf: 0.2) was stained with SYTOX 

Green as above. The mean fluorescence from triplicate wells was subtracted from individual 

measurements per treatment, as described in Section 4.2.9. 

 

4.2.11. Assaying growth of Vibrio anguillarum in mucus 

To determine if V. anguillarum isolates: Vib 6, Vib 87, and NB10 (used as a control, as 

preliminary experiments found NB10 to be an intermediate nuclease producer between V. 

anguillarum Vib 6 and Vib 87) can metabolise the nucleic acids in Atlantic salmon mucus for 

growth, 50 µL double-strength TSA 2% NaCl was seeded into wells of a 96-well plate. Atlantic 

salmon mucus was collected and filtered according to Section 4.2.10, and made up to 20, 40, 

60, and 80% solution of mucus diluted in sterile dH2O before adding 50 µL to the well 

containing TSB 2% NaCl (as a 1:1 dilution results in final mucus concentrations of 10, 20, 30, 

and 40%). Vib 6, Vib 87, and NB 10 were inoculated and cultured to late exponential phase 

and corrected with PBS to 1 × 108 CFU mL-1 according to Section 4.2.1. A negative control 

was included using sterile dH2O instead of mucus. Bacteria were corrected using standard 

curve (Vib 6 and 87: y = 2.83 × 109x – 6.64 × 108; NB 10: y = 1.34 × 109x), and 10 µL of 

bacteria were inoculated into six replicate wells per treatment. A negative control well lacking 

bacterial suspension was prepared by substituting the 10 µL of bacteria with the same PBS 

used to dilute the bacterial cultures.  

 

4.2.12. Statistical analyses 

Statistical analyses were performed using Prism v5.1 (GraphPad, La Jolla, USA). For 

comparisons of relative nuclease activity (mean clear zone area), normality and equality of 

variances were assessed by Kolmogorov–Smirnov test and Bartlett’s tests, respectively. 

When data were normally distributed, two-way ANOVA was used to determine statistical 

significance between means of each group at each time point with Bonferroni’s test applied to 

account for multiple comparisons. 
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Regarding data examining the effect of V. anguillarum nucleases on degrading ETs released 

by PMN-enriched cell suspensions, and when examining the effect of V. anguillarum 

nucleases (and DNase-I) on degrading nucleic acids within fish mucus, the normality and 

equality of variances were assessed with tests as above, respectively. When data were 

normal, one-way ANOVA was performed to compare mean fluorescence of ETs after 

exposure to V. anguillarum nucleases, while two-way ANOVA was performed to compare 

mean fluorescence of mucus after exposure to V. anguillarum nucleases or DNase-I. 

Bonferroni’s post-hoc test was used to account for multiple comparisons. For all analyses, 

p<0.05 was considered statistically significant.  

 

4.3. Results 

4.3.1. Quantification of nuclease activity by DNase agar 

A quantitative DNase agar digestion assay was used to determine the relationship between 

clear zone area and concentration of DNase-I, and clear zone area was plotted against 

DNase-I concentrations. A strong positive correlation was found between clear zone area of 

DNase agar digestion and DNase-I concentration (R2 = 0.9443) (Figure 4.2). DNase agar was 

unable to detect nuclease activity of DNase at 5 U mL-1 (0.005 U total in the 2 µL assayed) 

(Figure 4.2). Overall, a linear relationship between DNase-I concentration and area of DNase 

agar digestion was found, and this DNase agar digestion assay can be used to measure and 

estimate relative nuclease activity. 

 

4.3.2. Confirmation of nuclease activity of Vibrio anguillarum isolates 

The variation in nuclease activity was confirmed by previous projects which screened a range 

of isolates for relative nuclease production (Appendix Figure 10). V. anguillarum generally 

considered to possess nuclease activity, though differences in nuclease production were 

found between different specific strains or isolates from different geographical regions. V. 

anguillarum Vib 6 was confirmed to possess strong nuclease activity as colonies cultured on 

DNase agar, while V. anguillarum Vib 87 lacked any detectable nuclease activity (Figure 4.3). 

As a control for lack of nuclease activity and known nuclease-negative species of bacteria, Y. 

ruckeri YR 1 also resulted in no clear zones. The average clear zone area digestion from 5 µL 

of Vib 6 at A600 = 0.7 was 338.31 ± 19.88 mm2.   
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Figure 4.2. Scatterplot showing the relationship between DNase-I concentration (U mL-1) against mean 

clear zone area (mm2) of the DNase agar, indicating relative nuclease activity. This graph shows there 

is a strong relationship (R2 = 0.9443) between DNase-I concentration in 2-mm diameter wells in DNase 

agar and nuclease activity. y = 1.7522x + 169.86. All concentrations of DNase-I except 5 U mL-1 gave 

a visibly detectable digestion of DNase agar. Error bars represent s.e.m. n = 3.  
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Figure 4.3. Representative images of DNase agar digestion by (a) V. anguillarum Vib 87, (b) V. 

anguillarum Vib 6, and (c) Y. ruckeri YR 1 bacterial solutions after growth on DNase agar for 24 h at 

22°C. Clear zone area indicates digestion of DNase agar caused by nuclease activity present in the 

solution containing the bacteria. All bacteria were cultured in a shaking incubator (150 RPM, 16 h, 22°C) 

adjusted to A600: 0.7 before inoculating into 2-mm diameter wells on DNase agar. Scale bar = 6 mm.  

a b c 
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4.3.3. Detection of nuclease activity in cell-free Vibrio anguillarum supernatant 

Many V. anguillarum strains are now known to produce nucleases; however, whether the 

nuclease is membrane-tethered or extracellular is still unclear. Here, the supernatant of the 

strong nuclease producer, V. anguillarum Vib 6, was passed through 0.22-µm pore filters to 

remove bacterial cells, and the nuclease activity from the filtrate was measured using the 

quantitative DNase agar digestion assay as above. The nuclease activity of the uncondensed 

filtrate did not give a detectable clear zone from the DNase agar plates (data not shown), thus, 

the filtrate was concentrated by rotary vacuum evaporation for 60 min to determine if nuclease 

activity could be detected. The V. anguillarum Vib 6 filtrate showed greater nuclease activity 

as it was concentrated, which was confirmed by measuring the clear area (Figure 4.4), 

indicating that Vib 6 has at least one extracellular nuclease. Incubating the culture filtrate on 

TSA 2% NaCl did not show growth after 48 h at 22°C, cofirming that there filtration was 

successful at removing the bacterial cells from the culture filtrate.  

 

4.3.4. Inhibition of Vibrio anguillarum Vib 6 culture filtrate nuclease activity 

EDTA has a high affinity for metal ions and is often used to inhibit the activity of cation-

dependent nucleases by chelating free Ca2+ or Mg2+ ions into a metal complex (Kunitz, 1950). 

Incubation of condensed V. anguillarum Vib 6 culture filtrate (Cf: 0.2) with EDTA at 10 and 25 

mM significantly reduced mean area of clear zone area (296.68 ± 86.13 mm2, and 188.3 ± 

17.81 mm2, respectively) compared to negative controls (512.40 ± 69.99 mm2, p<0.05), 

indicating that DNA digestion by the nuclease(s) in the culture filtrate is dependent on the 

presence of free cations (Figure 4.5). No significant difference in mean nuclease activity was 

observed between 1 mM EDTA-exposed Vib 6 culture filtrate (583 ± 7.13 mm2) and in negative 

controls (p<0.05) (Figure 4.5), indicating 1 mM EDTA does not sufficiently chelate cations to 

prevent activity from the nucleases within the culture filtrate. The nuclease activity of V. 

anguillarum Vib 6 culture filtrate (with and without EDTA 25 mM) was also examined in relation 

to relative to known concentrations of DNase-I (5 – 600 U mL-1). The activity of concentrated 

Vib 6 filtrate at Cf 0.2 resulted in a mean DNase agar digestion area of 528.18 ± 20.22 mm2 

(Figure 4.6), equivalent to 131.58 U mL-1 DNase-I ascertained by using the regression 

equation attained from the standard curve of DNase-I activity, and approximately 26.316 U 

mL-1 when uncondensed (Figure 4.2).  
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Figure 4.4. (a) Representative images of clear zones in the DNase agar V. anguillarum Vib 6 culture 

filtrate after 24 h at 22°C, with the clear zone relative nuclease activity. Bacteria was cultured in a 

shaking incubator (150 RPM, 16 h, 22°C), bacteria were removed with a 0.22-µm syringe filter. The 

culture filtrate was condensed with rotating vacuum evaporation (35°C) up to 60 min (removing some 

for assay every 10 min), and the culture filtrate was assayed by inoculating into 2-mm2 diameter wells 

on DNase agar. (b) Bar chart showing V. anguillarum Vib 6 culture filtrate nuclease activity measured 

by mean clear zone area (mm2) on DNase agar after 24 h at 22°C incubation. Culture filtrate was 

concentrated with rotating vacuum evaporation (medium temperature setting) over 60 min, showing as 

the culture filtrate becomes more concentrated, nuclease activity increases. The nuclease activity of 

the filtrate was assayed at 10 min condensing intervals, by inoculating into 2-mm diameter wells on 

DNase agar. Error bars represent s.e.m. n = 3 
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Figure 4.5. Bar chart showing V. anguillarum Vib 6 culture filtrate (Cf: 0.2) nuclease activity after 

exposed to EDTA (0 – 25 mM, 24 h at 22°C), measured by mean clear zone area (mm2) on DNase 

agar. Incubation with 10, and 25 mM EDTA, but not 1 mM, was sufficient to limit free cations required 

for nuclease activity within the V. anguillarum Vib 6 culture filtrate compared to non-exposed controls. 

*p<0.05. Error bars represent s.e.m. n = 3 
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Figure 4.6. Bar chart showing V. anguillarum Vib 6 culture filtrate (Cf: 0.2) nuclease activity (light grey 

bars) in the presence of EDTA (25 mM, black bars), against DNase-I (5 – 600 U mL-1
; grey bars), 

measured by mean clear zone area (mm2) on DNase agar after 24 h at 22°C incubation. The V. 

anguillarum Vib6 filtrate nuclease activity was calculated to be equivalent to 131.58 U mL-1 at Cf: 0.2, 

and ~26.32 U mL-1 when uncondensed. Error bars represent s.e.m. n = 3 
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4.3.5. Freeze-thaw stability of Vibrio anguillarum Vib 6 culture filtrate  

The activity of DNases reduces when subjected to freeze-thaw cycling, due to losses in protein 

integrity (Cao et al., 2003). Thus, the resistance of the nucleases in V. anguillarum Vib 6 filtrate 

was assessed by subjecting the concentrated filtrate solution to three freeze-thaw cycles (-

20°C to room temperature), but no significant change in nuclease activity was detected after 

the first (413.25 ± 28.00 mm2) or second cycle (400.55 ± 11.78 mm2) compared to the control 

(400.42 ± 5.96 mm2) that had been incubated at 22°C for the experiment, though a statistically 

insignificant (p>0.05) loss in activity was detected after the third cycle (343.61 ± 16.69 mm2), 

(Figure 4.7).  

 

4.3.6. Stability of Vibrio anguillarum Vib 6 culture filtrate nuclease activity in different 

temperature, pH, and NaCl concentration 

Nuclease activity can vary in optimum temperature, pH and NaCl concentration (Pohl et al., 

1982; Dutta et al., 2006). Incubation of the V. anguillarum Vib 6 culture filtrate (Cf: 0.2) for 10 

min at 50 and 60°C for 10 min abolished all detectable nuclease activity (Figure 4.8), indicating 

denaturation of the enzyme(s) after 10 min. No significant difference of mean clear zone area 

was found at any time point between 4 – 37°C (Figure 4.8). Nuclease activity of the V. 

anguillarum Vib 6 culture filtrate and whole bacteria was examined over pH (6.5 – 11), and 

the greatest nuclease activity for was observed at pH 8.5 for both the filtrate and whole 

bacteria (Figure 4.9). Increasing NaCl concentration resulted in a negative correlation 

between NaCl concentration and nuclease activity (Figure 4.10). As with pH, the nuclease 

activity of the culture filtrate was proportionally less than the whole bacteria (Figure 4.10). 

Filtrate nuclease activity at 3.5% - 4% was difficult to detect, though whole bacteria still 

displayed nuclease activity at these salinities (Figure 4.10). Adding acid (HCl), base (NaOH), 

or NaCl to the agar did not observably affect the setting of the agar, though pH 10 and greater 

began to show darker discolouration of the agar. Expectedly, the nuclease activity of culture 

filtrate was proportionally less than the nuclease activity of the whole bacteria when compared 

(Figure 4.9 and Figure 4.10). 
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Figure 4.7. Bar chart showing V. anguillarum Vib 6 culture filtrate (Cf: 0.2) nuclease activity after three 

freeze-thaw cycles from -20°C to thawing at room temperature, measured by mean clear zone area 

(mm2) on DNase agar after 24 h at 22°C incubation. No statistically significant differences were 

observed between mean nuclease activity between the three cycles compared to the control indication 

robustness of the nuclease in the filtrate. Error bars represent s.e.m. n = 3. 
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Figure 4.8. Bar chart showing V. anguillarum Vib 6 culture filtrate (Cf: 0.2) nuclease activity after 

exposure to heat blocks with temperatures ranging from 4°C to 60°C, for up to 60 min, measured by 

mean clear zone area (mm2) on DNase agar after 24 h at 22°C incubation. Nuclease activity was 

abolished between 0 – 10 min of incubation at 50°C and 60°C, while the activity of the nuclease remains 

constant at other temperatures and time points. There was no statistical difference between nuclease 

activity at every time point or temperature. Not all bars visible as no clear zones were detected in some 

instances. Error bars represent s.e.m. n = 3.  
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Figure 4.9. Scatterplot showing the relative nuclease activity by mean DNase agar digestion area 

(mm2) after 24 h, 22°C incubation with Vib 6 nuclease filtrate (◆) and whole bacteria (■) over different 

pH (6.5 – 11). Bacteria was prepared to A600: 1.6. The optimum pH for nuclease activity was observed 

at 8.5. For filtrate: y = 14.754x3 - 469.33x2 + 4777x – 14462, R² = 0.9374; for bacteria y = 16.409x3 - 

531.85x2 + 5584.7x – 18199, R² = 0.9412. Error bars represent s.e.m. n = 3.  
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Figure 4.10. Scatterplot showing the relative nuclease activity by mean DNase agar digestion area 

(mm2) after 24 h, 22°C incubation with Vib 6 nuclease filtrate (◆) and whole bacteria (■) over different 

salinities (0.5 – 4%). Whole bacteria was prepared to A600: 1.6. For filtrate: y = 34.115x2 - 368.36x + 

928.39, R² = 0.9665; bacteria: y = 31.838x2 - 392.21x + 1443, R² = 0.9778. Error bars represent s.e.m. 

n = 6.  
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4.3.7. Investigating the production of extracellular nuclease during Vibrio anguillarum 

Vib 6 growth 

Results above demonstrate that extracellular nuclease(s) is expressed by V. anguillarum Vib 

6 at 16 h; however, it is unknown if the nuclease is expressed constitutively, or expressed 

differentially during culture. Examining the clear zone area digestion from V. anguillarum Vib 

6 culture filtrate at every hour during V. anguillarum Vib 6 culture showed clear zones first 

detected at 5 h, during the early phase of exponential growth at 22°C (Figure 4.11). The clear 

zone area was divided by the A600 of the bacteria, and the nuclease activity of culture filtrate 

was found to not change throughout culture after 5 h (Figure 4.11). Up to 5 h, there was no 

detection of nuclease activity from the filtrates, but the nuclease activity is likely still present 

within the filtrate during early bacterial growth, though not completely detected due to the 

sensitivity of the DNase agar assay (Figure 4.11). Original data can be found in (Appendix 

Figure. 3). 

 

4.3.8. Investigating if Vibrio anguillarum Vib 6 culture filtrate can degrade ETs released 

by rainbow trout PMNs 

The V. anguillarum Vib 6 culture filtrate was tested for the ability to degrade ETs released by 

rainbow trout PMN-enriched cell suspensions. The culture filtrate was concentrated to 20% of 

its original mass (Cf: 0.2) and designated ‘Vib 6 filtrate (concentrated)’. Treating the ETs with 

V. anguillarum Vib 6 culture filtrate (Cf: 0.2) showed degradation of ETs (249 ± 47.60 AFU), 

resulting in a 76.95% decrease in fluorescence compared to negative controls with ETs still 

present (Control + ETs), which had mean fluorescence of 1081 ± 115.69 AFU (p<0.05), 

(Figure 4.12). To determine the fluorescence emitted of wells when ETs were degraded, a 

positive control was incubated with 10 U mL-1 DNase-I (Control - ETs), resulting in a 

fluorescence value of 207 ± 22.62 AFU (Figure 4.12).  

The degradation of ETs by V. anguillarum Vib 6 culture filtrate was dose-dependent, as a 

dilution of the concentrated culture filtrate (Cf: 0.4) resulted in a 55% reduction in fluorescence 

(482 ± 79.16 AFU) compared to negative controls (1081 ± 115.69 AFU), (p<0.05). Exposing 

the ETs with unconcentrated V. anguillarum Vib 6 culture filtrate resulted in a 29% reduction 

in fluorescence (767.6 ± 50.14 AFU) compared to negative controls (1081 ± 115.69 AFU); 

however, this did not reach statistical significance within 30 min incubation (p>0.05) (Figure 

4.12). Culture filtrate V. anguillarum Vib 87 (Cf: 0.2) was included as a control, as this isolate 

is known to not possess extracellular nuclease activity in their culture filtrate. No significant 

decrease in fluorescence was found compared to positive controls (964.4 ± 129.34 AFU, 

p>0.05) (Figure 4.12). All results were confirmed for the presence of ETs in the wells with 

fluorescence microscopy (data not shown).  
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Figure 4.11. Scatterplot showing liquid culture of V. anguillarum Vib 6 in TSB 2% NaCl (150 RPM, 

22°C) over 29 h (x-axis), against nuclease activity per bacteria, expressed by mean clear zone area 

(mm2) over absorbance (A600) (y-axis). This shows that at 5 h, V. anguillarum Vib 6 produces enough 

nuclease to be detected by the DNase agar assay. During V. anguillarum Vib 6 culture, the bacteria 

expresses a consistent amount of extracellular nuclease activity. Error bars represent s.e.m. (present 

with A600, but too small to be observed). n = 4 biological replicates. 
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Figure 4.12. Bar chart showing the amount fluorescence emitted from wells containing PMN-enriched 

cell suspensions (4 × 105 CFU mL-1) induced to form ETs with CaI (5 µg mL-1, 3 h, 15°C), stained with 

SYTOX Green (5 µM, 5 min, room temperature). The fluorescence is indicative of the amount of 

extracellular nucleic acid polymers (including ETs) are present. The ETs within each well was exposed 

to different treatments: ‘Control + ETs’ contained PMN-enriched cell suspensions induced to form ETs 

with CaI and incubated with dH2O and DNase buffer (1×). ‘Control - ETs’ contained PMN-enriched cell 

suspensions induced with CaI and incubated with DNase 10 U mL-1 diluted with dH2O, and DNase 

buffer (1×). ‘Vib 6 filtrate (Cf: 0.2, 0.4, unconcentrated)’ contained the contained PMN-enriched cell 

suspensions induced with CaI and incubated with difference concentrates of V. anguillarum Vib 6 

culture filtrates. ‘Vib 87 filtrate (Cf: 0.2)’ is the same treatment as above, using a nuclease-deficient 

isolate. Letters indicate statistical differences (p<0.05). Error bars represent s.e.m. n = 5 wells.  
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4.3.9. Investigating if nucleic acids within Atlantic salmon skin mucus are susceptible 

to degradation by Vibrio anguillarum Vib 6 culture filtrate 

Staining nucleic acids in Atlantic salmon skin mucus with SYTOX Green and measuring the 

fluorescence with SYTOX (Figure 4.13), or observation under fluorescence microscopy 

suggests that mucus contains nucleic acids (data not shown). The filtered Atlantic salmon 

mucus was exposed to V. anguillarum Vib 6 culture filtrate nuclease for 30 min and the 

fluorescence of the mucus reduced significantly (606.33 ± 68.42 AFU) by 65% compared to 

mucus exposed to dH2O only (1732.67 ± 52.26 AFU) (p<0.05), indicating the presence of 

nucleic acids in skin mucus that is susceptible to degradation by V. anguillarum Vib 6 culture 

filtrate (Figure 4.13). Exposing DNase-I (10 U mL-1) to mucus resulting in a significant, 81% 

reduction in fluorescence (322.00 ± 7.93 AFU) to a similar degree as concentrated V. 

anguillarum Vib 6 filtrate (p<0.05). Meanwhile the concentrated V. anguillarum Vib 87 culture 

filtrate did not significantly reduce fluorescence (1633.00 ± 136.10 AFU) compared to negative 

controls (p>0.05) (Figure 4.13). 

 

4.3.10. Growth of Vibrio anguillarum in Atlantic salmon skin mucus 

As nuclease produced by V. anguillarum Vib 6 digested nucleic acids from Atlantic salmon 

skin mucus, perhaps V. anguillarum utilises nucleotides from digested nucleic acids to assist 

in growth. Incubation of nuclease-producing and deficient isolate (V. anguillarum Vib 6 and 

Vib 87) with culture media supplemented with 0 – 40% filtered Atlantic salmon skin mucus did 

not result in differences in growth rate (Figure 4.14). However, a separate nuclease-producing 

V. anguillarum strain (NB 10) was found to grow better in 40% mucus to a small degree, 

though not reaching statistical significance (Figure 4.14).  
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Figure 4.13. Bar chart showing the amount fluorescence emitted from wells containing 0.22-µm-filtered 

fish skin mucus stained with SYTOX Green (5 µM, 5 min, room temperature). The fluorescence is 

indicative of the nucleic acid polymers present within the mucus. The mucus in the wells were treated 

with DNase-I (10 U mL-1), V. anguillarum Vib 6, or Vib 87 culture filtrate (both condensed to 20% of 

original mass/ Cf: 0.2), compared to negative controls treated with dH2O. Letters indicate statistical 

differences (p<0.05). Error bars represent s.e.m. n = 3 wells.  

C
ontr

ol -1

D
N
as

e 
10

 U
 m

L

Vib
 6

 fi
ltr

at
e 

(C
f 0

.2
)

Vib
 8

7 
fil

tr
at

e 
(C

f 0
.2

)

0

500

1000

1500

2000

A
rb

it
a

ry
 f

lu
o

re
s

c
e

n
c

e
 u

n
it

s
 (

A
F

U
) a a 

b 

b 



141 
 

 

 

Figure 4.14. Scatterplot showing culture of V. anguillarum strains in TSB 2% NaCl supplemented with 

10, 20, 30, and 40% Atlantic salmon skin mucus, 150 RPM, 22°C. (a) Vib 6, (b), Vib 87, (c) NB 10 Error 

bars not shown to improve graph clarity. n = 6. 
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4.4. Discussion 

The aim of this Chapter was to investigate the potential role of extracellular nucleases 

produced by the fish pathogen, V. anguillarum, in nutrition and in virulence. A DNase agar 

digestion assay was used to examine the relative nuclease production from a collection of V. 

anguillarum isolates. V. anguillarum Vib 6 produced the greatest nuclease activity, while V. 

anguillarum Vib 87 showed no detectable activity (Figure 4.3). The nuclease activity was also 

present in the filtered supernatant of the V. anguillarum Vib 6 (i.e., culture filtrate), and activity 

increased with greater concentration (Figure 4.4). Additionally, the culture filtrate of V. 

anguillarum Vib 6 showed characteristic properties of known nucleases including the reduction 

or loss of activity at greater temperature, salinity, extreme pH, and requirement for cations 

(Section 4.3.6), suggesting extracellular nuclease enzyme is responsible for the detected 

nuclease activity. The nuclease activity in the culture filtrate was similar on a per cell-basis 

throughout V. anguillarum Vib 6 culture (Figure 4.11), indicating that the bacterium might 

produces the enzymes constitutively. Lastly, and most importantly, the V. anguillarum Vib 6 

culture filtrate degraded ETs released from trout PMN-enriched cell suspensions (Figure 4.12) 

and nucleic acids within fish mucus (Figure 4.13), while the filtrate derived from V. anguillarum 

Vib 87 filtrate; indicating some potential biological roles for V. anguillarum extracellular 

nucleases. 

The suitability of the DNase agar digestion assay used to screen for nuclease activity was first 

validated by confirming a significant positive correlation between DNase-I concentration and 

clear zone area within the agar (R2 = 0.9443), and overall, there was high reproducibility 

(Figure 4.2). Variables such as formulation and volume of agar, well size, and concentration 

of the nuclease were standardised in the assay to allow comparison between experiments. 

Expectedly, this method did not give a detectable clear zone with low concentrations of 

DNase-I, as 5 U mL-1 (0.005 U total) was likely too weak to digest the DNA within the DNase 

agar. Still, this method was preferred as it quick and semi-quantitative, requires small volumes 

of solutions, and the formulation of the agar could be modified by supplementation, allowing 

simpler testing of nuclease activity at different pH or salinities.  

In this present study, the nuclease activity from V. anguillarum Vib 6 culture filtrate was 

investigated in different environmental conditions. Expectedly, the culture filtrate nuclease 

activity was abolished between 37 and 50°C (Figure 4.8) and displayed an asymmetric bell-

shaped curve of nuclease activity across different pH, with greatest activity at pH 8.5 (Figure 

4.9), and a slightly diminished activity was observed after three freeze-thaw cycles (Figure 

4.7). Unexpectedly, the nuclease activity of V. anguillarum Vib 6 culture filtrate did not reduce 

sharply with greater alkalinity as observed with greater acidity (Figure 4.9). This may be due 

to the DNase agar having reduced viscosity, affecting the gel setting due to the pH, indicating 

that this DNase agar digestion assay can be sensitive to different pH formulations. 
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Additionally, nuclease activity within the V. anguillarum Vib 6 culture filtrate showed a negative 

relationship with increasing NaCl concentration (Figure 4.10). Furthermore, sequestering free 

divalent metal ions with 25 mM EDTA was successful at reducing Vib 6 filtrate nuclease 

activity by 64.43% (Figure 4.5), collectively indicating the need for metal cations for enzymatic 

activity. Taken together, these results show that the nuclease activity within V. anguillarum 

Vib 6 filtrate displaying properties of many other characterised nucleases, including similar 

optimum temperature, salinity and pH (Ferrieri et al., 1980; Pohl et al., 1982) and requirement 

for metal cations (Pohl et al., 1982; Derré-Bobillot et al., 2013). 

The production of nucleases by bacteria serves multiple functions, for instance, V. cholerae 

extracellular nucleases can degrade the nucleic acids that are abundant in the marine 

environment (Paul et al., 1984; Thomsen et al., 2016; Stoeckle et al., 2017) in order to 

generate free nucleotide and phosphate pools as a nutrient source (Mcdonough et al., 2016). 

Additionally, the primary point of entry of V. anguillarum during the infection stage is still 

debated, but there is evidence that the bacteria can enter directly through the skin with the 

use of proteases which may break down mucus integrity (Norqvist et al., 1990; Hickey et al., 

2017). As these extracellular nucleases can promote the presence of nutrients for V. 

anguillarum, bacterial survival may be enhanced at mucosal surfaces, considering that nucleic 

acids are abundantly present in fish mucus (Tkachenko et al., 2013; Benhamed et al., 2014; 

Carda-Diéguez et al., 2017; Minniti et al., 2017).  

Fish skin mucus also serves as a protective barrier to pathogenic organisms which may be 

attributed, in part, to its viscosity (Benhamed et al., 2014; Carda-Diéguez et al., 2017; 

Thompson, 2017), and the presence of antimicrobial peptides such as lysozyme and histones 

(a chromatin component) within the mucus (Fernándes et al., 2002; Thompson, 2017). The 

contribution of nucleic acids to the integrity and viscosity of fish mucus remains to be clarified, 

though studies in human cystic fibrosis patients have found a relationship between DNA 

concentration and sputum mucus viscosity, as treatment with aerosol nucleases can reduce 

the symptoms of the disease by degrading DNA polymers (Shah et al., 1996; Henke et al., 

2007). In this present study, the fluorescent nucleic acid dye SYTOX Green positively-dyed 

Atlantic salmon skin mucus, and treatment of the mucus with DNase-I resulted in an 81% 

reduction in fluorescence (Figure 4.13), indicating that there is an abundance of nucleic acids 

in fish skin mucus. The V. anguillarum Vib 6 culture filtrate significantly reduced the 

fluorescence emitted from SYTOX Green-stained fish skin mucus by 65% (Figure 4.13), 

indicating that V. anguillarum Vib 6 culture filtrate can degrade nucleic acids in fish skin mucus. 

However, there is currently little evidence in the literature demonstrating nucleic acid 

abundance with fish skin viscosity. To better understand this relationship, future experiments 

should examine if the viscosity of the mucus (i.e., acting as a physical barrier) is reduced by 

degrading the nucleic acids present. Nuclease-producing strains of bacteria could be 
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assessed for their abilities to penetrate fish mucus, as this would determine if the bacterial 

nucleases, or other factors such as proteases, may assist with burrowing through mucosal 

surfaces (Benhamed et al., 2014; Carda-Diéguez et al., 2017; Thompson, 2017). 

The viscosity of fish skin mucus may be lost during the method used to process the mucus 

within this thesis, as filtering (to sterilise the mucus) may remove large aggregations or 

polymers of proteins and nucleic acid which contribute to the mucus viscosity. Therefore, 

future methods to extract fish mucus should have a focus on preserving mucus integrity. 

Otherwise, methods using highly sensitive rheological analysis may distinguish the viscosity 

of small volumes of mucus. 

Understanding if nuclease-producing V. anguillarum isolates can grow faster in mucus may 

give a better insight to other functions of the nuclease. Some Vibrio species utilise nucleotides 

for growth (sometimes in the form of phosphates), and mutants deleted for both of extracellular 

nuclease genes exhibit a severe growth defect when DNA is supplied as the sole source of 

phosphate (Seper et al., 2011; Mcdonough et al., 2016), suggesting that V. anguillarum may 

utilise the products of degraded nucleic acids within fish skin mucus for growth. The three 

strains of V. anguillarum used had relatively distinct nuclease activity (high, medium, and 

absent), though the high nuclease producer (V. anguillarum Vib 6), and nuclease deficient 

strain (V. anguillarum Vib 87) showed no difference in growth in 0 – 40% mucus 

supplementation in broth, suggesting that nucleic acids are not the most important factor for 

V. anguillarum growth. Interestingly, the intermediate nuclease-producing strain V. 

anguillarum NB 10 replicated slightly better in 40% mucus, suggesting other more important 

mechanisms are utilised for growth. Perhaps, the growth benefit may have been present but 

not adequately detected, as antibacterial factors (such as piscidins, pleurocidins, and 

histones) found in fish mucus may reduce the growth benefit from the additional nutrition 

(Fernándes et al., 2002; Bergsson et al., 2005; Smith et al., 2010, 2015). 

Molecular evidence and understanding of the other species in the Vibrio family suggests that 

V. anguillarum produces more than one nuclease, and some may be membrane associated 

(Muroga, 1985; Focareta, 1989; Austin et al., 1995; Li et al., 2003; Blokesch et al., 2008; Frans 

et al., 2011; Seper et al., 2013; Hickey et al., 2017).The results from this chapter has focused 

on the extracellular nuclease of V. anguillarum, and the presence of membrane-bound 

nucleases was not examined. The current understanding from other species suggests that the 

membrane-bound nucleases are involved in DNA uptake and genetic transformation (Bergé 

et al., 2013; Liechti et al., 2013), while extracellular nucleases play a more prominent role in 

the degradation of ETs (Seper et al., 2013). Further investigation is warranted, and 

characterisation of the nuclease through a molecular approach may improve our 

understanding of the roles of extracellular nuclease in V. anguillarum. 
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Importantly, V. anguillarum Vib 6 culture filtrate was able to dose-dependently degrade the 

ETs released by trout PMNs, indicating the potential ability to evade or resist trapping by ETs. 

This may be important for the successful infection within the host, as the bacterium must 

persist and survive when exposed to ETs and other components of the innate immune system 

to establish a successful infection (Beiter et al., 2006; Seper et al., 2011, 2013; Brinkmann 

and Zychlinsky, 2012). However, the degradation of ETs by crude, unconcentrated V. 

anguillarum Vib 6 filtrate resulted in a small, but insignificant decrease in fluorescence 

compared to the negative controls lacking nuclease-active filtrate treatment (Figure 4.12), 

indicating ETs were degraded. In biological context, perhaps only small amounts of nuclease 

are required, or that the bacteria may already produce sufficient nucleases to locally free itself 

when trapped in ETs. Thus, the next chapter focuses on investigating the antimicrobial action 

of the ETs, and if these nucleases can assist the bacteria to prevent trapping or to escape 

ETs. 
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5. Chapter 5: Investigating the antimicrobial properties of rainbow 

trout extracellular traps 

 

5.1. Introduction 

Extracellular traps (ETs) released by human PMNs can trap various microbes including 

bacteria (Brinkmann et al., 2004), fungi (Urban et al., 2006), viruses (Saitoh et al., 2012), and 

unicellular protozoans (Guimaraes-Costa et al., 2009), but whether these microbes are killed 

by ETs remains under debate (Menegazzi et al., 2012). The negative electrostatic charge of 

the DNA that composes an ET promotes the attraction of microbes and may aid trapping (Yipp 

et al., 2013), while various peptides that decorate the ETs such as histones have antimicrobial 

properties in vitro, and could facilitate killing of the entrapped microbes (Fernándes et al., 

2002; Patat et al., 2004; Zou et al., 2007; Young et al., 2011; Parker, Albrett, et al., 2012; 

Perera et al., 2012; Branzk et al., 2014; Neumann et al., 2014; Halverson et al., 2015; Smith 

et al., 2015). Bactericidal histones and other ET-associated peptides have been confirmed to 

decorate ETs released by cyprinids, flatfish, and salmonids (Brogden et al., 2012; Chi et al., 

2015), (Section 3.3.3); thus, it is possible that entrapped microbes may be killed by the 

membrane destabilizing properties of these proteins and peptides (Richards et al., 2001; 

Fernándes et al., 2002; Palić, Ostojić, et al., 2007; Pijanowski et al., 2013; Chi et al., 2015).  

A simple and effective method to demonstrate the antimicrobial activity by ETs involves pre-

inducing the release of ETs from cells in vitro (using a biological or chemical stimulant) to 

generate large concentrations of ETs in suspension, before co-incubating with a bacterium of 

interest (Young et al., 2011; Brogden et al., 2012; Chi et al., 2015; Reichel et al., 2015). Then, 

at defined times thereafter, the bacterial colony forming units (CFU) enumerated from the co-

incubation provides an indication for bacterial viability. A CFU is formed when a single viable 

bacterium (or a clump formed by bacterial cell aggregations) multiplies via binary fission on 

agar surfaces. The data achieved under these conditions is compared to control conditions 

where ETs are digested with exogenous DNase-I prior to the addition of bacteria (Menegazzi 

et al., 2012). A significant reduction in CFU compared to the control conditions may indicate 

attachment of the bacteria to the ET (which can cause bacterial clumping) or direct killing of 

the bacteria by the ET. In many studies, ETs are pre-induced by biological or chemical 

compounds such as phorbol 12-myristate 13-acetate (PMA) before bacteria is added to the 

ET suspension (Urban et al., 2006; Young et al., 2011), and a further control must be 

performed to confirm that this compound itself does not affect the viability of the bacteria. In 

this present study, calcium ionophore (CaI) has been shown to be the most potent inducer of 

ET release from trout PMN-enriched cell suspensions (Section 3.3.4), though this chemical 

can exert bactericidal activity (Guyot et al., 1993). Thus, when studying ET trapping by the 
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method outlined above, the viability of the bacteria in the presence of relevant concentrations 

of the reagents used to manipulate the ETs (i.e., the CaI used to induce ET release, inhibitors, 

or the DNase-I used to degrade the ETs) must be verified to ensure appropriate experimental 

control.  

One limitation of studying microbial trapping by ETs measuring bacterial CFU is the 

contribution of phagocytic activity by the PMNs to any reductions in CFU. To reduce 

phagocytosis, PMNs are typically exposed to actin polymerisation inhibitors, such as 

cytochalasin D, as these agents block phagocytosis meaning that reductions in CFUs can be 

more reliably attributed solely to the antimicrobial properties of the ETs in suspension (Urban 

et al., 2006; Wartha et al., 2007; Brinkmann and Zychlinsky, 2012; Seper et al., 2013). 

However, one drawback with using cytochalasin D is that it can also inhibit ET release (Robb 

et al., 2014) (Section 3.3.5). Moreover, primary cell cultures of PMNs induced to release ETs 

with chemical inducers has resulted in abolishment of phagocytosis 1 h after induction, making 

the use of cytochalasin to block phagocytosis not always necessary (Fuchs et al., 2007). Low-

speed centrifugation can be applied to sediment the bacteria within wells, promoting contact 

of bacteria with pre-induced ETs in vitro (Chi et al., 2015; Zhao et al., 2017). As the ETs in 

culture are usually found settled at the bottom of the well (observed in Chapter 3, Section 

3.3.6). However, centrifugation at high speeds in the presence of cultured cells result in cell 

lysis, especially as PMNs are easily perturbed resulting in activation of the cell, including 

release of different cytokines and favouring a more motile state (Naccache et al., 2016). 

With respect to fish, microbial trapping by ETs has been demonstrated for PMN-enriched cell 

suspensions of European carp (Cyprinus carpio) (Brogden et al., 2014), turbot (Scophthalmus 

maximus), and tongue sole (Cynoglossus semilaevis) (Chi et al., 2015; Zhao et al., 2017) 

(Table 1.4). However, the fate of these microbes remained uncertain, as the experimental 

design examining microbial trapping in flatfish ETs does not liberate the entrapped microbes 

to distinguish conclusively whether the microbes were still viable. In the flatfish studies, co-

incubation of released ETs with Vibrio harverii and Escherichia coli, but not Edwardsiella tarda 

resulted in a significant change of CFU compared to controls with ETs pre-degraded with 

DNase-I, indicating trapping (Zhao et al., 2017). The carp study confirmed trapping of 

Aeromonas hydrophilla on the ETs by fluorescent microscopy, as fluorescently-labelled 

bacteria were observed to be entangled on the ETs released by carp PMNs (Brogden et al., 

2014). Fluorescent labelling and electron microscopy has been used previously to 

demonstrate microbial trapping on ETs, and protocols to show microbial trapping by ETs 

released by PMNs of different animal species has been developed (Poirier et al., 2014; Robb 

et al., 2014; Reichel et al., 2015; de Buhr et al., 2016; Tran et al., 2016; Zhang et al., 2016; 

Zhengkai Wei et al., 2016).  
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Exogenous addition of recombinant DNase-I mimics the pathogens ability to produce 

nuclease, which is a strategy implemented by various microbial pathogens to escape 

entrapment by ETs (Sumby et al., 2005; Beiter et al., 2006; Brogden et al., 2012; Seper et al., 

2013; Neumann et al., 2014; de Buhr et al., 2015). Many Vibrio species produce nucleases, 

and co-incubation of a Vibrio cholerae mutant with deleted extracellular nucleases are more 

susceptible to trapping by human ETs compared to the wild-type strain (Seper et al., 2013). 

In Chapter 4, a suite of Vibrio anguillarum isolates was shown to produce extracellular 

nuclease activity that can degrade ETs, though whether this enzyme action could influence 

bacterial trapping by ETs remains unclear. 

Therefore, this Chapter aimed to investigate whether ETs produced from PMN-enriched cell 

suspensions of rainbow trout can interact with the fish pathogen, V. anguillarum, and to 

determine if microbial nuclease production could influence the trapping ability of the ETs. To 

achieve this, a wild-type, nuclease-deficient isolate of V. anguillarum that lacks detectable 

nuclease activity (Section 4.2.2) was incubated with pre-induced ETs released by trout PMN-

enriched cell suspensions in vitro, and abundance of live bacteria (i.e., bacterial CFU) after 

incubation was compared to the CFUs recovered when DNase-I was added to break up the 

ETs. Furthermore, the ability of a wild-type V. anguillarum isolate with extracellular nuclease 

activity to be trapped by the ETs was compared to number of CFU from co-incubations of the 

extracellular nuclease deficient isolate with ETs. Finally, direct observation of fluorescently 

stained bacteria interacting with the ETs will be attempted, as this method can demonstrate 

interaction between microbes and ETs, providing support for the CFU trapping experiments 

(de Buhr et al., 2016). 

 

 

5.2. Materials and Methods 

 

5.2.1. Effect of calcium ionophore and DNase-I on viability of Vibrio anguillarum  

In the previous Chapter (Section 3.3.5), CaI (Thermofisher Scientific, Loughborough, UK) was 

identified as a potent inducer of ET release from trout PMN-enriched cell suspensions 

(prepared from triple-layer Percoll gradients according to Section 2.2.3), and ETs can be 

degraded by DNase-I (Thermofisher Scientific, Loughborough, UK). Thus, CaI and DNase-I 

needed to be confirmed to have no effect on bacterial viability for use as appropriate 

experimental controls. To assess whether V. anguillarum viability was affected in the presence 

of the concentrations of CaI (a potent inducer of ET release from trout PMN-enriched cell 

suspensions) and DNase-I (a nuclease able to degrade the ETs; Section 3.3.2) to be used in 
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the experiments, each compound was incubated with the bacteria (at 1 × 103, 104, and 105 

CFU mL-1) for up to 4 h in wells of a flat-bottom 96-well polystyrene culture plate (Cell+, 

Sarstedt, Nümbrecht, Germany). Separate wells were made up for each time point. The 

number of viable V. anguillarum Vib 87 CFU was measured after incubation in 5 µg mL-1 CaI. 

To do this, V. anguillarum Vib 87 was cultured from a single colony to exponential phase in a 

shaking incubator (150 RPM, 16 h, 22°C) according to Section 4.2.2. The bacteria were 

collected by centrifugation (2600 × g, 10 min, 4°C), and then the supernatant was poured off 

and discarded. The bacterial pellet was washed by resuspending in 5 mL sterile PBS by 

vigorous agitation on a vortex and centrifuged again as before. After three identical washes, 

the bacterial suspension was diluted to achieve final well concentrations of 3.33 × 103, 104, 

and 105 CFU mL-1 in PBS in bijoux bottles, and incubated on ice until use. In a flat-bottom 96-

well plate, 50 µL of bacterial suspension at each concentration was added to individual wells 

that already contained 90 µL of PBS and 10 µL of CaI (diluted in dH2O and to give a final well 

concentration of 5 µg mL-1). In the negative control wells the CaI was substituted for PBS. 

To assess whether V. anguillarum viability was affected in the presence of the concentrations 

of 10 U mL-1 DNase-I, V. anguillarum Vib 6 and Vib 87 (1 × 104 CFU mL-1) were cultured in 

the same way using the same method as above, and then incubated for up to 4 h in 96-well 

microtitre plates at 15°C. In each well, 200 µL of bacterial suspension was added to DNase-I 

(diluted in 16 µL dH2O) and 24 µL DNase buffer (final well concentration of 10 mM Tris-HCl, 

2.5 mM MgCl2, 0.1 mM CaCl2; Thermofisher Scientific, Loughborough, UK). No DNase-I was 

was included in the negative control group.  

Each treatment was repeated in triplicate wells. For both experiments, microtitre plates were 

removed from the incubator and the bacteria were sampled from the appropriate wells by 

gently pipetting the well contents up and down to mix them (aspirating), and then 10 µL of this 

suspension was spread onto TSA 2% NaCl plates before incubation (48 h, 22°C) and 

enumeration of CFUs. When required, serial dilutions (1:10) were prepared in round bottom 

96-well plates (Sarstedt, Nümbrecht, Germany) before plating onto the agar.  

 

5.2.2. Effect of centrifugation on sedimentation of Vibrio anguillarum in 96-well culture 

plates 

To investigate whether low-speed centrifugation of V. anguillarum could be effective in 

bringing the bacteria to the bottom of the well in a 96-well plate, 140 µL of exponential-phase 

V. anguillarum Vib 87 or Vib 6 (suspended in PBS to 1 × 105 CFU mL-1) was added to wells 

and centrifuged (510 × g, 10 min, 4°C). Then, 10 µL from the very top or very bottom of the 

liquid suspension in the well was taken. Each 10 µL sample was serially diluted (1:10) in PBS 

before plating onto TSA 2% NaCl agar according to Section 4.2 or 3.2.6. Negative control 
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wells contained the same suspensions as prepared above, except that these microtitre plates 

were incubated for 10 min at 4°C without centrifugation. Each treatment group was replicated 

in five wells. The agar plates were incubated for 48 h at 22°C before enumerating CFUs, and 

comparison was made between CFUs recovered from control wells and from top and bottom 

of experimental wells. 

 

5.2.3. Investigating the effect of ETs on abundance of Vibrio anguillarum CFU after co-

incubation with bacteria 

To investigate whether the number of viable CFU of V. anguillarum is reduced after exposure 

to ETs released by trout PMN-enriched cell suspensions, V. anguillarum Vib 6 and Vib 87 was 

exposed ETs in wells of a flat-bottom 96-well microtitre plate for up to 4 h. Trout PMN-enriched 

cell suspensions (isolated by triple-layer Percoll gradients according to Section 2.2.3), were 

prepared in RPMI2 were seeded to 4 × 105 cells mL-1 in each well (100 µL per well). The PMN-

enriched cell suspension was incubated for 30 min at 15°C to allow cells to adhere to the 

bottom of the polystyrene wells before inducing ET release by addition of 20 µL of CaI solution 

in dH2O (to give a final well concentration of 5 µg mL-1) and incubating for a further 3 h. In 

each well, 24 µL of dH2O and 16 µL DNase buffer (final well concentration of 10 mM Tris-HCl, 

2.5 mM MgCl2, 0.1 mM CaCl2) was added and incubated with the plate for 10 min at 15°C. 

Then, 80 µL of V. anguillarum Vib 87 at 1 × 102 CFU mL-1, or with V. anguillarum Vib 6 at 1 × 

103 CFU mL-1 (prepared as Section 4.2.2.) was gently pipetted into appropriate wells and the 

plate was centrifuged (510 × g, 10 min, 4°C). This treatment was designated as (+ ETs), as 

the ETs were not degraded. An ET-negative treatment group (i.e., - ETs) was included to 

determine if degrading ETs with DNase-I results in greater number of CFUs recovered. In this 

well, the PMN-enriched cell suspension was seeded into the well and incubated with CaI as 

described above, then in each well, 24 µL of DNase-I (final well concentration 10 U mL-1 diluted 

in dH2O) and 16 µL DNase buffer (same concentration as above) was added before finally 

adding 80 µL of V. anguillarum Vib 87 as above. To control for DNase-I and CaI affecting 

number of CFUs recovered, a control group (i.e., Vib 87 + CaI + DNase) containing 100 µL of 

RPMI2 was incubated with 20 µL of CaI, 40 µL of DNase-I, and 80 µL of V. anguillarum Vib 

87 was prepared as described above. Lastly, to control for and account for the number of 

bacteria recovered without the presence of cells or reagents, another a control group (i.e., Vib 

87 only) containing 100 µL of RPMI2 was incubated with 60 µL of dH2O, and 80 µL of V. 

anguillarum Vib 87 was prepared as described above. After centrifugation, the abundance of 

CFUs in each well was enumerated by aspirating the well contents before plating this across 

a TSA 2% NaCl plate. Plates were incubated for 24 h at 22°C to allow CFU to form and then, 

these were counted. Separate wells were made for each time point (including all controls), 

and CFUs were enumerated before centrifugation (pre-spin), immediately after centrifugation 
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(0 h), at 1 h and where required additionally at 4 h after incubation 15°C. Triplicate wells were 

prepared for each treatment. To determine if the nuclease-producing V. anguillarum Vib 6 

isolate would make any difference to CFUs recovered, this experiment was repeated as above 

for both V. anguillarum Vib 6 and Vib 87 (final well concentration 1 × 103 CFU mL-1). 

 

5.2.4. Staining and observation of Vibrio anguillarum under fluorescence microscopy 

It was desirable to observe directly the interaction of V. anguillarum Vib 6 and Vib 87 with trout 

ETs. To enable this, a strategy was selected to stain the bacteria with the blue fluorescent 

stain, 4',6-diamidino-2-phenylindole (DAPI; Thermofisher Scientific, Loughborough, UK) while 

the ETs would be stained separately with the green fluorescent stain, SYTOX Green 

(Thermofisher Scientific, Loughborough, UK), and then the interaction of bacteria with ETs 

could be observed by fluorescence microscopy. A PMN-enriched cell suspension was 

prepared in RPMI2 (4 × 105 cells mL-1) and this was used to seed wells of a flat-bottom 96-

well culture plate with 100 µL of suspension per well. The PMN-enriched cell suspension was 

incubated for 30 min at 15°C to allow cells to adhere on the polystyrene well surface before 

inducing ET release with 20 µL of CaI (final well concentration of 5 µg mL-1, 3 h, 15°C). Single 

colonies of V. anguillarum Vib 6 and Vib 87 were inoculated, cultured, and bacterial cell 

suspensions prepared in PBS as Section 4.2.2. The membrane-permeable nucleic acid stain, 

DAPI was added to bacterial cultures at exponential growth phase (final well concentration of 

1 µM) and incubated for 30 min in the dark on ice (Goldmann et al., 2004). Then the DAPI-

stained bacteria were pelleted by centrifugation (3000 × g, 10 min, 4°C) before discarding the 

supernatant, and washing to remove any unbound DAPI by discarding the supernatant, 

resuspending the pellet in 5 mL of PBS and centrifuging as before. After three washes, the 

pellet was resuspended in sterile PBS, the A600 was recorded, and a suspension prepared to 

1 × 108 CFU mL-1 in PBS. PMN-enriched cell suspensions that had been induced to form ETs 

were exposed to V. anguillarum Vib 6 or Vib 87 by gently pipetting 80 µL of the bacterial 

suspension into the well, to give a final well concentration of 4 x 107 CFU mL-1, centrifuging to 

promote contact (512 × g, 10 min, 4°C), and then incubating (1 h, 15°C). Extracellular DNA in 

the wells (i.e., ETs) were stained with 20 µL of 55 µM SYTOX Green (final well concentration 

of 5 µM). To demonstrate that bacteria were stained with DAPI, a negative control well lacking 

the PMN-enriched cell suspension (substituted with RPMI2) was included. To confirm that 

there was no unbound DAPI left in the solution that could stain the PMNs and ETs in 

suspension, another negative control was included with the well containing PMNs (induced to 

form ETs as above) incubated with 80 µL of bacterial supernatant collected after the final 

wash. Triplicate wells were prepared per treatment, and the plate was observed using 

fluorescence microscopy (Olympus IX-70 inverted microscope, Olympus, Essex, UK). 
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Representative fluorescent images were collected for each of the treatment groups (in DAPI 

and FITC wavelength channels) and this was achieved with an Axiocam MRC camera paired 

with the Axiovision (v.4.8) imaging software (Zeiss, Cambridge, UK). Subsequently, images 

from the different channels were merged using ImageJ (v.1.50i; National Institutes of Health, 

USA) biological-image analysis software. To directly observe real-time interactions of the 

bacteria with ETs, real-time videos of V. anguillarum Vib 87 co-incubated with ETs in the wells 

were recorded under phase contrast microscopy with an Olympus IX-70 microscope at ×40 

magnification, using CamStudio software (v.2.7; Techsmith, USA). 

 

5.2.5. Statistical analyses 

Statistical analyses were performed with Prism v.5.1 (GraphPad, La Jolla, USA). Data from 

all experiments involving CFU enumeration were tested for normality and equality of variances 

using the Kolmogorov–Smirnov and Bartlett’s tests, respectively. When data were normal, the 

Student’s t-test (two-tailed) was performed to compare differences in mean bacteria CFUs 

recovered after incubation with CaI and DNase-I at each time point, and to calculate significant 

differences in mean bacteria CFUs recovered before and after low-speed centrifugation from 

the top and bottom of the wells. A One-Way ANOVA with Bonferroni’s post-hoc test was used 

to compare differences in mean CFUs recovered at each time point after incubation with ETs. 

For all analyses, p<0.05 was considered statistically significant. 

 

 

5.3. Results 

 

5.3.1. Effect of calcium ionophore and DNase-I on viability of Vibrio anguillarum  

The concentrations of reagents used to induce and degrade ETs for the subsequent 

experiments were checked for their effect on bacterial viability. Incubation of V. anguillarum 

Vib 87 (1 × 103, 104, and 105 CFU mL-1) in 5 µg mL-1 CaI for 1, 2, and 4 h did not result in a 

significant difference in mean bacterial CFUs recovered compared to incubations lacking CaI 

(Figure 5.1). Also, incubation of V. anguillarum Vib 6 and Vib 87 (1 × 103 CFU mL-1) in 10 U 

mL-1 DNase-I also did not result in a significant difference in CFUs mean recovered compared 

to incubations lacking DNase-I (Figure 5.2).  
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5.3.2. Investigating the effect of centrifugation on Vibrio anguillarum sedimentation in 

96-well culture plates 

Low speed centrifugation (510 x g, 15 min, 4°C) of V. anguillarum Vib 87 (× 105 CFU mL-1) in 

flat-bottom 96-well plates resulted in significantly greater (p<0.05) abundance of CFU at the 

bottom of the well (1.58 × 105 ± 4.73 × 104 CFU mL-1) by 2.34 times compared to the bottom 

wells from the plate that had not been centrifuged (4.72 × 104 ± 6.80 × 103 CFU mL-1), (Figure 

5.3). At the top of the wells, there was significantly fewer (p<0.05) abundance of CFU (2.44 × 

103 ± 4.84 × 102 CFU mL-1) containing 3/50 bacteria compared to the top of wells from the 

plate that had not been centrifuged (4.00 × 104 ± 8.82 × 102 CFU mL-1), (Figure 5.3). Taken 

together, these results show that low speed (510 x g) centrifugation successfully collects V. 

anguillarum bacterial cells to the bottom of the wells in flat-bottom 96-well plates.  
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Figure 5.1. Scatterplot showing the relationship between V. anguillarum Vib 87 viability over time (as 

measured by mean CFU recovered from the well) in the presence or absence of CaI (5 µg mL-1, 4 h, 

22°C). Suspensions of V. anguillarum Vib 87 in PBS were tested at (a) 105 CFU mL-1; (b) 104 CFU mL-

1; and (c) 103 CFU mL-1. No significant differences were detected between mean CFU recovered from 

wells with and without CaI at each bacterial concentration and time point (p<0.05). Error bars represent 

s.e.m. n = 3 
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Figure 5.2. Scatterplot showing the relationship between V. anguillarum Vib 87 and Vib 6 (103 CFU mL-

1) viability over time (as measured by mean CFU recovered from the well) in the presence or absense 

of DNase-I (100 Ut mL-1, 4 h, 22°C). No significant differences were detected between mean CFU 

recovered from wells with DNase-I or control treatments (dH2O with DNase buffer) at each time point 

(p>0.05). Error bars represent s.e.m. n = 3. 
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Figure 5.3. Bar graph showing (a) V. anguillarum Vib 87, (b) V. anguillarum Vib 6 (104 CFU mL-1) 

bacterial CFU recovered from different positions within a well of a 96-well plate after centrifugation (510 

× g, 10 min, 22°C). Wells subjected to centrifugation had significantly fewer CFU recovered at the top 

of the well compared to the top of non-centrifuged control wells; while significantly greater CFU was 

recovered from the bottom of centrifuged wells compared to the bottom of non-centrifuged control wells. 

*p<0.05. Error bars represent s.e.m. n = 3.  
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5.3.3. Investigating the effect of ETs on abundance of CFU after co-incubation with 

bacteria 

Incubation of the nuclease-deficient V. anguillarum Vib 87 with pre-induced trout ETs resulted 

in 0.27 times lower CFUs recovered from the wells at 0 h (78 ± 7 CFU) compared to wells 

treated with exogenous DNase-I (10 U mL-1) to digest ETs (107 ± 11 CFU), p<0.05 (Figure 

5.4). A similar pattern was observed at 1 h, where 0.26 times less CFUs were recovered when 

wells contained intact ETs (85 ± 10 CFU) compared to wells treated with DNase-I (115 ± 9 

CFU) p<0.05 (Figure 5.4). Conversely, there was no significant difference between CFUs 

recovered from wells with DNase-treated ETs compared to control wells with only the bacteria 

at 0 and 1 h, indicating DNase-I was sufficient to degrade the ETs and preventing bacteria 

trapping in the ETs, p>0.05 (Figure 5.4). Without centrifugation, the ‘pre-spin’ treatment group 

did not show any significant difference in CFUs recovered between treatments, p>0.05 (Figure 

5.4), indicating centrifugation was required to promote interaction between the ETs and 

bacteria. Overall, the reduced number of CFUs recovered in wells with ETs is indicative of 

trapping action, though the results do not confirm if the ETs are killing or merely trapping the 

bacteria.  

As exogenous DNase-treatment could prevent the reduced the amount of CFUs recovered 

(indicating no trapping) after co-incubating the nuclease-deficient V. anguillarum Vib 87 with 

ETs (Figure 5.4), the nuclease-producing V. anguillarum Vib 6 was tested to see if its natural 

production of extracellular nuclease activity was sufficient reduce bacterial CFU recovery (i.e., 

prevent trapping). Both V. anguillarum Vib 6 and Vib 87 (103 CFU) were incubated with pre-

induced ETs for 0, 1 and 4 h, and the amount of CFUs recovered was compared to after 

degrading the ETs with DNase-I (10 U mL-1). V. anguillarum Vib 87 was used to confirm that 

the ETs exerted ability to reduce CFUs recovered at each time point p<0.05 (Figure 5.5a). 

With V. anguillarum Vib 6, no significant differences between CFU recovery was observed at 

each time point when ETs were present compared to when ETs were degraded by DNase-I, 

p>0.05 (Figure 5.5b). Collectively, these data suggest that trapping, but not killing of the V. 

anguillarum Vib 87 by the ETs occurs within 4 h, while V. anguillarum Vib 6 were not affected 

by the ETs. 
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Figure 5.4. Bar graph showing the amount of V. anguillarum (Vib 87) CFUs recovered after incubation 

with trout extracellular traps (released from PMN-enriched cell suspensions after incubation with CaI 5 

µg mL-1) at 15°C. CFUs was sampled before centrifugation (pre-spin), immediately after centrifugation 

(0 h), and 1 h at 15°C. V. anguillarum Vib 87 was incubated with cell media as a control (Vib 87 only), 

with CaI and DNase (Vib 87 + CaI + DNase), in the presence of ETs (Vib 87 + ETs), and with DNase-

degraded ETs (Vib 87 - ETs). No significant differences of CFUs were found between all treatments 

before centrifugation (pre-spin). Immediately after centrifugation (0 h), the Vib 87 + ETs treatment 

resulted in significantly less CFUs recovered than V. anguillarum Vib 87 – ETs; which was also 

observed after 1 h incubation. *p<0.05. Error bars represent s.e.m. n = 6. 
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Figure 5.5. Bar graph showing the amount of V. anguillarum CFUs recovered (comparing Vib 87 and 

Vib 6) after incubation with trout extracellular traps (released from PMN-enriched cell suspensions after 

incubation with CaI 5 µg mL-1) at 15°C. (a) V. anguillarum Vib 87 CFUs recovered after incubation with 

ETs (Vib + ETs) resulted in significantly less CFUs at 0, 1 and 4 h at 15°C when compared to incubation 

with DNase-digested ETs (Vib - ETs) and controls without cells (Vib 87 only). (b) Vib 6 CFUs recovered 

after incubation with ETs (Vib 6 + ETs) was not significantly different from the DNase-digested ETs (Vib 

6 - ETs) and Vib 6 only controls at 0, 1, and 4 h at 15°C. *p<0.05. Error bars represent s.e.m. n = 3.  
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5.3.4. Confirming Vibrio anguillarum interaction with ETs by microscopy 

To observe interaction between the bacteria and the ETs, bacteria and ETs were separately 

stained with DAPI (1 µM) and SYTOX Green (5 µM), respectively, before adding bacteria to 

pre-induced ETs in vitro, and directly observing the interaction with fluorescence microscopy. 

The wells containing V. anguillarum Vib 87 and ETs showed distinct ET fibres that occasionally 

formed aggregated meshes (Figure 5.6, Figure 5.7). Co-localisation between V. anguillarum 

Vib 87 and ET fibres was observed, as there was a visibly more abundant amount of DAPI-

stained bacteria overlapping the SYTOX Green-stained ET fibres (Figure 5.6, Figure 5.7). 

Conversely, ETs fibres appeared to be broken up when incubated with the nuclease-producing 

V. anguillarum Vib 6 isolate (Figure 5.7). These wells appeared to contain fragmented 

extracellular DNA that shows no cohesive structure (Figure 5.7) compared to the ETs 

incubated with the nuclease-deficient V. anguillarum Vib 87 (Figure 5.7). Collectively, this 

suggests that the nuclease produced by V. anguillarum Vib 6 is responsible for degrading the 

ETs. The removal of residual DAPI after staining was confirmed as the supernatant of DAPI-

stained V. anguillarum Vib 87 after the final wash did not stain ETs (Figure 5.6). 

Finally, video recordings were taken of live V. anguillarum Vib 87 incubated with CaI-induced 

trout ETs under phase contrast microscopy (magnification ×20) to demonstrate the interaction 

live bacteria with the ETs. The real-time videos recordings showed highly abundant bacteria 

appearing stuck to, and entirely covered the ET fibres, with the thinner ET strands appearing 

to be mechanically perturbed by the locomotive force of the bacteria’s flagellum. In areas 

without fibres, bacteria were much less abundant and free-swimming in solution (Figure 5.8). 
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Figure 5.6. Representative phase contrast and fluorescent images showing co-localisation of V. 

anguillarum Vib 87 stained by DAPI (1 µM) incubated with trout ETs (4 x 107 CFU mL-1, 1 h, 15°C) 

generated from CaI-induced PMN-enriched cell suspensions (4 × 105 CFU mL-1, 30 min, 15°C). ETs 

were stained with SYTOX Green (5 µM, 5 min). (a) Trout PMNs and V. anguillarum Vib 87 under phase 

contrast; (b) DAPI channel showing DAPI-stained V. anguillarum Vib 87 in blue; (c) FITC channel 

showing a mesh of trout ETs stained with SYTOX Green; (d) Merged DAPI and FITC images which 

show V. anguillarum Vib 87 in blue co-localising with ETs in green. The magnified section shows a 

distinction between staining of the bacteria and extracellular traps, confirming no counterstaining was 

occurring between the DAPI and SYTOX Green. Scale bar = 100 µm, all images were taken at the 

same magnification. 
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Figure 5.7. Representative fluorescent microscopy images with both DAPI and FITC channels merged 

together showing wells containing V. anguillarum Vib 87 or Vib 6 co-incubated with trout ETs (4 x 107 

CFU mL-1, 1 h, 15°C) released from CaI-induced PMN-enriched cell suspensions (4 × 105 cells mL-1, 

30 min, 15°C). V. anguillarum was stained blue by DAPI (1 µM) while ETs were stained green by 

SYTOX Green (5 µM). (a-b) Shows nuclease-deficient V. anguillarum Vib 87 co-incubated with ET 

fibres which were still intact after incubation for 1 h; while (c-d) shows nuclease-producing V. 

anguillarum Vib 6 co-incubated with ET fibres which appeared fragmented without cohesive structure, 

suggesting the action of the nuclease is responsible for degrading the ETs. White arrows (c) indicate 

the remaining fragments of DNA which do not hold a fibrous structure, indicating nuclease from V. 

anguillarum Vib 6 degrades the ETs. Scale bars = 100 µm 
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Figure 5.8. Representative screen-captures from phase contrast videos showing wells containing V. 

anguillarum Vib 87 co-incubated with trout ETs (4 x 107 CFU mL-1, 1 h, 15°C) released from CaI-induced 

PMN-enriched cell suspensions (4 × 105 cells mL-1, 30 min, 15°C). Videos (a) and (b) were taken from 

different wells, both showing the highly motile V. anguillarum Vib 87 appearing stuck to, and entirely 

covered the ET fibres. Free-swimming bacteria can also be observed in the video. The magnified 

section shows a close-up of an ET appeared to be covered in the grainy-looking bacteria. Magnification 

×20; scale bar = 100 µm. Videos can be found online using links of Video (a): https://goo.gl/GQGpHo ; 

Video (b) https://goo.gl/qXYDSb 
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5.4. Discussion 

The data generated in this Chapter is the first to show that V. anguillarum can utilise 

extracellular nuclease(s) to evade trapping by trout ETs, which may potentially contribute to 

pathogenesis. ETs released from trout PMN-enriched cell suspensions significantly reduced 

bacterial CFUs after co-incubation with an extracellular nuclease-deficient V. anguillarum 

isolate (Vib 87) compared to controls, indicating a trapping or killing function for the ETs. 

Meanwhile, degradation of the ETs with the addition of exogenous DNase-I negated this 

reduction in CFUs. Co-incubation of a nuclease-producing V. anguillarum isolate (Vib 6) with 

ETs did not lead to a significant reduction in CFU compared to controls, suggesting a possible 

role for nuclease against trapping or killing by ETs. Microscopic observation revealed that V. 

anguillarum Vib 87 appeared to co-localise with ETs, while V. anguillarum Vib 6 appeared to 

degrade the ETs and not co-localise with ETs. 

The reduction in recovered V. anguillarum Vib 87 CFUs may result from either the ETs killing 

the bacteria or trapping the bacteria on or within the structure, thus aggregating the bacteria 

and meaning that subsequent suspensions may appear to contain fewer CFU. In support of 

this, video recordings under the light microscope showed highly motile V. anguillarum Vib 87 

had stuck to, and entirely covered the ET fibres, with thinner ET strands being mechanically 

perturbed by the locomotive force of the bacteria’s flagellum (Figure 5.8). Addition of 

exogenous DNase-I to degrade to ETs before addition of the bacteria resulted in more CFU 

counts, indicating that the nuclease activity of DNase-I degraded the DNA polymers that 

provides the structural integrity and trapping properties to the ETs. Thus, V. anguillarum Vib 

87 did not have an ET scaffold to bind to and result in a lower CFU. Similarly, the co-culture 

of V. anguillarum Vib 6 also resulted in more CFU counts compared to controls without ETs, 

and the extracellular nuclease produced by V. anguillarum Vib 6 is also presumed to degrade 

the ETs. In support of these data, observations of co-cultures of bacteria with ETs by 

fluorescent microscopy showed that V. anguillarum Vib 87 co-localised with intact ET fibres 

(Figure 5.6 and Figure 5.7), while co-cultures of nuclease-producing V. anguillarum Vib 6 with 

ETs under the same conditions showed the ETs to be degraded (Figure 5.7), thereby 

confirming the degradation of ETs by extracellular nuclease. Furthermore, V. anguillarum Vib 

87 appeared to stick to and aggregate on and within the ET fibres when observed under phase 

contrast microscopy (Figure 5.8). Taken together, these data demonstrate that trout ETs 

released by PMNs can trap the nuclease-deficient V. anguillarum Vib 87 but not V. anguillarum 

Vib 6, which may evade trapping by way of extracellular nuclease activity that degrades the 

ET fibres. 

The reduced CFU recovery (i.e., trapping) measured with co-cultures of V. anguillarum Vib 87 

and ETs was not as prominent as expected (Figure 5.6 and Figure 5.7). One explanation for 

the difficulty of detecting reduced CFU recovery could that the ET may have been saturated 
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by the bacteria. This problem could be resolved by generating greater ET density through 

increasing the concentration of PMNs in the suspension; however, direct observation of 

released ETs in vitro showed that ETs tend to clump heavily when greater densities of PMNs 

were used (data not shown), which might reduce the surface area of ETs to size ratio which 

bacteria can attach. Another explanation can be attributed by the variability of ET fibre 

morphology produced in vitro, which might influence the trapping efficacy of the ETs 

(Sollberger et al., 2016); however this was not examined and warrants further investigation. 

Fluorescent images of SYTOX Green-dyed ETs trapping DAPI-stained V. anguillarum Vib 87 

show web-like ETs in some cases (Figure 5.6), though smaller, comet-like ETs (Figure 5.7a, 

b) might be less effective at trapping in comparison due to a smaller relative surface area 

(Sollberger et al., 2016). Additionally, the physical structure of the ETs was delicate and 

sensitive to movement in culture plates, as knocking or perturbing the plates often resulted in 

the ETs detaching from the surface of the wells and shrinking (probably due to elastic 

properties), and this was confirmed by direct microscopic observation (data not shown). Thus, 

the data showing CFU recovered from the well after co-incubation with released ETs may not 

completely reflect the trapping potential of ETs, as trapping is difficult to quantify and often 

leads to the use of qualitative data to support and demonstrate bacterial interaction (de Buhr 

et al., 2016). 

Short-duration centrifugation at relatively low speeds (510 × g) that caused the V. anguillarum 

to collect at the bottom of wells in a 96-well plate was a crucial step when examining the 

possible trapping and killing of bacteria by the ETs in vitro. This was demonstrated as CFUs 

of V. anguillarum Vib 87 did not reduce in the presence of ETs when centrifugation was not 

used (Figure 5.4), and the centrifugation likely promotes contact between bacteria and ETs 

as the latter are also mostly located at the bottom of the wells when released from PMNs 

(observed in Chapter 3, Section 3.3.6). 

The rapid and simple method used to stain V. anguillarum and trout ETs separately with DAPI 

and SYTOX Green was adapted from the method described above by von Köckritz-Blickwede, 

et al. (2010) but instead was used in this Chapter for qualitative analysis. In this Chapter, V. 

anguillarum was successfully labelled with DAPI and the supernatant of DAPI-stained V. 

anguillarum did not stain ETs (Figure 5.6). Other methods to quantify V. anguillarum trapping 

were considered, such as staining bacteria and ETs separately with fluorescent markers, and 

then determining the co-localisation by measuring the ratio of the different markers as an 

indicator of trapping (von Köckritz-Blickwede et al., 2010; Brogden et al., 2014). However, the 

frequent wash steps required in this method can remove unbound bacteria and disrupt the 

ETs, thereby impacting negatively on the accuracy and reliability of the data (von Köckritz-

Blickwede et al., 2010). Quantifying the trapping as performed by von Köckritz-Blickwede, et 

al. (2010) may be additionally complicated due to the variation in results caused by clumping 
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of ETs, which may artificially increase the fluorescence emitted (Waters, 2009). The typical 

method to visualise bacterial interaction with ETs requires immunostaining, though the 

availability of antibodies to specific bacteria or markers of fish cells are limited (Randelli et al., 

2008). Using nucleic acid stains rather than antibodies may be a suitable alternative when 

performing larger trapping screens on several different species of bacteria by eliminating the 

need for bacteria-specific fluorescent markers. However, one drawback is that DAPI is non-

specific for the nucleic acids that it stains, meaning any contamination of the culture can result 

in a false positive. 

Although ETs contain a range of antimicrobial peptides (at least histones and neutrophil 

elastase in trout) that are known to directly kill microbes, from the results from this present 

study it is not possible to conclude whether the ETs can kill V. anguillarum, and killing by ETs 

has been difficult to confirm (Yipp et al., 2013). Studies in flatfish used reductions in bacterial 

CFU as evidence of trapping and supported these data with scanning electron microscopy, 

showing bacteria co-localising with ETs (Chi et al., 2015; Zhao et al., 2017). Both 

Pseudomonas fluorescens and E. coli were susceptible to trapping by tongue sole ETs (Zhao 

et al., 2017). Trapping was more effective with E. coli as a significant reduction in CFUs 

compared to controls were detected much earlier (1 h) than with Pseudomonas fluorescens 

(at 4 h and later) (Zhao et al., 2017). In contrast, E. tarda showed no significant susceptibility 

to trapping by tongue sole ETs and the authors proposed that E. tarda has an undefined 

mechanism to resist the antimicrobial effect of ETs (Zhao et al., 2017). In this Chapter, the 

ETs were pre-degraded with DNase-I before V. anguillarum was added, thus, the bacteria 

were never exposed to intact ETs and the fate of V. anguillarum (i.e., trapping or killing) cannot 

be concluded. Future experimental designs would aim to co-culture bacteria with ETs and 

subsequently liberate the entrapped bacteria with DNase-I to determine if the trapped V. 

anguillarum Vib 87 were indeed killed by ETs.  

When investigating the trapping and killing effect of ETs on V. anguillarum, phagocytosis was 

not blocked because chemical inhibitors of phagocytosis such as cytochylasin D can inhibit 

ET release and induce cell death of trout PMN-enriched cell suspensions (Section 3.3.4). A 

similar observation is found in human neutrophils, as incubation with chemical ET inducers 

also abolished phagocytic activity without the use of phagocytosis inhibitors within 1 h (Fuchs 

et al., 2007). This is likely due to the fact that many of the cells are dying when releasing ETs, 

thus leaving few cells alive to phagocytose the bacteria (Fuchs et al., 2007). In this Chapter, 

CaI was used to induce ET release before the addition of V. anguillarum, and CaI can induce 

a high proportion of cells in rainbow trout PMN-enriched cell suspensions to release ETs and 

therefore lyse (Section 3.3.5). As a result, it is likely that most of the cells within the PMN-

enriched suspensions die from exposure to CaI and cannot participate in phagocytosis. This 

is supported by the lack of reduction in V. anguillarum Vib 6 or Vib 87 CFUs from wells 
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containing DNase-degraded ETs compared to control wells containing only bacteria. A 

reduction in CFUs observed in wells containing DNase-degraded ETs (released by PMN-

enriched cell suspensions) might be explained by phagocytosis rather than due to ETs, though 

no reduction in V. anguillarum CFU was observed in these conditions. 

Nuclease production by human microbial pathogens was previously found to degrade ETs 

which can contribute to pathogenesis in mammalian models (Seper et al., 2013; de Buhr et 

al., 2015; Storisteanu et al., 2017). With respect to fish, nucleases produced by the fish 

pathogen, Aeromonas hydrophila, was found to degrade ETs released by carp PMN enriched 

cell suspensions (Brogden et al., 2012). However, the pathogenic significance of this was not 

initially clear until a recent study showed that nuclease-deficient Aeromonas hydrophila 

mutants were more susceptible to killing by blunt-snout bream (Megalobrama amblycephala) 

head kidney leukocyte suspensions compared to the nuclease-producing wild-type strain (Ji 

et al., 2015). In addition, challenging the fish with the nuclease-deficient A. hydrophila also 

resulted in greater survival compared to wild-types (Ji et al., 2015); though these authors did 

not show whether degradation of ETs within the fish was responsible for the greater virulence. 

Nevertheless, these studies signify a link between nuclease production and ET resistance, 

and it is likely that nuclease production by V. anguillarum may also contribute to pathogenesis 

in fish through degrading ETs, though future work will have to investigate the relationship 

between the degradation of ETs by V. anguillarum and virulence of this pathogen in fish.  
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6. Chapter 6: General Discussion 

Aquaculture plays a salient role in global food production and can reduce the pressures on 

wild fisheries (Forti, 2017). Salmonids are one of the most valuable fish for consumption and 

these species contribute 17% of total exports by value, and farmed salmonids exceeds 2 

million tonnes per year compared to 700,000 tonnes supplied from wild fisheries (FAO, 2017). 

However, infectious microbial diseases continue to cause considerable economic losses on 

farms, with associated negative impacts on animal welfare (Lafferty et al., 2015; Ababouch et 

al., 2016). Antibiotics and the introduction of vaccines have helped to combat infectious 

diseases, though there remains diseases for which successful or commercially-available 

vaccines are unavailable (Birkbeck et al., 2002; Metselaar et al., 2010; Hoare et al., 2017). 

Importantly, the overuse of antibiotics has led to the development of bacterial resistance, 

which can render certain antibiotics ineffective (Cabello, 2006; Watts et al., 2017). To address 

this issue, there is a need to better understand the immune systems of fish and their interaction 

with microbial pathogens, as this may lead to the development novel and alternative 

therapeutics to treat infectious diseases in aquaculture. 

The aim of this thesis was to characterise extracellular traps (ETs) from rainbow trout 

(Oncorhynchus mykiss) and to investigate their antimicrobial properties. Initially, suitable 

methods to isolate and enrich for trout polymorphonuclear cells (PMNs; i.e., the neutrophil-

like cells in fish) and to measure the release of ET-like structures from enriched cell 

suspensions had to be selected, developed and validated (Chapter 2). The ET-like structures 

observed to be released in PMN-enriched cell suspensions were confirmed to be ETs by the 

detection of a suite of diagnostic ET-associated protein markers. Furthermore, an array of 

known ET-inducers and inhibitors were evaluated to identify those with similar actions reported 

previously, and these experiments provided insight into the possible cell signalling 

mechanisms involved ET release from trout PMNs (Chapter 3). A collection Vibrio anguillarum 

isolates were screened for extracellular nuclease activity and one highly active isolate was 

used to demonstrate that the bacterial-derived nuclease activity can degrade the nucleic acid 

structure of the ETs and the DNA in fish skin mucus (Chapter 4). Moreover, trout ETs 

displayed antimicrobial activity through trapping a nuclease-deficient isolate of V. anguillarum; 

though, importantly, the production of extracellular nuclease activity did allow V. anguillarum 

to evade this trapping effect; though we do not know whether this prevents pathogenicity of 

disease development (Chapter 5). The present study provides a platform for further research 

leading to investigations on the in vivo significance of ET release in trout. 

The aim of Chapter 2 was to evaluate and validate repeatable and high throughput methods 

to obtain enriched populations of viable PMNs from rainbow trout head kidney samples and 

to quantify ET-like structures in vitro. A discontinuous Percoll gradient similar to one used to 
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enrich for PMNs from Atlantic salmon (Salmo salar) (Øverland et al., 2010) was used on trout 

head kidney tissue, and gave cell suspensions containing up to 58% PMNs. Exposure of PMN-

enriched cell suspensions to SYTOX Green, a membrane-impermeable dye specific for 

nucleic acids, revealed ET-like structures under fluorescence microscopy; however, these 

were not yet confirmed to be ETs because this necessitated the identification of diagnostic 

markers associated with the structure. The abundance of these ET-like structures in the wells 

correlated significantly with the fluorescence signal emitted from SYTOX Green-stained cell 

suspensions, indicating that a fluorometric assay would be suitable for quantifying ET release. 

Measuring the release of ETs with a fluorometric assay was favoured over counting ETs by 

fluorescence microscopy due to greater throughput and objectivity (Maini et al., 2016). 

The aim of Chapter 3 was to confirm that the ET-like structures observed in Chapter 2 were 

indeed ETs, and to test whether inhibitors and inducers of ET release from other fish species 

were similarly effective against PMN-enriched cell suspensions from rainbow trout. The ET-

like structures were degraded in a dose-dependent manner by recombinant 

deoxyribonuclease-I (DNase-I), which confirmed a nucleic acid structure. These nucleic acid 

structures were determined to be chromatin released from PMNs due to co-localisation of 

histone subunits (H2A) and the granule proteins, neutrophil elastase (NE) and 

myeloperoxidase (MPO) , and the presence of these granule and nuclear proteins on the 

extracellular DNA satisfies the diagnostic definition of ETs (Brinkmann et al., 2004; Fuchs et 

al., 2007). Thus, the presence of histones in trout ETs indicates their nuclear origin, suggesting 

that the PMN underwent a lytic form of ET release resulting in cell death (Yousefi et al., 2008; 

Yipp et al., 2012, 2013). 

An intracellular influx of reactive oxygen species (ROS) is a ubiquitous and crucial step prior 

to ET release (Figure 1.3) (Papayannopoulos et al., 2010; Kaplan et al., 2012; Arai et al., 

2014; Morshed et al., 2014; Jorch et al., 2017), but how exactly intracellular ROS influx 

initiates the steps leading to ET release remains unclear, though the mechanisms that lead to 

the generation of intracellular ROS are now better understood (Fuchs et al., 2007; Douda et 

al., 2015). The majority of inducers of ET release promote intracellular ROS influx leading to 

ET release through the enzyme complex, nicotinamide adenine dinucleotide phosphate 

oxidase (NADPH oxidase). For instance, phorbol 12-myristate 13-acetate (PMA) is a well-

known chemical protein kinase C (PKC) activator and inducer of ET release in mammals, and 

this compound potently promotes the formation of active NADPH oxidase complexes 

responsible for generating superoxide (a form of ROS) and ultimately ET release (Riganti et 

al., 2004; Hakkim et al., 2011). In addition to PMA, biological compounds like 

lipopolysaccharide (LPS) and whole microorganisms (Brinkmann et al., 2004; Urban et al., 

2006; Saitoh et al., 2012; Uchiyama et al., 2015) can induce ET release through the activation 

of PKC, i.e., ET release is triggered by an NADPH oxidase-dependent mechanism 
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(Papayannopoulos, 2017). Alternatively, intracellular calcium (Ca2+) influx caused by 

exogenous addition of calcium ionophore (CaI) may also promote mitochondrial ROS 

generation that leads to ET release (Douda et al., 2015; Görlach et al., 2015). 

Three results from Chapter 3 suggest that ET release from rainbow trout PMNs is less 

dependent on NADPH oxidase activation compared to mammals and other fish species. First, 

PMA, a potent inducer of ET release in mammals, carp, zebrafish (Danio rerio) and tongue 

sole (Cynoglossus semilaevis) (Palić, Andreasen, et al., 2007; Pijanowski et al., 2013; 

Hoppenbrouwers et al., 2017; Zhao et al., 2017), surprisingly did not potently and reproducibly 

induce ET release from trout PMN-enriched cell suspensions, as PMA (at 40 nM and 60 nM) 

induced ET release from only two out of six trout tested (Section 3.3.6). Second, CaI can 

induce ET release independently of any NADPH oxidase activity, and was a potent inducer of 

ET release in all individual trout within 10 min of incubation (Section 3.3.6). Furthermore, the 

actin polymerisation inhibitor cytochalasin D, a potent inhibitor of ET release in many species, 

was effective (Section 3.3.5), indicating that the cells were responsive to other inducer and 

inhibitors of ET release that act independently of NADPH oxidase signalling. Third, and most 

importantly, the NADPH oxidase-inhibitor, diphenyleneiodonium (DPI), failed to inhibit ET 

release from rainbow trout PMN-enriched cell suspensions, and instead acted as an inducer 

of ET release (Section 3.3.6). In contrast, flagellin induced ET release from trout PMN-

enriched cell suspensions (Section 3.3.6). Flagellin is a pathogen associated molecular 

pattern (PAMP) that binds toll-like receptor 5 (TLR5) on rainbow trout phagocytes 

(Wangkahart et al., 2016). TLRs, including TLR5, signal though the adaptor protein MyD88, 

which can activate PKC (Hayashi et al., 2001), thus suggesting the involvement of NADPH 

oxidase during flagellin-induced ET release (Floyd et al., 2016; Kim et al., 2016). This result 

contradicts the notion of ET release by trout PMN-enriched cell suspension relying less on 

activation of NADPH oxidase. Perhaps the release of ETs by DPI could be explained by DPI 

acting as a general stressor to the cells, as demonstrated with pH (Naffah de Souza et al., 

2018), and thereby causing ET release through an undefined mechanism. The cell signalling 

pathways underlying ET release in trout PMNs warrants further investigation to understand 

the cell signalling pathway which controls ET release in trout, as they appear to be distinct 

from the activation mechanisms in other fish species such as carp and tongue sole. Future 

work should examine the effects of a broader range of NADPH oxidase inhibitors, and include 

ROS and MPO inhibitors, as the identification of a potent inhibitor will be a useful tool towards 

elucidating the signalling pathway(s) underlying ET release in trout. Unfortunately, these 

results did not detect an increase of ET release when exposed to heat-inactivated cultures of 

V. anguillarum. This result may be explained by the denaturation of the pathogen-associated 

molecular patterns (PAMPs) when heat-inactivating the bacterial suspension. Exposing the 

PMN-enriched cell suspensions to live V. anguillarum bacteria did not result in observable 
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increases in ET release, though perhaps the method determining ET release in response to 

solutions needs to be improved when bacteria are used.  

The aim of Chapter 5 was to investigate whether ETs released by trout PMN-enriched cell 

suspensions could trap bacteria. As expected, trout ETs reduced bacterial CFU when 

incubated with V. anguillarum (Vib 87), an isolate lacking extracellular nuclease activity, 

indicating contribution possible role of trout ETs in innate immunity against bacterial 

pathogens. In contrast, extracellular nuclease activity allowed another isolate of V. 

anguillarum (Vib 6) to degrade and liberate itself from trout ETs (Section 5.5.3). These 

observations were supported with microscopic observations showing that fluorescently-

stained V. anguillarum Vib 87 co-localised with the ETs, while V. anguillarum Vib 6 appeared 

to degrade the ET fibres and did not co-localise with the chromatin. Taken together, these in 

vitro results confirm that ETs released from trout PMN-enriched cell suspensions can ensnare 

microbes, though the production of extracellular nucleases by V. anguillarum could degrade 

the ETs and prevent trapping, therefore implicated these enzymes may serve a potential role 

in virulence. Whether or not V. anguillarum Vib 87 was killed when trapped on the ETs remains 

uncertain, as the method used did not distinguish between trapping and killing. Thus, future 

work should be confirming the trapping ability of ETs with different microbial species with a 

wider spectrum of activity, as this present study focused on one bacterial species. 

The nuclease activity screen in Chapter 4 identified the majority of V. anguillarum isolates 

positive for nuclease activity, suggesting that they may play an important role for the bacteria 

during their lifecycle. Although some V. anguillarum isolates produce extracellular nucleases 

(Austin et al., 1995), their interaction with the immune system has not been investigated until 

now. Research of extracellular nucleases from other bacterial species, including Vibrio 

cholerae, has shown that extracellular nucleases have roles in regulating bacterial 

transformation, generating nucleotide or phosphate nutrient pools from extracellular DNA, and 

more recently, degrading ETs (Blokesch et al., 2008; Seper et al., 2013; Kiedrowski et al., 

2014; Mcdonough et al., 2016). Understanding the V. anguillarum lifecycle may give insight 

into the purpose of extracellular nuclease production. During the free-living, aquatic stage of 

the bacteria, the degradation of extracellular nucleic acids may generate 

nucleotide/phosphate nutrient pools (Mcdonough et al., 2016); while during the infection 

stage, nucleases may assist in burrowing through the mucosal surfaces of gill or skin to enter 

the host (Frans et al., 2011). Once within the host, the bacteria need to combat the immune 

system to allow successful propagation within the host which might include resisting or 

avoiding trapping by ETs. The extracellular nuclease activity was consistent throughout V. 

anguillarum culture in vitro, thus indicating that the bacteria may produce extracellular 

nucleases throughout its lifecycle. Furthermore, the extracellular nuclease activity produced 

by the bacteria was able to degrade DNA within fish skin mucus and that composing trout ETs 



172 
 

(Section 4.3.8 and 4.3.9), suggesting that this might be a strategy implemented by V. 

anguillarum to infect through mucosal surfaces or evading trapping by ETs. 

The next logical step would be to confirm the presence of trout ETs in vivo and assess their 

ability to ensnare or kill bacteria during infection. A study in turbot (Scopthalmus maximus) 

demonstrated fewer recovered Pseudomonas fluorescens CFUs from kidney and spleen 

tissue after injecting the fish with co-cultures of bacteria and pre-induced ETs, compared to 

co-cultures of bacteria and DNase-digested ETs, indicating the in vivo antimicrobial effect of 

ETs in fish (Chi et al., 2015). Despite this important finding, ET release from PMNs during 

infection in vivo and their protective effect against such a challenge has yet to be shown in a 

fish system. Furthermore, Chi and Sun (2015) did not report how the injected co-cultures of 

bacteria and ETs affected the health status of the fish compared to DNase-treated co-cultures. 

Thus, future studies should investigate if fish can release ETs in response to fish pathogens 

and if the ETs can trap or kill these pathogens in vivo. 

Regarding the in vivo significance of ETs, the initial discovery of ET release has associated 

this process as a defensive innate immune response; however, recent evidence has shown 

ETs to directly underlie several diseases or ailments associated with the inflammatory 

response and autoimmunity (Kaplan et al., 2012; Cheng et al., 2013; Kahlenberg et al., 2013). 

There is strong evidence that ETs promote adverse skin inflammation (Keijsers et al., 2014), 

sepsis (Xu et al., 2010), vascular disorders (Phillipson et al., 2011), and inflammatory bowel 

disease (IBD) (Bennike et al., 2015) in mice and humans. These inflammatory symptoms are 

believed to be exacerbated by the action of the potentially cytotoxic peptides (e.g., histone 

fragments, NE or MPO) and other molecules (such as ROS) that decorate the ETs 

(Saffarzadeh et al., 2012), which are cytotoxic to host cells and can lead to direct degradation 

of cells and tissues, or the activation of neutrophils by the pro-inflammatory cytokines liberated 

during ET release (Hahn et al., 2011; Kaplan et al., 2012; Cheng et al., 2013; Yang et al., 

2016). Moreover, several peptides decorating the ETs are auto-antigens for systemic 

autoimmune disorders in humans, such as the anti-neutrophil cytoplasmic antibody (ANCA) 

that contributes to systemic vasculitis (Nakazawa et al., 2012). As such, ETs may be both 

beneficial and detrimental to the host, as they serve as an antimicrobial defence but are also 

a putative source of molecules that promote inflammatory and autoimmune responses. Some 

therapeutics prescribed to humans and others tested in mice models target ET-derived DNA 

to alleviate the disease symptoms. For instance, the vicious sputum of cystic fibrosis obstructs 

breathing, but the use of DNase aerosols successfully reduces symptoms in some patients, 

as DNA provides structural integrity to mucus and increases viscosity (Shak et al., 1990). Also, 

DNase treatment can prevent deep vein thrombosis in mice by degrading ETs that act as 

scaffolds within blood vessels to promote blood clotting (Fuchs et al., 2010). Blocking NE 

proteases in mice suffering from atherosclerosis also reduces overall inflammation and the 
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mice develop smaller atherosclerotic lesions (Warnatsch et al., 2015). Overall, it is becoming 

abundantly clear that although ETs can facilitate microbial pathogen trapping, the clearance 

of ETs within host tissues is also important to reduce potential negative symptoms of 

inflammatory diseases. Also, there is an increasing amount of research that has found treating 

the disease symptoms rather than treating the pathogen as a successful method to improve 

animal or patient welfare. It is likely that future therapeutics will target ETs in some diseases. 

Some of these may include ROS scavengers which can supress ET release; exogenous 

DNases which can break down ETs; or MPO and protease inhibitors which can reduce the 

detrimental effects of granule proteins. 

The research surrounding fish ETs has not yet investigated if ET release within fish can have 

similar negative consequences similar to those observed in humans and mammals. However, 

the upregulation of pro-inflammatory cytokines was detected when carp PMN and 

macrophage-enriched cell suspensions released ETs (Pijanowski et al., 2015). In addition, the 

combination of pro-inflammatory cytokines and PAMPs in carp can induce further ET release 

(Pijanowski et al., 2015). Considering the contribution of ETs towards inflammation and 

autoimmune diseases in mammals, it would therefore not be surprising to find that ETs are 

involved in the pathogenesis of similar diseases in fish. Microbial infections causing severe 

inflammation are good candidates for further investigation. For example, red mark syndrome 

(RMS) in trout is likely caused by a Rickettsia-like organism (RLO) and results in multiple skin 

lesions with histological confirmation of inflammation and high abundances of neutrophils 

(Metselaar et al., 2010). Furunculosis caused by Aeromonas salmonicida infection results in 

external and internal haemorrhaging, septicaemia and inflammation of the lower intestine 

(Wiklund et al., 1998; Mutoloki et al., 2006). Furthermore, several fish viruses such as viral 

haemorrhagic septicaemia virus (VHSV) and piscine orthoreovirus results in severe 

haemorrhaging of internal organs, skin and muscle, along with heart and skeletal muscle 

inflammation (Arnfinn Aunsmo et al., 2015; Olsen et al., 2015). Moreover, autoimmunity 

disorders have been described in fish and it is possible that these may be caused by ETs as 

observed with mammals. For example, rainbow trout and chinook salmon (Oncorhynchus 

tshawytscha) suffering from glomerulonephritis in bacterial kidney disease caused by 

Renibacterum salmoninarum infection was found to be associated with antibody-antigen 

complexes within the kidney (Sami et al., 1992; Lumsden et al., 2008). These immune 

complexes can lead to a type III hypersensitivity reaction, giving rise to inflammatory 

responses that may lead to host tissue damage (Afonso et al., 1998; Phillipson et al., 2011; 

Papayannopoulos, 2017). Hence, it may be desirable to moderate the release of ETs in fish 

after considering their potential contribution towards inflammatory pathogenesis of several 

diseases. Therefore, an apt direction for future work would investigate if ETs released within 

the host contributes to the pathogenesis of inflammatory diseases, which may lead to new 
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classes of therapeutants that could be used to reduce disease outbreaks on fish farms. 

Alternatively, perhaps the presence of ETs are beneficial to fish as they may trap microbial 

pathogens without contributing to inflammatory status and diseases as reported in mammals. 

Taken together, an improved in vivo understanding of ETs would identify their immunological 

significance and indicate their benefits and any associated detriments to fish. 

In summary, the present study is the first to demonstrate that ETs are released from PMN-

enriched cell suspensions from rainbow trout. These ETs were decorated with neutrophil 

granule proteins NE, MPO, and histone H2A, which serve as diagnostic markers of ETs. The 

ETs could trap the bacterial fish pathogen V anguillarum in vitro, thus suggesting a role in 

defence against bacterial challenges. Understanding how to successfully enhance this 

general immune response to increase protection against pathogens may lead to the 

development of alternative broad-spectrum antimicrobial therapies and reducing the need for 

antibiotics in aquaculture. Understanding the immunological role of ET release in fish is an 

important step forward towards reducing infectious diseases in salmonid and finfish 

aquaculture to ensure these industries continue to provide a source of healthy food for a 

growing global population.  



175 
 

Appendix 

1.1. Trout commercial feed 

 

 

  

Appendix Table 1. Formulation of commercial feed used for trout husbandry. Trout were fed two to 

three times per day. 

Trout feed: Micro 50P LR – 25 kg/100 

Vitamins E671 Vitamin D3 2100 IU/kg 

Trace elements 

E1 Iron-Fe (ferrous sulphate monohydrate) 170 mg/Kg 

E2 Iodine-I (calcium iodate anhydrous) 5 mg/kg 

E4 Copper-Cu (cupric sulphate pentahydrate) 24 mg/kg 

E5 Manganese-Mn (manganous sulphate monohydrate) 113 mg/kg 

E6 Zinc-Zn (zinc sulphate monohydrate)  330 mg/kg 

3b8 10 Selemium-Se (selenised yeast inactivated) 100 mg/kg 

Analytical constituents  

Oil 22.0% 

Protein 48.0% 

Fibre 1.8% 

Ash 8.3% 

Calcium 1.6% 

Sodium 0.1% 

Phosphorous 1.0% 
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1.2. RPMI media supplementation 

 

 

 

 

 

 

Appendix Table 2. The different RPMI variants showing supplementation used within throughout this 

thesis. *Unless otherwise states, FCS (sterile filtered) was used at 1% (v/v), supplied by Thermofisher 

Scientific (Loughborough, UK). #Used at 1% (v/v), with stock solution containing: 10,000 U penicillin 

and 10 mg mL-1 streptomycin (sterile-filtered), supplied by Sigma-Aldrich (Dorset, UK)  

 

Name Foetal calf serum (FCS)* Antibiotics# 

RPMI1 - - 

RPMI2 + + 

RPMI3 + - 
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1.3. Trypan blue exclusion protocol 

 

Cell viability was calculated by dividing the number of viable cells by the total number of cells 

within the grids on the Neubauer hemacytometer. If cells take up trypan blue, they are 

considered non-viable. 

1. Determine the cell density of your cell line suspension using a haemocytometer. 

2. Prepare a 0.4% solution of trypan blue in buffered isotonic salt solution, pH 7.2 to 7.3 (i.e., 

phosphate-buffered saline). 

3. Add 0.1 mL of trypan blue stock solution to 1 mL of cells. 

4. Load a haemocytometer and examine immediately under a microscope at low 

magnification. 

5. Count the number of blue staining cells and the number of total cells. Cell viability should 

be at least 95% for healthy log-phase cultures. 

% viable cells = [1.00 – (Number of blue cells ÷ Number of total cells)] × 100 

To calculate the number of viable cells per mL of culture, use the formula below. Remember 

to correct for the dilution factor. Number of viable cells × 104 × 1.1 = cells mL-1 culture 
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1.4. Rapid Romanowsky staining protocol 

 

Description: A set of three different stains for the rapid staining of smears for cytological and 

haematological microscopy. Results will be similar to Romanowsky stained smears. 

Reagents: 

A. Fixative Solution A – 500ml or 250ml (contains thiazine dye in methanol)  

B. Solution B – 500 mL or 250 mL (contains eosin Y dye in phosphate buffer)  

C. Solution C – 500 mL or 250 mL (contains polychromed methylene blue in phosphate buffer)  

Preparation: 

1. Dispense an aliquot of each solution into a Coplin staining jar 

 2. Prepare a solution of phosphate buffer solution pH 6.8 in a wash bottle. 

2. Immerse in Solution A for 30 seconds. 

3. Transfer, without rinsing or drying, to Solution B, and immerse for 30 seconds. 

5. Transfer slide to Solution C without rinsing or drying, and repeat staining as for B above. 

6. Rinse slide in phosphate buffer solution pH 6.8 and allow to dry before examining under the 

microscope. 
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1.5. Atlantic salmon 

 

Diploid Atlantic salmon were used alongside rainbow trout to test the robustness of the 

discontinuous Percoll gradient protocols used to enrich PMNs from fish head kidney tissue. 

 

1.5.1. Methods 

1.5.1.1. Source of fish and husbandry 

Healthy pre-smolt Atlantic salmon from AquaGen were housed in the aquarium at the Institute 

of Aquaculture during October 2015 to October 2016. Water temperature was recorded from 

tanks on days when fish were sampled, and mean water temperature during the year was 

9.76°C (5.7–12.8°C). All fish used for experiments weighed between 23–158 g, and were 

sacrificed according to a Schedule 1 technique (overdose of benzocaine and destruction of 

the brain) as described in the 1986 Animals Scientific Procedures Act (ASPA). All experiments 

were approved by the IoA Ethics Committee or the Animal Welfare Ethical Review Board 

(AWERB). 

 

1.5.1.2. Comparing cell proportions from discontinuous Percoll gradient isolation 

Atlantic salmon head kidney tissue was dissected and enriched for PMNs by double and triple-

layer Percoll gradients as prepared according to Section 2.2.3. The proportions of cells in 

suspension attained after Percoll gradient enrichment was determined by counting the 

proportions of PMNs and Mo/M cells from fixed samples of end-product cell suspensions fixed 

onto glass microscopy slides (fixation by Cytospin, and staining with the RapiDiff protocol, as 

described in Section 2.2.4). 

 

1.5.1.3. Relationship between PMN proportion, fish weight, and water temperature  

To assess the effect of fish mass on the proportion of salmon PMNs enriched from head 

kidney tissue by the triple-layer Percoll gradient approach as above, 32 pre-smolt Atlantic 

salmon were weighed and PMN proportion determined. PMNs were enriched according to 

Section 2.2.3 with salmon weighing from 23 – 158 g. The PMN proportions were achieved by 

counting according to Section 2.2.5, and mass of each fish was correlated with the mean PMN 

proportions. The tank water temperature was recorded on the morning that each fish was 

collected for the experiment. 
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1.5.2. Results 

 

1.5.2.1. Comparing cell proportions from discontinuous Percoll gradient isolation 

The proportions of PMN and Mo/M cells enriched were compared after enrichment by the 

double or triple-layer Percoll gradient protocols used for isolating Atlantic salmon PMNs from 

head kidney preparations. The double-layer discontinuous gradient approach gave a 32.97 ± 

4.13% PMN enrichment, with the presence of 24.04 ± 5.50% Mo/M observed as a proportion 

of total cells in the isolated fraction; while the triple-layer approach gave a 59.06 ± 4.91% PMN 

enrichment, with 3.25 ± 1.20% Mo/M (Appendix Table 3). The triple-layer gradient resulted in 

a 1.69-fold improvement in PMN enrichment, and reduced Mo/M contamination compared to 

the double layer gradient method. 

 

 

 

Appendix Table 3. Comparison of proportions of polymorphonuclear cell (PMN) and 

monocyte/macrophage (Mo/M) cells obtained from double and triple-layer Percoll gradient separation 

methods in diploid Atlantic salmon. Cytospin preparations of enriched cell populations were stained 

with rapid Romanowsky stains to allow classification by microscopic observation of cell morphologies. 

A minimum count from 5 fields of view (FOV) per fish was made to enumerate cell proportions. 

Percoll gradient Fish type PMN (%)  Mo/M (%) No. of fish 

Double layer Atlantic salmon 32.97 ± 4.13 24.04 ± 5.50 

 

7 

Triple layer Atlantic salmon 59.06 ± 4.91 3.25 ± 1.20 10 
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1.5.2.2. Relationship between PMN proportions, fish mass and tank temperature  

Out of 32 pre-smolt Atlantic salmon, there was a significant positive correlation between the 

PMN yield and fish mass in Atlantic salmon weighing between 23 – 158 g (R2 = 0.2598; 

p<0.01). The salmon were siblings of the same age, as they were from the same hatch. The 

data suggest that a greater proportion of PMNs are produced with relative mass (Appendix 

Figure 1). A significantly negative correlation was observed with PMN yield when increasing 

tank temperature in Atlantic salmon (R2 = 0.4367; p<0.01) (Appendix Figure 2).  
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Appendix Figure 1. A scatter plot showing the relationship between Atlantic salmon mass against the 

yield of PMNs attained after isolation. Each point consists of the mean number of PMNs calculated from 

three fields of view (FOV) from cytospin preparations after enriching salmon head kidney tissue for 

PMNs with triple layer Percoll gradients. There was no significant correlation between fish weight and 

PMN yield (F1,30 = 10.53; p<0.05). Error bars represent s.e.m. n = 32 salmon. 
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Appendix Figure 2. Scatterplot showing the correlation between tank temperature (°C) at time of 

sampling and PMN proportions obtained from triple-layer Percoll preparations from Atlantic salmon 

showing that tank temperature may affect the proportions of PMNs obtained (F1,30 = 23.26; p<0.05). 

Error bars represent s.e.m. n = 32 salmon. 
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1.6. Background fluorescence of compounds used as ET inducers 

 

Extraction of PAMPs such as LPS, zymosan, and β-Glucan from microbes is a crude process, 

which does not remove many molecular contaminants. Other methods such as ion-exchange 

chromatography during the extraction of ultra-pure LPS (pLPS) is better at removing unwanted 

by products still present in solution after phenol extraction. The method used to measure 

fluorescence from LPS and pLPS was described in Section 3.2.5. Measuring the fluorescence 

of SYTOX-stained LPS showed a relationship between concentration of LPS and 

fluorescence, while pLPS did not show this effect (Appendix Figure 3, Appendix Figure 4), 

suggesting that the phenol extraction process fails to remove nucleic acid contamination. 

Other compounds where this nucleic acid contamination was observed was zymosan, and β-

Glucan. Furthermore, preliminary results showed incubation of trout PMN-enriched cell 

suspensions with zymosan and β-Glucan did not result in ET release over 12 h, after 

observation with fluorescence microscopy (data not shown). Direct subtraction of the 

fluorescence of these compounds at the same concentration used to stimulate ET release 

does not have a proportional effect on fluorescence (data not shown). Subtraction of the 

PAMP’s fluorescence from cells incubated with the PAMP results in a negative number; likely 

due to the interaction between the cells, and properties of the PAMP. For example, PAMPs 

have agglutination properties which can clump cells and DNA together, artificially increasing 

the fluorescence by density.  
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Appendix Figure 3. Bar chart showing mean fluorescence of wells containing LPS (0.22 µm sterile 

filtered) fluorescence after staining with SYTOX Green (5 µM, 5 min, room temperature). The 

fluorescence is indicative of nucleic acid contamination. pLPS at 50 and 100 µg mL-1 was included to 

confirm the lack of nucleic acid contamination. *p<0.05 compared to a control without DNase-I. Error 

bars represent s.e.m. n = 5 wells.  
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Appendix Figure 4. Scatter plot showing mean fluorescence of wells containing LPS (0.22 µm sterile 

filtered) fluorescence after staining with SYTOX Green (5 µM, 5 min, room temperature). The results 

indicate a strong positive relationship between LPS concentration and fluorescence attributable to 

nucleic acid contamination (R2 = 0.9365; F1,46 = 678.5; p<0.05).  
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1.7. Degrading ETs with DNase-I 

 

 

 

 

30 60 90 120 150 180
0

100

200

300

400

500

0 U mL-1

0.01 U mL-1

0.1 U mL-1

1 U mL-1

10 U mL-1

100 U mL-1

DNase-I concentration (U mL-1)

A
rb

it
ra

ry
 f

lu
o

re
s

c
e

n
c

e
 u

n
it

s
 (

A
F

U
)

 

Appendix Figure 5. Bar chart showing the mean fluorescence of wells containing trout PMN-enriched 

cell suspensions (4 × 105 cells mL-1) after initial exposure to CaI (5 µg mL-1, 3 h, 15°C) to stimulate 

release of ET-like structures, and then to DNase-I (0.01 – 100 U mL-1) over 180 min at 15°C. Exposure 

of ET-like structures to 10 and 100 U mL-1 DNase-I significantly reduced fluorescence attributed to ET-

like structures compared to controls not treated with DNase. The remaining fluorescence is attributable 

to membrane-compromised cells which the DNase-I cannot access. *p<0.05 compared to a control not 

exposed to DNase-I at each time point. Error bars represent s.e.m. n = 5 wells.  
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1.8. Examining cell morphology within PMN-enriched cell suspension 

following exposure to PMA at 100 nM 

 

 

Appendix Figure 6. (a) Bar chart showing the mean fold-change fluorescence of wells containing trout 

PMN-enriched cell suspensions (4 × 105 cells mL-1) after exposure to PMA (12 h, 15°C). Mean 

fluorescence for each treatment was not significantly different compared to unexposed controls 

(*p<0.05). Error bars represent s.e.m. n = 5 wells. (b) Representative phase contrast images of PMN-

enriched cell suspensions exposed to RPMI, or (c) PMA 100 nM, for 24 h at 15°C. (d) Fluorescence 

microscopy image of PMN-enriched cell suspensions exposed PMA 100 nM, for 12 h at 15°C. Scale 

bar = 40 µm. 
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1.9. Examining individual fish response to flagellin or PMA 

 

 

 

Appendix Figure 7. (a) Scatterplot showing the mean fold-change fluorescence of PMN-enriched cell 

suspensions (4 × 105 cells mL-1) from individual trout (1 to 4) exposed to flagellin for up to 6 h (b) Bar 

chart showing the mean fold-change fluorescence of PMN-enriched cell suspensions (4 × 105 cells mL-

1) from individual trout (1 to 4 different from trout in [a]) exposed to CaI (0 to 25 µg mL-1) for 1 h. All 

wells were stained with SYTOX Green (5 µM, 5 min, room temperature) before measuring fluorescence. 

These graphs indicate that all fish released ETs (indicated by greater fluorescence) in response to 

treatment with flagellin (100 ng mL-1) or CaI.  
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1.10. Spontaneous ET release variation of ten diploid and ten triploid 

Atlantic salmon 

 

 

Appendix Figure 8. Bar chart showing the mean fold-change fluorescence of PMN-enriched cell 

suspensions (4 × 105 cells mL-1) from individual pre-smolt diploid (2n) and triploid (3n) Atlantic salmon 

exposed to RPMI1 for up to 6 h, then stained with SYTOX Green (5 µM, 5 min, room temperature), with 

fluorescence normalised to 1 h. Confirmation using fluorescence microscopy found the relative 

fluorescence was reflected by the density of ETs observed from SYTOX-stained PMN-enriched cell 

suspensions (data not shown). Some fish had a large background level of ET release such as 2n3, 4, 

5, and 6; others had moderate to contrastingly low levels. The triploid values have been normalised for 

DNA content by dividing raw fluorescence by 1.5. Fish weighed 74.02 ± 8.68 g for diploids and 99.15 ± 

8.55 g for triploids. Error bars represent s.e.m.  
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1.11. Bacterial culture and standard curve 

 

 

 

 

 

 

Appendix Figure 9. Scatter plot representing the relationship between optical density at 600 nm 

(OD600) of V. anguillarum Vib87 in PBS with colony forming units (CFU) plotted against optical density. 

y = 2.83 × 109x – 6.64 × 108; R² = 0.934. 
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1.12. Nuclease activity screen of Vibrio anguillarum isolate 

 

Appendix Figure 10. Histogram showing nuclease activity from 55 V. anguillarum isolates measured by mean DNase agar digestion area (mm2) after 24 h at 

22°C. Total means of clear zones range from 0 mm2 to 96.359 mm2. Error bars represent s.e.m. n = 3. 
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1.13. Nuclease activity of Vibrio anguillarum Vib 6 during culture 

 

 

 

 

 

Appendix Figure 11. Scatterplot showing mean V. anguillarum Vib 6 culture (A600) against mean clear 

zone area due to nuclease activity within the culture filtrate, measured by mean DNase agar digestion 

area (mm2) on DNase agar over 29 h, 150 RPM, 22°C. The graph shows that nuclease activity within 

the V. anguillarum Vib 6 culture filtrate is produced proportionally to the growth of culture. Error bars 

represent s.e.m. (present with A600, but too small to be observed). n = 4 biological replicates.  
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